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Zusammenfassung

Lasersysteme mit Millijoule Pulsenergie basieren auf Laserverstirkern, welche die
Energie von bereit gestellten Primarquellen, modengekoppelten Oszillatoren, er-
hohen. Aufgrund der hohen Spitzenleistungen der erzeugten Laserpulse und den
daraus resultierenden hohen Intensitdten, implementieren moderne Lasersysteme
die sog. ,,Chirped-Pulse Amplification“. Dies reduziert zwar die Spitzenleistung
wahrend des Verstarkungsprozesses, erfordert jedoch Einheiten fiir Streckung und
Kompression vor und nach dem Verstéarker. Das fiihrt zu erheblichen Nachtei-
len des Systems: Zum einen verringern die erhohte Komplexitdt und die langen
Freistrahl-Wege die Stabilitat des Systems. Zum anderen miissen in Laserverst-
arkern mit hohen mittleren Leistungen Reflexionsgitter eingesetzt werden, die be-
sonders teuer, grof§ und, trotz der technologischen Fortschritte, eine Verlustquelle
in der Kompressionseinheit darstellen. Die resultierende hohe Komplexitat solcher
Verstarker stellt eine wesentliche Einschrankung fiir hochempfindliche Messungen
dar und verhindert die Aufnahme von Messdaten tiber lange Zeitrdume.

Die Konstruktion von Laserquellen, die den hohen Anspriichen an Langzeitsta-
bilitdt und Reproduzierbarkeit der Leistung gentigen, verlangt eine konzeptionelle
Vereinfachung der Laserarchitektur. Vor diesem Hintergrund behandelt diese Ar-
beit die ersten Schritte fiir die Implementierung von Verstarkerkonzepten, welche
auf ,,Chirped-Pulse Amplification“ verzichten und ebnet den Weg fiir kompaktere,
kosteneffiziente und benutzerfreundliche multi-Millijoule Lichtquellen mit hohen
mittleren Leistungen.

Der entwickelte Yb:YAG thin-disk regenerative Verstéarker erreicht eine Pulsener-
gie von 2mJ bei einer Wiederholrate von 100 kHz mit 200 W mittlerer Leistung. Die
Integration nicht-linear optischer Effekte fiihrt zu einer auflergewéhnlichen Puls-
dauer von 210fs. Dies ist im Vergleich zu anderen Yb:YAG Systemen, die auf
,Chirped-Pulse” Verstarkung beruhen, um das 5-fache kiirzer. Das Konzept der
direkten Verstarkung von Femtosekundenpulsen wird in der Pulsenergie auf 6.6 mJ
bei 5 kHz oder 10 kHz mittels eines neuartigen Hybridverstarkers skaliert.

Zudem werden die Pulse mit einer nicht-linearen Pulskompressionsstufe, die auf
einer Argon gefiillten Multipasszelle beruht, verkiirzt. Die Pulskompressionsstufe
formt einen Wellenleiter, der jedoch nicht mittels einer optischen Faser implemen-
tiert wird. Vielmehr wird der Wellenleiter durch ein optisches Abbildungssystem
realisiert, welches vergleichbare Bedingungen schafft. Durch die technische Analyse
der nicht-linearen Prozesse wird es ermdglicht Pulse mit einer Pulsdauer von 37 fs
bei 100 kHz Repetitionsrate, 1.9 mJ Pulsenergie, 35 GW Spitzenleistung und mehr
als 190 W Durchschnittsleistung zu erzeugen.

Die entwickelte Technologie stellt den Grundstein fiir Ultrakurzzeitmesstechnik
mit hohen Repetitionsraten im 100 kHz Bereich dar. Erstmals kénnen sich Yb:YAG
Laserverstéarker als direkte Lichtquelle fiir Experimente in der Ultrakurzzeitphysik
behaupten.






Abstract

Laser systems with pulse energies of a few millijoule are based on laser amplifiers
to increase the energy of laser pulses produced by their primary sources, mode-
locked laser oscillators. Due to the high peak powers of the produced pulses and
the resulting high intensities in the amplifier, state of the art laser systems im-
plement chirped-pulse amplification. This reduces the peak intensity during the
amplification process but requires stretching and compression units before and af-
ter the amplifier, which evokes significant disadvantages. The increased complexity
of the system and the long freely propagating beams compromise the stability of
the system. Furthermore, high average power laser amplifiers need to implement
reflective gratings, which are particularly expensive, large in size and, despite the
technological advances, a source for power loss in the compression unit. The re-
sulting complexity of chirped-pulse amplifiers constitutes a main limitation for high
sensitivity measurements and impedes data acquisition over long time scales.

Building laser sources that satisfy the high demands on long-term stability and
reproducibility of performance requires conceptual simplification of the architec-
ture. Therefore, this thesis discusses the first steps in implementation of amplifica-
tion concepts avoiding chirped-pulse amplification and paves the way towards more
compact, cost-effective, and user-friendly multi-millijoule high-average power light
sources.

The developed Yb:YAG thin-disk regenerative amplifier achieves a pulse energy
of 2mJ at a repetition-rate of 100 kHz with 200 W average power. The integration
of non-linear optical processes leads to an exceptional pulse duration of 210fs,
which is 5-fold shorter than similar Yb:YAG systems that rely on chirped-pulse
amplification. The concept of direct amplification of femtosecond pulses is scaled
in pulse energy to 6.6 mJ at 5kHz or 10 kHz with a novel hybrid-amplifier.

Furthermore, the output pulses are shortened with a non-linear compression stage
based on an argon filled multi-pass cell. The compression stage builds a waveguide
that, however, is not implemented with an optical fiber. Wave-guiding is realized
with an optical imaging system that creates comparable conditions. The involved
non-linear optical processes were understood, which results in a pulse duration of
37fs at 100 kHz repetition-rate, 1.9 mJ pulse energy, 35 GW peak power and more
than 190 W average power.

The developed technology builds the foundation for ultrafast metrology with high
repetition-rate in the 100 kHz range. For the first time, Yb:YAG laser amplifiers
embody high average power light sources applicable as direct drivers for ultrafast
physics.
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Introduction

Light is the source for life on earth and fascinates mankind since the early stages of
their evolution. Description of light and efforts to understand the underlying pro-
cesses reach back to ancient scientists and philosophers. In the beginning people
considered the human eye as emitting device that actively scans the environment,
which is of course far away from the insight that we have today. The first charac-
terization of light that comes close to today’s picture has been handed down by
Aristotle who, ~350 BC, first stated that light is a phenomenon send out by objects,
which is then detected by the human eye. This hypothesis had been rigorously pro-
ven more than 1000 years later by Alhazen [1] whose considerations paved the way
to modern optics. It took, however, more than 800 years until Maxwell finally sum-
marized results from experimental findings of several physicists into a set of four
equations [2], which build the foundation for describing electromagnetic waves as
it is today.

Since the 19th century this formalism embodies the “classical” view of light as a
wave that propagates through space and time. With the advent of quantum me-
chanics, Albert Einstein had to go beyond Maxwell’s continuous description and
interpreted light as a particle with discrete energy to explain the photoelectric ef-
fect [3]. His findings caused wide ranged consequences and yielded the theoretical
prediction of a process that allows light amplification by stimulated emission of
radiation (LASER) [4]. The first demonstration of a laser by Theodore Maiman [5]
was a success and the starting point for human made light sources with outstan-
ding capabilities. Lasers emit light in confined — nearly diffraction limited — beams
that easily achieve intensities high enough to reveal the anharmonic nature of the
potential, bound electrons in matter are exposed to. The anharmonic potential
manifests in non-linear optical responses of media such as second harmonic gene-
ration that was demonstrated shortly after the presentation of the first laser [6].
Thus, lasers and the available highly intense light sources gave birth to the field
of non-linear optics. Ever since ground breaking physical effects originate from
experiments based on laser sources with advanced parameters.

The basic functionality of lasers lies in the discrete quantum nature of electronic
transitions in matter. Consequently, lasers tend to operate at well defined fre-
quencies that emit light continuously, which makes them ideal tools for frequency
resolved optical measurements. However, time resolved measurement techniques
rendering electronic motion visible need temporarily confined events to allow sam-
pling of the process on the underlying time scale. Luckily, it has quickly turned
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out that lasers also operate in pulsed mode. The synchronization of longitudinal
resonator modes opened the way for producing light flashes on the picosecond or
femtosecond time scale. In 1964 “mode locking” was realized with an active modu-
lation of losses inside the laser’s resonator [7]. The breakthrough in creating laser
pulses on the femtosecond (“ultrashort”) time scale was the discovery of passive
mode locking techniques [8] and their fundamental understanding [9-15]. Methods
exploiting non-linear optical effects and using them as saturable absorbers such as
semiconductor saturable amplitude modulators (SESAMs) [16, 17| and Kerr-lens
mode locking [15, 18] further shortened the pulse duration to the sub 100fs time
scale and yielded the shortest events created by human kind, so far. The femtose-
cond duration of the light pulses opened access to time resolved spectroscopy on
molecules and chemical processes for the first time and was honored with the Nobel
prize in 1999 [19].

Electronic motion on the atomic time scale is three orders of magnitude faster
and demands even shorter events. During the last two decades laser sources have
been committed that emit pulses merely a few optical cycles (Tone cycle=2.7fs @
0.8 um) in length, which are best described by the underlying electric field rather
than their envelope. The steep rise of the electric field gives access to time re-
solutions far less than the time scale of one optical light cycle and triggered the
development of experiments with attosecond time resolution [18, 20]. Few-cycle
pulses for attosecond science have so far been based on Ti:Sapphire (Ti:Sa) laser
systems providing mJ-scale pulses with spectral bandwidths supporting pulse du-
rations of typically less than 5fs. Pulse energies on the millijoule scale are achieved
in chirped-pulse amplification (CPA) [21] systems that amplify pulses provided by
mode locked oscillators. Subsequent non-linear pulse compression in hollow core
fibers [22] generates pulses of less than 4 fs duration [23, 24] and are the back bone
of attosecond metrology [20].

Ti:Sa CPA systems constitute well developed light sources but are limited in
average power to 10-40 W. This is caused by the large quantum defect, the resulting
thermal issues [25] and the limited power of available pump light sources [26].
Therefore, the repetition-rates of millijoule Ti:Sa lasers are limited to ~10kHz.
Higher repetition-rates, however, would yield better statistics, shorter measurement
times and paves the way towards rare events such as coincidence measurements and
spectroscopy of low-cross-section systems [27, 28].

Overcoming the average power limitation of Ti:Sa systems whilst providing multi-
millijoule few-cycle pulses is challenging and constitutes a major research topic
in current laser development. Lasers with pulse repetition-rates between 100 kHz
and 1 MHz that emit pulses with millijoule energy operate at hundreds of watts
average power. In this context several laser architectures with advanced thermal
properties based on fiber [29, 30], innoslab [31] and thin-disk [32] amplifiers have
been demonstrated. Based on ytterbium ion doping these systems recently crossed
the mark of 1 kW average power whilst delivering ultrashort laser pulses [31, 33-35]
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Figure I.1.: Summary of high-power Yb-doped laser systems. Peak power during am-
plification vs. repetition-rate of the amplifier. Note that all amplifiers exceeding 0.2 GW
peak power are based on thin-disks. Peak powers are calculated, using the highest
pulse energy after amplification before compression (gain narrowing included). Multi-
pass (MP), Non-linear (NL). Sources: Thin-Disk [33, 35, 37-40]; Fiber [30, 34, 41-43];
Cryo-Cooled [44-51]; Innoslab [31, 52-56]; Non-linear Amplifiers [57, 58]

and thus have proven to outrange Ti:Sa systems in average power by far. However,
ytterbium doped gain materials have narrower gain bands [36] than Ti:Sa and,
therefore, generation of few-cycle pulses has remained challenging.

Based on the advantages of high energy ytterbium-based few-cycle lasers, this
thesis focuses on the improvement and implementation of Yb:YAG thin-disk laser
concepts aiming for high energy pulses at shortest possible pulse duration. Due
to their cooling technology thin-disk lasers are one of the most important scala-
ble concepts for high average power systems [59]. Moreover, the thin (~0.1 mm)
gain medium allows for gigawatt peak powers during the amplification process at
moderate beam diameters of a few millimeters. The scalability in peak power is
a characteristic property of the thin-disk concept (Fig. I1.1) and is beneficial for
amplification of pulses to the multi-millijoule level. This advantage builds the basis
for the work presented in this thesis that focuses on implementing the thin-disk
concept without CPA. Omitting CPA avoids losses in the compression unit, leads
to a cost-efficient, compact system and user-friendly system that is less sensitive to
instabilities caused by stretching and compressing units. The direct amplification
of femtosecond pulses leads to several challenges that are discussed in this docu-
ment. It will be shown that it is possible to exploit non-linear optical effects during
amplification providing intrinsically shortened pulses out of the Yb:YAG amplifier.
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The achieved parameters of 210 fs pulse duration at 2 mJ pulse energy with 100 kHz
repetition rate and 200 W average power are — to this day — unique properties of
an Yb:YAG thin-disk regenerative amplifier. To generate even shorter pulses, a
concept for non-linear spectral pulse compression of high-energy, high-average po-
wer laser systems is presented and both numerically and experimentally analyzed.
The pulses of the non-linear amplifier are shortened by a factor of 5.6 to 37 fs that
reach 35 GW peak power providing ideal parameters for further compression to the
few-cycle regime. The implementation of this concept is — to the best of the authors
knowledge — presented for the first time.

This thesis presents the concepts and results as follows:

o Chapter (1) summarizes from Maxwell’s equations on the basic principles in
non-linear optics and gives an overview on the effects that influence the am-
plified output pulses. In the first section of the chapter the wave equation for
ultrashort pulses is derived, which is implemented in the developed simula-
tion. The equation also builds the basis for further explanation of physical
processes in the following chapters. The focus is set on basic parameters, va-
lues for specification and the measurement technique used for characterizing
ultrashort laser pulses.

o Chapter (2) gives an overview to relevant properties of amplifiers and intro-
duces the thin-disk concept, regenerative amplifiers and multi-pass amplifiers.
Yb:YAG as gain medium is studied and further information on other materi-
als are summarized to provide decent insight into the properties of Yb:YAG
relative to Ti:Sa and other Yb-doped gain materials.

o Chapter (3) describes the properties of the developed system and explains
the laser design choices, which are of importance. Special care is taken to
show properties of the large mode resonators that need to be implemented
to achieve the best possible performance. The presented data depicts the
influence of air on the output pulses. The pulse evolution under the influ-
ence of non-linear optical effects during the amplification process is studied.
Techniques to reach Fourier transform limited output pulses are presented
and advantages and disadvantages are discussed. The chapter ends with the
desciption of the developed non-linear 100 kHz repetition-rate amplifier and
a detailed presentation of the achieved parameters.

» Chapter (4) investigates a new concept for energy scaling of a Yb:YAG thin-
disk amplifier. The concept merges a regenerative amplifier with a thin-disk
multi-pass amplifier reaching high overall gain in combination with pulse ener-
gies up to 6.6 mJ. The chapter describes a possible system for further pulse
energy scaling above 10 mJ. This system is based on a relay imaging system,
which is analyzed and necessary parameters for future implementation into
the amplifier are given.
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o Chapter (5) presents the implementation of an external non-linear compres-
sion stage for further pulse shortening of the developed 100kHz amplifier.
The implemented gas filled non-linear multi-pass pulse compression cell con-
veys properties known from hollow core fibers to a concept based on a wave
guide formed by high-reflective mirrors. The peak power scalable concept al-
lows spectral broadening whilst maintaining good beam quality and spectral
homogeneity across the beam profile.






Chapter 1

Optical Effects in Ultrashort Pulse
Amplifiers

This chapter intends to give detailed insight into the physics behind this thesis.
It covers the main physical effects that describe the amplifier and the emitted
laser pulses. To give an understandable introduction the starting point is set on
Maxwell’s equations that build the basis for the description of light waves. The first
section depicts the path towards deriving the non-linear wave equation [Equ. (1.28)],
that embodies the result as implemented in the applied numerical simulations, that
are presented in chapters (3) and (5). The chapter continues to show the basic
linear and non-linear optical effects necessary to describe the laser system. For this
purpose, the non-linear wave equation is simplified to the essential parts putting
focus solely on the effect of interest.

The chapter is thought to provide a good reference of the mathematics in a short
version and allows reading the sections separately. For more details on this topic it
is referred to [60, Ch. 13].

1.1. Maxwell’s equations and the non-linear wave
equation

Throughout this thesis the description of light as an electromagnetic wave forms
the foundation upon which almost all observed optical phenomena can be reduced
to. Maxwell’s equations summarize the properties of electric and magnetic fields
in their most fundamental character and relate the magnetic flux density B, the
magnetic field H, the electric field E and the electric displacement field D to

0B,
E, =— 1.1
V x E,; T (1.1)
0D,; .
H,, = 1.2
V x t It +7J ( )
V- -D.,=p (1.3)
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where the indices of the fields denote their dependency on the space coordinate r
and the time coordinate t, p is the free charge density and j is the free current
density. In dielectrics the free charge density and the free current density vanish,
so that p = 0 and 3 = 0. Throughout this work only dielectrics are considered that
further exhibit a negligible magnetization M, leading to

1 1
H’I‘t - 7B?°t — M?‘t — 7Bf,-t (15)
Ho Ho

where fig is the vacuum permeability. The curl of (1.1) together with replacing the
resulting curl of the magnetic flux density on the right with equation (1.2) leads to
1 0
fo Ot?
Using the identity V x (V x E,;) = V(V - E,;) — V?E,; and dropping the first
term on the right side [60, p. 71] the equation transforms to

92

€0Ct Ot?

V x (V X Ert) = — Df,.t. (16)

~V?E,; + D, =0 (1.7)
where the vacuum permittivity €y, the speed of light in vacuum ¢y = 1/,/€opo is
introduced and V? is the Laplace operator. For practical reasons it is helpful
to separate the non-linear from the linear response of the medium so that the
displacement field separates into [60]:

€
—_——~

D,; = ¢ (1 + X) E.; = € (1 + X(l)) E. + GOX(NL)Ert = Dfﬂf) + Pr(i\IL) (18)

(NL)
plt &

The tensor xN) represents the magnitude of the non-linear susceptibility and is a
function of the electric field. The wave equation in this notation is then [60]
e(w) 82 1 82 (NL)
—V*E,+ B, =—-5—=P, ", 1.9
rt C% 8t2 Tt Eoc% at2 rt ( )
where the non-linear polarization appears as source function for the electric field.
In most cases pulses emitted from lasers possess durations much longer than
the time scale of a single cycle of an optical light field. Therefore, it is useful to
separate the envelope of the pulse from the fast oscillating carrier frequency. Similar
arguments apply for the spatial coordinate. The electric field and the non-linear
polarization can the be expressed as,

E,, = A, e'Foz=wot) 4 ¢ ¢ (1.10)
P = pliMeithoz=wt) 4, (1.11)
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where c.c. denotes their complex conjugate and ky = 27n/\g with A\g and n being
the wavelength of the light field and the refractive index at the carrier frequency.

As many physical quantities are known with respect to the frequency of an ap-
plied electric field rather than in the time domain — such as the permittivity e(w)
— the wave equation is more simply handled if the field is expressed in the fre-
quency domain. The connection between both domains is given by the Fourier
transformations

1 .
En = — / E,oe“tdw (1.12)
2w
1 .
D, = — / Dyt du (1.13)
P = - = [ PV (1.14)
A= o / A, . (1.15)

Applying these relations to the wave equation (1.9) and assuming linear polarized
light, the envelope A, and the envelope of the non-linear polarization p{N" fulfill
the equation [60, 61]

V2A,, + 2k O re + [K(w) — k2] Ar = Y (1—|—1(w—w )> POV (1.16)
rw 0"« (92 0 rw 600(2) wo 0 rw .
where k?(w) = e(w)w?/cZ describes the dispersion relation, ko := k(wp) and the
approximation [60]
Er,=A(r,w—wy) + A" (r,w+wy) ~ A(r,w — wp) (1.17)

was used. The assumption that A, takes only non-vanishing values for frequencies
in proximity to wy is valid for fields that contain less than one octave bandwidth.
The introduced quantities relate to the intensity as

I(r,t) = 2ngeoco | Al (1.18)

which also defines the fluence as the time integrated intensity

- /1 (r,t) dt. (1.19)

The latter quantity describes the energy per unit area of the electric field, which is
particularly useful if physical effects depend on the pulse duration and not only on
the intensity of the laser pulse (Sec. 3.2.1).

Transformation of the wave equation into a first order differential equation with
respect to the propagation coordinate z is beneficial for numerical field propaga-
tion. Centering the fields at the time coordinate zero is realized by introducing the
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retarded time, which is achieved by shifting the time according to [60]

1
2 =z, T=t——z=1t—k=z (1.20)
Yy
0 0 0 o 0
o_90 L9 g_9 1.21
0= 07 or ot or’ (1.21)
where v, = (9%)71 = 1/k; is the group velocity of the pulse. For further simplifi-

cation the wave equation is transformed to the frequency domain. As the Fourier
transformation converts the derivative with respect to time via

0 ¢ —i(w — wp) (1.22)
the relations (1.21) translate into

0_ 9 + ik ( ) r_ + 2ik ( ) — K3 ( > (1.23)
— = — +ik(w—w — = 1k (w —wp) — kj(w —w .
0z 07 ! 0 022 027 ! 0 ! 0
which is the representation of the retarded time frame in the frequency domain.
Implementing these results into the wave equation results in

9 0? : ka 9 2 2
Vi + 5.2 + 2iko [ 1+ k—o(w — wp) 5 k7 (w — wo)
y : , (1.24)
—2kok; (w — wp) + K (w) — k‘g] Ay =——% (1 + —(w— wg)) pNL)
€0Cp Wo
To obtain the final result k(w) is written in a Taylor series [60]
> 1 ok
k(w)=ko+kilw—wy)+D; D= —'kn(w —w)  kn = (1.25)
“— n! ow™ | _ o

k’2(W) = k?g + 2]{301{71(&} - u}o) + sz(w - CU())2 + 2k30D + 2k:1D(w - Cdo) + D2 (126)

which transforms equation (1.24), after neglecting, D?, and applying the slowly
varying envelope approximation (SVEA) [60],

0?A
0z?

0A

N el
< 0z

, (1.27)

to the final result [60, 61]:

k 0 k
[Vi + 221{50 (1 + k—l(u} - (A)())) @ + 2]€0D <]. + kfl(w - w@)} Arw
0 (1.28)

0

2 1 2

= _LOQ (1 + —(w - w0)> P
€0Cp Wo
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This equation is implemented in the 2D-split step simulation that is used to il-
lustrate properties of the pulse under the influence of non-linear optical effect in
chapters (3) and (5). Integration of this equation into a numerical code is straight
forward if the derivative with respect to 2z’ is isolated. As the material properties
carrying the information of dispersion are known in the frequency domain, these
steps are usually applied in the frequency domain. The diffraction operator V2
transforms to — (k7 4 k2) = —k7_if the field is with

1 .
A= G / / Ay ettt g qr (1.29)

transformed from spatial coordinates to the spatial frequency domain. Depending
on the requirements the transformation of the field replaces the operators by their
complementary variables (for more details see appendix A).

1.2. Gauss-Hermitian beams

The description of a laser beam is the topic of this section. It will be shown that
laser beams are described by a group of functions that distinguish in their lateral
intensity distribution. Furthermore, the beam quality and its measurement will be
introduced providing an important tool for the further sections.

To discuss the properties of optical beams it is convenient to consider a mono-
chromatic beam in vacuum which reduces equation (1.28) to the paraxial Helmholtz
equation
0A (r)

0z
This differential equation is solved by the Gauss-Hermitian beams that form a
full set of orthogonal functions possessing an intensity distribution located to close

proximity of the optical axis (paraxial approximation). In Cartesian coordinates
these functions describe the field amplitude [62]

A(r) =AoH, <\/§x> H, (‘/iy> pillm)E(2)

V3 A(r) + 2ikg = 0. (1.30)

w(z) w(z)
al ex —Lj ) exp | —1 7@2 +y°) %)
0 p[ w2 (2) ] p[ "R ] (1.31)

with the two independent non-negative indices [ and m being the order of the
Hermitian polynomial. These polynomials fulfill the recursive relationship,

Ho(u) =1 (1.32)

Hi(u) =2u and (1.33)

Hyii1(u) = 2uHg(u) — 2kHy 1 (u) (Hermitian polynomials). (1.34)
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The functions w(z) and R(z) describe the extension in space and define the curva-
ture of the wave-fronts. The parameter £(z) is the “Gouy phase”, that describes
an extra phase shift depending on the longitudinal coordinate.

1.2.1. The TEMy, mode

Considering the mode with [ = m = 0 equation (1.31) gives [62]

A(r) :Aowu(’z) exp [—m] exp [—ik%] (@) (1.35)
I(r) o | Ao|? wf(gz) exp l-z%] (1.36)

where the intensity profile along the optical axis follows the function,

2

w(z) = \/wg%—ﬂng(z—zf)z. (1.37)

This is the 1/e* waist radius of the beam, at position z from its minimum waist
size at zy. An equivalent notation is

wi(z) = w? [1 + (Z_Zfﬂ , (1.38)

ZR
where the Rayleigh range

w3

= 1.

of the beam is introduced. This important quantity describes the distance from
the focus, at which the waist enlarged by a factor of /2. The Rayleigh range
sets the minimum mode size in relation to the beam divergence and quantifies
this fundamental property of light beams. According to relation (1.37) the beam
diverges with an angle of

Oy = — (1.40)

so that a beam with smaller waist diverges faster than a beam with larger waist.
Longer wavelengths A linearly increase the divergence 6. For constant mode radius
wop, this means that a light beam with shorter wavelength exhibits less divergence
than a beam with longer wavelength.
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Besides the intensity profile the beam further contains a phase term depending
on R(z), which describes the curvature of the phase fronts. It is related to the

Rayleigh range zi via the equation:
. 2
R
1 1.41
* (z —zf ) ] ’ (1.41)

that reaches its minimum value at the Rayleigh range zr. Obviously, the beam has
a flat wavefront in the focus (z = zy) and at infinite distance to it. Furthermore,
the function

R(z) ==z

£(z) = arctan zi (Gouy Phase) (1.42)
0
describes an extra phase shift of 7 that accumulates during propagation through
the focus and is named after its discoverer Léon Georges Gouy [63]. As the Gouy
phase is not visible in intensity measurements, this quantity is very often hidden
and appears only in special cases that depend on the actual phase of the beam. In
describing optical resonators this quantity represents an equivalent description of
the stability parameter (Sec. 2.1.2).
It is necessary to define a complex parameter, the “g-parameter”, to summarize
the properties of the beam.! The parameter is defined as

q=(z—zp) +izg (1.43)
1 1 .2

YT RE k()

(1.44)

and allows intuitive manipulation of the beam at given ¢q. Propagation of distance
d, for example, requires a simple addition of a real number to the g-parameter
Gnew = Goid + d. A lens with focal length f modifies just the curvature of the beam
and addition of 1/ f to 1/¢q produces a beam carrying the new, modified, properties.
More generally, modification of the g-parameter is achieved with a simple matrix
formalism that is known as the ABCD-Matrix or ray transfer matrix formalism.
The 2x2 matrices [66] allow manipulation via the transformation

Ap+ B

q2

In context of resonator design (Sec. 2.1.2) this will be discussed in more detail.
As in most laser systems beam propagation takes place in isotropic media, the
electric and magnetic field components in propagation direction vanish. Modes
with this property are called transverse electromagnetic modes (TEMs) and are

1Originally, this parameter needs to be introduced to avoid the pole of a spherical wave at z=0.
The well known method of shifting the parameter z to the complex plane z — z + izg solves
this issue and naturally leads to the introduction of the Rayleigh length zg [64, 65]
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numbered accordingly TEMy,. For several reasons that will be discussed shortly
this section, it is desirable to reach operation of the laser with its fundamental
Gaussian TEMg, mode.

1.2.2. The MZ2-value

An important quantity to describe the quality of a laser beam is the M2-value.
This number sets the laser beam emitted from a laser source into relation to a
perfect Gaussian TEMy, mode. The M2?-parameter is a measure of the space-
beamwidth product that describes the divergence of a beam in relation to its waist
size. Similarly to other complementary variables, that are connected via the Fourier
transformation, the product of the beam divergence 6, and the beam width wq for
an ideal Gaussian TEMyy mode takes a minimum [67] with:

(1.46)

9017“)01‘ -

>1.\>/>H>z

(1.47)

eoywoy =

The M2-factor now allows to quantify the deviation from the “diffraction limited”
TEMgo mode. The definition

A
0w, = M2=  and (1.48)
™
0, w, = Mzi (1.49)
Y=y yﬂ_ :

with M? > 1 and ]\4212 > 1 reflects the properties of beams that deviate from the
diffraction limit.

For a higher order Hermite-Gaussian mode it can be shown that [68, p. 242]

Wy = Woe V2 + 1 wy = WoyV2m + 1 (1.50)
8,,3 = eox V 20+ 1 Qy = eoy\/ 2m + 1. (15].)

With equations (1.48) and (1.49) the M2-value for a higher order mode gives

M2 = $0pw, = Tlo,w, (204 1) = (204 1) (1.52)
M2 = geywy = Dlgywoy (2m +1) = (2m +1) . (1.53)

A
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()

Figure 1.1.: (a) Measured “donut” mode and (b) mode close to TEM;

The M2-factor reveals helpful as higher order modes and beam distortions show
themselves in an increasing value. Anthony Siegman summarizes the M2-values for
linear combinations of Gauss-Hermitian modes to [67]

M2= 5" (20+1)|Cp)? and (1.54)
1l,m=0
M2=Y" (2m+1)|Cppl’ (1.55)

I,m=0

1= |Cuul’ (1.56)

,m=0

allowing a quantification of the “beam quality” for arbitrary beams. The coefficients
Clm, are the normalized amplitudes [Equ. (1.56)] of the TEM),,, modes. For example,
the TEMy mode has a M? = 3 and a M) = 1 revealing the enlarged space-
beamwidth product in x-direction of this mode.

The beam quality factor for experimental data is determined by fitting the
function

)\2
T2W§

W2(z) = W§ + (M?)? (2 — zp)? (1.57)
to the recorded waist sizes at different positions z. Therefore, determining the
beam quality of the laser requires the measurement of the laser beam at several
different positions with a beam profiler. Due to the vanishing phase term in inten-
sity measurements the simple conclusion that a Gaussian mode shape means the
observation of a TEMg, mode is wrong. Generally, modes exist that seem fairly
Gaussian, but are linear combinations of several Gauss-Hermitian beams exhibiting
M?2-values much larger than 1. Well designed laser systems can achieve M?-values
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Intensity
Kouanbaixg

Time

Figure 1.2.: Tllustration of a pulse with raising instantaneous frequency

close to 1 but this value is easily exceeded if components inside the laser exhibit
thermal lensing, the laser resonator design is incorrectly adjusted to the demanded
constraints or other influences distort the beam. Figure (1.1) shows modes, that
were measured with a beam profiler in a laser system not operating in the funda-
mental mode. The profile shown in (a) mode is to good extend a linear combination
of the TEMy; and the TEM;q intensity profile. The recorded profile shown in (b)
is close to the TEMy; mode exhibiting a contribution of the TEMyy mode, which
leads to non-vanishing intensity in the center of the beam.

1.3. Laser pulses and dispersion

Laser pulses are temporarily confined events that are described by the time evolu-
tion of E,;. Ignoring the spatial coordinate, the complex field of equation (1.10)
can be expressed as

At) = |A (1) e (1.58)

with ¢(t) being the time dependent phase of the field envelope. Adding the carrier
frequency gives

Vrot(t) = @(t) — wot, (1.59)

which contains the full phase of the complex electric field. Taking the first derivative
with respect to the time

de(t)

Aot () = —(wp — T> = —w(t), (1.60)

dt

yields to the quantity that is known as the instantaneous frequency of the pulse.
The derivative of the envelope’s phase, dfl—gt), describes the deviation of the frequency
relative to the carrier frequency at a given time (Fig. 1.2).

The connection of time and frequency via the Fourier transformations (1.12)-
(1.15) directly leads to a link of pulse duration and spectral bandwidth of the laser

pulse. For a bandwidth limited pulse of duration 7 and bandwidth Av = ¢oAN/A?,
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where A is the wavelength of the pulse and A\ the bandwidth in wavelengths, the
time bandwidth product is constant with

TAV = T%A)\ = const. (1.61)

Consequently, the shorter the laser pulse the broader its spectral bandwidth. Ul-
trashort laser pulses quickly possess spectral bandwidths that get affected by the
frequency dependent refractive index of optical elements. As different frequen-
cies contained within the laser pulse experience different refractive indices, spectral
components separate from others and the pulse changes its shape and duration.
These effects are summarized in the parameter D [Equ. (1.25)] that contains the
Taylor expansion of k(w) from the second term. The first order term in D has the
magnitude ks, which is known as the group velocity dispersion (GVD). A positive
value of ko leads to separation of the red from the blue spectral components due
to a decreased velocity of the blue as compared to the red spectral components.
A bandwidth limited input pulse influenced by this effect will stretch in time and
possesses a red shifted leading and a blue shifted trailing edge. A negative ko does
the opposite. The total amount of GVD that is introduced by an optical element
after propagation of length L results in the group delay dispersion (GDD) of the
pulse. The resulting frequency sweep of the pulse is also known as chirp. This
influence of dispersive optical elements on laser pulses is often applied to manipu-
late the time structure of the pulse. In laser systems the method of chirped-pulse
amplification (CPA) [21] implements this concept to reduce the pulse intensity and
peak power during the amplification process by stretching the pulses prior to the
amplification process. This is achieved by introducing either a positive or a ne-
gative dispersive optical element into the beam path. Being artificially stretched
in time the pulses contain lower peak powers at equal pulse energy. The stretcher
prior to amplification is usually designed to provide pulses with enough chirp to
maintain the pulse duration roughly during the whole amplification process. After
the pulses gained the desired energy the compressor unit that introduces the exact
negative dispersion of the stretching unit removes the chirp from the high energy
pulses. The shorter pulse duration then leads to a significant increase of peak power
(Fig. 1.3).

The third order term of D results in third order dispersion (TOD) after propa-
gating through a medium with length L. Depending on the sign of k3 the output
pulses exhibit pre- (k3 < 0) or post-(k3 > 0) pulses. Orders of D with n > 3
[Equ. (1.25)] generally cause symmetric and asymmetric pulse shapes for even and
odd numbers of n, respectively. The energy of the pulse is then distributed in
pedestals, pre- or post-pulses.

The process of introducing dispersion into a laser pulse is generally reversible as
optical elements exist that provide both positive and negative coefficients. In the
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Amplification
Stretching Compression

L L e ;

Figure 1.3.: Schematic illustration of the CPA principle with a negatively (blue arrives
first) chirped pulse.

visible and near infrared (NIR) spectral range dielectrics usually exhibit positive ko
and k3 whilst negative values can be achieved optical elements specifically designed
for this purpose such as chirped mirrors (CMs) [18, 69], grating or prism pairs.

1.4. Non-linear optical phenomena

Lasers provide nearly diffraction limited beams and their confided light bundles can
easily exceed intensities of MW /cm?. At these intensities a variety of interesting
phenomena unfolds that originate from the non-linear optical response of matter.
The response of media then no longer depends on the material properties only, but
are strongly influenced by the incident light wave. Once the laser intensity crosses
the barrier to trigger non-linear optical processes effects reveal that nowadays con-
stitute the bases for light manipulation, efficient generation of harmonics and light
amplification [38].

Unlike the linear electronic response of matter, its non-linear behavior results
from the anharmonic potential the charge carriers are exposed to. As the reset
forces in such potentials are no longer linear with the displacement from the equi-
librium position the polarized wave differs from the input driving field. From a
simple classical oscillator model it can be derived that these processes are generally
very fast. The time scale relates to the resonance frequency of the electronic re-
sponse [60]. As this frequency is located in the ultraviolet spectrum — A ~ 200 nm
— non-linear optical processes occur on time scales

T = N\es/cr= 11s (1.62)

that are at the edge to the attosecond time scale. On all time scales that are
considered here, this response can be considered as quasi instantaneous and the
non-linear part of the susceptibility can be described by the Taylor expansion

~—

X(L) X(NL) (Ert)
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with coefficients ™ that describe the order of the non-linearity. In the following
the non-linear coefficients can be considered frequency independet, which translates
to an instantaneous response of the medium. In chapter (5) this assumption is
partially dropped to explain the different behavior between argon and nitrogen in
the multi-pass pulse compression cell.

Even though the topic is tremendously interesting and a variety of effects appear
in this context, this section examines only the effects most relevant to this work.
For a good overview over this topic it is referred to [60].

1.4.1. Sum-frequency generation

Considering the lowest order non-linear term of equation (1.63) yields non-linear
optical effects of second order. As the second order susceptibility vanishes in centro-
symmetric media [60] these effects are only visible in materials without an inversion
center.

These effects are described by the interaction of two fields. The total field at
a certain location within the medium is described by the sum of the field EM
with a second field E®). For simplicity the fields are considered without transverse
components E,;, = E(z,t). The total field within the nonlinear medium is given by

E(z,t) = EW(z2,t) + E?(z,1) (1.64)
= (AW (z,t)elmzat) 4 A@) (5 p)eithzme2t) 4 cc) (1.65)

where the complex fields are chosen with different carrier frequencies w; and ws.
The third order non-linear susceptibility leads to a polarization

BN =3 ey B (2, ) B (2, 1) (1.66)
ijk
& POY) = 2¢4d, s B'V (2, t) E'® (2, 1), (1.67)

that mixes the two waves. After carrying out the multiplication the equation
shows that the susceptibility leads to sum-frequency generation (SFG), difference-
frequency generation (DFG) and optical rectification (carrier frequency vanishes)
(Tab. 1.1). The effective non-linear coefficient, d.s¢, is often introduced to reduce
the complexity of the notation. This quantity generally depends on the propagation
direction of the beam relative to the crystal axis (see i.e. [70]).

The photon picture allows an intuitive interpretation of the processes. Conside-
ring SFG, for instance, the annihilation of the two fundamental photons creates a
new photon with the sum of the energies (Fig. 1.4).
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Figure 1.4.: Sum frequency generation in the photon picture.

The coupling between the three distinct fields directly reveals from equation
(1.28). Considering three monochromatic plane waves of frequency w;, we and
w3 = wy + wy the wave equation for each of the three fields simplifies to

QikiﬂA(i)(z) — _L?p(i)(NL)(Z) (1.68)
0z €0Cl

where the second order susceptibility not only creates the field with frequency ws,
but also leads to mixing between the fundamental fields with the generated mixed
frequency. The non-linear polarization for the SFG process (Tab. 1.1, No. 3) yields

to the three coupled differential equations [71, p. 38|

8/1(1) ,ngeffwl

oyl ” A® (2) AR (z)e Ak (1.69)
w1
OA® d. ' :
= @'C“n ! Z:ZA(S)(Z)A(l) (z)e~ Ak (1.70)
0A® d. :
= ::icilfij3/ﬂU(zL4@Nz)éAkz (1.71)
w3
Ak = ks — (k1 + ks) (1.72)
where n,,, = \/€(w;) is the refractive index of the medium at given frequency w;.

Assuming constant input fields in the undepleted regime (A; = const., Ay =
const), the solution for the field Az of the coupled system (1.69)-(1.71) is

iderpws AV AR [ eitkz
AO)(z) = =I5 1.73
(2) N4y Co 1Ak (1.73)
and its intensity [Equ. (1.18)] is given by
Akz/2
I3 o< 22d? > 2/ (1.74)

eff (Ak’Z/2)2 :
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Nr. p(VE) Frequency | Wavenumber | Name
1 codepp A AW gi(ZRrz=2w1t) 2w1 2k, SHG
2 €0deffA(2)A(2)€i(2k2z_2w2t) 2(,02 21{?2 SHG
3 dequﬂyﬂ%g«h+bkfwﬁwﬂw Wy + wWoy ki + ko SFG
4 2€0d€ffA(1)A(2)*ei((kl—kQ)Z_(wl—UJZ)t) Wy — Wy ky — ko DFG
5 code s AW AL 0 0 opt. rect.
6 code s AP AR 0 0 opt. rect.

Table 1.1.: Terms of the second order non-linear polarization considering two initial
fields at frequencies wy and wy. A} represents the complex conjugate value of A;.

Clearly, conversion to the sum frequency strongly depends on the phase mismatch
Ak. The dependency of the generated field on the SINC-function leads to less
conversion efficiency and continuous oscillations of the output intensity with respect
to the propagation distance z for a non-vanishing phase mismatch. The physical
explanation lies in the different phase velocities between the fundamental fields and
the generated field. With proceeding propagation the emerging additional phase
shift leads to destructive interference between field components that were generated
at different positions within the medium. The condition

2Ny 2TN, 27Nk,

A3 A A2

is known as phase matching, which from a quantum mechanical point of view is
equivalent to the conservation of momentum

of the three involved photons.

Phase matching generally requires birefringent crystals to achieve same phase
velocities for the different frequencies. The crystal is cut with a defined angle to
the optical axis to adjust the refractive index. Calculation of the angle to the
optical axis is achieved with the equation [62, p. 64]

1 cos? 6 sin? 6
20 m@? | nw)? (.77)

that describes the refractive index of a uniaxial crystal along an arbitrary propa-
gation direction with angle 6 to the optical axis.
In this thesis SFG is used to characterize ultrashort pulses (Sec. 1.4.4).
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1] 11 22 33 23,32 13,31 12,21
o} 1 2 3 4 D 6

Mat. Cut | Type Tok|pm/ V] V:[kV] | Alpm] | Sym.
BBO [73, 74] | Z T rog = 2.7 12.5 0.2-3.5 3m

X r33 = 38.5
RTP [75,76] | |, | T ras = 35.0, 2.22.6 | 0.354.5 | mm2
ro3 = 12.5, r13 = 10.6

KDP [77] Z L re3 = 10.6 14.5 | 0.18-1.45 | 2m
DKDP [77] 7 | L re3 = 23.6 65 | 02210 | 2m
LNB [77] Z T rog = 6.8 6.8 0.4-5.5 3m

Table 1.2.: Summary of important Pockels cell crystals and their properties. For the
transverse Pockels cells (Type=T), the half wave voltages correspond to a 6 x 6 mm?
crystal with length 20 mm. For longitudinal Pockels cell (Type=L) crystals the voltage
does not depend on the dimensions of the crystal.

1.4.2. The Pockels effect

The electro-optic effect, also known as Pockels effect, provides an important tool
to switch and steer light through an optical setup. The effect causes a change
of the refractive properties in non-centrosymmetric crystals if they are exposed
to an electrostatic field. As nowadays electronics and computer systems control
essentially all processes, the Pockels effect provides an effective interface between
electronics and optics. Due to its fast response the refractive properties of the
crystal follow directly the electric field as applied by the electronic components,
that drive the process.

The description of the Pockels effect often bases on the impermeability tensor n
that is the inverse of the permittivity tensor €. The electric field and the displace-
ment field are then related as

E— eln(E)D. (1.78)

and a Taylor expansion of the impermeability tensor

g =) + g BEY 4. i j. ke {1,2,3} (1.79)
describes the Pockels effect with the first field dependent term, r;j,. Due to the
symmetry of the permittivity tensor [72, p. 666], the impermeability also fulfills the
relation 7;; = n;;. Thus, it is common to represent the tensor r;;, with a contracted
two dimensional notation 7, where a takes the values listed in table (1.2).
Application of symmetry properties leads to vanishing components of r,; and
usually only several entries of the tensor remain that are of significance. Consi-
dering the example of §-Ba(BO;), (BBO), which is chosen as a material for the
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Pockels cell inside the developed amplifier, it turns out that the crystal has a m
symmetry. This class possesses only components of 7, that are listed on the left of
equation (1.80). Furthermore, the symmetry class possesses several identities [60,
71] so that the tensor simplifies to:

0 72 713 0 —ro 713
0 1799 To3 0 roo T3
0 0 33 _ 0 0 33 (1 80)
0 rio O 0 T's1 0
rs1 0 0 51 0 0
T'61 0 0 —T29 0 0
With this tensor the impermeability tensor can be written as
No — 7‘22E§dc) + 7’13E;§dc) - 22E£dc) 7‘42E£dc)
n= —7"22E§dc) No + T 22E§dc) +r 13E3(,dc) 7"42E§dc) (1.81)
T'42 Egdc) 742 Eédc) Ne + T33E§dc)

describing the changes of crystal properties under the influence of an arbitrary
electric field applied in (E{dc),Eédc), ?(,dc)) direction. In case of BBO it can be
stated that the coefficient r5; = 749 is negligibly small [73] and the tensor for an

applied field to the X-faces (ES" = 0)2 of the crystal calculates to

(de)

Mo —rakh 0
n= —T22E£dc) Tlo 0> (1.82)
0 0 Ne

which after a 45°rotation yields to

Mo — Too L™ 0 0
n' = 0 Ny + 122 B\ 0 | (1.83)
0 0 Ne

From this notation it is visible that BBO, or any other crystal with similar symme-
try, becomes biaxial under the influence of the electric field. The different refractive
indices

_dn 1

an . _ 1.3
An = dnAn 5" An. (1.84)

2To avoid issues with linear polarized light in either x- or y-direction the BBO Pockels cells
are used with an electric field along the crystals X-direction. If the field is applied along the
Y-direction, a linear polarized light beam oriented along one of the crystal X- or Y-axis would
accidentally hit the eigenvector directions of the impermeability tensor even with applied
electric field. This leads to an absolute phase shift but no polarization rotation.
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then lead to a phase shift of the polarization eigenstates, which is given by

2mn, 1 . 1
Ap = 7;” (no + ingrggE(dC) — Ny + QnirmE(dC)) L (1.85)
2 2 U
= %ningE(dC)L = %HSTQQEL (186)

for a crystal of length L and thickness d. The quantity,

A1l d
Vei=V(Ap=m)= 2 o3 L (1.87)
which is known as half-wave voltage, corresponds to a rotation of the initial po-
larization by 90°. For L=20mm and d=6mm the resulting half-wave voltage of
BBO is 12.5kV (Tab. 1.2), which is large enough to cause break down in most
gases. BBO is thus often implemented in a double pass configuration to reduce the
voltage whilst allowing large apertures.

1.4.3. Self-phase-modulation and the Kerr effect

Due to the restriction of second order non-linear processes to non-centrosymmetric
media third order processes are of increased importance being the lowest order non-
linear processes in centrosymmetric media. The source for these non-linear effects
is the third order susceptibility y® that leads to interesting effects fundamentally
different as compared to the second order processes.

Besides other third order processes such as third harmonic generation or cross
phase modulation (XPW) [78], for instance, the main focus is set on self-phase
modulation (SPM) and self-focusing (SF) as these two processes dominate the per-
formance of the laser system that is described in the next chapters.

The non-linear polarization [Equ. (1.8)] according to equation (1.63) for SPM
and SF is

P = Beox P A AL Ay (1.88)

with AY, being the complex conjugate electric field envelope. For a pulsed plane
wave possessing a spectrum narrow enough to allow

Wo

<1—|—:(1)(w—w0)> ~ <1+1(w—w0)) ~ 1, (1.89)

the wave equation [Equ. (1.28)] is

2
[22'/{:08 + 2kOD] Ay, = —20 (L), (1.90)

0z cocd” ™
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Note that this equation is still in the frequency domain. The non-linear polarization,
however, is represented in the time domain, which requires the transformation into
the time space. This is achieved using the equation (1.22), which simply transforms
the dispersion D to D. The equation in the time domain is

_— 2 3wi (3) *
2@]{?0? + 21{?0D Art = —TX ArtArtArtu (19].)
z g
which in rearranged form this gives
0 - 3w?
= Ap = iD Ay i P | A]? Ar. 1.92
9t t Qkoch | Are] t ( )

The non-linear term obviously depends on the squared absolute value of the field
envelope, which also defines the intensity [Equ. (1.18)]. The non-linear polarization
allows intuitive interpretation if it is rewritten in terms of the intensity

2 _ W0§ x®

wo
rt| -

— I(r,t) = —nol (r,t 1.93
0046071300 (I‘, ) co n2 (I‘, ) ( )

2
3wy X(3) |
2]600(2)

and the non-linear refractive index ns is introduced as:

3 x®
" degnicy’

(1.94)

No

This result illustrates that the non-linear polarization leads to a phase shift 3 that
depends on the intensity of the pulse. Being intensity dependent this phase shift
will vary across the pulse following the intensity profile in time and space. In this
context two processes are distinguished: SPM is the process that results from the
time dependent intensity of the laser pulse. SF or self-defocussing are the counter-
parts in the spatial domain. The characteristic propagation length obtained from
the differential equation (1.92) for both effects is defined as the inverse coefficient
obtained in equation (1.93),

C

(1.95)

wonal

For the majority of materials the non-linear refractive index is positive in the
optical wavelength range leading to an increased optical density of materials for
higher intensities. The refractive index can thus be written as

n=ng+ nal (r,t). (1.96)

3see figure (3.12b), that shows almost no change of the intensity profile whilst the phase follows
the intensity profile
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Figure 1.5.: Illustration of self-focusing. The wavefronts of a beam with Gaussian
intensity profile bend due to the higher refractive index in the center of the beam.

Both effects can be prevented with a flat top profile in time (for SPM) or space
(for SF) as the non-linear polarization would lead to a constant phase shift that is
unimportant to the laser pulse characteristics. However, the temporal and spatial
profiles often differ from a flat top shape leading to non-linear phase shifts in both
time and space. Considering for example the Gaussian TEMyg mode, the central
part of the beam is delayed due to the positive value of ny. The wavefronts adjust
to the Gaussian intensity of the laser mode (Fig. 1.5). Such deteriorations of the
wavefronts lead to SF of the laser pulse and as the resulting wavefronts are not
spherical, the mode will differ from the ideal diffraction limited beam. The latter
is an increase of the M2-value of the laser beam, which is certainly an undesirable
effect. In the worst case SF causes catastrophic focusing of the laser beam and if
not willingly introduced leads to damage of expensive optics. The temporal phase
shift in the time domain that is caused by a chirp-free pulse of the laser leads to an
increase of its spectral bandwidth. SPM is widely used to produce octave spanning
laser pulse spectra that allow pulse compression to single cycle durations (i.e. [22,
24]).

A quantity that is often used to describe the amount of non-linear phase accu-
mulated by a pulsed laser beam within a medium of length L is the B-Integral:

B = 2 Lngldz. (1.97)

A Jo

A value of B > 1 describes a measure for non-linear phase distortions that alter the
pulsed laser beam. The B-Integral allows quick estimation of design parameters
of laser systems and reflects if non-linear phase shifts significantly affect the laser
pulse. However, as this quantity embodies a strong simplification of the non-linear
processes, it looses its meaning in describing laser pulses that benefit from signifi-
cant non-linear phase shifts. An accurate description of the laser pulse requires the
characterization of both the temporal intensity profile and the temporal phase or
the the spectral intensity and the spectral phase.



1.4. Non-linear optical phenomena 27

1.4.4. Ultrashort pulse characterization

Manipulating ultrashort laser pulses by introducing dispersion and non-linear phase
shifts requires tools for accurate measurement of the affected light pulse. An ef-
fective description of the electric field is governed by the field intensity and its
phase. Standard electronic devices such as photo diodes or CCDs, however, have
only access to the intensity of the pulse and time resolution of modern electronics
does not exceed the ~10 ps scale. As ultrashort light pulses range from picosecond
to attosecond durations, electronic devices fail as tools to measure ultrashort pulses
directly. Therefore, characterization of these events requires extra efforts and more
sophisticated techniques.

The description of events in the time domain relies on sampling of the process
on fractions of its duration. This is usually achieved with a “gate”, that cuts out
a fraction of the event at a specific time and gives a signal proportional to the
observable of interest. Temporal information is gained by moving the gate to dif-
ferent temporal positions relative to the event. With ultrashort laser pulses this
gate needs to be an ultrashort laser pulse itself as shorter event are not available.
The signal between the laser pulse and the gate is created using non-linear opti-
cal processes as they provide a fast mechanism to mix both parts together. The
mixing of laser pulses with time delayed replica to imprint information on a light
field allows for detection with a (slow) electronic device. Most common methods to
measure ultrashort light pulses are autocorrelation, frequency-resolved optical ga-
ting (FROG), spectral phase interferometry for direct electric-field reconstruction
(SPIDER), “grating-eliminated no-nonsense observation of ultrafast incident laser
light e-fields” (GRENOUILLE) and streak cameras.*

Techniques such as autocorrelations and FROGs use a gate function, ¢(t), to
sample the electric field, E(t). The chosen non-linearity defines the gate g(t). The
difference between the two devices is just the detection of the produced signal [80],

Euylr) = g(t - T)E(2). (1.98)

As the autocorrelation measures the time integrated (slow detector) intensity of
the generated signal field the resulting signal, as seen by the detection system is:
Towto() o / g(t — TV E(t)[ dt. (1.99)

—00

In case of FROG the measurement of the spectrum of the signal field yields to,

[e’) ) 2
Srroc(T,w) ’/_ gt —T)E(t)et™dt| | (1.100)

4A good overview over measurement techniques can be found in [79-82].
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that describes a spectrum depending on the delay parameter 7. It can be shown
that the spectrum of E;,(7), S(7,w), provides the information to retrieve the phase
and the intensity via a retrieval algorithm [80]. In contrast to FROG, the phase
retrieval from the autocorrelation is impossible, which stems from the 1D-phase
retrieval problem [79].

Considering now the special case of SFG as basic non-linearity used for pulse
measurement, the gate function according to (1.4.1) is g(¢) = E(t) and the function

S(T,w) ’/_O:O E(t—T1)E(t)e™™'dt i : (1.101)

is the mathematical description of the second-harmonic frequency-resolved optical
gating (SH-FROG). The auto-correlation trace can be calculated from the FROG
trace Srroq(T,w) by integration over the spectrum:

Touto(T) /SFRO(;(T, w)dw. (1.102)

A SH-FROG obviously uses the spectrogram of the sum frequency between the
pulse with its time delayed copy. The advantage of shifting the measurement fre-
quency to the second harmonic mainly lies in a good contrast. Furthermore, the
second order process requires less intense pulses than a third order process. Only
the phase matching condition [Equ. (1.75)] puts a constraint on the crystal thickness
(Sec. 1.4.1), that needs to be thin enough to allow phase matching across the whole
spectrum of the pulse.

Pulse characterization with a SH-FROG is a powerful tool to characterize pul-
ses and their development under increasing non-linear optical phase shifts in the
amplifier (Chap. 3) and the non-linear compressor (Chap. 5). However, even
though SH-FROG allows retrieval of the pulse and its phase, there still exists
one ambiguity, which results from the symmetry of the spectrogram meaning that
S(r,w) = S(—7,w). This symmetry leads to an undetermined time direction of the
retrieved electric field. Luckily, most of the time the sign of the chirp is known due
to extra information gathered from the properties of the materials the pulse was
passing prior to the measurement. In the optical and NIR part of the spectrum
materials usually exhibit normal dispersion (ky > 0). Including this information
allow quick determination of the sign of the phase if other contributions with ne-
gative dispersion can be excluded. However, the time symmetry of the SH-FROG
spectrogram often helps to distinguish good from corrupted measurements, because
asymmetry of the spectrogram indicates issues during the measurement.



Chapter 2

Laser Pulse Amplifiers

Laser pulse amplifiers constitute a major technology to reach pulse energy levels
that are not directly available with laser oscillators.! As the interest of this thesis
lies on the construction of optical devices delivering multi-millijoule light pulses
with durations < 1 ps, the only path towards reaching this goal is the amplification
of existing light pulses within a laser amplifier.

Laser amplifiers manifest in a variety of technical implementations having their
own area of application. To give a better understanding this chapter introduces
the mechanics behind laser operation. It presents two common amplifier types and
reviews their features. Because lasers appear in a rich variety of implementations,
gain media and underlying mechanisms that contain gas, semiconductor, dye and
solid-state lasers discussion is limited to solid-state lasers only. The main focus is
thereby set on the thin-disk concept and Yb:YAG as gain material that constitute
the backbone of this thesis.

2.1. Solid-state laser basics

The basic description of light that propagates through a medium of length L is
given by Lambert-Beer’s law

I(L) = Iye”Ni—Na)oL (2.1)

that describes the attenuation of light with initial intensity I,. The quantities N;
and Ny describe the population of the lower and upper state and o is the cross
section for the process. Considering this law it unfolds that light can not only be
absorbed but also be amplified if the condition N7 — No < 0 is achieved. This
condition is called population inversion and describes the basic mechanism of laser
operation. The possibility to amplify light was first stated by Albert Einstein who
described this process on the basis of rate equations based on the occupation of
electronic states that are populated and depopulated via two basic mechanisms.

1Other techniques such as enhancement cavities, for instance, increase the pulse energy by co-
herent pulse stacking with an external laser resonator (see i.e. [83]).
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Figure 2.1.: Illustration of a two level medium (a), a three level laser (b) and a four
level laser (c).

The first is stimulated emission and stimulated absorption. The second constitutes
a spontaneous decay channel that effects all involved states except for the ground
state. Laser materials are most commonly described as three or four level systems.
This description is valid for almost all laser materials.

Solid-state lasers describe a family of materials that achieve laser operation via
doping of a crystal or ceramic and are distinguished from semi-conductor lasers.
Doping of these materials is achieved by replacing ions of the host material with
ions of similar size but different electronic properties. The resulting artificial defects
can exhibit electronic states that allow laser operation. As solid-state lasers need
to be transparent to the laser radiation these materials are dielectrics, which are
usually pumped optically using flash lamps or laser radiation.

In the following the basic mechanisms are illustrated on the basis of a solid-state
laser material that exhibits three energy levels (Fig. 2.1b). The involved energy
states of this system are the ground state with energy FEj, the lower laser level
E4 and the upper laser level F,. Transitions between these states can occur both
radiative or non-radiative. Laser materials possess the property that at least one
transition is radiative meaning that the transition happens by emitting one photon
of defined energy. In the picture of a three level laser shown in figure (2.1b) this
transition is from state Fs to E; and the emitted photon carries the energy

2me

Ephoton =F,— k) = hWLa wr, = Ta
L

(2.2)
where h is Planck’s constant, w is the angular frequency of the photon, \j its
wavelength and c is the speed of light. To allow this transition the medium must
be excited to the upper laser level. This process is often referred to as “pumping”
and is often realized electronically or optically. As the energy difference for the
transition from the ground state to the upper laser level is larger than the energy
of the emitted photon, not all energy that is put into the system is extracted by
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the lasing photon. This energy difference is called “quantum defect” and is usually
transferred in form of heat to the laser material. As solid-state lasers are pumped
optically, the quantum defect directly calculates from the energy difference between
pump and laser photon energies.

The dynamics of the involved processes are described by rate equations that
contain all involved states and form a coupled system of differential equations. For
the three level laser of figure (2.1b) this system is

dN. N- 1 1 1
TQ = +W02N0 - W20N2 - W21N2 — 72; _— =4 — (23)
t Tsp Tsp T21 T20
dN N N
L = Wy Ny — WipNy — =2 + = (2.4)
dt Tio T21
dN, N N-
70 — —W02N0 + W20N2 + 71 —|— 72 (25)
dt Tio  T20

The increase in population of the upper laser level is determined by the rate Wy,
describing the number of photons per second that are excited from the ground state
to the upper laser level. The transition rate [62, p.220]

I

Wij = 0ij7—

(2.6)
is equal to the cross section for the transition multiplied by the photon flux I/hw
given by the intensity I and the photon energy hw. Decay of states is defined by all
possible transitions that reduce the population. These transitions happen both via
stimulated emission and spontaneously with the decay rates 7;;. The spontaneous
decay time is often summarized in an effective value 7,,. The signs of the terms on
the right of the equation correspond to population (+) and depopulation (—) of the
energy level. All transitions of one level appear on the population of corresponding
level to conserve the total amount of involved states N = Ny + Ny + N3 = const.

From basic quantum mechanical considerations it can be shown that the transi-
tion probabilities W;; and Wj; are equal [62, p.218]. This leads to equal transition
probability in both directions. Applying this to a two level system (Fig. 2.1a) the
equilibrium dNy/dt = 0 upper state population is given by:

1

TspWo2

Obviously infinite pump power and thus infinite Wy, leads to an upper state po-
pulation that is at most equal to the lower state population. The upper state
population is then given by Ny + Ny = 2N, = N and reaches half the total number
of states N. Therefore, population inversion in two level systems is impossible and
at least a third level needs to be involved.
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Laser materials can possess more than 3 level allowing for increased efficiency
and lower lasing threshold as neither the upper laser level not lower level is effected
by the pump radiation. A common example is the 4 level system (Fig. 2.1c).
Best performance in such systems is achieved if the lifetimes of the upper level Fs
and the lower laser level E; are short compared to the lifetime of the level Es.
This maximizes the inversion as the population of the laser level E, is directly
populated with the pump radiation but not influenced by stimulated emission by
the pump radiation. The level E; es nearly empty is this situation as depopulation
to the ground state is fast. Unfortunately, these materials exhibit at least one
additional non-radiative transition, which leads to a higher quantum defect and
causes increased thermal load during operation. In high power systems this can
significantly reduce the performance.

2.1.1. Amplification of laser pulses

A laser amplifier uses the described mechanism to amplify light, that falls into the
spectral amplification bandwidth of the gain medium.

In contrast to oscillators that are build to amplify spontaneous emitted light
within an optical resonator, amplifiers require an existing light source to boost its
power. The increase in power P; after amplification relative to the power P, before
amplification is given by the gain,

P
G = = = P>k, (2.8)

=5 =
The coefficient 2ac = Nooen(A) — Niogs(A) is the gain or absorption coefficient,
Oem and g, describe the emission and the absorption cross section of the laser
medium [84]. Amplification of broad bandwidth laser pulses requires consideration
of the spectral response of the gain medium, which is summarized by the wavelength
dependent cross sections o, (A) and o4ps(N).

Once inversion is created and a photon triggers (o(Aproton) 7 0) the stimulated
emission process, the number of exited states NV (V' is the volume of the laser
material) reduces by one whilst the lower level population N;V' simultaneously
increases by the same amount. The energy difference is transferred to a second
photon similar to the incident photon. This simple picture illustrates that energy
is extracted from the gain medium only if the photon falls within spectral regions,
in which the emission cross section does not vanish. Furthermore, amplification
of a photon leads to reduced population inversion causing a decreased gain, G, if
the energy within the medium is not restored. Consequently, the gain medium can
store only a defined amount of energy that is:

Estored = AN ALhw (2.9)
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where AN = N, — N; is the inversion density, A is the active area and L is the
length of the gain medium.

The lifetime of the upper laser level influences the maximum inversion density
and, thus, effects the stored energy directly. As spontaneously emitted photons fall
within the amplification band of the laser gain medium these photons are amplified
corresponding to a parasitic loss channel. Amplified spontaneous emission (ASE)
is an unwanted mechanism that can significantly reduce the population inversion.
In laser amplifiers with high gain and long effective optical path lengths in at least
one direction of the active volume of the laser gain medium this effect can become
significant and leads to lower output power of the laser [85, 86].

Regarding solid-state lasers, the doping concentration determines the number
of ions per volume and constitutes an important tuning parameter. Large doping
concentrations are desirable to achieve high gain in a small active volume. However,
with increasing doping concentration the effective lifetime of the upper laser level
reduces due to quenching effects [87] and, thus, leads to lowered gain. The trade-
off between maximum doping concentration and secondary effects that lower the
effective gain leads to the best performance.

Important characteristic parameters of gain media are the saturation intensity,
I, and the saturation Fluence, Fl;,

hw
Lot = (2.10)
TepOe

hw
Foar = ]sathp = (211)

Oe

1

= 2.12
(67 0601 n 7 ( )

Isat

that are related to the emission cross section of the material, the photon energy
and the effective life time 75,. The saturation intensity describes the intensity,
at which the amplifier gain coefficient, «, will reduce to half of its low intensity
or unsaturated value, ap. Being just a function of laser material properties these
quantities relate fundamental material characteristics to design parameters of the
laser amplifier.

2.1.2. Resonators

Resonators constitute the heart of oscillators, regenerative amplifiers and even in-
terferometers [88]. Resonators exist in a rich variety of configurations containing
important parameters that influence the characteristics of the amplifier.
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The ABCD-matrix formalism [Equ. (1.45)] [66] provides a simple and fast method
for calculating optical resonators (Appx. B) [84, 89]. The resonator design condition
according to equation (1.45) is equivalent to requiring

_ Agq+D
= Cq+ D’
which is the eigenvalue equation for a stable resonator. The solutions to this equa-
tion [84, p. 816]

(2.13)

1 D—A 1 |/A+ D\?
@2 2B iB\/< 2 )_1’ (2.14)

need to be complex to form a Gaussian beam according to equation (1.44). This
leads to the inequality

A+D

1< <1 (2.15)

that describes stable resonators. Interestingly the stability condition does not de-
pend on the other parameters of the ABCD-matrix (B.1). The stability condition,
however, states solely that a Gaussian beam according to the eigenmode equa-
tion (2.13) exists. Misalignment sensitivity in linear resonators with a variable
element(i.e. thermal lens), however, relates to the coefficient 1/|C| [89]. It can
be shown that linear resonators possess two stability regimes [89], that are defined
according to their misalignment sensitivity parameter 1/|C| [89]. The condition
C' = 0 defines the stability edge (A + D)/2 = +1 of the resonator. Such resonators
are prone to mechanical disturbances [89, 90]. The other edge defined by B = 0
exhibits higher stability against misalignment of optical elements [89].

Changing the refractive power of an optical element within the resonator leads
to a change of the resonator matrix and thus to a change of (A + D)/2. At a
certain point the resonator reaches the stability edge. In linear resonators, for any
varying optical element with changing refractive power, two stable zones can be
found that fulfill equation (2.15). These two zones are generally not connected
meaning that transition from one zone to the other incorporates an unstable reso-
nator configuration in between. It is, however, possible to connect them in special
configurations [91]. The two zones are generally distinguished by the misalignment
sensitivity parameter 1/|C| meaning that one stability zone is less prone to misa-
lignment of optical elements than the other. Resonators running in the zone less
prone to misalignment generally exhibit smaller beam waist on the end mirrors [91].
This is particularly problematic for high pulse energy operation.

The point of dynamical stability of the resonator relates to the mode waist (1/¢?)
on the variable element via [91]

A(Lf) =2 (2.16)
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where A(1/f) describes the refractive power changes of the variable element that
are acceptable for the stability condition (2.15). This implies that a large mode
radius inevitably leads to higher sensitivity of the resonator with respect to chan-
ging refractive powers of optical elements. Therefore, resonators with large mode
sizes, demanding operation in stability zone II to avoid small beam waists, require
stabilized temperature and environment conditions to allow for stable operation.

Interestingly, the Gouy phase shift for one resonator round trip is given by the
matrix elements A and D with [92]

A+ D
Afzarccos< + >

(2.17)

leading to a connection between the stability condition and the longitudinal phase
accumulation of the Gaussian beam within the laser resonator. As the Gouy phase
is a measure for the propagation of the Gaussian beam through its focus the accu-
mulation of this phase can be interpreted as the partial propagation of the beam
through the focus. A Gouy phase shift corresponding to A{ = 0 can thus be inter-
preted as propagation similar to a plane wave with infinite lateral extension, which
of course is no confined eigenmode solution. This stability edge is shown to be
increasingly sensitive to misalignment which is expected whereas the misalignment
sensitivity at other edge ((A + D)/2 = —1) does not diverge [90].

2.1.3. Gain narrowing

The spectral dependent cross sections lead to varying gain for photons of different
frequency. In laser amplifiers photons with energy equal to the peak of the cross
section exhibit highest gain, whilst photons with lower or higher wavelengths are
less amplified. Repeated application of this wavelength dependent gain leads to
spectral narrowing of the pulses. The reduction of the bandwidth depends on the
overall gain and is known as “gain narrowing”. For an emission cross section that
has a full width at half maximum (FWHM) bandwidth of Aw, and a Lorentzian
profile, the bandwidth of the amplified output pulses,

3
101ogyy G(wy) — 37

AOJ3dB = Awa\/ (218)

depends on the total gain G(w,) of the amplifier at the peak of the emission cross
section at w, [84, p.281]. Gain narrowing in high gain amplifiers often leads to un-
wanted decrease of the spectral bandwidth of the output pulses causing an increase
of the pulse duration after amplification, i.e. [35, 56].
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2.1.4. Chaotic pulse energy

Resulting from the lifetime of the upper state laser level it may occur that the initial
state of the gain medium is not fully restored before the next pulse arrives. This
is strongly pronounced, if a pulse significantly depletes the population inversion
whilst the following pulse arrives at times comparable to the lifetime of the upper
state of the amplifying medium. In these amplifiers the energy of the output pulse
depends on the inversion state influenced by all preceding pulses. These dynamics
can lead to unpredictable inversion levels of the gain medium resulting in chaotic
behavior of the output pulse energy. Depending on the initial parameters the pulse
energy undergoes characteristic bifurcations and chaotic regimes [93, 94].

Several publications prove that stable operation of lasers in intermediate bifurca-
tions is possible [95, 96]. However, operation in these regimes complies with other
constraints on pump intensity, seed input energy and acceptable peak intensity
during the amplification process.

Yb:YAG amplifiers operating with repetition-rates at ~0.1 MHz are less influen-
ced by this effect. Instabilities appear only, if the seed pulse is coupled inefficiently
to the resonator or the carried energy is < 1nJ (Fig. 3.23).

2.2. Yb:YAG thin-disk amplifiers

Solid-state laser materials are most commonly used in a rod geometry and are
pumped longitudinally. Due to the moderate heat conduction of most of the used
materials, this geometry leads to radial symmetric temperature profile with hig-
hest temperature in the center of the rod. The inhomogeneous heat load causes
stress and thermally induced changes of the refractive index (thermal lensing). The
radial differences cause mode distortions ultimately leading to degradation of the
laser beam quality. In approaching output powers of > 10 W concepts have been
developed that reduce unfavorable thermal changes of the gain medium.

2.2.1. The thin-disk concept

In consequence of all these challenges discussed, nowadays, the most promising
concepts in high average power lasers amplifiers are fiber laser [97], slab lasers [31],
cryogenically cooled lasers [50] and thin-disk [32, 98] lasers. All concepts have
proven to be well scalable in average power and crossed the 1kW frontier during
the last years [33-35, 50, 53].2

The thin-disk concept [32] allows for exceptional high peak powers (GW) du-
ring the amplification process. These devices reach this outstanding performance
due to the thin amplification medium (usually < 200 um) that allows reduction of

2 [50] is actually a cryogenically cooled thin-disk laser
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cooling Yb:YAG disk

Figure 2.2.: The concept of a thin-disk laser. A heat sink (diamond/copper) cooled
with water from the back side allows 1D-head removal from the thin-disk. The thin-disk
acts as an active mirror with an AR coated front and a HR coated back (left, Picture
from [38]). Pump light cavity incorporating several passes to excite the thin-disk in the
center of the setup (right, Courtesy of TRUMPF Laser GmbH).

non-linear optical phase introduced by the gain medium to a minimum. In view
of reaching the ultimate limits in ultrashort pulse amplification, the thin-disk con-
cept incorporates the basis of this thesis. The thermal management applied in
the thin-disk concept relies on a 1D-heat flow reducing thermal lensing and stress
induced changes of the gain medium to a minimum. A water cooled heat sink
(usually copper/diamond) allows for efficient removal from the gain medium. The
heat sink is attached to the high-reflective (HR) coated back side of the thin-disk.
An anti-reflection (AR) reflection coating on the front of the thin-disk permits im-
plementation of the gain medium as active mirror (Fig. 2.2). Due to the thin-gain
material efficient pump light absorption is usually not possible within a single pass
through the gain medium. In thin-disk lasers this is overcome with an imaging
system that guides the pump beam several times over the thin-disk. To achieve
efficient absorption and allow laser operation the coatings of the thin-disk match
for both pump light and laser wavelengths [32].

As opposed to rod lasers this concept allows average power scaling by increasing
the thin-disk and pump spot diameter. The essential mechanism and the 1D heat
flow persists for lateral scaling. The most important limitation of this concepts con-
stitutes ASE within the thin-disk [86] that increases the path length inside the gain
medium for spontaneously emitted photons with increasing lateral extension of the
pumped region. This ultimately leads to reduction of the effective upper state life
time [99] and is particularly important for low repetition-rate lasers operating with
saturated gain. Nevertheless, thin-disk lasers have crossed the kilowatt average
power level whilst providing single-mode beams and ultrashort pulses [33, 35] The
pulse energy reached values of more than 1J at several hundreds of hertz [50]. Furt-
her scaling to several tens of kilowatt output power is considered to be possible [86,
98].
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The thin laser gain medium of disk lasers puts higher requirements on the gain
material as compared to other geometries, so that a

e high emission cross section o,

« long fluorescence lifetime 7,

« high tolerable doping concentration,

e high pump absorption cross section 0,5 and
e high mechanical strength

are favorable properties. The first three features directly effect the achievable gain
of the thin-disk, which is necessary to reach significant gain within the ~0.1 mm thin
gain medium. Same applies to pump light absorption. The higher the absorption
cross section the lower the required amount of passes for efficient absorption. High
mechanical strength of the laser material allows for high quality cutting, polishing
and coating of the thin material. In addition, a robust material is necessary for
attaching the material to the heat sink with high optical quality.

2.2.2. Properties of Yb:YAG

Laser materials exhibiting high thermal conductivity, a low thermal expansion coef-
ficient and a low quantum defect are generally advantageous for operation in high
power systems. Furthermore, excitation of the laser material with wavelengths that
are accessible with commercial laser diodes allows highly cost efficient and relia-
ble pumping of the medium. Yb-doped glasses, crystals or ceramics possess these
advantages. Over the past decade, lasers based on Yb-doped materials have been
repeatedly demonstrated with outstanding performance in a variety of different la-
ser architectures. Partially, the success can be attributed to the superior properties
of the Ytterbium ion.

The Yb3*-ion

The Yb*" ion has a two level electronic structure with the ?F% ), ground state and
the ?[%/5 excited state. Under the influence of a surrounding crystal field, the two
states split into four (*Fy/) and three (*Fj/,) stark shifted sub-level (Fig. 2.3a),
providing the necessary richness of energy states for laser operation [59]. The small
energy splitting of the sub-level states results in a remarkably low quantum defect
but also leads to thermal occupation of the lower stark manifolds. The occupation
of the lower laser level (619cm™!), causes Yb-doped systems to require high pump
intensities to reach inversion of the material and leads to higher laser threshold. The
ever decreasing prices of laser diodes with kilowatts of average power, however, led
to increasing success of Yb-doped laser materials over the past decade in a variety
of configurations [29, 31, 98, 100].



2.2. Yb:YAG thin-disk amplifiers 39

2(a) (b)
Fsp .- 10927em’}
cm” 140
182;‘7‘@11'1 120 969nm @ I I I I I I -
_ 100 940nm a
P sor ]
=R = ‘;‘ 60 -
40 F ,
ZF 786cm_1 20 b -
7/2 ,_~_:,..'-.-- 61 9cm_1 0 1 1 1 1 1 1 1 1
A 581cm_1
fem 0 S50 100 150 200 250 300 350 400 450

Power [W]

Figure 2.3.: (a) Energy levels of Yb3" in yttrium aluminium garnet [102]. (b) Mea-
sured temperature vs. pump power of an Yb:YAG thin-disk pumped at 940 nm (dashed)
and 969 nm (solid) with pump spot diameter of ~3.3 mm.

Yttrium aluminium garnet (YAG) as host material for Yb**"

Nowadays, the most developed host material for the Yb3* ion is YAG. The involved
laser level for Yb:YAG are depicted in figure (2.3a). Yb:YAG possesses two pump
bands that can be accessed with 969 nm and 940 nm InGaAs laser diodes that no-
wadays can provide output powers of more than 10kW. The quantum defect for
940 nm and 969nm amounts to 9% and 6%. Therefore, operation of Yb:YAG
with 969 nm pump diodes allows decreasing the thermal load to a minimum. The
transition is often referred to as “zero-phonon line” meaning the direct transition
from the ground state to the exited state without the need for phonon excita-
tion. Figure (2.3b) shows a temperature (FLIR A645sc IR-Kamera) measurement
of a thin-disk pumped at the two different wavelengths under equal conditions.
The narrow bandwidth of the zero-phonon line (Fig. 2.4b), however, requires more
expensive wavelength stabilized diodes. Such diodes implement volume Bragg gra-
tings that provide a selective feedback of a narrow band spectral component to
force operation of the laser diode at this wavelength [101]. Wavelength stabilized
diodes reach bandwidths of less than 0.5 nm and powers of several kilowatts.

Besides the beneficial spectroscopic properties of Yb:YAG it possesses a good
thermal conductivity (Tab. 2.1) and the plain two level manifolds of the Yb-ion
permit high doping concentrations without causing parasitic effects that reduce the
effective life time of the upper laser level and thus the laser performance [103].
The YAG crystal is isotropic leading to simple optical usability of the crystal.
Furthermore, the relatively large emission cross section and a long upper state
lifetime support high gain, which makes the material an ideal choice for operation
in thin-disk lasers. Because of the aforementioned properties, Yb:YAG is nowadays
widely implemented in these laser architectures.
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Figure 2.4.: Absorption (a) and emission (b) crosssection of Yb:YAG [36].

. AL Ap o Ao, Tsp Fout K
Material [nm] | [nm] | [10-2°cm?] | [nm] | [ms] | [J/cm?] | [W/m-K]
Yb:YAG | 1030 | 940, 968 2.2 9 0.950 8.8 6 (10 %at.)
Yb:LuAG | 1030 | 940, 968 2.8 55 | 0.985 6.9 | 7.5 (10%at.)
Yb:LuyOs3 1033 976 1.3 12.5 0.82 14.8 10.8 (3 %at.)
Yb:CaFq 1053 980 0.78 ~40 1.9 24 5.4 (3 %at.)
Ti:Sa 800 532 41 >200 | 3.2210°3 | 0.61 | 33 (0.1%at.)

Table 2.1.: Properties of laser materials. Az: Central emission wavelength; A,: Pump
wavelength; x: Thermal conductivity; Sources Yb:YAG, Yb:LuAG [36], Yb:Lu2Og3 [113,
114], Yb:CaFy [36, 115], Ti:Sa [116]. Elaborated list in [26].

Comments on other hosts and Ti:Sa

Other host materials such as ceramics [104], LuzAl;012 (LuAG) [105-108] or LuyO3
are promising candidates for kilowatt laser operation. Ceramic lasers are nowa-
days rarely found in high power ultra-short laser systems because of their im-
mature optical quality [104]. Yb:LuyO3 has been demonstrated to deliver ultra-
short pulses of 740fs duration at 140 W [109]. and recently ~500fs at ~90 W
were demonstrated [110]. The performance of this material is attributed [110]
to the high thermal conductivity (2.1) and the low thermal expansion coefficient
(a=5.9-10751/K [111]), which are compared to YAG (a=7-10"%1/K [112])
slightly superior. In addition, the emission bandwidth of Yb:LuyOj3 is larger and
leads to shorter output pulses as compared to Yb:YAG. Table (2.1) summarizes
selected laser materials for comparison.

It can be seen that Ti:Sapphire (Ti:Sa) is an outstanding material exceeding
Yb:YAG in both heat conduction and emission cross section. However, the im-
plementation of Ti:Sa in the thin-disk configuration for high power operation is
challenging due to the requirement of high pump powers at 514-532 nm, which are
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not easily available [26]. Moreover, the relatively small absorption cross section
of Ti:Sa at these wavelengths requires intense pumping and/or a thicker medium
that does not necessarily comply with the thin-disk concept. The large quantum
defect contributes to significant heating of the gain material, which certainly limits
performance even in thin-disk configuration [26, 117, 118].

As compared to Ti:Sa ultra-short Yb:YAG amplifiers suffer from a narrower am-
plification bandwidth. As a result millijoule level Yb:YAG laser amplifiers operating
at room temperature usually provide gain narrowed pulses with 1-2 ps duration if
no special efforts are being implemented. However, as demonstrated in mode locked
Yb:YAG oscillators Yb:YAG supports pulses with ~100-300 fs duration. Unfortu-
nately, the pulse energy of oscillators is still limited to the ~100 uJ level and scaling
towards the millijoule level is not within sight for the next decade [100]. Compen-
sation of gain narrowing in amplifiers has been demonstrated by pre-shaping of the
spectrum [119-121]. Exploiting non-linear optical effects during the amplification
constitutes a method that broadens the bandwidth during the amplification pro-
cess [57, 58, 122]. Despite the bandwidth limitation of Yb:YAG, pulse durations
of 5fs are possible — but not yet realized — with a non-linear compression stage af-
ter amplification (Chap. 5). This concept holds promise for producing single cycle
pulses with several millijoule pulse energy at repetition-rates of ~100 kHz that will
be discussed in chapter (5) of this thesis.

2.3. Regenerative amplifiers

Regenerative amplifiers represent a group of amplifiers that trap the pulse in a
stable laser resonator to guide it through the amplification medium several times.
An optical switch allows coupling of the pulses to the optical resonator. Due to
the properties of the resonator, regenerative amplifiers support fundamental mode
operation if the resonator is well designed. If this condition is met, any input
beam will — on the expense of losses — adjust to the resonators eigenmode after
a certain amount of round trips inside the laser resonator. Thus, regenerative
amplifiers support intrinsically good beam quality factors, which is essential for
most experimental applications.

Regenerative amplifiers can achieve enormous gain (10%) because of the adjusta-
ble number amplification iterations through the gain medium. Depending on the
desired repetition-rate of the laser amplifier it is possible to choose the duration
of the amplification cycle until the gain medium is depleted or other constraints
require an interruption of the amplification process.

The optical switch emerges as the most important part of regenerative amplifiers
as in its absence coupling of pulses to the resonator would fail. Being indispensable,
it constitutes a major object for design and optimization. Optical switches in state
of the art regenerative amplifiers are implemented using electro-optically active
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crystals that exhibit the Pockels-effect. Such crystals allow changes of the polari-
zation state by applying a voltage to the crystal. Together with a polarizer they
permit beam path changes depending on the applied voltage. Obviously, an optical
switch based on a crystal constitutes a transmissive optical element located within
the optical resonator. Despite of anti-reflective coatings this element introduces
at least two additional surfaces within the optical resonator leading to increased
losses. In amplifiers reaching intensities that start non-linear optical processes the
switch may contribute significantly to the non-linear phase shift and, therefore, to
self-focusing (SF). SF can lead to damage of optical elements within the amplifier
and certainly needs to be avoided. Thus, it is desirable to reduce the thickness of
the crystal to a minimum. Depending on the Pockels cell crystal this condition
leads to technical limitations of the the output energy of the amplifier caused by
restrictions of the Pockels cell crystal.

The Pockels-effect is divided into two basic mechanisms that relate to the di-
rection of the applied electric field relative to the propagation direction of the
incident beam. If the electric field is applied longitudinally, the faces of electrodes
need to be placed perpendicular to the optical beam path. As transmission of light
through conductive materials is connected to large losses, electrodes for longitudinal
Pockels cells have ring shapes allowing for transmission through their center. As
the applied half wave voltage does not depend on the crystal length, these Pockels
cells theoretically support short crystal lengths (< 1 mm). This would be particu-
larly advantageous for high power ultra fast regenerative amplifiers. Unfortunately,
ring electrodes in combination with large apertures and a thin crystals lead to in-
homogeneous electric fields across the aperture of the crystal, which results in inho-
mogeneous polarization rotation and degraded contrast. Plasma electrode Pockels
cells (PEPCs) solve this problem using a plasma across the crystal surface [123].
Based on KDyPO, (DKDP) these devices are promising candidates for scaling the
apertures of Pockels cells. However, to this day their use is limited to systems with
low average powers due to the sol-gel [124] anti-reflection coating [125]. Transverse
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Figure 2.6.: Interferometric switch based on a Michelson interferometer as a part of a
laser resonator.

Pockels cells allow usage of the full aperture of the crystal, but the length of the
crystal determines the rotation of the polarization at given voltages. As the app-
lied voltage needs to be below the breakdown, the crystal thickness has a minimum
value that can not be easily reduced.

Alternatives to Pockels cell crystals are mechanical devices that allow switching
without the necessity for transmissive elements. However, due to the speed of
light these devices need to change the state within the time scale of one resonator
round trip (10-100ns). Ideas such as rotating wheels containing mirrors at certain
positions to reflect the beam in and out of the resonator. These wheels need to
rotate extremely fast ~40000 min—! whilst the size of the mirror needs to be in the
range of ~100 pm [126]. These parameters put hard demands on the mechanics,
vacuum conditions are required and the device is prone to optical damage due to
the small aperture of the mirror.

Concepts based on interferometric switching grant another option but the short
time to change the state of the switch applies to these devices as well. Assuming
a Michelson interferometer within the resonator, the optical path length of one
arm relative to the other requires a movement of A/4 to switch one arm from
constructive to destructive interference. The opposite applies to the other arm
(Fig. 2.6). At 1um wavelength this corresponds to 250 um. The transition time
of t =10-100ns then leads to an acceleration of a = 2s/t* = 101°-10"? m/s®. The
force applied to a 1/2" mirror with m = 2g is F = ma > 2- 107N and leads to a
pressure of > 39 GPa exceeding the ultimate tensile or compression strength of glass
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or even stainless steel by several orders of magnitude.® Thus, implementation of an
interferometric switch would rely on other techniques to change the relative optical
path length of the interferometer arms. Clearly, this is leading back to the initial
point of considering an electro-optical switch or a rotating wheel, for instance.

Having no alternative to replace the Pockels cell crystal several different common
materials can be considered. A summary of these materials is given in table (1.2).
The only suitable material for high power laser amplifiers is currently $-Ba (BOs),
(BBO) permitting high average power, low Piezoelectric ringing and sufficient con-
trast [74, 77, 128]. Unfortunately, the crystal posses a high half-wave voltage 25kV
(Sec. 1.4.2) for a 12x12x20mm? crystal and apertures of high quality crystals are
limited to these dimensions.

In thin-disk regenerative amplifiers, the Pockels cell crystal embodies the main
source for non-linearities constituting the bottleneck of the amplifier device. Chap-
ter (4) describes a method to circumvent this issue and explains a method for energy
scaling of thin-disk regenerative amplifiers in the high peak intensity (> 5 GW /cm?)
regime.

2.4. Multi-pass amplifiers

Multi-pass systems embody a group of laser amplifiers that rely on optical beam
displacement to guide a beam several times through the gain medium. Beam gui-
dance is usually achieved with high reflective mirrors. As every pass through the
gain medium requires a new displaced path, such systems grow quickly in size and
complexity with the number of required transitions. However, multi-pass amplifiers
allow amplification without transmissive optics except for the gain medium and,
hence, constitute the ultimate tool for amplification to high pulse energies. Par-
ticularly, the thin-disk concept reduces the amount of transmissive material and
has been realized to the Joule level pulse energy [50, 129, 130] and at kilowatts
average power [33]. Due to the low amount of material these amplifiers allow for
amplification at exceptionally high peak intensities and do not necessarily require
the implementation of chirped-pulse amplification (CPA) even at millijoule output
pulse energies in thin-disk amplifiers.

Guidance of the beam thorough the gain medium can be distinguished into two
different types:

1. Imaging Systems

2. Non-Imaging Systems.

3Carbon nanotubes would withstand these high demands [127]. But implementation of high
reflective mirrors solely made of carbon nanotubes is rather difficult.
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Figure 2.7.: llustration of a 4f-imaging system with phase distortion. The undistorted
input field accumulates phase distortions after propagation through the system.

Non-imaging systems guide the beam through the setup without implementing a
special optical system. These systems solely rely on displacement of the beam such
that the beam passes the gain medium several times. Imaging systems implement
a more sophisticated optical system to transfer the beam to another position whilst
keeping beam size and shape unchanged at a chosen plane. Similar to other optical
imaging systems, the transfer is achieved with lenses or mirrors. Because of their
recreational characteristics, these systems are often referred to as relay-imaging
systems. Imaging systems have the advantage that distortions introduced at the
imaging plane have no effect on the shape of the laser beam in the subsequent ima-
ging planes. The constant beam shape at position of the gain medium then ensures
a well defined overlap with the active region in the gain medium. Unfortunately,
the beam is not only described by its shape but also by its wavefront and distor-
tions introduced at the imaging plane will imprint on the wavefronts. Considering
a 4f-imaging system (Fig. 2.7) propagation can be described by the Fourier trans-
form at the “Fourier plane” and the field at the end of the system by the second
application of this theorem. The two fold application yields to exact resemblance
of the field behind the two lenses. The phase distortions @g;s,, (r) at one imaging
plane will, therefore, be added to phase distortions ¢distp2('r) at the other. In case
of systems that implement one and the same optic at the imaging planes of such
optical setups, these distortions are equal and add up. The output field after two
passes

Aout, (I‘) = Aowt (I') eiaist(r) — A;, (I‘) 2i¢dist () (2_19)

accumulates these distortions, which leads to degraded beam quality. This is visible
in M2-measurements or directly visible if the beam profile is recorded at positions
different from the imaging plane. Consequently, imaging multi-pass amplifiers that
implement the gain medium at the imaging plane demand high quality optics to
avoid beam quality degradation.
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Considering a refractive element with focal length f; on the left side of figure (2.7)
the imprinted spherical wavefront appears on the right side of the system. The same
focusing element will add the same phase to the existing beam and accumulation
continues through the system. This phase leads to a beam that continuously grows
on one imaging optic and focuses on the other and can lead to high fluences on
at least one imaging optic (Fig. 4.8a). Often these systems implement correcti-
ons to compensate for accumulated focusing effects and resulting unwanted mode
alterations. This is possible as refractive optics imprint well defined wavefront dis-
tortions that can be corrected by adjusting the telescope length L;... The condition
Jout = Qin in combination with the single elements of the optical system M;

e 2)ehy) e

is called g-preserving and implies preserved waist size and wavefront of the beam.



Chapter 3

Direct Amplification of Femtosecond
Pulses in Non-linear Thin-Disk
Regenerative Amplifiers

Ytterbium laser amplifiers have so far relied on chirped-pulse amplification (CPA)
to deliver multi-millijoule pulse energies with gigawatt peak powers. These systems
are usually conceived to avoid non-linear optical effects during the amplification
process. CPA systems such as Ytterbium fiber laser amplifiers [30, 43], Yb:YAG
thin-disk amplifiers [98, 131, 132] and Yb:YAG Innoslab amplifiers [31] deliver
multi-millijoule pulse energies at repetition-rates from a few kHz to several hund-
red kHz. Additionally, cryogenic Yb:YAG amplifiers have proven to deliver multi-
millijoule pulses [49] and recently crossed the joule pulse energy barrier [50]. These
architectures provide pulse durations of ~200fs (fiber) or < 0.4 ps-3.6 ps (thin-disk,
Innoslab and cryogenic systems) and are rapidly proliferating as drivers for non-
linear pulse compressors and OPCPA systems with kilowatts of average power [34,
35, 53].

In Yb-fiber systems implementation of CPA is essential due to their small mode
area [126]. Transition to gigawatt peak powers and multi-millijoule pulse ener-
gies is possible but requires coherently combined systems [43, 133]. Chirped-pulse
Yb:YAG Innoslab and thin-disk amplifiers can operate with larger modes, intro-
duce less material and, therefore, amplification to pulses with gigawatt peak powers
after compression is straightforward. Thin-disk amplifiers provide lower single-pass
gain than the other systems and are commonly implemented in regenerative am-
plifiers to achieve high overall gain. Regenerative amplifiers, however, require an
optical device that traps the pulses for the amplification process inside the reso-
nator. Resonators in regenerative amplifiers have typical lengths of a few meters
to provide enough time for changing the resonators state within one round trip of
the pulse. Still the time scales on which the switch has to react is not more than
~10-100ns. Opening and closing the resonator at these time scales is commonly
achieved with Pockels cells. Unfortunately, the switches suitable for high average
power operation have lengths of 10-30 mm and clear apertures of only ~12x12 mm
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resulting in significant amount of material with a considerable non-linear refractive
index. Despite the thin (~0.1 mm) gain medium, thin-disk regenerative amplifiers
usually implement CPA to avoid non-linear optical effects introduced by the Poc-
kels cell crystal. Implementing CPA in Yb:YAG amplifier systems is expensive and
contributes to instabilities due to the required large-aperture gratings for stretching
and/or compression. The grating compressor unit introduces timing jitter, which
requires stabilization in optical parametric chirped-pulse amplification (OPCPA)
systems [134] and carrier-envelope-phase (CEP) stable sources [135]. Despite the
technological improvement of dielectric gratings that achieve efficiencies of > 97 %,
the four reflections lead to losses of ~10 %.

In this context avoiding CPA in Yb:YAG amplifiers is worth considering to im-
prove the cost-efficiency, stability and to provide a user-friendly system. Due to
the thin gain medium, thin-disk amplifiers constitute an ideal basis for amplifica-
tion without CPA [33, 58]. Regenerative amplifiers provide high gain and excellent
beam quality. Therefore, a combination of the thin-disk concept with a regenera-
tive amplifier is — despite the necessary optical switch (Sec. 2.3) — the ideal setup
for CPA-free amplification of pulses with nanojoule pulse energy to the millijoule
level.

The main focus of this chapter is set on the question whether amplification up
to the multi-millijoule level avoiding chirped pulses is possible. It turns out that
amplification of Fourier limited femtosecond pulses within the developed Yb:YAG
thin-disk regenerative amplifier actually benefits from accumulation of non-linear
phase overcoming the gain-narrowed spectral bandwidth limitation (~1-2nm) of
Yb:YAG amplifiers.! This chapter provides a general description of the amplifica-
tion process with repetition-rates in the kilohertz regime of pulses up to > 1GW
peak power. Details of the non-linear behavior of the amplifier without effects ari-
sing from average power contributions are discussed in the first part. Section (3.6)
then focuses on scaling the repetition-rate and average power at constant output
pulse energies and describes the developed amplifier in its current state.

3.1. The seed laser architecture and amplifier setup

The setup for seeding the amplifier (Fig. 3.1) consists of a commercial Menlo
Orange fiber oscillator delivering 100 mW output power at 100 MHz repetition-
rate. The corresponding pulse energy amounts to 1 nJ. A pulse picker reduces the
repetition-rate of the seed pulses according to the desired value and allows switching
with repetition-rates of up to 100 kHz. The pulse picker consists of a commercial

LA similar concept was developed in parallel to this work and is described in [57] on the basis of
negatively pre-chirping the input seed pulses.



3.1. The seed laser architecture and amplifier setup 49

Menlo Orange

-
1

1

1

1

1

1

1 4
! =

i gl
s o

! 0.8nJ, 1030nm 1 0

1 2 . Telescope

4 106fs 100kHz :} y
v |~ T969nm Regenerative Amplifier

: VBG LD

i - 1

P, . |

N A

' | Thin-Diski™

' | VEX 6ml

1N ]Telesco

/7
_IN_ TRp m
= Faraday n' ' \TEPy 20
. /8 Rotator ‘ Pe | ! *r!
)éb I\ M2 WP WP

_____________________________________________

Figure 3.1.: Amplifier setup of the final 100kHz system. Seed system based on a
commercial Menlo Orange fiber laser. Pulse picker operates with repetition-rates between
5kHz-100 kHz. Small grating compressor removes the chirp of the Yb-fiber oscillator. The
amplifier input unit consists of a Faraday rotator a mirror telescope, a A/2 waveplate,
the thin-film polarizer of the resonator and the Pockels cell.

driver Bergmann Messgerate Entwicklung KG including a 4x4mm X-Cut rubi-
dium titanyl phosphate (RTP) crystal. For protection against back reflection an
optical isolator selects the pulses after the pulse picker.

To seed the amplifier with Fourier limited pulses, a small grating compressor
with 1000 lines/mm removes the chirp of the seed laser pulses as provided by the
manufacturer. This allows applicability of results to other laser sources emitting
unchirped pulses. Figure (3.2) shows the retrieved second-harmonic frequency-
resolved optical gating (SH-FROG) spectrum and the pulse of the seed after the
grating compressor.

The second telescope enlarges the beam to a size of 9mm (1/€?) providing a large
mode area in the Faraday rotator of the regenerative amplifier. This reduces the
intensity after amplification to a minimum and exploits the 20 mm clear aperture of
the device (Sec. 3.2.2). Mode matching to the resonators eigenmode is achieved with
a mirror telescope after the rotator. The optical switch of the amplifier consists of

a f-Ba (BO3), (BBO) Pockels cell in combination with a thin-film polarizer (TEFP)
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Figure 3.2.: Retrieved SH-FROG measurement of the compressed nearly Fourier limi-
ted seed pulse. (a) Field envelope and phase. (b) Spectrum and spectral phase.

and a wave plate and is capable of trapping the pulses with an extinction ratio of
>300:1.

An optical isolator consisting of a Faraday rotator and a TFP separates the pulses
entering the regenerative amplifier from those that exit. After the isolator the pulse
passes a wave-plate to turn the polarization matching the transmissive state of the
TEP of the resonator. For the low repetition rate experiments of a 12x12x15mm?
BBO Pockels cell was used. In the 100 kHz final system the Pockels cell crystal
has the dimensions 12x12x20 mm?®. The reason for the to the larger crystal lies in
industrial availability of the crystal with these dimensions that is commonly used in
industry. The enhanced optical quality of the crystal as provided by TRUMPF Laser
GmbH exceeded the advantages of shorter crystal with lower optical quality. In
combination with a wave plate the Pockels cell traps the pulses inside the resonator
by applying ~12-14.5kV to the crystal. The Pockels cell driver is a commercial high
voltage device provided by Bergmann Messgerdte Entwicklung KG that allows
switching of the Pockels cell within ~15ns.

The thin-disk, provided by TRUMPF Laser GmbH, has a radius of curvature of
~20m and is pumped into the zero-phonon line with a TRUMPF 969 nm Volume-
Bragg-Grating stabilized pump diode module. The imaging system of the fiber
collimation and the parabolic mirror of the pump light cavity produces a pump
spot of ~4.1 mm on the thin-disk.

After the amplifier a compressor removes the introduced chirp resulting from the
accumulated non-linear phase inside the amplifier. Pulse compression is realized
with a chirped mirror compressor.

This is the basic amplifier scheme used throughout this work. The details of the
amplifier configuration are explained in those parts where significant changes as
compared to the system in (Fig. 3.1) are made.
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3.2. Amplifier design considerations

Seeding a regenerative amplifier with femtosecond pulses requires careful conside-
ration of critical design parameters. As described in section (2.1.3), the amplifica-
tion bandwidth of Yb:YAG leads to narrowing of the spectrum. Considering the
spectrum of the seed pulses it is obvious that gain narrowing reduces the spectral
bandwidth and increases the transform limited pulse duration. For pulse energies
lower than 100 pJ, the output pulse duration is ~1-1.5 ps.

It is important to obtain a quantitative measurement for the damage threshold
of optical elements at these pulse durations. Knowledge of this quantity provi-
des an important upper bound for acceptable fluences within the resonator of the
regenerative amplifier.

3.2.1. Damage threshold of optics

Radiative damage of bulk dielectrics with laser pulses that exceed 20 ps pulse dura-
tion is generally accepted to be caused by energy transfer of heated conduction band
electrons to the crystal lattice. The deposited heat ultimately causes destruction of
the crystal lattice due to melting of the material. The energy per unit area (fluence)
[Equ. (1.19)] that damages bulk dielectrics decreases with the square root, 7'/2, of
the laser pulse duration 7. This decrease corresponds to the characteristic time
scale of energy transfer from electrons to the lattice during the laser pulse [136,
137]. At the transition to the ultrashort regime (< 20ps) fused silica exhibits a
damage fluence of ~6J/cm? [136, 137]. On ultrashort time scales the mechanism
differs fundamentally as the conduction band electrons gain energy much faster
than they are able to transfer to the lattice. The damage of the material, results
from field induced photoionization and the subsequent avalanche that is created by
the heated electrons [136, 137]. The plasma formation subsequently leads to a cou-
lomb explosion of the material and a strongly localized damaged region (Fig. 3.4Db).
In this region the damage fluence decreases slower as with 7/2.

Damage threshold measurements of multilayer mirrors are often carried out with
Q-Switched Nd:YAG lasers with 4-10ns pulse duration. The results from these
measurements are not directly transferable to the picosecond or femtosecond time
scale due to the deviation from the 7'/? scaling of the pulse duration. Correct
design of the Yb:YAG laser amplifier requires the measurement of the damage
fluences with laser pulses of duration similar to the femtosecond-picosecond pulses
that appear during the amplification process.

The measurement of the damage threshold (Fig. 3.4) was carried out using the
uncompressed 1.2 & 0.1 ps pulses of the 5kHz system that is described in the next
sections of this chapter. The setup (Fig. 3.3) consists of a A/2-waveplate and a thin-
film polarizer to control the power of the laser at the target position. The laser
beam is focused with 1000 mm convex lens to a 1/e¢? beam diameter of 200 ym.
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Figure 3.3.: Setup used for measuring the damage threshold. The fluence on the target
is controlled by power adjustment with a \/2-waveplate (WP) and a TFP.

The laser beam profile in vicinity of the focus was recorded using a WinCamD beam
profiler. The comparably weak focusing of the laser beam leads to a Rayleigh
range of 3cm, which reduces the systematical error emerging from inaccuracies
of the sample position with respect to the recorded beam profile. This error is
estimated from recordings of the beam profiles 5 mm in front and behind the target
position. The resulting differences in the peak fluence give an upper limit of the
error caused by misplacement of the optical element (Appx. C). Power monitoring
behind behind the TFP allowed careful adjustment during the measurement. The
measurement was performed by increasing the power stepwise every ~20 — 30 s until
the optic was destroyed. After the damage occurred the power meter was placed at
“measuring plane” (Fig. 3.3) to obtain an accurate power measurement at position
of the target. Increasing the power until damage occurs defines a single value of the
damage fluence at a specific spot of the optic. Moving the mirror and repeating the
measurement leads to a set of data points that was used to determine the damage
threshold. Figure (3.4) depicts the result for two high reflectors designed for an
angle of incidence of 0° from different manufacturers and a highly dispersive chirped
mirror. In this figure all measurements are summarized and for each mirror the
probability of damage is defined as the number of damages at the given fluence
relative to the total number of measurement points.

The high reflectors damage at fluences of 1.1 0.1 J/cm? and 1.60 & 0.07 J /cm?.
Interestingly, the optic with lower damage fluence also exhibits a less steep rise of
the damage probability. This indicates inferior optical quality across the surface as
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Figure 3.4.: (a) Measurement of the damage threshold of standard optical elements
with picosecond pulses delivered by lasers in our laboratory. (b) Typical surface damage
of a high reflector caused by picosecond pulses. The size of the damages spot is equal to
the mode size of the laser.

compared the the other optic. With regard to the damage threshold of fused-silica
(FS) the mirrors damage at comparable energies indicating good quality in both
cases. The highly dispersive chirped mirror has a significant lower damage threshold
0.165 + 0.015 J/ecm?, which can be explained by the much higher complexity of the
layer structure [138]. Still these mirrors exhibit sufficiently high damage fluences
to be used in 4mJ laser sources with beam diameters of >2mm. However, during
compression experiments (Sec. 3.5) the mirrors damaged at lower fluences. The
damage was caused by average powers effects at ~10 W. The mirrors heated up
and damaged within the time frame of 10s - 30s.

The measured fluences set an absolute upper limit to the acceptable fluences
in the laser system at kilohertz repetition-rates. Within laser resonators of rege-
nerative amplifiers, the pulses travels several (10 to >100) times over the same
optic. Thus the optic experiences repetition-rate in the MHz level. Due to the
higher repetition-rates the damage fluence significantly reduces due to average po-
wer effects that are caused by accumulated thermal heating of the lattice [139].
For a laser amplifier providing 2mJ picosecond pulses a resonator based on high
reflectors, therefore, should exceed a minimum beam diameter, d,,;,, of

E=2ml]; F=16J/cm* k=03 (3.1)

2-F
TR

i =2 - w0 =2 - = 1.0mm. (3.2)
The factor k accounts for the reduction of the damage fluence due to the MHz
repetition-rate inside the laser resonator [139]. The factor of 2 in front of the pulse
energy F results from the assumed a Gaussian intensity profile (Sec. D.2). In gene-
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ral it is possible to achieve a single-mode beam with diameters of a few millimeters
on every optic within a laser resonator. However, laser resonators operating at
1 um wavelength easily tend to exhibit smaller beam diameters. This needs to be
carefully considered in the resonator design and leads to increased length of the
resonator [140].

The damage fluences of the mirrors are below the saturation fluences of Yb:YAG
(Tab. 2.1), which means that energy extraction within a single pass through the
material is not possible at these pulse durations. Therefore, it is necessary to extract
the energy via several passes leading to average power saturation of the medium.
Efficient extraction of the stored energy at amplifier repetition-rates below the
kilohertz regime — picosecond pulses — is problematic because of the increasing
pulse energy that is necessary to saturate the medium [18, p. 551].

3.2.2. Non-linear optical elements

The measured damage fluences correspond to intensities of > 100 GW /cm?. The
accumulated non-linear phase of transmissive optical elements that are exposed to
laser pulses with these intensities is significant and leads to self-phase modulation
(SPM) and self-focusing (SF). Transmissive optics within the Yb:YAG thin-disk
amplifier are:

o the host material of the gain medium, yttrium aluminium garnet (YAG),
 the optical switch, BBO,

 the material of the Faraday rotator (single pass), terbium gallium garnet
(TGG),

« FS and quartz (TFP and wave plates)

o and the surrounding gas.

Table (3.1) summarizes the characteristic parameters of the different materials and
gives values for the B-Integral [Equ. (1.97)] that a Gaussian pulse with 5mJ, 1 ps
duration and 4mm 1/e*-diameter (80 GW /cm?) acquires. Clearly, BBO and TGG
contribute the most to the non-linear phase. However, the pulse usually passes the
TGG crystal only once with high energy after the amplification process. Fortu-
nately, the clear apertures of the Faraday rotators reach 20 mm and adjusting the
beam to match the aperture allows reduction of the non-linear phase contributed
by this element. BBO does not allow an increase of the beam diameter (Sec. 2.3)
and the pulse passes the crystal every resonator round trip leading to the main
cause of non-linear phase. Experiments show that the actual contribution of the
BBO is less severe (Sec. 3.4).
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Medium ny [1071%cm? /W] | X [nm] | B(L)-Integral @ 80 GW /cm?
YAG [141] 65| 800 | B(0.2mm) = 0.063

BBO [142] 5.6(0) 2.3(c) | 1064 | B(40mm) = 11(o)

TGG [143] 17.2 1064 | B(20mm) = 16.8

Fused Silica [144] 27| 1064 | B(10mm) = 1.3

Air (1bar) [145] 24-1073 | 800 | B(10m) = 1.2

Table 3.1.: Non-linear refractive index of important optical components and the B-
Integral for characteristic lengths. Assumed: Gaussian pulse with energy 5mJ; mode
diameter 4 mm; pulse duration 1 ps; A=1030 nm.

From table (3.1) the contribution of air seems to affect the laser pulse only
minorly, but the caustic of the resonator eigenmode usually has places where the
diameter is much smaller than the assumed 4 mm. This can lead to large non-
linear phase shifts particularly if the eigenmode exhibits a small focus. Section
(3.4.1) uncovers this effect by directly comparing the output pulses under vacuum
conditions and normal pressure in air.

3.3. Beneficial resonators and limitations

The measurements and thoughts carried out in the previous section contain all
necessary information to choose a proper resonator design. The conditions in order
of importance are:

1. a mode diameter at the active medium that matches the pump spot,
2. a mode diameter filling the aperture of the Pockels cell,

3. mode diameters as large as possible in between optics to reduce the non-linear
contribution of air.

It is well known that the Gauss-Hermitian polynomials constitute solutions to re-
sonator designs that fulfill the stability constraint discussed in section (2.1.2) [84, p.
643]. Consequently a resonator that supports a certain TEMgy mode also supports
all higher order Gauss-Hermitian modes. As the existence of higher order mode
leads in most cases to instability and mode competition stable laser operation and
a well defined mode is only possible if higher order modes are carefully suppressed.

Constraining laser resonators to the fundamental mode, requires a well matched
fundamental mode to apertures within the resonator. Due to the increasing spatial
spread of the Gauss-Hermitian eigenmodes with increasing order, apertures gene-
rally cause higher losses of higher order modes. Thus, matching the fundamental
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mode to the approximate size of apertures within the resonator leads to funda-
mental mode operation. The pump spot embodies the most important aperture
in the described system. A well matched resonator TEMyy mode not only ensures
operation with fundamental mode but also contributes to the final efficiency of the
system.

The second constraint reduces the amount of non-linear phase contributed by the
optical switch. Obviously, the amplifier runs below its capabilities if the eigenmode
of the resonator is chosen smaller than the largest possible mode as supported by
the optical switch. BBO of sufficiently high optical quality can be grown with
apertures of 12x12mm? and lengths of 20mm. This limits the mode diameter
to at most 5mm-6mm (1/e?). Operation with larger modes showed significant
degradation in stability of the laser system at average powers > 20 W, which is
caused by heating of the crystal holder. Crystals as short as 15 mm were used in
the early stages of the system. Unfortunately, the optical quality of those crystals
was too low to operate the laser with millijoule pulse energies and optical damage
was observed much below 1 mJ. It would, however, be interesting to examine the
laser performance with shorter crystals, as current Pockels cell drivers provide the
necessary voltages for crystals of ~15mm length and electrical breakdown in air is
not expected up to 20kV.

3.3.1. Large eigenmode resonators

In general, the mode shape within the resonator is arbitrary and only determined by
the implemented optical elements. To develop and characterize resonator designs
a numerical tool (Appx. B) has been developed that includes functions to analyze
the resonator design using Monte-Carlo simulations to estimate the uncertainty
resulting from imperfect optics and allows for adjustment of variable parameters.

Designing resonators that match the aforementioned constraints without intro-
ducing small beam waist on the mirrors or in the space between the mirrors is
directly connected to using mirrors with large radii of curvature. This is based on
basic properties of Gaussian beams and it is the purpose of this section to explain
this fact.

Wavefronts of the fundamental mode are expressed via the radius of curvature
(RoC) [Equ. (1.41)] that has its minimum

2
2mwg

A

at one Rayleigh range, zp, distance to the beam waist. This radius depends only on
the wavelength and the waist diameter of the beam. For a beam of wy = 1 mm at
A = 1030 nm the minimal curvature is R,,;, = 6.1 m. Placing curved optics within a
Gaussian beam leads to addition of the inverse RoC of the Gaussian beam and the
inverse RoC (1/R,ir) of the mirror. This directly leads to the conclusion that a

Rnin = R(zr) = (3.3)
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Gaussian beam with a flat wavefront possesses the radius of curvature of the optical
element at this position and, therefore, the resulting beam has at most the waist
size of

Rmir >\

(3.4)

wOm(lI =

This most intuitively becomes visible at the end mirrors of linear resonators. At
these positions the mode is — by definition — reflected back into itself and the end
mirror defines the RoC of the beam. Hence, a concave mirror yields a focus in front
of the optical element and a convex mirror does the opposite. The latter provides
an effective method to avoid a beam waist shortly before the end mirror of the
resonator. If the eigenmode to the configuration exists, the mirror also defines the
largest waist wy,_,_ .

A more general picture is given in figure (3.5) that describes the most general
case for a Gaussian beam with a focusing element and a fixed beam diameter at
this position. In context of the resonator design that needs to match the conditions
mentioned above, the pictures show a resonator eigenmode with the constraint that
the beam radius at the mirror/disk wp needs to be 1.8 mm.? This condition restricts
the beam waist to a certain size at a defined distance whereby — without loss of
generality — only the solutions having a waist position left of the focusing optical
element are considered (the other half is obtained by switching left and right sides).
In figure (3.5a) the situation for two beam waists at position d; and ds is shown.
Clearly, the larger the distance to the focusing optical element, the larger the beam
waist to match the beam radius constraint at the mirror/disk. The calculation of
the resulting beam waist depending on three different values of the focal length f
of the optical element (mirror/disk) and the input beam waist (Fig. 3.5b) reveals
the mode behavior. Starting with the input beam waist versus the distance from
the mirror/disk (Fig. 3.5b, blue) the output waist size for the different RoCs is
increasing to reach a maximum equal to the waist size wp. This corresponds to a
collimation of the beam with the mirror/disk. For the two smaller radii, the point
of collimation coincides with the focal length. For the last 10 m radius, the point
is shifted due to the comparable values of the RoC of the optic and the Rayleigh
range of the beam.

Considering the important question whether the optic is suitable for the resonator
it is necessary to look at planes before (Fig. 3.5a, P1) and after (Fig. 3.5a, P2) the
focusing element. These fictive planes can correspond to either optical elements or
points of interest. As in experimental conditions, facing the aforementioned mode
diameters and average powers, the distance between curved optics always reaches
the order of ~50-70 cm. These planes are assumed to be fixed at 0.7m distance
from the focusing element. The beam waists at these planes are depicted in figure

2This is the aimed beam radius at the thin-disk for the 4.1 mm pump spot diameter.
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Figure 3.5.: (a) Schematic picture of the considered configuration. P1 and P2 define
planes of interest the distance d is a free parameter defining the waists wg, with a fixed
mode radius at a mirror or thin-disk wp. (b) Calculated input beam waist (blue) depen-
ding on the distance of the waist to the mirror/disk d. The other curves show the output
waist size for different curvatures of the mirror/disk element. (c) The beam radius in P1
for the input beam (blue). The other curves describe the mode at P2 depending on the
distance d of the input waist to the optical element mirror/disk. Note that for the given
mode size of 1.8 mm there exists no Gaussian beam with a waist further away than ~5m.

(3.5¢). The waist on the left side at P1 describes a decreasing mode size in area
“1”, which corresponds to a waist between the plane P1 and the mirror/disk. This,
however, would violate the constraint that foci need to be avoided within air. In
region “II.” waists are to small on P1 leading to damage of an optical element that
is placed there. Within zones “II1.” and “IV.” the beam waists at P1 are sufficiently
large. In zone “IIl.”, however, the output beam waist at P2 deceeds the minimal
diameter. Only zone “IV.” fulfills all conditions and shows that optical elements
with less than 1 m RoC do not fulfill the conditions at all. For the 2 m mirror/disk
a small region between 1.5m and 2.5m is acceptable but constrains the mode to
< 1.5mm radius. In conclusion, resonator designs that support large mode radii of
> 1.5 mm require mirrors exceeding a RoC of 2m.
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Figure 3.6.: Calculated resonator mode (a). Vertical lines: position of curved mirrors
(green), the BBO (red,left) and the thin-disk (red, right). Low power CW output modes
(b) exhibiting a significant mode change when the cav 6m optic is exchanged by an optic
with the same specified value.

In the experiment resonator designs supportive for high energy operation always
turned out to require optics with low refractive powers (5-20 m), which is justified
by this arguments and also leads to the conclusion that flat thin-disks with RoC of
~20m are necessary.>

3.3.2. Imperfect optics in optical resonators

Mirrors with radii of curvatures in the range of a few tens of meters are commercially
available so that resonators of the required type can be easily constructed. Many
years of building resonators have shown that this task is much more complicated
due to one very important but rather obvious fact: The curvature of the mirrors
deviates to some extend from the stated value. For this purpose a Michelson inter-
ferometer was built that had been calibrated with two mirrors of 4 m(40.5%) RoC.
Measurements of several optics reveal that curved mirrors deviate by up to 7%
from the specified value. The tolerances of mirrors are usually specified by the ma-
nufacturer and vary from 4m(£0.5%)(£0.0025dpt) to 15 m(+5%) (£0.0067 dpt).
Unspecified optics turn out to exhibit larger tolerances.

The uncertainty caused by implementing several curved optics has tremendous
influence on the actual resonator properties. Figure (3.6) shows the resonator that
has been used for testing the influence of two different mirrors on the resonator
eigenmode. Exchanging the first curved optic (cav 6m #3 in (3.2)) from one manu-
facturer by a curved optic specified with cav 6m by another manufacturer led to a

3Standard thin-disks available in 2011 had RoCs of 2-4m. It was quickly realized that resonator
design is more flexible with thin-disks that have lower refractive powers.
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# | Component Shape RoC [m] Dist. [mm| Beam @[um]| Tol RoC [%)]
01: | Mirror flat Inf — 4105 0

02: | BBO — - 60 4106 —

03: | Mirror cav 6 1406 4133 1.5

04: | Mirror vex 4 948 2877 1

05: | Thin-Disk  cav 22 1621 3188 20

06: | Mirror cav 4 1447 3173 1

07: | Mirror vex 3 506 2393 0.75

08: | Mirror cav 15 717 2482 3.75

Table 3.2.: Resonator parameters.

mode diameter significantly larger (Fig. 3.6, lower profile) than resulting from using
the original mirror (Fig. 3.6, upper profile). As this test was performed with low
average powers (~4 W) in continuous-wave (CW) operation, this change resembles
the effect of the mirror, only.

This simple experiment impressively shows that deviations of the refractive po-
wer of optics can not be neglected. Thus, for analyzing a resonator that consists
of several curved optics a Monte-Carlo simulation reveals helpful to estimate the
success of a resonator design. Figure (3.7) depicts the distribution of the stability
parameter and the beam diameter at the left side of the resonator described in
figure (3.6) and (3.2). This distribution was calculated using 10000 normally distri-
buted values of the refractive power having a standard deviation of 0.005dpt. The
tolerances of 0.005dpt relate well to the stated values given by the manufacturer
and result in the relative tolerances shown in table (3.2). The uncertainty of the
thin-disk is estimated with 20 % accounting for changes produced by the pump light
(thermal lensing and thermal expansion).

The resulting distribution shows the spread of the output mode reaching from
3.8mm mode diameter up to 4.7mm. The expected resonator design (without
considering the tolerances) resulting in 4.1 £+ 0.1 mm mode diameter is reached with
only 37 % probability. In the experiment this reveals problematic as the design
rarely hits resonator parameters of the physicist’s volition.

It is important to note that the profiles as depicted in figure (3.6) are larger
than the simulation predicts. Actually, the simulation has no configuration that
fits the size of the measured eigenmode. This is a strong indicator for operation in
multi-mode regime that might result from bad mode matching of the TEMy, mode
at the thin-disk.

The sensitivity of the resonator to the uncertainty of the curved optics is indeed
significant and requires careful measurement and adjustment of the resonator to
reach the exact design parameters. For this purpose an interferometer and a M?
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Figure 3.7.: Monte-Carlo simulation with 10000 values of normal distributed curvatures
with the parameters of table (3.2). (a) Distribution of the stability parameter of the
resonator. (b) Distribution of beam radii on the left side of the resonator (Fig. 3.6).
Expectation value 2wg=4.13 mm.

meter are helpful tools to adjust the resonator. A reliable resonator design with
curved optics in the 10 m range requires careful specification of the tolerances to de-
crease the spread of resonator output parameters. Furthermore, fine adjustment of
the resonator design is necessary. Additionally, validation of single-mode operation
is recommended to distinguish between multi-mode and single-mode operation.

The importance of achieving single-mode operation for a well working non-linear
amplifier turned out to be fundamental for reasons of mode stability. Due to the
non-linear character of the amplification process, it has been observed that the
output mode can collapses to completely different shapes leading to unpredictable
output. The increasing sensitivity in the non-linear regime could be caused by
the non-linear lens (introduced by the Pockels cell) in combination with decreasing
overlap of the laser eigenmode with the pumped region of the thin-disk. This
increasing mismatch could then lead to a sudden transition from single-mode to
multi-mode operation.

3.4. The amplification process

Seeding a regenerative amplifier with pulses well below the nanosecond level is the
key difference of the system described in this thesis as compared to the standard
chirped-pulse amplifier. In this section the properties of an Yb:YAG regenerative
thin-disk amplifier are explained. The system boosts the pulses described in section
(3.1), directly. Amplification of the 100 fs pulses to the multi-mJ level requires a
good knowledge of the non-linear influences that are described in section (3.2.2).
This section highlights the particular elements and the influences are discussed.
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Figure 3.8.: Resonator used to analyze the influence of air. (a) Calculated resonator
eigenmode. (b) Eigenmode of the resonator at low power at the position of the BBO
crystal.

3.4.1. The influence of air

Amplifiers in our laboratory have been running within air so far. Due to the
fact that pulses have not reached peak intensities triggering third-order non-linear
processes in air during the amplification process the effects could be neglected. For
pulses at the edge to the femtosecond regime this is not the case and air influences
the amplification process significantly.

Quantifying the influence of air on the amplification process requires a vacuum
chamber allowing for operation in both air and vacuum (< 107> mbar). This allows
direct comparison of the two states without changing the other parameters of the
system. The experiment contains the measurement of the output pulses and their
parameters for operation in both air and vacuum. Frequency-resolved optical gating
(FROG) allows characterizing the the output pulse parameters. This technique
ensures full information about the intensity and phase of the laser pulse at the
output of the amplifier.

Figure (3.9a) summarizes the result of the measurement using the resonator
depicted in figure (3.8) and 122 round trips. The graph shows the full width at
half maximum (FWHM) of the Fourier limit calculated from the spectrum that is
retrieved from the FROG measurement. Describing the spectral bandwidth with
the FWHM pulse duration leads to easier interpretation than using the spectral
bandwidth itself as the spectral FWHM is often a discontinuous function (Fig. 3.9b).
The solid and dashed lines are fits that result from a pulse of 1 ps duration to which
only SPM has been added. The fit then allows to quantify the introduced non-linear
phase. Under vacuum conditions the total amount of non-linear phase of the 1 mJ
pulse amounts to 1.5rad. Amplification in ambient air leads to a non-linear phase
of 2.9rad for the same pulse energy. Obviously, for the resonator design shown
in figure (3.8) 45% of the total non-linear phase is caused by air. This effect is
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Figure 3.9.: (a) Fourier limits depending on the energy for operation in air and vacuum.
The solid and dashed lines are fits using SPM as modulation parameter. (b) Retrieved
spectra at 1.1 mJ for operation in air and in an evacuated environment.

visible even though the resonator exhibits a nearly collimated beam. Consequently,
for operation in air resonators for non-linear amplification to the millijoule level
require large (>1-2mm) mode sizes at all positions within the resonator.

In case of large non-linear phase shifts, the amplification process interrupts (no
increase of output power with increasing pump power). This interruption is attri-
buted to a reduced overlap of the spectrum with the amplification bandwidth of
Yb:YAG and by increased losses resulting from SF modulation. With the resonator
shown in (3.10a) this effect was visible if the vacuum chamber was not evacuated.
The pulse energy under ambient air was limited to ~0.7 uJ. The measured spectrum
at this energy reached from 1020 nm-1038 nm, which is significantly different from
the spectrum resulting from operating the same resonator under vacuum conditions
(see spectrum for 0.6 mJ in figure (3.11), which exhibits almost no non-linear phase
shift).

3.4.2. Pulse evolution within the amplifier

The details on the amplification process ranks among the most interesting features
of the amplifier. To gain a deeper understanding in the details of the amplification
process, a measurement system was set up to characterize the output pulses for
different amplification cycles (round trips). The results of the measured pulses
reveal the most dominant processes and allow distinguishing the amplification into
three basic steps:

1. Adjustment of the spectrum to the amplification bandwidth of Yb:YAG
2. Gain narrowing

3. Non-linear pulse compression.
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Figure 3.10.: (a) Resonator used to analyze the pulse evolution of the regenerative
amplifier. (b) Histogram and measured mode of the resonator. The broader distribution
corresponds to the calculated distribution. The smaller right shifted distribution contains
all possible resonators that match to the measured eigenmode (assuming TEMgy).

The measurement of the output pulses to gain insight into these processes, in-
volved two repeating steps:

1. Measurement of the
» output pulses via SH-FROG
e output power
e spectrum with an Ocean Optics HR4000

2. Change the number of resonator round trips

The measurements were carried out simultaneously to reduce the influence on ther-
mal drifts or mechanical influences during the measurement. The whole system was
driven by a software (written by Moritz Ueffing and Tobias Pleyer) that controlled
the Pockels cell driver to change the round-trip time and recorded the data from the
SH-FROG-measurement, the spectrometer and the Ophir, L50(150)A-PF power
head. With these tools the measurements lasted only a few minutes. The increase
of the round-trip number was stopped at pulse energies of ~3.8 mJ to avoid damage
to resonator optics.

The employed resonator contained a tightly focused waist (Fig. 3.10a) and requi-
red operation in vacuum. As the amplifier properties and the detailed influences of
air and the BBO were unknown at this time the evacuated environment precluded
air as an unknown variable. The major influence on the pulse and the dispersion is
then solely effected by the BBO Pockels cell. The resonator has an (1/e?) eigenmode
diameter of 5.17 mm (minor) and 5.6 mm (major) at the position of the Pockels cell.
The Monte-Carlo simulation (tolerances of curved optics 0.5 mdpt) in combination
with the measured beam waist predicts a stability value of 0.5 (Fig. 3.10b).
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Figure 3.11.: Measured spectra and corresponding SH-FROG traces with 5kHz
repetition-rate at 200 W pump power with varying round trips (RTS) inside the laser
resonator.

With increasing round trips inside the resonator the pulse energy grows and at
a certain point reaches intensities at the Pockels cell crystal that trigger non-linear
optical processes. As the Pockels cell crystal is non-centrosymmetric second har-
monic generation is not entirely excluded but plays a minor role because the phase
matching condition (Sec. 1.4.1) is not fulfilled. Therefore, the third order effects
are the major cause for alteration of the output pulses. Considering the output
spectra with increasing pulse energy (Fig. 3.11) spectral broadening of the pulse
becomes visible. The spectral shape and the visible modulation is characteristic
for SPM [79]. Also the corresponding SH-FROG traces show characteristics of



66 Chapter 3. Non-linear Thin-Disk Regenerative Amplifiers

(a) (b)
6.0 Pump 150W @ ! ! ! 1.0m
= 5.0 | Pump 190W @2t '; ' =
e Pump 200W A | A . 8 0.0n =
s 4.0 A L4 - - =
- A o’ ‘g 1.0 $
£ 30 A ° ] = : s
5 0 e £ 20m &
& 20 . . - E -2.0n
1.0 C=— P 1 1 - -3.0n
70 80 90 100 110 120 130 140 3 -2 -1 0 1 2 3
Roundtrip # Time [ps]

Figure 3.12.: (a) The ratio of the measured pulse duration relative to its FTL duration
for different pump powers. (b) Temporal pulse intensity (solid) and phase (dashed) at
two different energies (circles in (a)). The energetic pulse possesses a strong non-linear
phase.

SPM. The minor deviations result from the introduced chirp and the slightly dif-
ferent spectrum. The spectrum of the 0.2mJ pulse exhibits no modulation and
the corresponding spectrogram indicates no signs of a non-linear phase shift. A
retrieval of the pulse reveals that it is almost Fourier limited, which means that
SPM has not yet set in. The output spectrum of 1.2nm (FWHM) corresponds to
a Fourier transform limit (FTL) pulse duration of 1.1 + 0.1 ps. This gain narrowed
(Sec. 2.1.3) pulse duration is quite typical for Yb:YAG regenerative amplifiers with
gain of ~10° [35, 38, 95, 98]. Compared to the ~35nm input spectrum (Fig. 3.2b)
this corresponds to a significant increase of the pulse duration. The influence of
the group velocity dispersion (GVD) of the BBO Pockels cell with 42 fs?/mm [146]
amounts to 1.3 - 10° fs? (0.24 ps/nm in the wavelength domain) after 80 RTs through
the 20 mm crystal. This causes only minor changes to the temporal pulse shape.
Thus, the pulses with energy of < 0.2mJ are gain narrowed (nearly) Fourier limited
pulses (Fig. 3.12a) that have not been influenced by non-linear optical effects. The
only influence up to this point is the amplification process itself that monotonically
increases the pulse duration due to the amplification bandwidth of Yb:YAG and the
resulting gain narrowing. Accordingly it can be concluded that the FTL pulse du-
ration for all pulses with less than 0.2 mJ energy is equal or less than the measured
1.1 £ 0.1 ps. From this analysis is turns out that the pulses evolve from the initial
femtosecond pulses to picosecond pulses prior to the onset of the non-linear opti-
cal process. Subsequently, SPM introduces new spectral components to the gain
narrowed pulse and provides the spectral bandwidth that later allows for shorter
output pulses. The breathing of the spectrum is a unique property of non-linear
regenerative amplifiers.
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Figure 3.13.: Fourier limit and pulse energy of the output pulses depending on the
number of round trips for (a) 150 W, (b) 190 W and (c¢)200 W pump power. The solid
and dashed lines depict data from the 2D-Split step simulation. Horizontal and vertical
lines mark 3.8 mJ at the corresponding round trip number.

The measured pulse durations of the non-linear broadened pulses are with 1.1 ps-
1.3 ps comparable to the pulse duration of the gain narrowed pulses prior to reaching
the non-linear threshold. SPM introduces only a temporal phase [Equ. (1.92)] to the
pulse, which leaves the pulse duration unchanged. The combined effect of SPM and
GVD leads with increasing spectrum to altered temporal pulse profiles. However,
the moderate amount of SPM and GVD of the BBO Pockels cell causes only minor
effect on the temporal pulse shape (Fig. 3.12b).

The increased spectral bandwidth of the pulses can be characterized by calcu-
lating the ratios between the FWHM pulse duration and its FTL counterpart.
Figure (3.12a) shows this ratio depending on the round trip number and the pump
power. The main difference between operation at higher pump power lies in a higher
gain that results in a shift of the non-linear processes to lower round trip numbers.
The overall behavior of the pulse development from the initial seed pulse could not
be measured for technical reasons. To gain insight into the process from the nano-
joule level on, a 2D-Split step model (Appx. A) was implemented to simulate the
whole amplification process. In order to gain best results the measurements for all
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three pump powers served as benchmark for the free parameters that are not entirely
known and needed to be adjusted. The simulation reveals a reduction of the effective
non-linear refractive index by a factor of 0.3 with ny,,,, ~ =5.6 - 107" cm? /W or a
factor of 0.7 with ny,,,,., =2.3- 107" cm®/W (Tab. 3.1).* As the measured thres-
hold lies at pulse energies of 0.2mJ, this reduction was adjusted accordingly as
otherwise — with higher values of ny,,, — the transition sets in at pulse intensities
far below the measured values. The reduction of the non-linear refractive index
confirms in a fit of the output spectra with a simpler 1D-Model [122]. Further-
more, ~4 %/mJ losses had to be introduced to simulate the saturation behavior
at higher energies to the measured data. Until now, the reason for the drop is
not fully understood and might be located in parameters of the gain medium that
do not fully resemble its performance. More likely, the effect is explained by the
optical quality of the BBO crystal that was used as this time. It has turned out
that some crystals heat with higher average powers. Further decrease of the perfor-
mance might result from increasing importance of other parasitic non-linear effects
that are not included into the model like second harmonic generation. However, as
the model included SF in radial symmetry and includes the spatial information of
the inversion of the gain medium it is unlikely that this loss channel is caused by
contribution of SF and the resulting mismatch of the beam with the active volume
of the gain medium.

Implementing these additional settings to the model leads to good agreement
of the resulting data for all three pump powers (Fig. 3.13). The simulated data is
calculated by changing the pump power within the model according to the measured
values without changing any other parameters. The simulation of the amplification
process shows the evolution of the input seed pulse. Starting from the nanojoule
input pulse that is shown in figure (3.2b), the first amplification cycles (0-30) lead
to an adjustment of the the amplification bandwidth of Yb:YAG. The following
cycles are amplifying the pulse under normal linear conditions leading to spectral
narrowing of the pulses. Once the energy reaches a level of ~80 pJ the transition
to the non-linear regime is observed. The point of maximum Fourier limited pulse
duration forms a cross over from the linear amplification part to the non-linear
regime of amplifier. Considering the influence of the gain, the simulation reveals
that the “cross over” to the non-linear regime also shifts to the left. This is caused
by the steeper amplification curve and the lowered amount of passes through the
non-linear medium, which effectively lowers the total amount of non-linear phase.

It is expected that larger round-trip numbers lead to increased spectral band-
width and even shorter Fourier limited pulses. The temporal phase of the 3.8 mJ
pulses (Fig. 3.12b) is well behaved and shows no signs of temporal pulse break up.
The main limitation was set by the pulse energy that led to increased probability
of damaging the BBO Pockels cell crystals that were used at this time. Increased

4Section (3.4.3) gives a possible explanation for the reduced non-linear refractive index.
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damage threshold of this optic could lead to higher output pulse energies and even
broader spectral bandwidths of the output pulses. Chirp compensation with chi-
rped mirrors (CMs) inside the resonator becomes necessary to avoid pulse break
up.

In summary, the measurement results in combination with the simulations show
in detail three different amplification regimes. The first corresponds to the low
energy limit at which the seed pulse adopts to the amplification bandwidth of the
gain medium. The second describes the well known amplification in the linear re-
gime that ends with pulse durations of 1-1.3 ps. The transition to the non-linear
amplification process embodies the third regime, which is dominated by SPM. Thus,
the 100 fs input pulses are via gain narrowing transformed to 1 ps pulses and after-
wards shortened via SPM to 200 fs.

Influences of the seed pulse parameters

The simulation results and basic considerations allow to predict the amplification
behavior depending on the input pulse energy. The same amplifier seeded with
pulses of same duration but higher pulse energy will exhibit the cross over to the
non-linear regime at lower pulse energies. Obviously, the lower necessary gain to
reach the same intensities at the Pockels cell leads to less gain narrowing and a
shorter pulse at the cross over. The pulse reaches the same intensity at lower pulse
energies because of the shorter pulse duration. It is expected that the shorter pulses
lead to increased output spectrum and, therefore, shorter pulses prior to reaching
the threshold of pulse break up. Pulse durations of ~100fs seem feasible in this
case.

Seeding the amplifier with pulses possessing a narrower spectrum than the pulses
used for the described experiments (Sec. 3.1), will reduce the intensity and the
cross over will shift to higher energies and longer >1 ps pulse durations (the FTL
at the cross over in figure (3.13) would shift upwards). As SF is expected to be
pronounced equally in the amplifier, the intrinsically longer pulses will produce less
spectrum under the influence of SPM at equal refractive power for the non-linear
lens (Sec. 3.4.3). The result is a pulse with higher energy but less spectrum. From
this consideration it is expected that the laser energy is scalable at the expense
of output spectrum via spectral filtering to reduce the input spectrum of the seed
pulses prior to amplification.

Current limits

The amplifier concept is capable of delivering up to 5 mJ pulse energy and provides
a spectrum spanning over 1015-1045nm (Fig. 3.14). The field at these output
energies was strongly modulated resulting from the increasing spectral bandwidth
of the pulse in interaction with the GVD of the Pockels cell crystal. The jumps of
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Figure 3.14.: Spectral intensity and phase (a) and temporal intensity profile with
instantaneous frequency (b) of a 5mJ pulse at 5 kHz repetition-rate.

the instantaneous frequency [Equ. (1.60)] in the back of the pulse are indications of
optical wave breaking (Sec. 5.6.1) that might be compensated using intra-resonator
dispersion management [147]. Higher pulse energy led to optical damage of the
Pockels cell crystal or energy instability of the output pulses.

3.4.3. Self-focussing

Self-focusing constitutes the second non-linear effect that influences the system.
At gigawatt peak power levels and the corresponding intensities of ~6 GW /cm? SF
caused by the BBO crystal gradually alters the wavefront during the amplification
process. A quantitative value for the non-linear lens is important to design the
resonator accordingly. Resonators with variable elements such as thermal lenses
are usually designed to operate at optimized conditions in thermal equilibrium [91,
148]. Thus, a static change of the resonator optimized under the influence of the
thermal lens is sufficient. For the fast non-linear lens a static optimization is a
trade off and, consequently, the resonator needs to be stable over the full range of
pulse energies during the whole amplification process. In a first approximation, the
non-linear lens introduces an additional focusing element, the refractive power of
which scales linearly with the peak power of the pulse [149],

4n L auss 4n L 2E
LA 255 Preat Gau Lfi | ===cy.  F (3.5)
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where P,.q is the peak power of the pulse, w is the mode radius (4.5/2mm), L is
the length of the non-linear medium (BBO-crystal, 20 mm), E is the pulse energy, 7
is the pulse duration (1.4 ps) and ny_,, represents an effective non-linear refractive
index.

eff
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To get an estimate for Dy, the focal position of the output laser beam was
measured both in continuous wave operation and in 100kHz pulsed mode (see
section (3.6) for details on the amplifier and resonator). The higher repetition-rate
is not necessary to perform this measurement but the system optimized for this
repetition-rate was the most developed version of the amplifier at this time. As
an accurate measurement of mode changes with changing pulse energy requires a
well defined output mode and stable laser operation this measurement could not
be performed at earlier stages of the amplifier.

The measurement was carried out with a Spiricon M?-200s M?Z-meter. An
accurate measurement of the small refractive powers requires same settings and
input average powers at the measurement device. To avoid the contribution of
thermal heating of filters in front of the M2-meter, the average powers entering the
device were below ~5 mW. Additionally, the output power in CW was adjusted to
reach the same output power as in pulsed mode at 680 W pump power. The M?-
device stayed at the same position and neither filters nor other parameters were
altered as the effect was not visible otherwise. A 0.5 % output coupler in front of
the Faraday rotator provided the beam for the measurement to avoid any possible
contribution of the TGG crystal to the measurement. Figure (3.15) depicts the
change of the focal position behind the lens of the M2-Meter, djs2, for different
output powers. Comparing the behavior of the laser operating in CW and at
100 kHz gives an estimate of the value for the non-linear lens according to equation
(3.5). The ABCD-transition matrix for the setup is

A B\ (1 dye\ [ 1 O\(1 dppp\( 1 O
(@) =6 ) )6 ) (o t) oo

diorrz = 3.8m  farz = 0.29584m (3.7)

where d;, )2 is the distance from the BBO crystal to the M2-meter and fy;2 is the
focal length of the lens within the M2-device. A fit of the free parameter Dy,
then yields the coefficient ¢y and the refractive power of the BBO crystal. The
resonator design has a flat end mirror at the position of the Pockels cell leading
to a collimated beam at this end. Therefore, the wavefront of the beam at this
end mirror is flat to fulfill the eigenmode equation. Because of the short distance
between end mirror and the BBO Pockels cell, it is assumed that the waist of the
beam is located at the front surface of the crystal. This assumption then leads to

)
Qin = 12R = Z'WTwO (3.8)

Qcmt — — (dM2 - Zfoc) + iZR]V[Q (39)
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Figure 3.15.: Shift of the focus caused by non-linear lensing of the BBO crystal

where zp is the Rayleigh length of the wo = 4.5/2 mm beam radius. As the position
of the focus is equivalent to a vanishing real part of the g-parameter, ¢, solving
the equation for Re{q,u:} = 0 yields the focal position, djs2, depending on the
non-linear lens with refractive power Dy,

The fit to the solution of Re{gou:} = 0 reveals ny,,, = 0.15 - M2 pow OF CNL =
4.6dpt/J (Tab. 3.1). Comparing this value to the results from the 2D-Split step
model, however, a consistently reduced non-linear refractive index is observed (from
section (3.4.2) SPM: ny &~ 0.3n2,,,,,,,)- The significant lower effective value of the
non-linear refractive index is beneficial and supports higher output pulse energies
than expected from the larger literature value. The refractive power calculated
from this estimation is lower than 0.01 dpt at 2mJ pulse energy.

In addition, a consistent reduction of the non-linear refractive index is found with
an independent 1D-Split step simulation. In this model a simplified calculation in
the time and spectral domain leads to a coefficient ¢y = 0.24 [122].

As the laser amplifier was operated under ambient air, the influence on the non-
linear lens could not be excluded. However, the output mode of the laser has
a 1/e*-diameter of 4.5mm at the position of the Pockels cell crystal, which also
defines the output laser mode. A laser pulse with this mode diameter has a non-
linear length [Equ. (1.95)] of > 25m in air. For the measurement 0.5% of the
beam was split off at ~0.4m behind the laser resonator. The short propagation
length of the beam, therefore, causes no significant contribution of air in between
the laser output and the measurement device. Because of mode cleaning properties
of the laser resonator in combination with the homogeneous distribution of the
non-linear wavefront distortions over the full length of the laser resonator, the
contribution of air to mode changes inside the laser resonator are neglected. This
assumption is strengthened by the results presented on non-linear pulse compression
in Herriott multi-pass cells that benefit from mode cleaning effects inside stable laser
resonators [150, 151]. Additionally, the results presented in chapter (5) suggest
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Figure 3.16.: Picture of the Pockels cell during operation. Green light corresponds to
a small fraction of second harmonic generation from the 1030 nm fundamental beam.

mode cleaning effects for beam propagation in homogeneous non-linear media. For
these reasons and the small influence of the exhibiting nonlinear lens (f < 0.01 dpt)
on the eigenmode of the resonator (Fig. 3.20b) the mode at the position of the BBO
crystal does not alter significantly and the influence of air is neglected.

Explanation for the reduced non-linear refractive index of BBO

The measurements presented in previous sections show a reduced non-linear re-
fractive index of the BBO Pockels cell. The difference of the measured value com-
pared to the literature value is attributed to the fact that the non-linear refractive
index ny connects to the scalar non-linear susceptibility y® only if the incident elec-
tromagnetic wave is linearly polarized. In case of circular or elliptic polarization
the susceptibility must be treated with the full tensor X,E?,)d description [62, p. 332].
This hypothesis is further supported by the two different literature values of ny for
the ordinary no ) and the extraordinary ns() polarization states (Tab. 3.1). Furt-
hermore, the applied voltage to the BBO crystal changes the properties of crystal
and introduces a second optical axis. As the non-linear coefficients of BBO are not
equal for the extraordinary and the ordinary ray this influence is expected to con-
tribute to a change of the non-linear refractive index. Even though the conversion
to the second harmonic is low (Fig. 3.16), the cascaded second order contribution
to the non-linear refractive index [152, 153] might not be negligible. Examination
of these effects might lead to technical optimization of the effective non-linearity in
the regenerative amplifier.
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Figure 3.17.: (a) Transmission grating compressor and (b) shortest measured pulse
and the corresponding Fourier limited pulse (peaks normalized to time integral). Uncom-
pressed output pulse (dashed); not normalized.

3.5. Pulse compression

The increased spectrum of the amplifier leads to pulses with several millijoule energy
that support pulse durations of < 250 fs. In this section it is shown that pulse com-
pression after the amplifier is possible and describes the path towards development
of a highly efficient CM compressor.

3.5.1. Grating compressor

In the early stages of the amplifier a transmission grating compressor (Fig. 3.17a)
led to pulses as short as 160 fs at 3mJ (Fig. 3.17b) and thus to one of the shortest
pulses out of an Yb:YAG regenerative amplifier at this time. However, significant
amount of energy is distributed to side pulses leading to 57 % of the peak power
as compared to the Fourier limited pulse. The comparably low amount of group
delay dispersion (GDD) was removed with transmission gratings with 9 +2mm
distance at a line density of 1000 lines/mm. Despite the comparably high single
pass efficiency of 94 % the overall efficiency amounts to only 80 %. Highly efficient
reflective gratings are accompanied with line densities in the order of the inverse
wavelength [154, 155]. Therefore, implementation of highly efficient reflective gra-
tings is not easily implemented due to the small separation distances of only a
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Figure 3.18.: (a) Heat distribution of the HD1602 chirped mirror with a beam diameter
of 9 — 10mm at 200 W input power at 100 kHz. (b) Theoretical GDD of a single bounce
on a HD1602 chirped mirror (kindly provided by Dr. Vladimir Pervak).

few millimeters. Grating separation of a few millimeters with a beam as large
as bmm-10mm to avoid damage or non-linear optical effects in the compressor
setup prevents the implementation of reflective gratings without further imaging
components [156].

3.5.2. Chirped mirror compressor

Because of the more complex alignment, the reduced throughput after the grating
compressors and the moderate amount of GDD (10° fs?), a chirped mirror compres-
sor is preferred.

The large progress in chirped mirror development during the last decades en-
gendered optics with huge capabilities [157]. Mirrors introducing a GDD of more
than 10*fs? in a single pass opened the path towards compression of the developed
laser system. In combination with the high reflectivity (> 99.9 %) of these optics,
chirped mirrors allow for pulse compression with throughput of > 97 % of the pulse
energy enabling pulse compression with nearly no losses.

In the experiment several iterations led to the conclusion that reliable operation
of the chirped mirror compressor is indeed coupled very closely to the damage
threshold of these optics. Thermal heating with subsequent damage of mirrors
with powers between 10 W-15W at 5 kHz prevented using highly dispersive optics
with 10000 fs? and moderate beam sizes. However, this “soft” limit might be solved
in future.

A compressor with 30 highly dispersive mirrors of type HD1602 (Fig. 3.19) that
introduce less GDD (Fig. 3.18b) per pass led to reliable output and short pul-
ses. The mirrors are less prone to thermal heating (Fig. 3.18a) permanently wit-
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Figure 3.19.: Picture of the chirped mirror compressor (picture: Thorsten Naeser).

hstanding the high pulse energy. This compressor also opened the transition to
repetition-rates of up to 100 kHz (Sec. 3.6) and showed excellent reliability during
the last years.

3.6. 100 kHz non-linear regenerative thin-disk
amplifier

This chapter focused so far the basic amplification process within the non-linear
regenerative amplifier. Amplification reveals to be possible to a few millijoule prior
to significant beam deteriorations and the resulting optical damage. Increasing
the repetition-rate of the amplifier whilst maintaining the pulse energy is possible
without the need for severe changes to the amplifier setup.

This section depicts the performance of the regenerative amplifier at 100 kHz
repetition-rates with 2mJ pulse energy. The obtained performance proves that
non-linear regenerative amplification yields to stable output and can be utilized for
use in experiments (Chap. 5).

3.6.1. Laser design

The seed system of the 100 kHz amplifier system is described in section (3.1) and
the setup of the amplifier is depicted in figure (3.1). The laser is designed to
allow operation in ambient air to avoid vacuum conditions. As seen in section
(3.4.1) the contribution of air to non-linear phase shift is significant and requires
beam diameters of a few millimeters to maintain the amplification process to the
millijoule level.

Figure (3.20a) shows the calculated eigenmode of the implemented resonator.
The resonator eigenmode has a minimum beam diameter of more than 2.6 mm
(1/€*). The corresponding non-linear length [Equ. (1.95)] in air at minimum mode
diameter inside the resonator amounts to > 8 m at maximum pulse energy (2.1 mJ)
and 1.2 ps pulse duration. This is comparable to the resonator length and finally
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Figure 3.20.: (a) Resonator eigenmode of the amplifier (solid). (Dashed) change of
the eigenmode with increased lensing of the BBO-crystal. (b) ABCD-Matrix calculation
showing the change of the eigenmode diameter at the two end mirrors and the thin-disk
with respect to a focusing element at the position of the BBO-crystal. (c) depicts the
derivative of the relative change of the functions shown in (b) to the initial beam diameter
without lensing.

leads to a non-linear phase shift caused by air. Furthermore, the resonator design
exhibits low sensitivity of the mode diameter at the thin-disk with respect to an
additional lens at the position of the BBO crystal. As the increasing pulse energy
not only contributes to spectral broadening via SPM, but also leads to development
of a non-linear lens, it is beneficial to design the resonator with a stability constraint
at the position of the thin-disk. The dashed line in figure (3.20a) illustrates the
effect of an increasing lens on the eigenmode. The increasing beam diameter at
the BBO leads to a negative feedback reducing the intensity with increasing non-
linear phase. This is important to avoid catastrophic collapse of the beam. At the
position of the thin-disk the eigenmode features low changes of the mode size with
respect to the lens. Comparing the refractive power to the measured value of the
non-linear lens of section (3.4.3) at 2mJ the approximate change of the refractive
power is with ~10 mdpt well within the stability zones that reach up to 45 mdpt
(Fig. (3.20b) and (3.20c)).

3.6.2. Performance

Figure (3.21a) depicts the output power of the amplifier (measured with an Ophir
FL500A-BB-65 power head). The measurement shows 6 hours of operation starting
from a cold system. After a time of approximately 2 hours the system stays at 207 W
output power with less than 0.5 % root mean square (RMS) fluctuation. The pulse-
to-pulse stability of the laser was measured by recording 5000 subsequent pulses
with a photodiode and shows an upper bound of the RMS pulse-to-pulse noise of
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Figure 3.21.: (a) Measured stability of the system. The system was started in a cold
state. After a 2h warm up the system stayed at 207 W with a noise value of 0.46 %
(RMS). The inset shows the beam profile of the output beam. (b) M? measurement of
the 207 W output at 100 kHz

0.43 %. To achieve these parameters water cooled apertures removed stray light and
temperature stability of the chillers for both the thin-disk and the pump diodes are
optimized.

The output beam quality is with M?<1.4 close to the diffraction limit. The
beam quality was measured using a commercial Spiricon M2-200s taking the 4c
beam diameter (Fig. 3.21b). It is interesting to note that the M? value before
the Faraday rotator can be accessed by replacing one of the guiding mirrors in
between the resonator and the Faraday rotator with an output coupler of high
reflectivity (> 99.5%). At this position the beam quality factor was <1.09 and
thus much better than 1.4. This indicates thermal and/or non-linear contribution
of the rotator or other optical elements and might lead to increased beam quality
factors once the source is identified.

The non-linear spectral phase and the intracavity GDD (dominated by the BBO
crystal) introduce a positive chirp to the 2.1 mJ output pulses. This results in an
output FWHM pulse duration of 1.4ps. The compressor (Sec. 3.5.2) consists of
30 chirped-mirrors (HD1602 manufactured by Dr. Vladimir Pervak and Dr. Michael
Trubetskov). Each mirror has a group delay dispersion of —2000 fs* (Fig. 3.18b)
leading to ~6 - 10*fs? in total. The characterization of the field using SH-FROG
shows that the compressor removes the chirp of the output pulses almost perfectly
(Fig. 3.22). The resulting pulse duration of 210fs (FWHM) is close to the Fourier
limit (205 fs (FWHM)) and shows only minor satellites. The retrieved spectrum of
the SH-FROG measurement is in excellent agreement with the measured spectrum
of the pulse at 2mJ indicating good reconstruction. The ratio of the peak power
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Figure 3.22.: FROG trace of the output pulses behind the chirped mirror compressor.
The pulse reaches a peak power of 7.3 GW. FROG G-error 0.32 %.

between the Fourier limit and the compressed pulse is 89 %. The efficiency over
the whole 35 mirrors in the compressor setup (chirped-mirrors + folding mirrors)

amounts to 97 % leading to 2.0mJ pulse energy and 7.3 GW peak power.

Even though chaotic output pulse energies at repetition-rates in the 0.1 MHz
regime is not as pronounced as it is in the kHz regime it is still visible if the
seed pulse energy is to low. This effect is observed if the seed beam is not well
aligned with respect to the resonator of the amplifier. In this case a small energy
splitting (Fig. 3.23) of the output pulses appears. However, with proper alignment
of the seed beam this splitting vanishes and stable mono energetic output pulses

are observed.
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Figure 3.23.: Overlay of 5000 subsequent pulses showing the bifurcation at 100 kHz

repetition-rate.
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Figure 3.24.: (a) Output power depending on the pump power for different repetition-
rates. (b) Spectra for different repetition-rates with same round trip number at 2mJ
output pulse energy.

3.6.3. Simple scaling of the repetition-rate

Scaling the regenerative amplifier in repetition-rate without optimizing the optical-
to-optical efficiency for lower repetition-rates is simply achieved by electronic chan-
ges to the trigger system of the amplifier. The output of the amplifier vs. the
pump power is shown in figure (3.24a). Here, 2mJ pulse energy marked the point
upon which the pump power was increased. At 100kHz the system reaches an
optical-to-optical efficiency of 31 % and a slope efficiency of 38.5%. The output
spectra for different repetition-rates (Fig. 3.24b) at same pulse energy are slightly
different. This is attributed to thermal changes of the eigenmode, which grows
slightly for higher pump powers due to changing refractive power of the thin-disk.
The growing mode diameter results in reduced accumulation of non-linear optical
phase with higher average (and pump powers) and, therefore, a narrower spectrum
at high repetition-rates.

As thermal changes are static once the system reaches thermal equilibrium, these
differences do matter only if the system is switched to different repetition-rates. If
the experiment driven with such a laser source relies on precise and constant spectra
this has to be considered and small changes to the resonator may be necessary to
compensate for the differences.
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3.7. Summary and conclusion

The sections in this chapter show the constraints and the design parameters that
need to be considered for building a regenerative amplifier seeded with femtosecond
light pulses. In detail, the contribution of the particular optical elements within the
amplifier is shown highlighting that air considerably contributes to the non-linear
amplification process.

The necessary conditions for stable operation of the resonator are explained sho-
wing that a reliable resonator design needs to follow three basic steps:

1. Calculation of the resonator,
2. Measuring the mode beam quality parameter,

3. Adjustment of the eigenmode.

Due to uncertainties of the refractive powers of the resonator optics, the M? para-
meter reveals if the laser runs in multi-mode operation. If the beam quality factor
at low laser peak powers is worse than ~1.3, the resonator TEMyy mode is most
likely (if optical damage can be excluded) not well matched to the resonators hard
and soft aperture constraints. In these resonators self-focusing effects are likely
to be more pronounced and the output mode might follow unpredictable changes
during operation.

Measurements of the field and simulations further explain that the spectrum of
the seed pulses first adjust to the amplification bandwidth of the Yb:YAG gain
medium that subsequently undergoes spectral narrowing due to the well known
gain narrowing effect. After reaching the threshold intensity to trigger third-order
non-linear processes, the spectral bandwidth increases.

It is demonstrated that compression of the SPM broadened pulses is possible,
which proves that chirped mirrors lead to highly efficient output of the amplifier
device.

Furthermore, a powerful CPA-free non-linear Yb:YAG thin-disk regenerative am-
plifier with high repetition-rate is presented. The system is capable of running for
hours at stable output power of > 200 W at 100 kHz repetition-rate. Although the
laser runs in a strongly non-linear regime, the M? of the output beam was measured
to be <1.4 indicating an efficient mode filtering and homogenizing effects (Chap. 5)
inside the resonator. Furthermore, compression of the 2.1 mJ output pulses to ne-
arly Fourier limited pulse duration is shown. The 210fs pulse duration (FWHM)
in combination with 97 % efficiency of the chirped mirror compressor results in a
pulse energy of 2.0mJ and 7.3 GW peak power after compression. The measure-
ments clearly show that the system is stable enough for further usage as a driving
laser for non-linear optics as described in chapter (5).
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Pulse energies of 5 mJ were obtained prior to causing optical damage to the Poc-
kels cell crystal. Compression of a 3.5 mJ pulse to 160 fs shows unprecedented pulse
duration out of an Yb:YAG non-linear regenerative amplifier. The minimum pulse
duration is set by pulse break up caused by intra-resonator dispersion in combina-
tion with the non-linear broadening. Dispersion management in combination with
larger non-linear phase shifts could reduce this effect. However, self-focusing still
leads to mode changes with increasing pulse energy. This influences the resonator
eigenmode and shifts the resonator towards its stability edge. The mode quality
was observed to degrade in this case, which limited the output of the amplifier due
to secondary effects such as optical damage or mode instabilities. As the contribu-
tion of self-focusing is primarily affected by the mode diameter at the BBO Pockels
cell, higher pulse energies are possible with increased aperture of the BBO crystal.
Therefore, the current limitation of pulse energy and spectral bandwidth is set by
the limited availability of BBO Pockels cells with clear aperture of >12x12mm?
and sufficiently high optical quality.



Chapter 4

Energy Scaling of Non-linear
Thin-Disk Amplifiers

Ultrafast amplifier systems providing high average powers (>10W) at repetition-
rates in the kHz regime suffer from severe accumulation of non-linear phase inside
the laser gain medium and other optical components within the amplifier. Im-
plementation of chirped-pulse amplification (CPA) constitutes a well-established
method to reduce the peak intensity of the laser pulse during the amplification
process [21]. However, state of the art laser materials supporting high average out-
put powers such as Yb:YAG have gain bands of 7-9nm [36] and implementation
of CPA in these systems is more challenging as compared to Ti:Sapphire (Ti:Sa)
systems. The thin-disk technology in combination with a regenerative amplifier
reduces the accumulation of non-linear effects in the laser gain medium to a mi-
nimum. The indispensable electro-optical switch (Pockels cell) in these systems,
however, still demands CPA and, therefore, large and complex dispersive delay li-
nes for amplification to the ten Joule level. Multi-pass thin-disk amplifiers allow
amplification without the electro-optical switch and decrease the amount of mate-
rial to a minimum but rely on geometric displacement to guide the beam several
times (10 to ~40) through the gain medium. These amplifiers provide exceptional
performance [33, 50] but are limited in overall gain. Amplification of oscillator
pulses from nano/micro-joule energies to the multi-millijoule level is difficult to
implement due to the tremendous amount of passes (~80-200) through the gain
medium.

The patented hybrid technology [158] overcomes this limitation exploiting the
advantages of a thin-disk regenerative amplifier in combination with a multi-pass
system. The system amplifies pulses within the cavity of a regenerative amplifier.
Before accumulating destructive non-linear phase distortions, a multi-pass system
using the same active amplification volume as the regenerative amplifier boosts the
pulse energy to a level inaccessible inside the regenerative amplifier (Fig. 4.1). The
absent electro-optical switch in the high-energy amplification process allows am-
plification without the need for CPA. Thus, this concept permits renouncing CPA
leading to a compact setup including advantages in costs, stability and complexity
of the system by abandoning stretcher and compressor units.
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Figure 4.1.: The hybrid amplifier concept. Both the regenerative amplifier and the
multi-pass amplifier share the same active gain volume of a thin-disk.

This chapter discusses the first steps in implementing this new type of amplifier
and demonstrates the feasibility of the concept. Different aspects are discussed and
further improvement is suggested. Considering the 6.6 mJ pulses that were achie-
ved without implementing CPA, this amplifier delivers outstanding performance
in terms of pulse energy in combination with a small footprint (1.0x1.5m) [159].
The design of the amplifier theoretically supports 20 mJ, however, non-linear op-
tical effects can limit the output. This topic is discussed and solutions for further
improvement are given.

4.1. The hybrid setup

Figures (4.1) and (4.2) show the schematic overview of the laser amplifier. The
amplification process starts with a seed oscillator described in section (3.1). The
regenerative amplifier setup is described in chapter (3). Once the pulses leave
the regenerative amplifier, the optical isolator separates input and output beam
paths and sends the pulses to the multi-pass amplifier. Within several passes (2-40,
depending on the needs) the remaining stored energy of the thin-disk is extracted
boosting the pulse energy up.

4.2. Non-imaging multi-pass amplifier

Implementation of the concept requires an optical design compact enough to sup-
port both operation of the thin-disk regenerative amplifier and the multi-pass sy-
stem. This requires an optical setup compact enough to merge the system into the
same chamber. The design parameters with pulse energies of 20 mJ in combination
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Figure 4.2.: Schematic overview of the hybrid amplifier. Regenerative amplifier and
seed (black). Multi-pass amplifier (blue) with optical axis (0.A.). In the 40 pass con-
figuration (beam at Mgy is reflected back into itself) the rotator is passed three times
(incoupling, after regenerative amplification and after multi-pass amplification) leading
to output coupling at position of the thin-film polarizer of the resonator. Power measu-
rement of the regenerative amplifier is implemented with a high-reflective output coupler
that splits 0.5 % from the regenerative amplifier output.

with the picosecond pulse duration necessitates a vacuum chamber to avoid criti-
cal self-focusing in air. The following sections describe the implementation of the
multi-pass system with a simple guidance of the beam of the gain medium, which
allows a comparably compact setup.

4.2.1. Design

The multi-pass setup contains 30 mirrors arranged in rotational symmetry around
the optical axis. Figure (4.3a) shows a picture of the system as it was used in the
laboratory. Figure (4.3c) schematically depicts the beam path through the system
from the perspective of the thin-disk (D). The implementation incorporates two
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(a) (b)

Figure 4.3.: (a) Picture of the multi-pass system from the perspective of the thin-disk.
Mirrors 1, 2 (red circles) and the second wheel are labeled. (b) Side view of the system.
(¢) Numbering of the mirrors within the multi-pass system from the perspective of the
thin-disk.

components. One for guiding the beam over the disk, the second for shifting the
beam from one mirror to the next. In the schematic view the inner and the outer
rings (cyan and blue) represent mirrors fixed on the first holder and the middle ring
(grey) represents the mirrors on the folding mechanic. Staring with mirror 1 the
setup guides the beam over the disk to mirror 2 and mirror 3 shifts the beam to
mirror 4 that repeats the cycle. The blue beam path in figure (4.2) depicts system
from a top view showing the system along the optical axis. A single pass through
the whole system introduces 10 passes through the gain medium and 30 passes
over 1/2” mirrors. Folding the beam back doubles the passes through the system
without extra efforts. Separation of the beam is achieved using a quarter wave-
plate in front of the last mirror to turn the polarization from “s” to “p” leading
to transmittance at the thin-film polarizer (TFP), TFPyp, in the beginning of the
multi-pass setup. In total this configuration allows 20 passes through the thin-
disk with a total optical path length of ~36 m. During the experiments it turned
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out that a higher number of passes would be beneficial. Doubling of the 20 pass
geometry to allow 40 passes over the thin-disk is achieved by sending the beam that
passes the polarizer, TFPy\p, with “p”-polarization back into itself. The beam then
follows the multi-pass configuration once again in backward direction reaching the
isolation stage of the regenerative amplifier. As the beam is “s”-polarized before
entering the Faraday rotator the polarization remains “s” after passing the wave-
plate behind the rotator. This leads to a reflection at the TFP of the resonator.
This method, however, contains significant amount of material due to the additional
pass through the 20 mm terbium gallium garnet (TGG) crystal of the rotator and
the TFPs. Therefore, this method is used for proof of principle experiments, only.
The section (4.3.1) discusses in detail a setup allowing for at least 40 passes without
the need for passing transmissive elements in the high energy part of the multi-pass
amplifier.

4.2.2. Amplification and output

Ideally, the multi-pass system provides constant mode sizes at the thin-disk ma-
tching the pump spot diameter to approximately 80 % leading to an ideal spot
diameter of 3.2mm (1/e?) on the thin-disk. A beam size slightly smaller than the
active region in the laser material supports homogeneous amplification across the
beam profile. Considering the damage threshold of the implemented optical ele-
ments (< 1J/cm?) (Sec. 3.2.1), this spot diameter directly leads to a maximum
output energy,

1
Edamage = iqug =40mJ, (4.1)

for a Gaussian beam. In terms of provided pump power (700 W) and based on
experiences from CPA Ybh:YAG thin-disk laser amplifiers that provide optical-to-
optical efficiencies of ~ 30% [35, 95|, the system can provide output powers of
~ 200 W. The average power in combination with the damage energy yields to a
repetition-rate of ~5 kHz that would lead towards the limits of laser pulse amplifier.
With respect to these estimations the goal of the amplifier is the crossing of the
10 mJ pulse energy limit, which would be comparable to state of the art CPA based
amplifier systems.

To reach this goal, the regenerative amplifier needs to deliver pulses with enough
energy so that the limited number of amplification cycles as provided by the multi-
pass system suffice to boost the energy to the desired level. As described in chap-
ter (3), the regenerative amplifier provides energies of up to ~2mJ-5mJ. Thus, the
gain of the multi-pass needs to reach at least a factor of 5 to reach the desired pulse
energies. The necessary gain directly determines the required number of amplifica-
tion passes in the multi-pass system. In addition, due to the non-linear broadening
in the regenerative amplifier it is beneficial to seed the multi-pass amplifier with
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Figure 4.4.: (a) Power measurement of multi-pass (MP), regenerative amplifier (RA)
and the calculated gain. (b) average gain evaluated from three measurements as shown
in (a) for different number of passes through the thin-disk. The x-axis represents the
number of passes through the thin-disk. Dashed: Upper and lower bounds of the fit.

pulses of ~1 mJ to avoid intensive reduction of the single pass gain due to gain nar-
rowing. Being influenced by the regenerative amplifier, the total gain within the
multi-pass system needs to be measured to determine the number of passes needed
to fulfill the requirements. In the following, the gain is accessed via the ratio of the
output power, Pyp, of the whole amplifier (regenerative + multi-pass amplifier)
depending on the output power of the regenerative amplifier Pr4. The total gain
of the multi-pass is defined as:

Pyrp
G Prs (4.2)
To measure the power of the regenerative amplifier without influencing the amplifi-
cation process in the multi-pass system, an output coupler with 99.5 % reflectivity
guided the beam towards the multi-pass amplifier (Fig. 4.2). The transmitted
0.5% of the power were recorded with a 3W power head (Ophir 3A-P-V1) that
was calibrated prior to the measurements. The round trip time was set to 3.28 us
corresponding to 84 full amplification round trips inside the laser resonator. The
total number of passes over the thin-disk prior to entering the multi-pass amplifier
is 2 - 84 = 168 because of the linear resonator.

Figure (4.4a) shows the power measurement for 20 extra passes through the thin-
disk that are realized with the multi-pass system. As both system are optically
coupled, the powers of both the regenerative amplifier and the multi-pass amplifier
increase at the same time. The calculated gain of the multi-pass (black, right y-axis)
increases with moderate and decreases at higher pump powers. The decrease of the
gain with higher pump power is attributed to several processes. The system was not
optimized for efficiency, which leads to an optical-to-optical efficiency of only 7%
at the highest tested pump power. The high pump intensities with the low power
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Figure 4.5.: (a) Power stability of regenerative (green) and multi-pass amplifier (blue).
(b) Spectrum of the input and output pulses. The increased spectral bandwidth results
from non-linear phase within the multi-pass.

extraction might lead to increased amplified spontaneous emission (ASE) or heat
storage in the thin-disk that can reduce the gain. Misalignment of the system due to
the increasing average powers and thermal heating could not entirely be excluded.
Furthermore, the output pulses of the regenerative amplifier start to accumulate
non-linear phase shifts, which results in a broader spectral bandwidth prior to
entering the multi-pass amplifier. The larger spectral bandwidth contributes to
reduction of the total gain due to reduced overlap with the peak of the emission
cross section of Yb:YAG.

The measurement was repeated for the 10 pass and the 40 pass configuration.
The average gain that was achieved with the different number of passes through
the thin-disk is shown in figure (4.4b). An exponential fit gives a single pass gain of
1.092 £ 0.002at 5kHz. From the results it can be derived that the simple 20 pass
configuration yields to a gain of 8, which would allow for amplification of a 1-2mJ
pulse to 8-16 mJ. The measured gain in the 40 pass configuration amounted to 33
and similar energies could be achieved with an input energy of 0.25-0.5mJ.

Although the system was not fully optimized with respect to efficiency, it was
capable of reaching the damage threshold of the implemented high-reflective (HR)
mirrors. With 20 transitions through the thin-disk the hybrid system delivered
up to 6.6mJ (Fig. 4.5a) prior to optical damage of the high reflective mirrors
was observed. To achieve these energies the mode within the multi-pass amplifier
was adjusted at the folding components (Fig. 4.3, grey) with convex mirrors to
compensate for the ~20m concave radius of curvature (RoC) of the thin-disk.

The output spectrum after the multi-pass system is significantly broader than
the input spectrum that is provided by the regenerative amplifier (Fig. 4.5b). The
difference can be attributed to self-phase modulation (SPM) within the multi-pass
amplifier. At pulse energies of ~6mJ the ~3 mm mode diameter leads to intensi-
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ties of > 150 GW/cm? on the optical elements. Table (4.1) summarizes the non-
linear parameters and the effective propagation lengths inside the multi-pass system
for the involved optical components. The calculated values for non-linear lengths
[Equ. (1.95)] of the implemented TFP, the thin-disk and air reveal that the main
contribution to the non-linear phase is given by air. The achieved pulse energy
is close to the critical power of air leading to pulse energy limitation because of
the long propagation distance within the multi-pass. As optical damage was al-
ways observed within the system at these pulse energies the damage mechanism is
attributed to the self-focusing (SF) of air. The resulting output pulse and second-
harmonic frequency-resolved optical gating (SH-FROG) spectrogram (Fig. 4.6) is
significantly different to those observed in chapter (3) (Fig. 3.12b and 3.11), which
is mainly attributed to the higher pulse energy and the increased influence of air in
the system. The full width at half maximum (FWHM) of the pulse is 670 fs, which
is slightly less than the 1.2 ps input pulses. This is also considered as an indication
of more complex non-linear influence on the pulse caused by the diatomic molecules
(oxygen and nitrogen) of air. Effects similar to this but with slightly different para-
meters have been observed in context of the spectral broadening scheme described
in chapter (5).

Evacuation of the system would be an effective solution to avoid the non-linear
phase accumulation. Unfortunately, the mechanical setup misaligned during eva-
cuation and the small aperture of the implemented mirrors led to clipping of the
beam. This instability prevented the usage under vacuum conditions and is one of
the reasons for the suggested imaging system that is described in section (4.3.1).

The system has also been operated at 10 kHz with 40 passes leading to similar
output energy of 6.5 mJ and 65 W output power prior to reaching the limit of optical
damage. Thus, the concept is easily scalable in average power, as expected.

10 mJ pulse energy with a 3.2 mm beam diameter in combination with the 4.1 mm
pump spot at the ~0.1 mm Yb:YAG thin-disk leads to well known chaotic effects of
the output pulse energy (Sec. 2.1.4). In the described hybrid system chaotic effects
set in at pulse energies comparable to ~5mJ. At these pulse energies bifurcations
have been observed, which led to pulses carrying distributed amounts of energy.
Operation of the amplifier at these energy levels often led to optical damage when

‘ ‘ L [mm | ‘ na[1072° m? /W ‘ Ly, [mm] ‘

]
Air 35600 | 2.9-1073 [160] 3330
FS 22 2.7 [144] 3.6
YAG 45 6.5 [141] 1.5

Table 4.1.: Non-linear lengths, Ly, for fused silica, YAG and air for 1 ps pulses carrying
6 mJ energy.
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Figure 4.6.: SH-FROG measurement of the 6.6 mJ output pulses from the hybrid
amplifier realized with a 20 pass multi-pass configuration.

splitting of the pulse energy occurred. This is because the average output power
remains constant but one pulse suddenly carries significantly more energy than
6 mJ energy and damages the multi-pass mirrors. At average powers of 55 W an
energy distribution of ~3:1 at 10kHz was visible prior to damaging the system.
The resulting pulse energy distribution is then 1.4mJ in one pulse and 4.1 mJ in
the other pulse. Splitting of this kind is introduced by increasing the pump power
and can in combination with mechanical instabilities lead to sudden changes of the
pulse energy.

In spite of these effects, the next section focuses on improvement of the multi-
pass system. Special attention is directed on the multi-pass caustic being the origin
for the pulse energy limitation. The analysis leads to the conclusion that a simple
non-imaging multi-pass amplifier prevents the system from reaching the limits set
by the damage threshold at 3.2 mm beam size. Therefore, an imaging multi-pass
is suggested. The analysis illustrates that this approach is more robust to changes
and offers control of the beam caustic and fluences under the influence of changing
pulse energy.
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4.2.3. Limitations and further design analysis
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Figure 4.7.: Simulation of the beam caustic (dashed) and fluences (solid) on each mirror
within the multi-pass assuming constant gain of the thin-disk up to 20 mJ pulse energy.
(a) multi-pass contains only flat optics and the non-linear lens is switched off. (c) same as
(a) but the non-linear lens is switched on. (b) multi-pass corrected with convex mirrors,
non-linear lens is switched off. (d) same as (b) with non-linear lens.

In a first attempt the multi-pass incorporated just flat HR mirrors to transport
the beam. The beam caustic is then determined by the focal length of the thin-
disk being the only (linear) refractive component in the system. The resulting beam
caustic shows oscillations depending on the initial beam size and radius of curvature
of the wavefront. In the experiment, the qualitative behavior of the mode could
only be observed with an IR-card. The observed changes of the mode size build the
basis for the following calculation of the beam caustic. Figure (4.7a) is the result of
a calculation based on ABCD-matrix propagation of Gaussian beams. The model
assumes a RoC of the thin-disk of 22m and an input beam 1/e*radius of 1.6 mm
with a flat wavefront. In addition, the calculation assumes simple exponential
growth of the pulse energy to include the effect of amplification. The beam path
lengths are matched to the distances of the experiment (Fig. 4.2).
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The resulting beam waist shrinks until it reaches a minimum. In this model the
minimum corresponds to mirror #17 (Fig. 4.7a). Diffraction then leads to beam
expansion until the refractive power of the thin-disk compensates the divergence.
The fluences follow the beam size and increase steadily due to the exponential in-
crease of the energy. At a certain point the fluence exceeds the damage threshold
of ~1J/ecm? (Sec. 3.2.1). According to the calculations the energy of the pulse at
point of reaching the damage threshold amounts to 8-9mJ. As compared to the
experiment this is almost 5 times higher than the energy achieved in this configu-
ration.

Compensation of the steady focusing led to output pulses with > 6 mJ energy. In
accordance with the experiment, the simulation compensates the refractive power
of the thin-disk with convex mirrors that have large radii of curvature (> 15m).
Figure (4.7b) shows that the caustic describes a well defined beam waist that al-
ters only within acceptable values. In the experiment, however, implementation
of curved mirrors always led to random results in the beam behavior which was
later confirmed to be the accuracy of the radii of curvatures as produced by the
manufacturer. Interferometric measurements revealed a deviation of the RoC of
the mirrors from the specified value with up to > 20 %.

Further analysis exposes another optical property of the multi-pass configuration
that might lead to optical damage prior to reaching the 20 mJ output even if the
system is operated in vacuum. The increasing energy during the amplification
process is likely to cause a non-linear lens introduced by the thin-disk. Although the
thickness is with ~0.1 mm comparably thin the pulse energies suffices to introduce
a non-linear lens large enough to cause focusing of the beam. The refractive power
of the non-linear lens is [149]

4no L dno,  [4In2 E
D - 74 . Ppeak — 4 . . (43)
w mw ™ TEWHM

Assuming a beam diameter of 3.2 mm, 2mJ pulse energy, 7ewmv = 1 ps and ng,
= 6.5-1071%cm?/W (Tab. 3.1), the refractive power of 0.1 mm YAG amounts to
10 % of the refractive power introduced by the 22m RoC of the thin-disk. Conse-
quently, the non-linear lens contributes, once the energy exceeds a few millijoule.
Figures (4.7c) and (4.7d) depict the influence for the different configurations. Choo-
sing only flat mirrors leads to an increased amplitude of the beam size oscillations
that lead to fluences exceeding the damage threshold after mirror ~40. This corre-
sponds to a full double pass through the multi-pass amplifier and a pulse energy of
4.5mJ. Compensation of the refractive power of the thin-disk with convex curved
mirrors leads to a constantly larger beam and to a shift of the predicted damage to
mirror 95 (<3 passes) and ~10mJ pulse energy.

The calculation applies to any other distortion that leads to changing focal
lengths of the thin-disk. A thermal or stress induced lens can not be well com-
pensated. In this system the changing focal length leads to accumulation of the
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effect and causes either higher losses because of a diverging beam or oscillations
of the beam waist on the HR mirrors. The latter reduces the achievable output
energy. The first situation is unwanted because of beam profile distortions caused
by clipping on finite apertures.

The calculated threshold values for a non-linear lens are close to the measured
6.6 mJ being the highest pulse energy achieved with this setup. The calculations
do not include the influence of air, although the effect might be dominating due to
the large propagation distances in the medium. Experimental data did not allow
to distinguish between the contribution of air and the thin-disk as operation of the
multi-pass system in vacuum was not reliable, for stated reasons.

In summary, the multi-pass design based on flat optics leads to a good control
over the beam diameter. In this configuration the beam did not grow to sizes above
the clear aperture of the 1/2”-mirrors. However, the repetitive focusing caused by
the finite RoC of the thin-disk leads to increased fluences and, therefore, to op-
tical damage. Adjustment of the mode inside the multi-pass with mirrors of low
refractive power turns out to be complicated and not reliable due to optical toleran-
ces and sensitivity of the mode with respect to the exact choice of the implemented
optics. Gaussian beam propagation further reveals the instability of the setup with
introduced non-linear lenses that are expected for the desired pulse energy range.
The multi-pass system as designed and implemented in the laboratory has, the-
refore, been operated as its limits and further optical design improvement of the
setup is necessary. Pulse energy limitations caused by the stored energy inside the
thin-disk could not be observed, so far.

4.3. Outlook

The solution to the observed restrictions is one of the challenges that is described
in this section. Together with Robert Lange an imaging multi-pass system was
developed that is thought to handle all mentioned effects and is less prone to non-
linear optical changes.

4.3.1. Imaging multi-pass amplifier

Using an imaging system has two very important advantages
1. constant mode size on the thin-disk,
2. controllable mode size on the imaging optics.

The ideal optical system possesses both characteristics and transports the beam
over the thin-disk whilst being stable against the discussed dynamic parameters.
Considering the 4f-configuration (Fig. 2.7) and knowing that thin lenses resemble
the Fourier transform of the field in the focus, the system applies the Fourier twice.
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Figure 4.8.: (a) Beam caustic (dashed) and corresponding fluences (solid) of a 4f-
imaging system with a curved optic every second imaging plane (RoCy;sx=22m). (b)
same imaging system as (a) with decreased telescope length. (c) Effect of an increasing
(non-linear) lens at the position of the thin-disk. (d) Minimum and maximum beam
waist on the mirrors depending on As (here 2f = 1.0m). Operation below the damage
threshold (shaded area). “q-Pres.” marks the g-preserving distance without non-linear
lensing (b).

Once with the first lens and a second time with the second lens. This means that
the field is resembled in the imaging plane at distance equal to the focal length f
behind the two lenses. Because of this property the ideal 4f-imaging system can
be applied many times without changing the field characteristic. The field at other
planes within the system is defined by the exact phase and shape of the input field.
A collimated Gaussian beam (zr > f) propagates to the first imaging optic, is
focused and the focus is located at as distance f behind the optic. Reaching the
second imaging optic the beam possesses its initial size and is collimated by the
second imaging optic. The field with its initial parameters emerges at distance f
from the second imaging optic.

4f relay-imaging systems that implement one and the same optic at the imaging
planes tend to degrade the beam quality and/or alter the beam propagation pa-
rameters. This is often directly visible at planes different from the imaging plane.
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The distortion of the beam and its wavefront caused by the optic in the imaging
plane results from deviations from an ideal flat shape of the optic. The phase
shifts imprinted on the wavefront add up, which depending on the optic leads to
degraded beam quality or mode radii oscillations. Perfect curved optics introduce
a constant parabolic phase to the wavefront of the beam that results in increasing
mode radii on one imaging optic, whilst developing decreasing mode radii at the ot-
her (Fig. 4.8a). The calculation used for figure (4.8a) propagates the beam through
an imaging system equal to figure (2.7) with the difference that a curved optic with
RoC=22m is located at the left imaging plane and a flat optic is located in the
other imaging plane. The imaging system is constructed to repeatedly image the
fields from one plane to the other and vice versa. The calculation shows the mode
size of a Gaussian beam on the imaging optics. As described above the beam starts
growing and shrinking on the imaging optics resulting from the focusing element.
The slight but repeated focusing at one imaging plane shifts the focus from the
center of the imaging system to the first imaging optic. Defocussing of the beam
leads then to a larger mode size on the second imaging optic. The situation ag-
gravates and leads to small modes on the second imaging optic, which would limit
the output energy of the system. The imaging system allows for correcting these
oscillations if the involved optical elements introduce parabolic phases to the beam
(ideal parabolic mirrors or perfect thin lenses). This is achieved by adjusting the
distances of the imaging system so that it incorporates the distance f from the
imaging plane to the imaging optic, Lyee = 2f — As (Fig. 2.7) and f from the
second imaging optic to the second imaging plane. The distance As is calculated
from the g-preserving condition [Equ. (2.20)] [161, 162]. A system that implements
an optical component with refractive power D,y in every second imaging plane the
solution of the g-preserving condition gives

LR
4 Raisk;

where f is the focal length of the imaging components. The correction factor for
a multi-pass system based on HR mirrors with RoC of R;,, in combination with a
thin-disk with RoC of Ry is then given by the right side of equation (4.4). The
effect of the corrected telescope length is is shown in figure (Fig. 4.8b). The imaging
system without any other distortion obviously leads to a well controlled mode.
High intensities and the increasing refractive power due to non-linear lensing
of the thin-disk leads to decreasing beam waists on the imaging mirrors (4.8b).
As the non-linear lens develops dynamically during the amplification cycle, full
compensation of the refractive power is not possible with linear optical elements.
It is possible, however, to adjust the system for optimized mode behavior even
with the non-linear lens. Figure (4.8d) shows the mode maxima and minima for
the 4f-imaging system depending on the deviation from the ideal 2f-distance of the
imaging mirrors (here 2f = 1.0m). Clearly, the minimum and maximum waists

1
As = 3 f?Dyes = (4.4)
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Figure 4.9.: (a) Image of the imaging system as implemented in Zemax by Robert
Lange within the scope of his Master thesis. (b) The mechanical setup as developed by
me and Florian Saran.

reach a point of least deviation at a distance As &~ —14mm. This corresponds to
a telescope distance of 1.0 — 0.014 m that is slightly shorter than the g-preserving
distance without the non-linear lens. Within the gray shaded region the multi-pass
amplifier operates well within the damage threshold of the optical elements for all
passes through the amplifier including the effect of non-linear lensing caused by the
~0.1 mm thin-disk.

These calculations reveal that the imaging system is by far less prone to dynamic
changes as compared to the tested non-imaging system. Adjustment of the telescope
length provides a simple method for compensation of both the refractive power of
the thin-disk and the developing non-linear lens. Notice that compensation of the
system is also possible using curved optics in the imaging planes.

Design

Together with Robert Lange a 4f-imaging multi-pass system was developed [163]
that both fulfills the discussed requirements and the restrictions resulting from
finite space in the laboratory. The imaging system as depicted in figure (4.9) uses
only 4 curved, concave 1 m, imaging mirrors to implement more than 20 passes over
the thin-disk. This is possible with a beam of < 4mm diameter and rectangular
mirrors with 40x140 mm? clear aperture that guide the beam through the setup.
Sending the beam after 20 passes back through the system permits 40 passes over
the thin-disk without the need for an additional isolation stage as in case of the
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Figure 4.10.: Setup to compensate the astigmatism of the imaging multi-pass setup.
Picture shows the lowest plane of the upper half of the imaging system of figure (4.9a).

multi-pass described in the previous sections. With the results presented in the
previous sections the system should be capable of reaching > 100 W at 10 kHz
repetition rate.

The system embodies a 4f-imaging using both lateral coordinates to guide the
beam over the thin-disk. The thin-disk is located in one of the imaging planes
(Fig. 4.9, left). The second imaging plane consists of flat mirrors but might be
used to adjust the mode with curved optics. To change the beam path through
the system the beam is shifted with the mirrors in the second imaging plane to
another position on the curved imaging optic. Being in the imaging plane a change
of the beam direction leaves the position in the imaging planes unaffected but
relocates the beam on the imaging optics. Correct adjustment of the system leads
to a rectangular beam pattern on the imaging optics. In- and output beams are
coupled to the system on the lowest plane with mirrors located in front of the
imaging mirrors (Fig. 4.10).

Due to the asymmetry in x- and y-direction the system suffers from increasing
astigmatism. A combination of a cylindrical with a concave mirror, however, suf-
fices to fully compensate for the astigmatism at the output of the system. This
configuration is based on a concentric retro reflection of the beam into itself. Ide-
ally, the beam then propagates through the imaging system with its predefined
caustic. Different effective curvatures along x- and y-direction resulting from the
finite angle of incidence (AOI) lead to different focal planes of the beam in both
directions. A retro reflection with a fixed concave optic of RoC, R,,q, is then only
possible for one of the two distinct axis. The cylindric convex optic in front of the
concave mirror allows for an effective reduction of the optical power in one axis
(here x-axis) by adjusting its distance to the concave end mirror (Fig. 4.10). The
former stays at fixed distance to the focal plane of the beam on the y-axis (sagittal)
meaning that >, L; = Rena.

The setup of the imaging system allowed to prove that compensation of the
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Figure 4.11.: Characterization of the astigmatism. (a) Measurement of the different
waist positions for x- and y-direction of the beam with respect to the distance Ly. (b)
Calculated optimum distance of the cylindrical to the spherical mirror depending on the
average AOI on the curved imaging optics.

introduced astigmatism is well working. To characterize the behavior of the astig-
matic beam with respect to the distance Ly, a Spiricon M-200 M2-meter was used
to measure the positions of the waists for both x- and y-direction. A distance,
Ly, of approximately 720-740 mm leads to compensation of the astigmatism with
a cylindrical, convex 10 m and a spherical concave 1.5m mirror (Fig. 4.11a). The
compensation is most sensitive to the average AOI on the curved optics. The imple-
mentation in the laboratory showed an AOI of approximately 3.2°. The simulation
predicts 733mm for this angle, which is good agreement with the experimental
setup and results retrieved from the intersection of the fit (Fig. 4.11a) with the
abscissa at 760 mm. Figure (4.11b) shows the solutions for different radii of the
cylindrical mirror depending on the average AOI. Clearly, the system allows com-
pensation up to 8° with a convex, cylindrical 5m mirror. Lower angles should be
compensated with radii exceeding 10 m to avoid proximity to the focal plane and
small beam diameters on the cylindrical optic.

The system has successfully been tested under vacuum conditions during the
experiments presented in chapter (5). Mechanical instability of the components
or misalignment have not been observed. As compared to the other non-imaging
multi-pass system this configuration holds promise to allow reliable operation of
the hybrid amplifier under vacuum conditions.

4.3.2. Summary

This chapter discussed the amplification of femtosecond laser pulses within a hy-
brid amplifier. This amplifier concept provides gain in with > 107 whilst relying
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on a simple design without the need for CPA. It has been proven to work up to
6.6 mJ within a multi-pass setup based on simple geometrical displacement of the
beam. The detailed analysis of the limiting effects illustrates that a design based
on an imaging multi-pass system might reach pulse energies limited by the damage
threshold of the optical elements, only. It has been shown that control over the non-
linear, dynamic, lens is gained with an adjusted, astigmatism compensated setup.
The imaging system has not yet been tested in the amplifier but promises outstan-
ding performance. Pulse energies of more than 10 mJ are feasible. Therefore, the
amplifier concept is at the edge of reaching pulse energies and amplification factors
that otherwise are only realized with CPA.



Chapter 5

Pulse Compression in Gas Filled
Multi-pass Cells

Non-linear pulse compression constitutes the key technology in state of the art la-
ser systems to produce optical pulses well below durations that are supported by
the amplification gain medium [22, 164]. Different schemes based on bulk com-
pression [165], cascaded second order non-linear effects [153, 166] and hollow core
fibers have been presented. All of which have their limitations. Bulk compressors
using a single pass through the non-linear medium usually suffer from bad beam
quality requiring a spatial filter that leads to high losses. Cascaded second order
non-linear effects provide better beam qualities but are not useful for pulse energies
above 1 mJ because of the large crystal apertures required for such systems. Hol-
low core fibers [22] still reach unprecedented pulse durations and high beam quality
factors. For high average powers this scheme has recently been adopted to a fiber
laser system resulting in 6.3 fs at 216 W and 170 nJ [30]. However, scaling this con-
cept to higher pulse energies and average powers in the kW scale is complicated.
Other pulse compression techniques for pulse energies of more than 1 mJ at average
powers > 100 W providing reasonably good conversion efficiency maintaining high
beam quality factors have been missing so far.

This chapter discusses non-linear pulse compression based on gas filled multi-
pass cells. In detail, non-linear properties of different gases are enlightened and it is
shown which gas is the most suitable to compress the laser described in section (3.6).
In argon, a factor of 5.6 compression to 37 fs (full width at half maximum (FWHM))
is achieved. The results gained in this chapter are connected to the wave propa-
gation equation used to describe the process with a 2D-split-step [78] simulation
(Appx. A). Simulations and measurements of the fields in the experiment reveal
that it is possible to give detailed information of the processes involved.
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5.1. Introduction

Shortening laser pulses involves the application of non-linear optical effects that
lead to a few undesirable effects that require good control over the process to avoid
destruction of the pulse or the beam profile. The main non-linear process involved
in most non-linear compression schemes is self-phase modulation (SPM) [22, 30,
167]. The effect introduces a phase to the laser pulse depending on the non-linear
refractive index, ns, the laser intensity and the length, L, of the medium. The
temporal variation of the intensity profile, I(r,t), of the laser pulse then leads to a
phase shift of,

Onp(r t) = 2)7\Tn2 /OL I(r,t,z)dz, (5.1)

which introduces new spectral components to the laser pulse. In state of the art
laser systems, pulse compression based on this effect is applied in fibers giving
good control over the beam profile of the output. In free space this control is lost
and the non-linear phase also follows the spatial intensity profile. As most laser
systems provide Gaussian shaped beams I(r,t, z) e_"Q, the resulting phase shift
is significantly larger in the center of the beam as compared to its edges. This
leads to self-focusing (SF') which is considered undesirable as it causes a distorted
spatial wave front and in the worst case causes damage to implemented optics.
In the temporal domain, this intensity profile is the source for an inhomogeneous
spectrum across the beam profile, which translates into a variation of the pulses
temporal profile.

Because of this phenomenon a simple pass through a non-linear medium with a
collimated beam leads to significant degradation of the beam quality resulting in
useless output if significant compression factors are aimed for. In spite of these
issues, the community is working on methods that deliver homogeneous spectral
broadening in combination with a process that keeps the initial beam quality factor
of the laser.

The authors of [150] proposed a bulk compression scheme that is based on in-
troducing multiple, small non-linear phase shifts (< 0.1rad) to the pulse whilst
the beam propagates in between the single passes. Propagation inside a Herriott-
cell [168] provides a compact setup to trap the beam and allows more than 50
passes through the bulk [151]. Herriott-cells fulfill the resonator stability condition
(Sec. 3.3.1) and consist of two mirrors in between which the laser beam travels on
a predefined off-axis beam path. Introducing small non-linear phase shifts followed
by beam propagation shows well behaved beam profiles and leads to homogeneous
spectral broadening [150, 151]. These setups incorporate only high reflective mir-
rors and thin bulk (fused silica) plates whilst using a moderate beam size well below
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the damage threshold of the optical elements. Thus, it easily supports average po-
wers of more than 200 W. However, the schemes aim for compression of pulses in
the wJ-level.

Supporting non-linear pulse compression for lasers with multi-millijoule pulse
energy is the topic of the following sections. A compression scheme is developed that
benefits from introducing moderate phase shifts in a medium which is longer than
the Rayleigh range of the focusing laser beam [169]. Propagation in combination
with SPM supports homogeneous spectral broadening and avoids distortions that
appear in setups solely relying on large non-linear phase shifts in a single non-linear
medium. The authors of [170] published a theoretical analysis of this method also
confirming the validity of the aforementioned properties. The developed setup
allows pulse compression with high average powers > 200 W as it is based on high
reflective mirrors that easily support average powers of several kW. Furthermore,
the method supports pulse energies over several tens of millijoules depending on
the peak intensity in the focus of the system and the ionization potential of the gas.
Scaling the setup to larger mode sizes within a setup of several meters in length
easily allows mode sizes large enough to avoid ionization of He supporting several
hundreds of millijoule pulse energy.

5.2. Simulation results

Interesting attributes of the non-linear affected pulses arise if their path is sliced
into small sections whilst observing its properties. The observables that describe
the beam to very good extend are the beam quality factor and the spectral inhomo-
geneity, I H, of the laser pulse. The latter can be described by the relative deviation
of the extreme points of the Fourier transform limit (FTL) across the beam profile,

max FTL(r) —min FTL(r)  FT Ly

IH =
min F'TL(r) FTL,in

~ 1. (5.2)

This quantity vanishes if the beam exhibits a homogeneous spectrum across its
profile and increases with increasing spectral differences. As the FTL describes the
theoretical limit of the pulse duration, the quantity I H provides a measure that
describes the compressibility of the pulse with respect to its spatial variation.

Beam propagation was performed with a 2D-Split step simulation (Appx. A)
that uses a Fourier transform limited mpwam = 200 fs pulsed-Gaussian-beam [171]
with quality factor of M?=1, a homogeneous FTL across the profile and 1/e?-beam-
diameter of 3mm. The focusing mirror is an ideal parabolic optic with 0.5 m focal
length resulting in the beam caustic as shown in figure (5.1) and figure (5.2). The
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Figure 5.1.: Calculated spectral inhomogeneity, I H, of the beam in lateral direction
vs. the propagation distance in a non-linear medium. Undistorted beam caustic (black).

non-linear refractive index is ny = 2 - 1072 m?/W and the simulation applies solely
intensity dependent phase shifts neglecting dispersion and self-steepening effects or
other higher order contributions of any kind.!

From equation (5.1) it is obvious that the central part of the Gaussian beam
accumulates more non-linear phase than the outer regions with lower intensity.
Consequently, the central region of the beam develops more spectral components
and the inhomogeneity increases. Figure (5.1) shows this effect for the regions
in front of the focus (negative values). Approaching the focus the inhomogeneity
increases rapidly and reaches a maximum shortly before reaching the beam waist.
The crucial point in the evolving propagation is reached behind the focus. Here,
the homogeneity increases which is expressed in a decreasing inhomogeneity, I H.
The origin of this effect lies in the spatial non-linear accumulated phase shift that
increases the curvature of the central spectral broadened region of the pulse. The
increased curvature in the central parts of the beam leads to larger convergence
and a focus shifted to the left as compared to the undistorted beam. As the central
part of the beam focuses earlier than the outer parts, spectral components in the
center of the beam propagate towards the outer parts and vice versa. The spectral
broadened parts are suddenly in the outer, less intense, regions of the beam profile
whilst the components less affected by the non-linear phase shift are found in the
central, high intense, part of the beam. With further propagation through the
non-linear medium the beam restores the homogeneity by spectral broadening of
the now centered, spectral narrower, part of the beam to very good extend. After
propagation through the focus the beam resembles only minor variations of the
spectrum across the profile.

!The value of ny corresponds to one of the literature values of argon (Tab. 5.1)
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Figure 5.2.: Calculated beam quality factor (M?) vs. propagation distance in a non-
linear medium. Undistorted beam caustic (black).

The beam quality factor exhibits a similar behavior as the inhomogeneity of the
beam (Fig. 5.2). With increasing proximity to the focal point the beam quality
degrades (increasing M?). Shortly behind the focus, the beam restores the spatial
wavefronts by introducing non-linear phase to parts of the beam that were not
affected before the focus.

Considering the final M? and I H values, a fundamental difference is observed.
Whilst the inhomogeneity approaches a defined value, the M? parameter increases
more quickly after the process. The rapid degradation of the beam quality sets a
limit to the acceptable non-linear phase shift within a single focus. Therefore, large
non-linear pulse compression factors maintaining the beam quality factor demand
propagation through multiple foci with moderate non-linear phase shifts. It is
likely that this effect is identical to the observations in Herriott-cells with bulk
materials [150, 151].

The following sections explain the experimental results obtained with a multi-
pass cell setup allowing for compact implementation of many foci to benefit from
this result.
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Figure 5.3.: (A) Schematic picture of the setup. (B) Beam pattern on a high reflective
imaging mirror

5.3. Multi-pass cell setup

The setup is based on the non-linear regenerative Yb:YAG thin-disk amplifier des-
cribed in (Sec. 3.6). The amplifier emits 210 fs pulses after compression carrying
2mJ pulse energy. At 100kHz repetition-rate this corresponds to 200 W average
power. The peak power of the pulses amount to 7.3 GW. After the chirped mirror
compressor the laser beam passes a half-wave plate and a thin-film polarizer allo-
wing power adjustment and control over the intensity inside the multi-pass system.

The considerable power of the laser and the resulting fluences easily reach the
damage threshold of applied optics. Having in mind that the damage fluences of
the mirrors are ~1 J/cm? (Sec. 3.2.1), the beam caustic should exhibit beam profile
diameters in the order of 3 mm at the locations of optical elements to be significantly
below this value. In the experiment a mirror with 3 m radius of curvature focuses
the beam to 200 um leading to a 1/e?*-beam-diameter of 3.2mm and 0.05J/cm?
fluence on the optics.

Within the 4f-imaging multi-pass cell the beam propagates in three dimensions
through the optical setup (Fig. 5.3a). The setup incorporates four concave mirrors
(MC1-MC4) with a radius of curvature of 1m separated by 1m. The concave
mirrors have a size of 140x40 mm? supporting enough aperture to guide the 3.2 mm
beam up to ~20 times over a single mirror. Three 1 ” mirrors (MI1-MI3) are located
at the imaging planes in 0.5 m distance from the curved optics. Tilting one of these
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Figure 5.4.: Beam caustic of one round-trip inside the multipass cell.

mirrors increases or decreases the number of passes through the multi-pass cell.
Additionally, two mirrors with an aperture of 100x30 mm? (MF1,MF2) are folding
the beam pulling the left and right imaging planes apart.

The setup focuses the beam 4 times during one full round trip (Fig. 5.4) leading
to 26 foci for the implemented 6 passes. Additionally, input and output introduce
2 foci so that the setup contains 28 foci, in total. Figure (5.3b) shows the beam
pattern on one of the imaging mirrors. The number of reflections on the high-
reflective (HR) mirrors add up to 16 - 6 + 2 - 3 = 102. The considerable amount of
reflections lead to a loss of A ~ 1 —0.9995'%% ~ 5 %.

The repeating focusing of the beam leads to weak plasma channels within the
gas (Fig. 5.5b). The length of the visible plasma channels corresponds to twice the
Rayleigh length of the focusing beam and thus to places of highest intensity. These
channels are at constant position within the cell.

5.4. Comparisson of different gases

Implementation of non-linear pulse compression based on gases is connected to the
question which gas is the most suitable for the 2mJ, 210 fs pulses of the laser system
and at which pressure. Knowing that the non-linear mechanism is mainly based
on SPM, it is important to consider the non-linear refractive indices (ns) of the
different gases. Table (5.1) shows a summary of measurements of this value for
noble gases and the values for the instantaneous response of selected of molecular
gases and air. All those values are of the order 1072 m?/W. However, considering
the variation of the values it is necessary to benchmark the non-linear process.
Measuring the influence of the different gases demands good knowledge of the
input beam intensity along the propagation direction. To determine the input
beam characteristics, the beam caustic was measured along the beam propaga-
tion direction with a beam profiler. Based on these measurements the input peak
intensity in the focal plane for the first pass is calculated to 60 TW /cm?. The 1/e*-
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Figure 5.5.: (a) Measured input beam caustic (y-axis, left) and the calculated B-
Integral (y-axis, right) for ny = 1072 m?/W. (b) Picture of the plasma channels. Two
rows on the left and two rows on the right corresponding to the rectangular beam pattern
of the setup (picture: Kilian Fritsch).

diameter of the focus is 200 pum and a fit to the measured beam profiles along the
propagation axis yields the beam caustic (Fig. 5.5a) and the beam diameter at the
imaging mirror MC1 (3.2mm). Figure (5.5a) also shows the B-Integral,

B 2

peak =~y | M2 MAX I(r,t, z)dz (5.3)

for a paradigmatic non-linear refractive index of 1072*m?/W. The accumulation
of a non-linear phase shift of this amount significantly alters both temporal and
spatial properties of the pulsed laser beam. Additionally, the 7.3 GW peak power
of the driving laser exceeds the critical power [60, 176, 177],

)\2
«
47rn0n2

for all gases except for argon (~9 GW), neon (110 GW) and helium (270 GW) at
normal pressure (Tab. 5.1). Laser pulses with peak powers equal to or exceeding
the critical power of a gas propagate under strong influence of SF. This can quickly
lead to self-trapping [176] or break up [60, 178] of the laser beam consequently
leading to damage of the multi-pass optics. The macroscopic quantity no, howe-
ver, is proportional to the gas pressure [173] permitting direct control over critical
power and the non-linear phase shift. For this reason, the experimental setup is
surrounded by a vacuum chamber that supports gas pressures between ~10~2? mbar
and normal pressure.

The spectral bandwidths obtained with the different gases (Fig. 5.6) represent
the non-linear indices of the different noble gases very well. Helium (not shown
here) leads to only minor spectral broadening of the aforementioned pulses. Neon

P, = ; a =1.8962 (Gaussian beam [177]) (5.4)
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’ Gas ‘ ny [1072*m? /W] ‘ P.. [GW] ‘ Ao [nm] ‘ T ‘ Ref. ‘
He 0.06 270 1030% | 150mns | [172, 173]
0.34 47 800 theo [174]
e |0 114 | 1030* | 150mns | [172, 173] |
0.85 19 800 | theo [174]
1 9.2 | 1030 | 150ms | [172, 173] |
14 +0.2 11 800 | 120fs | [160]
Ar | 097 +0.12 17 800 | 40fs [175]
2.0 +0.12 8.0 800 | 90fs [145]
7.96 2.0 800 | theo [174]
FES 40 | 1030° | 150ms | [172, 173] |
18.9 0.85 800 | theo [174]
953 [ 1.4 | 1030* | 150mns | [172, 173] |
Xe | 81 +0.8 2.0 800 | 120fs |  [160]
54.8 0.29 800 | theo [174]
12t [ 120 | 1030 | 150ms | [172, 173] |
N, 23 £0.3 7.0 800 120 fs [160]
0.74 =+ 0.09 22 800 40 fs [175]
24 £04 6.7 800 90 fs [145]
128 [ 11| 1030 | 150ms | [172, 173] |
0, 5.1 £0.7 3.1 800 120 fs [160]
0.95 =+ 0.12 17 800 40 fs [175]
3.2 +£0.7 5.0 800 90 fs [145]
| 29 04 [ 55 | 800 | 120fs | [160] |
24 +0.5 6.7 800 | 90fs [145]

Table 5.1.: Non-linear properties of selected gases. Critical power calculated for
A=1.03 um using equation (5.4). “theo”: theoretical prediction. “Calculated from the
dispersion relation of given in Table II and Table IV in [172].

introduces less non-linear phase than argon. Aiming for the shortest possible pulse
duration, neon is not suitable because the low non-linear refractive index does not
provide enough spectral bandwidth at normal pressure to allow pulse compres-
sion to durations shorter than ~100 fs. Higher pressures or more passes inside the
multi-pass cell are possible, however, the comparably high costs for operating the
multi-pass cell with neon suggest other gases. The remaining gases, argon and ni-
trogen support the spectral bandwidths leading to Fourier limited pulse durations
(Fig. 5.6b) of even less than 30 fs prior to observing instabilities of the broadening
process.
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Figure 5.6.: (A) 20dB spectral bandwidth for different pressures of neon, argon and ni-
trogen. (B) The corresponding calculated Fourier limits. Dashed and solid lines represent
fitted linear (A) and the inverse (B) function to the data points.

The linear increase of the spectral bandwidth enables a relative comparison be-
tween the non-linear refractive indices of neon, argon and nitrogen. A linear fit
of the function a(ges) - p - P + const. to the data of the whole set of measurements
reveals

= (0.129 = 0.035) - — (12.9+35) 2
e = 1% ' - bar T "’ mJ - bar’
nm nm
=(1.32+£0.1 =(132+£17) ——
ar = (1.32:£0 7)V\/-baur (13 7)mJ-bar’
nm nm

where p is the gas pressure and P is the laser average power. The identities on
the right are calculated via the repetition-rate 7., of the laser amplifier F[mJ] =
P[W]/rep[kHz]. The ratio of these coefficients agrees well with the literature values
for neon and argon (ay./as ~ 0.1) (Tab. 5.1). Comparing argon and nitrogen
(an,/aar =~ 2.8) a significant difference is visible which is attributed to the slow
Raman response of the diatomic nitrogen molecule. The influence of the Raman
contribution to the final output field is discussed in section (5.6.2).
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Figure 5.7.: (a) Measurement of the beam quality factor (M?) at 200 W input power
and 265 mbar argon pressure. The inset shows the beam profile in the focus (z=0). (b) M?
parameter depending on the input power

The throughput after the broadening process shows excellent values of ~93 % and
is independent of the used gases for moderate pressures. Only if the pressure in
combination with the non-linear index of the gas is large enough to support spectral
bandwidths surpassing the supported bandwidth of the high reflective mirrors los-
ses can exceed 10%. This regime, however, becomes visible for pressures above
200 mbar in nitrogen. Increasing the pressure above this value led already to insta-
ble plasma channels within the Rayleigh range of the focus in between the imaging
optics indicating close proximity to critical SF. Further increase of the pressure is
not implemented to avoid damage to the optics.

5.5. Beam quality

5.5.1. Beam quality factor

Characterized with a commercial M?-Meter (Spiricon M200), the beam quality
factor was measured for different pressures and selected gases. The measurements
reveal an increase of the beam quality factor raises with increasing non-linear phase
shifts. Thereby the beam quality factors of the different axis (x- and y-axis) show
different behavior. This could be caused by the differences of the setup resulting
from the introduced astigmatism of the multi-pass cell and the different input beam
quality factors for the different directions.

In nitrogen it was observed that the beam quality factor increases with increasing
spectral bandwidth, at first and then starts decreasing again. The beam quality
factor for moderate non-linear phase shifts was, therefore, worse as for larger non-
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Figure 5.8.: Measured spectra at different positions of the beam profile along the (a)
x- and the (b) y-axis. Spectra are normalized to the peak. Bottom: Measured beam
profile.

linear phase shifts. An accurate explanation for this behavior is not yet found
but might be resulting from increasing plasma defocussing [179]. Combined effects
caused by SF and the increased intensity on the high reflective mirrors are also
considered possible.

Best results in combination with good compressibility of the output pulses was
achieved with pressures of 265 mbar in argon. The beam quality of the 200 W
output beam at this pressure is 1.3(X) and 1.5(Y) (Fig. 5.7a). Considering the
differences in the different directions of the laser it is observed that the x-direction
possesses a better beam quality factor than the y-direction. This holds promise for
improvement of the y-direction in future.

Considering the behavior with increasing average power, figure (5.7b) shows a
linear increase of the beam quality factor depending on the input power at 265 mbar.
The better beam quality at low powers for the beam propagating though argon is
considered an artifact resulting from pressure induced differences on the mechanical
alignment of the beam leading to differences on the input optics. This increase is
strongly reduced in vacuum leading to the conclusion that the increase is indeed
caused by the applied non-linearity. It is also observed that the slope for x- and
y-direction is different which might be caused by the astigmatism of the system.

5.5.2. Spectral homogeneity of the beam

The simulation in section (5.2) shows that the spectral homogeneity is ensured, to
good extend, if the pulse propagates through the focus. To exclude significant devi-
ations from these results the spectral homogeneity of the output beam was analyzed.
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Figure 5.9.: Characteristic values for the spectral homogeneity V and the Fourier
transform limited pulse duration of the beam in x- (a) and y-direction (b). Measured
beam profile (black).

The experiment was performed with a beam diameter of ~15mm. An aperture se-
lected sections with 0.5 mm diameter that were coupled into a single-mode fiber.
The spectra across x-and y-direction of the beam were then recorded in 1 mm steps
with an optical spectrum analyzer (Anritsu MS9740A, Res: 0.057nm).

Figure (5.8) shows the normalized recorded spectra with varying positions in x-
and y-direction (Fig. 5.8a and 5.8b). It is observed that the spectrum along the
x-direction is indeed broadest in the center of the beam. On the outermost edge
x>8mm it narrows but still exceeds the input spectrum (Fig. 3.22) of the laser
pulse indicating the spectral broadening of the outermost parts of the beam. The
situation of the spectrum in y-direction is qualitatively different. The outer parts
of the spectrum possess a spectrum of approximately the same bandwidth but the
spectrum is slightly altered. Considering the resulting FTLs the observed spectra
show very homogenous durations only on the edges of the beam in horizontal (x-)
direction the increase is measurable. Within the tolerances of the measurement the
FTLs are constant across the y-direction. According to the definition [151]

U V Y)So(A dA] (5.5)

d/\fSo N)dA

which describes the overlap of the spectra S(\) observed at different positions
relative to a reference spectrum Sy(A). Figure (5.9) presents the values of V' for
both directions and includes the calculated FTLs. The spectrum at the peak of the
beam profile represents the reference So(\). The parameter V. drops to 89 % from
the center the the outer region of the beam. In the outermost part a drop to 56 % is
visible. The FTL across the main part of the beam stays at ~37 fs. The steep rise of
the FTL at the outer part of the beam in x-direction (x > 8 mm) corresponds to less
spectral bandwidth in this region. In y-direction the homogeneity level is higher as
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Figure 5.10.: SH-FROG measurement of the compressed output pulse (G-error: 0.32 %)
at 265 mbar in argon and 1.9 mJ output energy. Upper left graph: Fourier limited pulse
(red dashed line) and the measured pulse (solid blue). Lower left graph: measured (solid
blue) and retrieved (dashed red) spectra.

compared to the x-direction. The parameter V, stays above 92% over the whole
beam profile. The FTL represents this behavior equally. The calculated intensity
weighted average of these quantities amounts to Vi = 97.6 % and Vy; = 98.6 %. The
measured parameters are comparable to Vi = 99.5% and Vy = 99.2 %, which are
presented by the authors of [151] in a non-linear pulse compression scheme based
on fused silica and pJ pulse energy.

The reason of the different behavior of the spectrum in the two directions is not
yet understood. Gaining knowledge on the origin of these differences might lead
to equal homogeneity in both directions. The measurements of the beam quality
and the homogeneity show that both quantities are preserved to good extend at
least for one direction of the beam. Further experiments aiming for optimizing the
system are likely to reveal the hidden mechanisms.

5.6. Pulse compression after the multi-pass cell

Pulse compression after the multi-pass cell is realized with chirped mirrors (CMs).
The internal multilayer research group provided all mirrors for the experiment. Dr.
Vladimir Pervak and his group manufactured the mirrors and the design of the
multilayer stack was calculated by Dr. Michael Trubetskov.
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The manufactured chirped mirrors for pulse compression (PC547) have a group
delay dispersion (GDD) of —700fs?. Four of these mirrors compressed the 210 fs
pulses of the non-linear regenerative amplifier to 37 fs at 265 mbar gas pressure in
argon corresponding to a compression ratio of 5.6. The total amount of group delay
dispersion amounts to —2800fs?. The main pulse contains 80 % of the energy as
compared to the Fourier limited pulse (Fig. 5.10). The power throughput of the
multi-pass cell amounts to > 93 % with these parameters. The resulting peak power
of the pulse amounts to 35 GW. The high accuracy of the frequency-resolved optical
gating (FROG) retrieval (G-error =0.32 %) indicates high spatial homogeneity of
the focus within the FROG device and supports the measurement of the previous
section.

The root mean square (RMS) pulse-to-pulse stability of the output pulses is
below 1% for 18 - 10® pulses and is well suitable for driving subsequent non-linear
processes.

Pulse compression beyond this pulse duration turns out to be difficult. Both
argon and nitrogen at higher pressures (Ar: > 300mbar and Ny: > 150 mbar)
showed phase distortions at full power that could not be fully removed with chirped
mirrors. Durations < 35 fs could be achieved, however, significant amount (> 40 %)
of energy is distributed in wings of the pulse. This leads to an effective reduction of
the peak power as compared to the pulse shown in (5.10). Analysis of the measured
FROG traces revealed quite complicated phases that can not be compensated even
with more sophisticated CM designs [180]. The next section investigates on the
reasons for this behavior.

The non-linear processes involved in the multi-pass compression stage are sum-
marized in the ultrashort-pulse equation (5.6). This equation is derived from [60,
equ. (13.2.23)] in (A.2),

(9 ~ Z Zk?l (9 = 2 L~ . ~ 2 ~

—A(r,t — |14+ —— Vi +iD+ A(r,t)| | A(r,t

=g (1) Virdmlinof| dwo
—720705’14 ‘A( t)

where fl(r, t) is the slowly varying complex field amplitude, ko is the wave vector at
the carrier frequency wo, k1 = 1/v, = 0k(w)/0w|y=w, is the inverse group velocity,
T =t — z/v, is the retarded time and c is the speed of light in vacuum. The
coefficient D [60]

FT = = kn . 0 "
—w)t —I s D= (i .
Z w WO (w—wo)—n‘% 7; ol (la7_> (5 7)
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describes dispersive effects and is defined by the Taylor expansion of the wave
vector starting from the second order term [Equ. (5.7)]. The non-linear parts of
the equation are related to the physical constants via

3(,00

"1 = 507?109((3) (Wo) = 20(.1071060712 (58)
3w wo dy® wo  dy®
_ 20 14— = 14— 5.9
72 2 CnOX ((.UO) + X(g) (CUO) dw P)/]. + X(3) ((,Uo) dw ( )
3 x®
= - . 5.10
" 4dneyc (5.10)

The coefficients v, [Equ. (5.8)] and 72 [Equ. (5.9)] represent the non-linear re-
sponse caused by the the third order non-linear susceptibility x*) and its dispersion.
In case of a vanishing non-linear susceptibility x* (wy), 71 and 7, vanish and equa-
tion (5.6) turns into the linear wave equation including dispersion and diffraction.

To understand the underlying physics behind the spectral broadening process
within the multi-pass cell, the next sections consider the non-linear coefficients and
their contribution to the shape and phase of the output electric field. This short
overview shows why noble gases tend to show better results after compression than
molecular gases. The non-linear coefficients v; and v, allow distinguishing three
different types of non-linear optical effects. Thereby, v, is the source for SPM
and SF. Together with dispersion D this leads to optical wave-breaking [181-183]
if the introduced non-linear phase is large enough. The second coefficient carries
information of the dispersive character of the third order susceptibility and, thus,
the information on slower time dependent processes [78].

5.6.1. Optical wave-breaking and shock formation

Optical pulse compression using the multi-pass setup with 2mJ, 210fs pulses at
200 W quickly leads to compression factors of 5 or more. The spectral bandwidth
then exceeds 100 nm and dispersive effects become relevant. It is known that SPM
in combination with dispersion leads to optical shock formation. An optical shock
develops due to the shape of the instantaneous frequency that results from the
SPM induced temporal phase. As the instantaneous frequency shift follows the
intensity of the pulse, the leading and trailing edges of the pulse experience almost
no frequency shift while the central part of the pulse is essentially linearly chirped.
In normal dispersive media the leading edge of the pulse travels slower than the
red shifted front. On the blue shifted back of the pulse the trailing edge will be
traveling faster and closes up. Depending on the group velocity dispersion (GVD) of
the medium the pulse will develop a rectangular pulse shape and the instantaneous
frequency shows steep edges on the sides of the pulse. This process is known as
optical-shock formation or optical wave-breaking [181-183].
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Figure 5.11.: Tllustration of optical wave-breaking. (a) Measured pulse intensity (das-
hed) and instantaneous angular frequency (solid) at 200 W input power for different pres-
sures of argon. (b) Calculated intensity (dashed) and instantaneous angular frequency
(solid) (ng = 1.2- 10723 o)

In the experiment the formation of an optical shock wave is undesirable as it
leads to fast oscillations in the instantaneous frequency which lead to significant
reduction of the compressibility of the pulse. Because of this, spectral broadening
of our pulses has a limitation that results from both the GVD of the utilized gas
and the GDD of the mirrors.

The formation of an optical shock wave was recorded by measuring the output
pulses with second-harmonic frequency-resolved optical gating (SH-FROG). Cal-
culation of the instantaneous angular frequency reveals optical shock formation as
it shows the increasing frequency jump at the edges of the pulse. Figure (5.11a)
(solid) depicts the instantaneous angular frequency for increasing pressures of ar-
gon at 2mJ input energy. Up to 265 mbar the instantaneous frequency increases
almost linearly with time. At higher pressures the instantaneous frequency starts
oscillating and pulse compression reveals to be impossible. Figure (5.11a) shows
this effect at 500 mbar in argon.

To simulate this effect both the GDD of the high reflective mirrors (8fs?) and
the GVD of argon were included. The dispersion of argon for low pressures < 1 bar
is according to the Clausius-Mosotti equation [184, 185] linear with the gas pres-
sure. Argon at normal pressure possesses a GVD of 14.5fs?/m [186]. For pressures
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between 40 mbar and 500 mbar the accumulated GDD for one round-trip (8 m)
(Fig. 5.4) takes values betweem 4.6 fs? (40 mbar) and ~60 fs*> (500 mbar). The 16
reflections on HR mirrors the GDD accumulates to 128 fs? for one round-trip leading
to the main contribution of GDD for one round-trip. Including the two parame-
ters into the simulation, the data (Fig. 5.11a) agrees excellently with the measured
data if a non-linear refractive index of 1.2 - 10723 m? /W is assumed. This is in good
agreement with literature values (Tab. 5.1).

Compensation of the introduced chirp is helpful to shift the point of optical
wave-breaking towards larger non-linear phase shifts and, therefore, larger spectral
bandwidths of the pulse. In combination with a well behaved phase, pulses as
short as 20fs are feasible. With chirp compensation wings of the pulse can be
effectively reduced and the pulse carries the main part of its energy in the center
of the pulse. Even larger non-linear phase shifts might be possible with increasing
number of foci in the multi-pass cell or slightly higher gas pressures (below the
critical power). Limits are then set by the supported spectral bandwidth of the HR
mirrors. Reaching a super-continuum with this cell might be possible but careful
dispersion management is necessary to ensure good pulse compression results after
the broadening process. Starting from the 200fs input pulse duration it is likely
that pulse compression prior to entering a second gas filled multi-pass cell leads
to better results than direct pulse compression with a single multi-pass cell. The
choice of different gases and pressures then holds promise for crossing the sub-10
femtosecond regime.

5.6.2. Differences between nitrogen and argon

Measurements of the output pulses resulting from the non-linear response of nitro-
gen reveals differences between the pulse shapes observed in the simulation. The
GVD and third order dispersion (TOD) for nitrogen and argon at A=1.03 um and
normal pressure are

fs? f?

GVDy, = 0.0156 ——  and TODy, = 0.0891 —— [187] and  (5.11)
mim mim
fs? fs3

GVDa = 00145 ——  and TOD, = 0.0154 ——  [186], (5.12)
mim mim

showing that the TOD of nitrogen is by a factor of 7 higher as the TOD of argon.
However, compared to the GVD and the spectral bandwidth of the pulses that
corresponds to 7prp /40 fs the influence of TOD on the pulse shape is negligible
because Tprr - GV Dno/TODy, = 7 > 1 [78, p. 77]. This argument is further
supported by simulation results, which show no significant differences between the
two gases.
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Figure 5.12.: Effects resulting from the Raman response of nitrogen at 150 mbar (left).
(Right) Temporal profiles resulting from argon (500 mbar). The pressures are chosen
to match the same effective values of no in both cases. Multi-pass cell input power is
increased from bottom to top.

This suggests that non-linear processes are involved, which are not included in

the simulation. As the term, 72%08% ‘A(r, zf)’2 A(r,t) is not included, the differences
are attributed to sources described by the dispersion of the non-linear susceptibility
and the time derivative of the non-linear field ’fl(r, t)‘2 A(r,t). This part of equa-
tion (5.6) is the source for self-steepening (see [60, sec. (13.3.1)]). As the coefficient
72 [Equ. (5.9)] has two terms it is possible to distinguish between an instantane-
ous, frequency independent, process and a response resulting from time dependent,
slower, mechanism of the non-linear medium. To see how self-steepening inlfuen-
ces the process it is useful to relate it to the non-linear lengths Ly [Equ. (1.95)].
The lengths for SPM and SF [Equ. (1.95)] and the characteristic length for self-
steepening Lgg,
cT LSS T

LSS = —, = T (513)

2712[’ LNL %WO

show that both effects will contribute equally if the characteristic pulse duration
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Figure 5.13.: Spectra of output pulses at 200 W input power for 150 mbar nitrogen and
500 mbar argon.

T is equal to 2/wy = A/me. Clearly, for pulses with durations > 30fs at 1030 nm
(T=11s) the process of self-steepening is difficult to observe for media exhibiting a
fast electronic response, only [60, 188].

The frequency dependent term in 7, describes dispersive effects of the non-
linear susceptibility x®. The dispersion of this quantity is interpreted as a non-
instantaneous response of the non-linear medium. Effects of this kind are well
known from pulse propagation in fibers and are attributed to the Raman effect [78].
Figure (5.12) shows a measurement of the pulse with increasing power from bottom
to top in nitrogen in comparison with the output fields resulting from argon. To
keep the data comparable, the pressures were adjusted to show the same spectral
bandwidth with both gases ideally leading to the same effective non-linear refractive
index of both gases if other effects are excluded. Clearly, the right, trailing, edge of
the pulse develops a long tail with increasing intensity. The pulse shapes resulting
from broadening in argon are different and the tail is not visible. In contrast to
nitrogen, argon shows the typical rectangular pulse shape as known from the combi-
nation of SPM with dispersion [78]. The corresponding spectrum is symmetrically
distributed around the central frequency and the input spectrum. The spectrum of
the 2mJ pulse propagating through 150 mbar nitrogen has a strong shift to the red
(Fig. 5.13). This is a property known from intense ultrashort pulses that propagate
through gases consisting of diatomic molecules [160]. The strong red shift results
from the rotational response of the diatomic nitrogen molecule and, therefore, is
caused by the Raman effect. The influence of the molecules lies in a non-linear
refractive index change caused by rotational alignment of the molecules in the laser
field. This response is slow (~150fs [160]) and effectively leads to an additional
time dependent term in the description of the refractive index change [160]

An(t) = n2instantl<t) _I_ n2Raman (t) (514)

Nibbering etal. [160] have described this effect and calculated the time response
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of nitrogen. The time scale of the processes (~150fs) matches the pulse duration
of the used laser pulses [160, 175] explaining the strong influence on the shape
(Fig. 5.12). As opposed to self-steepening caused by the instantaneous response of
the medium, the leading part is slightly steepened in nitrogen (Fig. 5.12, right).
This might be caused by the negative Kerr-like response (An(t) < 0) of nitrogen
that develops ~200 fs behind the peak of the laser pulse [160].

In summary, pulse compression in argon leads to better results because of the
instantaneous response and the well controlled phase of the output pulses. The
influence of SPM and GVD on the pulse imprints a linear instantaneous frequency
sweep across the main part of the pulse prior to reaching the limits of optical
wave breaking. The slow Raman response of nitrogen is more complex and leads to
lower performance in the compression of the output pulses with respect to obtaining
highest peak powers.

5.7. Scaling laws

To scale this concept to higher or lower pulse energy, the parameters for adjustment
are the

. non-linear medium (gas),

. gas pressure,

1

2

3. number of passes/foci,

4. focal length of the imaging optics and
5

. the dispersion.

Adjustment of these parameters allows tweaking the output for best performance.
Implementation to other laser sources requires consideration of the

o damage threshold of the used optics ~1J/cm?,
e peak power of the laser pulse,

« initial spectrum of the laser pulse.

The damage threshold determines the minimum beam size on the mirrors. The
initial beam size in combination with the focal length of the imaging optics yields
the peak intensity of the laser in the focal plane. Adjustment of the non-linear
refractive index using the gas pressure allows precise setting of the non-linear phase
shift for a single pass through the focus. The gas is easily selected requiring that
the critical power is larger than the peak power of the laser pulse.
Implementation of the concept to pulse energies above 2mJ can be realized wit-
hout the need for increasing the size of the setup, in the first place. Due to the
4f-imaging system, the input beam size on the optics is scalable and reducing the
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fluence on the mirrors links to an increasing intensity in the focus of the multi-pass
cell. Adjustment of the gas pressure to compensate this effect is easily implemen-
ted. In case of intensities permitting strong ionization of argon, neon and helium
become suitable gas choices. For lower pulse energies the system benefits from
heavier noble gases such as krypton or xenon allowing compression of pulses with
energies < 70 uJ (Xe, normal pressure). High-pressure cells allow larger non-linear
optical coefficients for pulse energies in the pJ-range.

The simulation results shown in section (5.6.1) reveal a non-linear refractive index
of 1.2-10723m? /W for argon which is very close to the values presented by [172]
(Tab. 5.1). According to the presented values energy scaling of the system is straight
forward.

5.8. Conclusion

This chapter outlined a detailed analysis of the spectral pulse compression based on
a 4f-imaging multi-pass cell. The setup allows compression of the 200 W amplifier
(Sec. 3.6) to 37 fs and increases the peak power by a factor of 4.8 to 35 GW. It is
demonstrated that the output pulse-to-pulse stability is better than 1 %.

Discussion of the important physical mechanism behind the pulse compression
opens the path for further improvement of the system using dispersion controlled
setups that are less prone to optical shock formation, which is considered the li-
miting factor of the demonstrated compression scheme. Because of the promising
results it is believed that the setup paves the way towards new scalable high-power
non-linear compression schemes.



Summary and Outlook

This thesis demonstrates amplification of femtosecond laser pulses to the multi-
millijoule level with a non-linear thin-disk Yb:YAG regenerative amplifier. The
understanding of linear and non-linear processes during the amplification process
not only permits average output powers of hundreds of watts but also leads to
stable operation within the non-linear regime and unique output parameters of the
amplifier. The highly stable output laser pulses have been proven to be suitable as
driver for subsequent non-linear optical processes.

The developed thin-disk regenerative amplifier provides pulses with 100 kHz re-
petition-rate that now last only 210fs and carry 2mJ energy. Constraints and
influences of the resonator design, the damage threshold of optics and the influ-
ences of non-linear optical elements have been discussed (Chap. 3). It has been
demonstrated that large mode volume resonator designs based on optics with large
radii of curvatures (RoCs) (> 5m) are necessary for high pulse energy operation
of the laser system. The challenges of building these resonators have been outli-
ned and a strategy for running these resonators with single-mode output beams
is presented. It is shown how self-phase modulation (SPM) and self-focusing (SF)
influence the output pulses of the amplifier. Detailed measurements in the high
energy passes of the regenerative amplifier give insight into the evolution of the
output pulses. With this knowledge gain-narrowing in the regenerative amplifier
is overcome and pulse compression could be optimized. The non-linear phase in-
troduced within the amplifier is removed with a chirped mirror compressor after
the amplifier facilitating highly efficient pulse compression without the need for
gratings.

Further efforts were made to scale the pulse energy of the amplifier. In this
context a new amplification method is presented. This method connects a multi-
pass amplifier and a regenerative amplifier through coupling of both devices to the
same active gain volume of a thin-disk. This effectively avoids the crystal of the
optical switch in the high pulse energy amplification cycles. The concept has proven
to deliver up to 6.6 mJ pulse energy. The limiting mechanisms are explained and
a new multi-pass concept based on a 4f-relay imaging is suggested. The system
holds promise for scaling by at least a factor of two to 10-20mJ output energy.
Systems delivering ultrashort pulses with these energies usually base on chirped-
pulse amplification (CPA). As the suggested system directly amplifies the pulses
it allows for compact implementation and, thus, leads to higher stability and cost
efficiency.
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Figure 5.14.: Laser architecture for future CEP-stable high pulse energy, high
repetition-rate attosecond beam lines. Multi-pass cell (MPC).

Always aiming for single-cycle pulses with highest possible pulse energy in combi-
nation with high repetition-rates leads to challenges in terms of available techniques
to generate the necessary spectral bandwidth. In the last chapter of this thesis
non-linear pulse compression within a gas filled multi-pass cell is demonstrated.
A compression factor of 5.6 at 200 W average input power is demonstrated. The
resulting 37 fs pulses with 1.9mJ energy build an excellent basis for further pulse
shortening in a hollow-core fiber or even a second gas filled multi-pass cell. The
high-reflector based 4f-imaging cell is extremely stable against misalignment and
provides an excellent throughput of 93 %. It is shown that the dispersion in combi-
nation with the low but existing group delay dispersion (GDD) of the mirrors leads
to optical wave breaking that finally sets limitations on the pulse contrast of the
compressed output pulses. Dispersion control within the multi-pass cell will lead to
increased compression factors. Best performance in throughput and pulse contrast
after compression was shown with 265 mbar in argon. The measurements presented
in this chapter provide a benchmark for systems with altered input parameters. As
the system is scalable in both pulse energy and average power it holds promise for
supporting kilowatts average powers and joule scale energies.

The presented laser technology lays the foundation for a 100 kHz high-repetitive
driving laser for attosecond metrology. The suggested architecture (Fig. 5.14) is
based on a carrier-envelope-phase (CEP) stable frontend that delivers pulses for
the non-linear regenerative amplifier. After amplification the system splits the
2mJ output pulses into two 1 mJ pulses that seed two channels. The first (upper)
channel directly compresses the pulses with a multi-pass cell (MPC) to ~30 fs follo-
wed by a second hollow-core fiber based compression stage. The first channel will
provide ~0.5mJ pulse energy with single-cycle pulse duration. The second chan-
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nel introduces a multi-pass amplifier prior to the pulse compressors to boost the
energy to 10 mJ corresponding to 1 kW average power. The following MPC based
compression stage holds promise to be implemented without significant changes to
the system shown is this thesis. The performed measurements (Sec. 5.4) suggest
that neon at normal pressure leads to similar spectral broadening with the 10 mJ
input pulses. Further research is necessary for implementing the last compression
stage. This stage might be realized either with a hollow-core fiber or another MPC
compressor. Compression with hollow-core fibers at these pulse energies has not
been shown at 1030 nm wavelength so far and feasibility of this method needs to
be elicited. The MPC has less restrictions to the pulse energy and scaling the
current setup to support the 10 mJ pulse energy is thought to be straight forward.
The challenge, however, lies in the increased spectral bandwidth of the single cy-
cle pulses that quickly exceeds the reflectivity of GDD controlled high reflective
mirrors. Actively cooled silver mirrors remedy this issue but the comparably high
losses (~2 %) require a dramatically decreased number of bounces on the optics as
compared to the described MPC setup.

The CEP of the pulses for both channels is measured with an f-2f interferometer
and feedback is given to the laser frontend to remove phase noise introduced by
the amplifier chains. This system will provide kilowatt scale few-cycle pulses and
paves the way to new frontiers in attosecond metrology. Thereby, the increased
repetition-rate of the driving laser leads to better statistics on the observable of
interest and gives access to observing and describing low-cross-section events on
the atomic time scale [27].
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Appendix A

Split-Step model

A.1. Split-step method

The 2D-Model used for modeling the nonlinear behavior of the regenerative ampli-
fier and data acquired in context of developing the multi-pass cell (MPC) is based
on solving the nonlinear wave equation in space and time. The equation is generally
of the form

0A(r,t,2")

o = (D+N)A(r,t,2), (A.1)

where D is an operator known in the frequency domain and N is an operator known
in the time domain. The formal solution for a small step A is represented by [78]

A(r,t, 2" +h) = e<f)+N)hA(r,t, 2" (A.2)
and can be approximated by [78]
A(ryt, 2+ h) ~ eDheNhA(r, t,2'). (A.3)

In the last step terms resulting from the non-commuting property of the two ope-
rators are neglected. The method implemented with this approximation is of first
order in h [78], which requires step sizes small enough to approximate correct solu-
tions. The simulation results shown in figures (5.1) and (5.2) are calculated with a
step-size of h = 10 mm that was adopted if the phase shift of a single step exceeded
7/50.

The scheme of the calculation is listed in figure (A.1). Starting with an input
field in the time domain the program applies the phase introduced by self-phase
modulation (SPM). In a following step the field is transformed to the frequency
domain. The gain is applied in the space-frequency domain. After the gain is ap-
plied the field is transformed to the spatial-frequency domain. The transformation
to the spatial frequency domain is implemented in rotational symmetry using a
quasi-discrete Hankel transform [189]. Both dispersion and propagation operators
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Figure A.1.: Illustration of the implemented beam propagation algorithm. FFT: Fast
Fourier Transform, HT: Hankel Transform.

are applied in the k-w-representation of the field envelope A. The output field is
transformed back to space and time coordinates. These steps are repeated until
the >, h; = L, where L is the length of the medium. Subsequent other propagation
steps are applied in different media, if necessary.

A.2. Implementation

According to the definitions of the field envelope [Equ. (1.10)] and the approxi-
mations described in chapter (1) the wave equation for ultra-short pulses is given
by [60, equ. (13.2.23)]

Y72 ) e —— M2 M
[ + 22]’{0 o (1 + ]{0 ) + 2]{30D (1 + ko )] Art

3 i 0\ dy® 9
=— C—wg <1+ w) [X(:j’)(wo) +i— - g | A Ay

The nonlinear factor on the right side of the equation is further approximated to
keep only the first order time derivative. In addition, the approximation

(A4)
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where the Taylor series a?/(a + Ax) ~ a — Az with

1 0
1 0On 0
Ar = dwr (A.8)

is applied in the first step. The equation then simplifies to:

;Z/A(r,t) ~ 2;0 (1 + fg;)l Vi +iD
+’§ch30) <1+ ;i) [x“)(wo) —i—idéf) 5?7] \A(r,tﬂ A(r,t)
~ 2;0 (1 + i]{;’“;i) h V2 +iD + izcn‘zzo)xwwo) A<r,t)f A(r, t)
—iﬁmwme+%$mﬁfhiﬂwﬁﬂmx
(A.9)

where V2 is the transverse Laplace operator. The terms independent of the time
derivative are implemented in the propagation code following the steps shown in
(A.1). The last term containing the time derivative is neglected throughout the
work presented in this thesis.
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Resonator Calculation
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Figure B.1.: Top: Resonator with optical elements represented as vertical lines (green:
reflective; red: transmissive) and resonator parameters depending on changes of the mar-
ked optical element.

Calculation of the resonator configurations for the regenerative amplifier are im-
plemented with an ABCD-matrix calculation. The application includes both cal-
culation of ring and linear resonators with predefined optical elements. The pro-
gram calculates the resonator parameters and plots the eigenmode (Fig. B.1, upper
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graph) according to the solution of equation (2.13). Furthermore, the program
provides several tools to analyze the resonator depending on variable parameters.
Changes of the properties of an implemented optical element leads to changing
resonator parameters. These changes are illustrated with three different graphs

1. stability parameter (A + D)/2,
2. change of the mode size according to equation (B.1),

3. the stability parameter 1/ |C|,

vs. the changing parameter (Fig. B.1, middle and lower graph). Figure (B.1) dis-
plays the three parameters. The middle plot shows the stability parameter (blue)
[Equ. (2.15)] with respect to a changing optical power of an optical element within
the resonator. The variation of the parameter is chosen to range over the whole
stability range, —1 < (A + D)/2 < 1 of the resonator. The green parameter illus-
trates the relative change of the mode size according to a selected optical element.
This parameter is defined as
d — dy

pr— B-l
oy i (B.1)

where d is the diameter resulting from the value printed on the x-axis and d
is the initial diameter of the eigenmode prior to calculating the dynamics of the
resonator. The quantity 1/|C| is plotted in the graph below and gives a measure
for the misalignment sensitivity of the resonator [91].

The basic operations of the code are based on 2x2-matrix multiplication

Mout - Mn . Mn,1 e MQ . Ml (B2)

with the matrices listed in table (B.1).



135

Element ABCD-matrix )
Explanation
Propagation Ld
pag 01 propagation by distance d
L 1 0
one —% 1 lens with focal length f
1 0 mirror with radius R (cav: R>0; vex R<0)
Mirror (_52 1) 0 = cos(f) (sagittal),
R § = cos™!() (tangential); # is the angle of
incidence
_ /In2 8no L
1 0 DNL o E 7TU)4TF2M_/HM E .
NLlens D 1 L: length of medium; w: beam waist; no:
non-linear refractive index;
TrwaMm: pulse duration; E: Pulse energy

Table B.1.: List of ABCD-matrices as implemented in the resonator calculation. NL-

lens: Non-linear lens







Appendix C

Damage Threshold Calculation

The total energy E on the sample is related to the peak fluence on the target Fj
E= " [ axdy Fof(ay) (C.1)

via the distribution function f(z,y) that describes the measured beam profile if it
is normalized so that

max(f(x,y)) = 1. (C.2)

z,yeR

The integration over the beam profile f yields to an effective area

A= [ [ axay flay) (C.3)

which relates the total energy on the sample to the peak fluence Fy. The damage

fluence Fy is
P

T R- Ay

where P is the power at which damage occurs and R is the repetition-rate of the
laser system.

The effective area Ay is calculated from the recorded raw data of the measured
beam profile. As integration over the whole data set leads to a significant contribu-
tion of noise the mean value of the noise level outside the area of the beam profile is
subtracted from each measured pixel. To fulfill constraint (C.2) the peak is norma-
lized to 1. Integration over the two dimensional array is realized by executing the
trapezoidal quadrature twice (for x and y values). Finally the mean value and the
standard deviation of the damage threshold is determined. The systematic error
produced by inaccuracies of the optics position relative to the position of the focus
is estimated using data from a second beam profile measurement 5 mm away from
the focal position. The uncertainty caused by differences of the effective area defi-
nes systematical error of the measurement and is added to the standard deviation
using

Fy (C4)

AF = \[AFZ, + AFZ,,. (C.5)






Appendix D

Conversion of Parameters

D.1. The nonlinear refractive index

Conversion of the hyperpolarizability v to the third order non-linear susceptibility
is given by [172, 173]

(3) ~ Pat D1

X0 ) (D)
3 x®

== D.2

"2 4nieyc (D-2)

with the gas density p,; and the refractive index ng at the given wavelength. The
density pg is the number density, which for an ideal gas calculates to

Pat = 7 (D.3)

with kp is the Boltzmann constant, T' is the temperature and p is the pressure.

D.2. Gaussian laser pulses

The intensity profile Gaussian laser pulses in time and space is defined as

2t2 212

I(r,t) = Ipe” 72 e w?,

(D.4)

where [y is the peak intensity, 7 the pulse width in time and w is the beam size
in transverse direction. The intensity profile of this pulse has a full width at half
maximum (FWHM) temporal width of

TrwaM = V2In27 (D.5)

and a spatial profile that drops to 1/e? at distance w from the center. This intensity
profile gives the time dependent power of the pulse according to

> 2u2 [ 2r2 7rw2 242
P(t) = / ](r, t)?ﬂ'T’dT =2nlpe -7 / e w2rdr = 7]06_772 (DG)
0 0
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showing the peak at ¢ = 0 with magnitude

7TU}2

Ppeak == P(O) = TIO (D?)

Integration over time gives the total amount of energy contained within the pulse,
which relates the energy to the peak intensity

0 o0 2 42 2
E :/ P(t)dt :/ %Ioe—%dt - ”“; T\/ZIO (D.8)

26 V2o V2 (D.9)

I = —
07 rw? /rr T
(D.10)
The fluence F' of the pulse is defined as
2K
F=—. (D.11)

Tw?



Appendix E

Data Archiving

13

Every plot has its own “*.bat” file named after the “*.pdf” or “*.jpeg” file listed
in the “FigureArchive.txt”. To produce the plot run the “*.bat” file. All “* bat”
files can be opened in any text-editor and point the user towards the plot and
data files. Extra information is included, if necessary. For detailed information
read “ReadmeFirst.txt” located in the main archive folder for this thesis. The data
archive is:
/afs/ipp-garching.mpg.de/mpq/lap/publication_archive/Theses/2018/


/afs/ipp-garching.mpg.de/mpq/lap/publication_archive/Theses/2018/
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