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Abstract

Spectroscopy of highly charged ions and nuclei is a field with great potential to open
new frontiers for precision meteorology, act as a scientific test bed for quantum electro-
dynamics, and contribute to the advancement of technology in applied physics. How-
ever, precision spectroscopy of these species typically requires laser sources with high
photon energies and narrow line widths in the vacuum ultraviolet (VUV) part of the elec-
tromagnetic spectrum. The aim of this dissertation is to develop key methods which will
enable to create a VUV laser source tailored to the demands set by this spectroscopy
application.

Laser pulses with a duration of few optical cycles have a key potential for VUV gener-
ation, and therefore for spectroscopy of highly charged ions or nuclei. Furthermore, high
average power lasers play a key role in addressing narrow transitions. However, laser
sources supporting high average power such as Ytterbium-based laser systems, have a
pulse duration of a few hundred femtoseconds. It is therefore essential to compress the
pulses to a short duration. In this dissertation, we address temporal pulse compression
of such high average power laser sources to few cycles.

A well-known demanding objective for VUV spectroscopy is the low energy transition
of the Thorium 229 (>*Th) nucleus. When this dissertation work started, the energy
of this transition was known within a range of 149.7 + 3.1 nm. However, a laser with
a narrow linewidth, high-power and wavelength tunability covering this range is not yet
available. This dissertation addresses the development of a high-power frequency comb
laser to support tunable VUV generation to drive the low energy nuclear transition of
229Th_

Finally, we discuss a preliminary experiment to investigate the low energy VUV nu-
clear transition of highly charged 2?Th®* ions. This experiment has the potential to
locate the low energy nuclear transition of 22°Th at a precision two orders of magnitude
higher than the currently known uncertainty range.



Zusammenfassung

Die Spektroskopie hochgeladener lonen und Kerne ist ein Gebiet mit groRem Poten-
zial, neue Grenzen fir die Prazisionsmeteorologie zu erdffnen, als wissenschaftlicher
Prifstand fur die Quantenelektrodynamik zu dienen und zur Entwicklung von Technolo-
gien in der angewandten Physik beizutragen. Allerdings erfordert die Prazisionsspek-
troskopie dieser Spezies in der Regel Laserquellen mit hohen Photonenenergien und
schmalen Linienbreiten im Vakuum-Ultravioletten (VUV) Bereich des elektromagnetis-
chen Spektrums. Das Ziel dieser Dissertation ist die Entwicklung von Schllisselmeth-
oden zur Herstellung einer VUV-Laserquelle, die auf die Anforderungen dieser Spek-
troskopieanwendung zugeschnitten ist.

Laserpulse mit einer Dauer von wenigen optischen Zyklen haben ein groRes Poten-
zial fur die Erzeugung von VUV-Licht und damit fir die Spektroskopie von hochgelade-
nen lonen oder Kernen. Darlber hinaus spielen Laser mit hoher mittlerer Leistung eine
Schliisselrolle bei der Untersuchung schmaler Ubergénge. Laserquellen mit hoher mit-
tlerer Leistung, wie Ytterbium-basierte Lasersysteme, haben jedoch Pulsdauern von
einigen hundert Femtosekunden. Daher ist es notwendig, die Pulse auf eine kurze Dauer
zu komprimieren. In dieser Dissertation beschaftigen wir uns mit der zeitlichen Kompres-
sion von Pulsen solcher Laserquellen mit hoher mittlerer Leistung auf wenige Zyklen.

Ein bekanntes und anspruchsvolles Ziel fur die VUV-Spektroskopie ist der Niederen-
ergielibergang des Thorium 229 (?*Th)-Kerns. Zu Beginn der Arbeit an dieser Disser-
tation war die Energie dieses Ubergangs in einem Bereich von 149,7 + 3,1 nm bekannt.
Ein Laser mit einer schmalen Linienbreite, hoher Leistung und Wellenlangenabstimm-
barkeit, die diesen Bereich abdeckt, ist jedoch noch nicht verfligbar. Diese Disserta-
tion addressiert die Entwicklung eines Hochleistungs-Frequenzkammlaser zur durch-
stimmbaren VUV-Erzeugung, um den niederenergetischen Kerniibergang von 2*°Th zu
treiben.

SchlieB¥lich wird ein vorlaufiges Experiment zur Untersuchung des niederenergetis-
chen VUV-Kernilibergangs von hochgeladenen *2Th¥*-lonen vorgestellt. Dieses Ex-
periment hat das Potenzial, den niederenergetischen Kernlibergang von 22°Th mit einer
Genauigkeit zu lokalisieren, die um zwei GréRenordnungen hdher ist als der derzeit
bekannte Unsicherheitsbereich.
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CEP carrier—envelope phase
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DCM dispersion compensating mirrors
EM electromagnetic

EOMs electro-optic modulators

ESR experimental storage ring

FEL free electron laser

FL fourier limit

FROG frequency resolved optical gating
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GDD group delay dispersion

GSI Gesellschaft fir Schwerionenforschung
GVD group velocity dispersion
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PZT peizoelectric transducer

QED quantum electrodynamics

RF radio frequency
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SPM self phase modulation
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CHAPTER 1
INTRODUCTION

The aim of precision spectroscopy is to make precise measurements of the physical
properties e.g. of atoms and materials, as well as to determine the values of fundamen-
tal constants. In the field of precision spectroscopy, our ability to measure the character-
istics of materials and fundamental constants of nature is primarily limited by the instru-
ments we have available. The resolving power, which is also known as the fractional
spectral resolution or more commonly as resolution (J»/»), is a quantity that is useful
for quantifying our ability to measure. The development of precision spectroscopy is
intrinsically linked to the improvement in resolving power. In this dissertation, we focus
our discussion on the resolving power in the context of light sources with wavelengths in
the range from 10 nm to 200 nm. After the invention of coherent light sources (in partic-
ular the laser) in the 1960’s, and the development of wavemeter and optical spectrum
analyzer (OSA), by the end of the 1980’s, we observed a significant improvement in the
resolving power up to 10 in the infrared (IR), visible and ultraviolet (UV)%3%56.7  How-
ever, the resolving power at shorter wavelengths lagged behind and took longer to reach
a similar value. A significant improvement in resolving power at short wavelengths was
seen in 2000, when an free electron laser (FEL) was able to achieve a resolving power
of 10 at a wavelength of 19 nm®.

By the 1990s, the use of phase-coherent frequency chain of oscillators, ranging from
a stable reference transition at a microwave frequency (such as caesium) to the optical
frequencies, has enabled record high resolving powers of up to 10-12°. This was soon
followed by the development of the frequency comb laser. This was a bold step towards
achieving much higher resolution using a relatively simple design. A frequency comb
laser is a type of laser source whose frequency components appear as a fine comb-like
structure, with regular intervals between each frequency line. By using a radio or opti-
cal reference standard, the location of the comb lines can be accurately determined %',
This fine comb-like line of frequencies has resulted in the ability to reach record resolving
powers of 10"'* and accurately determine frequencies over wide spectral ranges '%3:14,
Some notable works based on frequency combs are the experiments on the size of the
proton radii '°, development of atomic clocks '®, and dual comb spectroscopy of transi-
tions of molecules '’

Most precision spectroscopy experiments have been conducted in the IR, visible,
and UV. Therefore, certain regions of the electromagnetic (EM) spectrum are still widely
unexplored and considered exotic. Two of these regions are referred to as vacuum ultra-
violet (VUV) and extreme ultraviolet (XUV). Together, they cover the wavelength ranges
from 10 nm to 200 nm. Research focusing on precision spectroscopy in VUV and XUV
is crucial, as many transitions in highly charged ions (HCI) and a few nuclear transitions
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1.1. VUV and XUV laser technology

lie in these spectral ranges.

HClIs are ions with several electrons removed from their neutral atom counterparts.
The study of highly charged ions and nuclei has seen significant growth in recent years
due to the development of ion traps (such as electron beam ion trap 'é, cryogenic lin-
ear Paul trap'°, etc.,) and ion storage rings?%:21:22.23.24 a5 these instruments facilitate
the storage of ions for a long time (in the order of 10° s). There is a tremendous inter-
est in studying HCIs because, with the increasing charge state, they have increasing
sensitivity to effects described by quantum electrodynamics (QED)?°. A notable experi-
ment involving HClIs is the hyperfine measurement involving the transitions of electronic
states in lithium like 2°°Bi®2* jon. The data obtained from this experiment indicated a
large discrepancy from QED predictions, resulting in the “hyperfine puzzle”?®. Other ex-
periments include e.g. transition energy measurements of the electronic states in HCls
with one, two or three electrons?’-?%2%:30  |n the context of this dissertation, the study of
the low energy nuclear transition in 2Th is of interest because, compared to an atom,
an atomic nucleus is much smaller and it is thus expected to be more insulated from ex-
ternal influences®'. In addition, several nuclear transitions have narrow linewidths and a
higher transition frequencies than those of atoms and ions that are used to make atomic
clocks. 323334 These properties make the transitions in a nucleus a perfect choice for
building a clock.

Sections 1.1, 1.2, 1.3 of this chapter provide an introduction to VUV laser technol-
ogy. In section 1.4, we provide a brief introduction to frequency combs. In section 1.5
of this chapter, we will review the challenges addressed in this dissertation. Finally, in
section 1.6, we discuss the outline of this dissertation.

1.1 VUV and XUV laser technology

he VUV region and the XUV region of the electromagnetic spectrum range from photon
energies from 6.2eV to 12.4 eV (wavelength range from 100 nm to 200 nm) and 10 eV
to 124 eV (wavelength range from 10 nm to 124 nm) respectively. The fact that the VUV
and XUV regions are still relatively unexplored is partly due to the inability to build a laser
directly in these regions of the EM spectrum. Although several transitions are available
to facilitate the three- or higher level laser schemes supporting population inversion in
this spectral region, the high-power pump needed to achieve a population inversion is
not available. The power required to maintain the population inversion scales as 1/24.
This means that for the construction of a laser in the VUV and XUV region, a pump is
required with a power of 102 times higher than for a laser in the IR3°. A suitable option,
however, is to build a VUV and XUV laser by frequency conversion using a nonlinear
optical process. For example, the nonlinear process could be a second, third or high-
harmonic generation process.

VUV and XUV radiation can also be generated from an FEL and other syncrotron-
based radiation sources that have developed in the last few decades. In a FEL, electrons
are accelerated to relativistic speeds and interact with the varying magnetic fields, as a
result, emitting coherent radiation. In 1971, John M. J. Madey developed the first FEL 6.
The free electron lasers can produce short pulses in the VUV and XUV, with pulse en-
ergies reaching a few tens of micro joules. One of the primary limitations for FELs and
other radiation sources that use synchrotron technology is that the monochromators
used to resolve the EM radiation in the VUV and XUV are usually only able to achieve a

2



1.2. Introduction to nonlinear optical processes and higher order harmonic
generation

resolving power of 10°37. This is several orders of magnitude above the resolution that
can be achieved with a frequency comb?37:38.

1.2 Introduction to nonlinear optical processes and higher order harmonic
generation

In 1961, the nonlinear conversion to higher frequency EM radiation was observed ex-
perimentally in a quartz crystal. Such a process is possible because due to large elec-
tric fields, the electric field of the laser pulse polarizes the atoms in a medium®°. The
large electric field causes a nonlinear response of the medium, leading to the generation
of harmonics of the fundamental field frequency, such as second-harmonic generation
(SHG) or third harmonic generation (THG). Another nonlinear process, in which the po-
larized atom interacts with the pulse and influences its phase (and amplitude), is called
self phase modulation (SPM). As a result, the frequency components of the original
pulse change. The nonlinear interaction of high intensity pulses with matter therefore
provides a way to change the initial frequency of the laser.

In order to reach the VUV or XUV region of EM spectrum, a nonlinear process is
needed to generate higher-order harmonics far beyond the initial laser frequency. Such
a process called high harmonic generation (HHG) was discovered in 19874%4". Today,
with the HHG process, laser sources can reach even photon energies of a few keV 4243,
The HHG process is described in detail in section 2.2.

1.3 Laser systems for VUV generation

Up to recently, the most popular lasers used as HHG-Driver lasers for VUV generation
were Kerr-lens mode-locked Ti:Sapphire lasers. Kerr-lens mode locking refers to the
generation of short pulses with the SPM effect. The Kerr-lens mode-locked Ti:Sapphire
lasers have a broad emission spectrum (>200nm around the 800 nm center wave-
length) and therefore provide short pulses (20fs). However, as much higher average
powers are often beneficial, there has been a growing interest in fiber laser systems
based on Ytterbium (Yb), Erbium (Er) and Thulium (Th).

Fiber laser systems based on Yb, Erand Th can be pumped with high-power average
laser diodes. This property, together with better thermal characteristics, is responsible
for the high performance of these laser systems. The Yb-based laser system, which
emits light at 1030 nm, is currently the most developed laser system in terms of average
power, reaching an average power up to the kW range ***°. However, the pulse duration
of lasers based on Yb-based amplifiers is limited to a few hundred fs. This is due to the
limitation of the bandwidth of the Yb based gain medium. As a result, current laser
technology faces a major challenge in building high-average power lasers with a short
pulse duration.

A technology known as optical parametric amplification (OPA) has been developed
to build short pulse lasers outside the bandwidth of the gain medium. In an OPA, two
short pulses of different central frequencies «;, », interact in a nonlinear medium to gen-
erate two short pulses with frequencies wsum = |1 + @2 |, @difference = |@1 — w2|. OPA has
been used to create tunable lasers. However, OPA suffers from the high complexity of
the laser system and has limited efficiency 647 .




1.4. The Frequency comb

Another process that has been investigated to adjust the wavelength of the laser is
stimulated Raman scattering (SRS). In this process, a pulse interacts with a material
and excites its rotational or vibrational modes. This excitation increases the wavelength
of the laser pulses. This process has been used as an extremely flexible method for
producing tunable laser light for continuous wave or low-power pulsed lasers. As SRS
is relatively broadband, arbitrary wavelengths can also be generated in one or more cas-
caded Raman lasers. SRS has also been used in hollow core fibers to shift the wave-
length of high power lasers“84°. However, tunable-wavelength high power femotsecond
lasers based on SRS have an efficency <40% °0:51:52.53.54 Therefore, the development
of efficient wavelength-tunable high-power lasers remains a challenge for current laser
technology. Figure 1.1 presents a schematic of a high power laser system, consisting
of post-compression, wavelength-tuning and VUV generation units, for spectroscopy of
low energy nuclear transition in 22°Th.

2T

Figure 1.1: Schematic of a VUV frequency comb system, similar to the laser developed
in this dissertation, consisting of a high power laser followed by a post-compression
unit, a wavelength-tuning unit and a VUV generation unit, for spectroscopy of the low
energy nuclear transition in 2*Th.

1.4 The Frequency comb

A frequency comb laser is a short pulse laser that has a series of regularly spaced fre-
quency components, similar to the teeth of a comb. Furthermore, each of the comb-like
teeth is connected to a radio frequency standard or an optical frequency standard. This
means that each frequency component of the frequency comb laser can be determined
with an accuracy limited by the radio frequency standard. Since the broadband spectrum
of a laser is turned into a comb of narrow lines, a frequency comb laser is ideally suited
to directly probe narrow transitions. Another advantage is that each of the comb teeth
has a much higher power spectral density than what is typically seen in a broadband
femtosecond laser.

Frequency comb lasers are now commonly used in frequency mixing processes to
produce lasers of different frequencies in the IR, visible, and UV regions of the EM
spectrum. This is possible because the coherence of the frequency comb lasers is
maintained during nonlinear frequency mixing. In recent years, experimental evidence
has demonstrated that a very highly nonlinear, non-perturbative process, such as HHG,
can preserve the coherence of the driver laser®®. Therefore, the VUV and XUV electric
field produced by the HHG process also forms a frequency comb, with the same spacing
between adjacent lines in the comb.

4
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(I) Efficient post-compression of high power
Yb lasers

() Efficent wavelength-tuning of a high power frequency comb laser for VUV generation

AX’
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| 9 jet
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() Reduce the energy uncertainity of the low energy nuclear transition of ?*Th

A\ 2Th®*
N

Figure 1.2: lllustration of the challenges addressed in this dissertation.

1.5 Challenges addressed in this dissertation

This section summarizes the key challenges addressed within this dissertation:

» Challenge: "Efficient post-compression of high-power Ytterbium lasers to provide
ultrashort pulses for VUV generation”: In this dissertation, we identified multi-pass
cell post-compression as an important and scalable approach to compress high-
power laser pulses. Therefore, in parallel to the development of a VUV source, we

5



1.6. Outline

develop a method with another laser to compress high-power laser pulses from
picoseconds to a few optical cycles.

» Challenge: A route to efficiently tune a high average power femtosecond laser
while preserving its frequency comb properties” We develop a method to effi-
ciently shift the wavelength of a high-power frequency comb laser system. At
the beginning of the dissertation, the 2>Th nucleus was identified a promising
spectroscopy target. When this dissertation work started, the energy of this tran-
sition was known within a range of 149.7 + 3.1nm?2. Therefore, we develop a
wavelength-tunable laser that can be used as a driver laser for VUV generation
to perform spectroscopy of the low energy nuclear transition of 22°Th.

» Challenge: "Reduce the energy uncertainty of the low energy nuclear transition in
229Th via direct laser spectroscopy”: We are investigate a method for reducing the
energy uncertainty range of the low energy nuclear transition of the 2**Th nuclear
isomer at the experimental storage ring (ESR) at Gesellschaft fir Schwerionen-
forschung (GSI) located at Darmstadt as part of a greater collaboration.

Figure 1.2 illustrates the above challenges addressed in this dissertation.

1.6 Outline
This section summarises the content of the chapters in this dissertation:

» Chapter 1 of the dissertation summarizes the current state of laser technology in
the VUV and XUV. In addition, it describes the challenges that we address in this
dissertation.

* In Chapter 2, we discuss the theoretical background to understand the linear and
nonlinear effects experienced by laser pulses when propagating in a dielectric
medium. In addition, chapter 2 describes the concepts of post-compression and
serrodyne-frequency-shift, and introduces the theoretical background for optical
cavities used in this dissertation. Finally, chapter 2 provides a brief overview of the
nonlinear properties that need to be taken into account when building a multi-pass
cell (MPC).

* In Chapter 3, we address the challenge of efficiently post-compressing high peak
power Yb based lasers to deliver pulses with a pulse duration of a few optical
cycles. We further discuss post-compression of a high average power Yb based
fiber laser delivering a pulse with a »J pulse energy from a pulse duration of 200 fs
to sub-40fs.

» Chapter 4 describes in detail key steps taken toward demonstrating a tunable
VUV laser suitable for locating the low energy nuclear transition of 2°Th. In sec-
tions 4.1, we examine viable approaches to build a suitable VUV laser. In sec-
tion 4.3, we develop and deploy a method to shift the wavelength of a high-power
frequency comb laser. Later in section 4.4, we build an enhancement cavity for
VUV conversion. Finally, in section 4.5, we discuss the preliminary steps taken
to demonstrate a record high average power VUV frequency comb laser.
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* In Chapter 5, we describe an experiment to reduce the energy uncertainty of the
low energy nuclear transition in 22°Th by direct laser spectroscopy, that is carried
out at the ESR in GSI Darmstadt.

* Finally, in chapter 6, we outline the next steps to be taken in order to locate the
low energy nuclear transition in 2 Th, and review the significance of the methods
developed in this dissertation on the research and development of lasers.




1.6. Outline




CHAPTER 2
THEORETICAL BACKGROUND

To address the challenges mentioned in section 1.5, the concepts of post-compression
and enhancement of the peak power of a laser pulse are critical methods. This chapter
provides the theoretical background required to understand these concepts in detail.
The linear properties of the EM waves are described in section 2.1. Later in section 2.2,
we discuss nonlinear effects and methods used in this dissertation to post-compress a
high-power Yb based laser and to build a laser suitable for spectroscopy of low energy
nuclear transition of 2°Th. Since optical resonators and MPCs are the backbone of
this dissertation, we examine the principles of these systems and their properties in
section 2.3. In section 2.4, we discuss key properties of nonlinear MPCs used for post-
compression of high peak power laser pulses.

2.1 Introduction to ultrashort laser pulses and wave equations

An ultrashort laser pulse is a coherent electromagnetic radiation that is confined in space
and limited to a short time interval. In this dissertation, an ultrashort laser pulse refers
to a pulse with a duration in the range from a few femtoseconds to a few picoseconds.
In this section, we briefly introduce the linear effects, such as dispersion and diffraction,
that are experienced by such pulses during propagation. The presented derivations
closely follows Refs. %657,

Maxwell’s equations provide a comprehensive description of electromagnetic fields.
For a non-magnetic dielectric medium, the Maxwell-Faraday equation and Maxwell-
Ampere equation can be written as:

B
V x E(nyz0) = 2 BE22Y 2.1)
ot
oD
Vo x B(xa.%zvt):(“()(J(x».yvzat)—i_W)v (22)

where E and B are electric and magnetic fields, D is the electric displacement field, J
is the current density, and  is the vacuum magnetic permeability. In this dissertation,
the main factor that contributes to the electric displacement vector is the polarization of
the medium, and the main factor contributing to the current density is the free charges
generated by plasma formation. The coupled equations (2.1) and (2.2) can be merged
in order to obtain equation (2.3):

0J(x,9,2,1) n 0% D(x,y,z2,¢)
ot o2 ’

\V& E(x,7,2,1) =V (V - E(x,7,2,1) = g, (2.3)




2.1. Introduction to ultrashort laser pulses and wave equations

In the Fourier domain, the electric displacement field can be written as:

D(x,7,2,0) = c0E(x,7,2,) + P(x,,2,0), (2.4)
and the polarization vector can be written as:

F’(;@y, Z,w) = F’L(x,y,z,a)) + ﬁNL(x,y,z,w), (2.5)

F’()@y, Z,w) = goz(l)ﬁ(x,y,zw) + ﬁNL(x,y, Z,0).

Where ¢, is vacuum electric susceptibility and ;((1) is first order susceptibility of medium,
PL and P/ are the linear and nonlinear components of the polarization vector. Using
equations (2.3), (2.4) and (2.5), equation (2.3) can be rewritten in the frequency domain
as:

w*n?(w) =

\%& E(x,y, z,w)—V (V- E(x,y,z,a))) + 5 E(x, 7,2 »)

(4

=, | — iwd(x,y,2,0) — wzﬁNL(x,y, z,w)|, (2.6)
where () is the refractive index of medium and c is the velocity of light in vacuum.

211 Propagation in vacuum

While propagating in vacuum, due to the absence of a dielectric medium, free charges
and currents, equation (2.3) simplifies to a homogeneous wave equation, which can be
written as:

) 1 0* E(x,9,2,¢)

V= E(x,y,2,1) 2 o =0. (2.7)
In order to simplify the mathematical formalism, in the context of this dissertation, let
us consider that the EM wave has a linear polarization. For a linearly polarized EM
wave, equation (2.6) can be written as a scalar equation by omitting vector fields. There-
fore, in the remainder of this chapter we continue to write scalar equations. From the
method of separation of variables, commonly used to solve partial differential equa-
tions, it is known that the solutions of homogeneous wave equations can be separated
into a temporal and spatial component. Therefore, the electric field can be written as
E(x,y,2,t) = Ei(x,y,2)E,(r). The equation (2.7) can therefore be written as:

(V* + k*)E(x,y,2) = 0, (2.8)
(Z ++02)E0) =0, (2.9)

where £ = |k| is the absolute value of the wave vector and » = cis the angular frequency
of the EM wave. When the EM wave propagates at small angles close to the optical axis
(i.e. k.z = k), equation (2.8) can be simplified further into a paraxial form, that can be
written as:

(Vi — 2z'/e§z ) E(x,y,2) =0, (2.10)

10



2.1. Introduction to ultrashort laser pulses and wave equations

where Vi = (% + g—fy is a component of the Laplace operator orthogonal to the op-

tical axis. Solutions to equation (2.10) are called Hermite-Gaussian modes. Most of
the effects discussed in this dissertation use the lowest order Hermite-Gaussian mode
(also known simply as Gaussian mode). However, in an enhancement cavity, higher
order Hermite-Gaussian modes also need to be considered. This is discussed in sec-
tion 2.3.2. The expression for the spatial beam profile of a Gaussian beam can be written
as:

wo 2 2

E(x,y,2) = Eo:% exp [_ wj;(z)} exp [_ thz = lkzﬁ(z)

where p = /x4y, E,, is the amplitude of the EM wave, and w(p) = wo\/1 + (z/2r)*

is the 1/¢* beam radius of the intensity profile of the Gaussian beam at position z.
The variable zzx = zwj/) denotes the Rayleigh length of the Gaussian beam, R(z) =
zv/1+ (z2r/z)? defines the curvature radius of the wavefront of the Gaussian beam and
y7(z) = tan~!(z/zg) is the Gouy phase.

The solution of the temporal part of the homogeneous wave equation (2.9) can be
written as E,(z) = Eo, exp(iwt), Where E,, is the amplitude of the electromagnetic wave.
Based on the principle of superposition, the sum of the monochromatic waves is also
a solution to equation (2.9). Hence, the temporal expression of a laser pulse can be
written as:

+z-;7(z)}, (2.11)

E,(t) = Ep(2) exp [z’(wot - @(t))], (2.12)

where E,(z) is the field envelope. For a Gaussian pulse, the expression for the field
envelope is Ey(z) = Ey exp (2 In2(zr — 10)2)/72) , Where 7 is the full-width at half-maximum

(FWHM) of the pulse duration, ¢, is the location of the center of the pulse in the time
domain, « is the carrier frequency, and ¢(z) is the time-dependent phase.

2.1.2 Propagation in a dielectric medium

When a pulse is propagated through a dielectric medium, the different frequency com-
ponents travel at different speeds, resulting in a frequency-dependent wave vector.
This phenomenon is called dispersion. To discuss this effect in more detail, let us as-
sume that the intensity of the pulse is low, such that the nonlinear polarization term
Pni(x,9,2,t) = 0. Also, let us assume that there are no free currents, i.e. the current
density term J(x, y, z, £) ~ 0. Hence, equation (2.3) can be written as:

V2 E(w,y,0rr) — LEEwR0) L O P50

2 Ot? £oc? Or? ’ (213)

where P (x,y,2,t) = e0yE(x,y,%,¢) is a linear component of the polarization vector, and
x is the electric susceptibility. The refractive index of the medium »(»w) = y/1+ y(») and
the wavevector £ is given by:

k= [R(n(w)) + iS(n(w))] =, (2.14)
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2.1. Introduction to ultrashort laser pulses and wave equations

where R(C) and 3(C) are the real and imaginary parts of a complex number C. The am-
plitude and phase of the pulse changes when it propagates through a dielectric medium,
which can be written as:

Ef(w) = Ex(w) exp [z’/e(w)z —x(w)z|, (2.15)

where E(w) is the initial electric field, Ef(w) is the electric field after propagating a distance
z, k() = R(n(w))2 and x(») = F(n())2. In order to distinguish the different effects that
contribute to the change in the phase of the electric field, we perform a Taylor expansion
of the wavevector k(w) around the carrier frequency, which can be written as:

/6((4)) :/€0+k1(w—w0)+%/€2(w—w0)2+ (216)

The 0™ order term ky = wy /¢, is called the phase velocity v,. The coefficient of the first-
order term, £, = (8/e/8w) \wo, defines the group velocity of the envelope of the electric
field, v, = 1/k;. When v, # v,, the electric field changes relative to the envelope of the
pulse during propagation. The coefficient of the second-order term k, = (9%*/0w*)|wo
is called the group velocity dispersion (GVD), which represent the rate of change of the
group velocity of each frequency component.

2.1.3 Carrier envelope phase and the frequency comb

Using equation (2.16), the carrier—envelope phase (CEP) can be defined as:

1 1

Pceo = 2a)[L< - >, (2.17)
Vg Up

where L is the length of propagation in a dispersive medium and w, is the center angular

frequency of the pulse. g~ provides information about the shape of the electric field

in relation to the envelope profile as shown in Figure 2.1.

Electric field (normalised)

Figure 2.1: Schematic of the electric field of a Gaussian pulse with .., = 0 (red), and
ocep = 7/2 (blue). The envelope of the electric field is shown with a black line. 7; is the
duration of one optical cycle.

The CEP plays an important role for a frequency comb laser. This is because, the
CEP, the repetition rate and each of the frequency comb lines in a frequency comb laser

12
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are related. The derivations in this section closely follow Refs.%%%°. The expression for
the j" comb line can be written as:

wj = wceo + 277 frep,

(2.18)
WCEQ = mOd(p;Ero) 27frep,

where wceo is the carrier envelope offset angular frequency, frep is the pulse repetition
rate, j is a positive integer and «; is the angular frequency of the j”‘ comb line in the
frequency comb. To understand the role of CEP in a frequency comb, we consider an
infinitely long train of equidistant coherent pulses separated by a pulse duration of 1/fep.
Let us also consider that the CEP is such that the electric field profile repeats itself after
a duration of 27 /wceo. The expression of the pulse train can then be written as:

E(r) = Ei2gdje et Il e, (2.19)

where 4; is the amplitude of the pulse. By performing a Fourier transformation of equa-
tion (2.19), the expression for the pulse train in the frequency domain can be written
as:

From equation (2.20), we observe that the pulse train forms a comb like structure in the
frequency domain, and the distance between the adjacent comb teeth is 2zf.ep. Hence,
an ultrashort laser with a stabilized wcro and frep is called a frequency comb laser. Fig-
ure 2.2 shows an illustration of a frequency comb laser as described by equations (2.19)
and (2.20).

(a)
At= 1/f
rep

ceo

ceo

—— AD — —2A0_ — —3A®

Electric Field (Norm.)

(b)

. W, — 21'n‘rep

Intensity (Norm.)

i “|||..;

Angular frequency (w)

Figure 2.2: An illustration of a frequency comb laser. (a) Temporal profile of the electric
field and (b) the intensity profile of the electric field in the frequency domain.
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From equation (2.18), we observe that the instability of wceo causes an uncertainty
in the frequency of the comb teeth. Each comb tooth also has a finite linewidth. The
instability of the wceo Of the laser effectively increases the linewidth of the frequency
comb. Therefore, a large instability of the frep and the wceo can render a frequency comb
laser unsuitable as a spectroscopy tool. Hence, stabilization of fep and weeo is crucial.
Alternatively, a laser can also be stabilized by locking to a stable reference continuous
wave (CW) laser. In this dissertation, the fre, of the high power ultrashort frequency comb
laser in section 4.2 is stabilized by locking to a stabilized CW laser at 1064 nm. The wceo
can be stabilized using the self referencing method 2. In this method, a laser spectrum is
first broadened using a nonlinear process called supercontinuum generation® in order
to generate an octave spanning spectrum. Then, the frequency of a lower frequency
comb line is frequency doubled and interfered with a higher frequency comb line in order
to obtain a heterodyne beat-signal, whose angular frequency can be written as°®:

Wpeat-signal = 25"] — W2,
= Z(C{JCEO + 271'j'frep) — (wCEO -+ 471'j.frep), (2.21)
= @CEO-

The heterodyne beat-signal is used stabilize the wcgg. A detailed description of the
stabilization of frep and wcgo of the high power ultrashort frequency comb laser discussed
in section 4.2 can be found in Ref.%".

The most common method for broad bandwidth operation and tuning of the wave-
length of the ultrashort frequency comb is to use supercontinuum generation®?. How-
ever, tunable-wavelength frequency comb lasers based on supercontinuum generation
are limited to a low average power per comb line. Therefore, a method for coherent
spectral tuning for high-power ultrashort lasers is needed. This problem is solved with
the serrodyne-frequency-shifting-method discussed in section 2.2.3, which provides an
effective way to tune the wavelength of high-power frequency comb lasers.

2.2 Nonlinear effects and methods

In order to understand the propagation dynamics of an ultrashort laser pulse, equa-
tion (2.6) can be solved using a finite-difference time domain method. However, such
calculations are computationally intensive and take a considerable amount of time. Hence,
we need to simplify equation (2.6) to reduce the computation time.

Let us assume that the electric field, current density and polarization vector are or-
thogonal to the direction of propagation. In this case V(V - E) = 0. The operator V? in
equation (2.6) can be expressed as 9/9%z + A%, where A3 = 9/0%*x + 3/5%y. In the fre-
quency domain, we can rewrite the operator A3 for an EM wave as a product of forward
and backward propagators, (0/9z+ inw/c) (0/9z — inw/c). These propagators represent
the EM waves that propagate along the optical axis in the forward and backward direc-
tion respectively. By assuming that the backward propagating component of the EM
wave can be neglected, the equation (2.6) can be rewritten as:

gﬁ(x,y, Z,w) = z'/e(w)f(x,y, z,0)+
2

A2 E(x, 9,2, 0)— #fl5:2 ) +— (x5, 2,0).

2k(w) n(w)c n(w)c
(2.22)
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In contrast to equation (2.6), equation (2.22) can be solved using a computationally less
intensive finite difference method, such as the Euler method. Since the backward prop-
agating component of the EM wave is ignored, equation (2.22) is called the forward
Maxwell equation. In the remaining part of this section, the nonlinear effects that con-
tribute to the polarization vector PNt and the current density / are discussed. The Taylor
expansion for the nonlinear polarization term PNt can be written as:

PN(x,9,2,2) = oy D EX(x, 3, 2,£) + oy D E (%, 9, 2,) + ... (2.23)

Inan EM wave, E(x, 5, 2,¢) o ¢“*. Hence, the nt" order term of the perturbation expansion
in equation (2.23) is proportional to ¢##*. Thus, each of the terms in the Taylor expansion
for the nonlinear polarization term are responsible for the production of harmonics of the
initial frequency ». We also note that, since equation (2.23) is a Taylor expansion, each
successive term typically comprises a decreasing amplitude with increasing nonlinearity.
Hence, in the presence of large electric fields, equation (2.23) is no longer accurate.
This is because when the electric field strength is in the order of the coulomb forces
exerted by the nucleus on the valance electron, the dipole response of the atom can no
longer be describe by a Taylor expansion. In the presence of such large electric fields,
high harmonics of the initial frequency are produced by a process known as HHG. An
intuitive picture of HHG in monoatomic gases, which can explain the main character-
istics observed in experiments, was presented by Paul Corkum®3, complemented by
a quantum-mechanical model by Maciej Lewenstein®. The process of HHG can be
described briefly in three steps as:

« Step 1: An atom is ionized by an intense laser field.

» Step 2: In the electromagnetic field of the laser, the electron accelerates. Since
the electric field of a laser oscillates, the electron returns to the ion.

» Step 3: The electron and ion recombine and the excessive energy that the electron
possesses is released as a photon.

A quantitative description of the HHG process can be found in Ref.%4. In this dis-
sertation, we take steps to develop a VUV laser by ultizting 7" harmonic generation
of a 1030 nm high power driving laser in a gas in section 4.4. However, 7" harmonic
generation is located in the region that is in-between the perturbative process described
by the Taylor expansion and the quantum mechanical model used to describe the HHG
process, a regime which still lacks in-depth exploration®°.

2.2.1 Self phase modulation

The atoms of a solid or gas get polarized in the presence of an intense electric field. In
an isotropic medium, the second-order electric susceptibility os: ;((2) = 0. As a result,
we do not observe SHG or OPA in an isotropic material. The next significant contribution
is therefore the macroscopic 3™ order polarization term, which causes SPM. When an
intense ultrashort pulse travels through a medium, it will induce a varying refractive index
due to the macroscopic 3™ order polarization term. This varying refractive index, also
known as the optical Kerr effect, can be written as:

1
n(x,y,2,t) = ny + n25£06n0|E(x,y,z7 t)|2, (2.24)
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where 7y = y/1+ y, and the nonlinear refractive index coefficient n, = 3y®) /4eocn.
The varying refractive index in return influences the pulse by introducing a nonlinear
phase ¢, that is dependent on the intensity of the pulse, and can be written as:

@SPM(x’y’ 2, t) = ¢mm[ (x’.)” 2, t) - Sphhmr(x’.y’ 2 t)’

Popp (%, 9,2, 1) = [wot — k(x,9, 2, wo)z] — [wot — ko (a)o)z] )

(2.25)
=g [ko(wo) — k(x, 9,2, wo)] ,

2
_ _Tr2ko |E(x, 7, 2, t)]zz.
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Figure 2.3: Schematic of pulse post-compression: DCMs dispersion compensating mir-
rors. The figure shows that a Fourier limited Gaussian pulse (a) acquires spectral com-
ponents in the presence of SPM (b). The spectrally broadened pulse (c) is compressed

(with a compressor made of e.g. dispersive mirrors) to obtain a post-compressed pulse

(d).

2.2.2 Pulse post-compression

Post-compression refers to a process of compressing the temporal duration of a pulse
below the fourier limit (FL), which is defined by the spectral bandwidth. SPM is an
extremely useful process for post-compression because the nonlinear phase imprinted
by SPM increases the bandwidth and thus reduces the achievable pulse duration to a
value below the initial FL.

Figure 2.3 shows an illustration of the post-compression process. In Figure 2.3 (a),
we see the electric field of a Gaussian pulse entering a nonlinear medium. SPM in
the nonlinear medium causes the pulse to acquire the nonlinear phase ¢, defined by
equation (2.25). This nonlinear phase is shown in Figure 2.3 (b). The instantaneous
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frequency components of the pulse are obtained by taking the derivative of the phase,
as shown in the bottom plot in the panel in Figure 2.3 (b). Due to the nonlinear phase
acquired by the pulse, the spectrum broadens, and the FL of the pulse decreases. As
shown in Figure 2.3 (c), the leading part of the pulse contains the lower frequency com-
ponents of the electric field, and the trailing part of the pulse contains higher frequency
components of the electric field. It should be noted that the duration of the pulse remains
almost the same as the input pulse. However, the temporal duration of the pulse can vary
depending on the setup of the experiment. Then the pulse can be compressed using dis-
persion compensating mirrors (DCM) or a grating compressor and a post-compressed
pulse can be obtained, as shown in Figure 2.3 (d).

When a pulse propagates in a medium, while SPM causes the spectrum to broaden,
the linear properties of the medium, such as dispersion and diffraction, also play a critical
role in determining the spectral broadening process.

The dispersion of the medium can contribute to a phase that influences the tempo-
ral duration of the pulse, as described in section 2.1.2. When the pulse experiences
normal dispersion, the pulse gains a spectral phase due to the GVD of the medium.
For long propagation distances in a dispersive medium, dispersion leads to a longer
pulse duration, thereby reducing the peak intensity of the pulse. The reduction of the
peak intensity of the pulse leads to a reduction in the nonlinear phase acquired due
to SPM®6:67 Therefore, we will see ineffective post-compression. On the other hand,
when the pulse experiences anomalous dispersion, the pulse gains a spectral phase
that can compensate the spectral phase acquired by SPM. This can lead to pulse com-
pression while the pulse undergoes spectral broadening, which effectively increases the
nonlinear phase acquired by SPM when propagated further®®9, It should also be noted
that, depending on the experimental setup and the nonlinear medium used for spectral
broadening, it is also possible that the pulse accumulates an excessive negative chirp
when propagating in medium providing an anomalous dispersion, leading to a longer
temporal pulse duration and thus a decrease in the nonlinear phase acquired by SPM.
In arecent work by N. Daher et al, the authors have used a negatively chirped input pulse
in a post-compression setup to obtain a narrower output spectrum’?. The management
of dispersion is therefore important for effective post-compression.

The nonlinear phase introduced by SPM causes focusing of the pulse in the trans-
verse dimensions and can lead to filamentation if the peak intensity at the focus is greater
than the critical intensity®®. Therefore, the management of diffraction is important for
effective post-compression. In order to reduce undesired diffraction, a guiding struc-
ture such as a waveguide, a capillary or a quasi-guiding structure is used during post-
compression. The quasi-guiding structure used for post-compression in this dissertation
is an MPC. The properties of MPCs are discussed in detail in section 2.3.3. We choose
an MPC in this dissertation because it has several advantages compared to other guid-
ing/ quasi-guiding structures available for post-compression such as a dispersion con-
trol, high efficiency and an ability to build a smaller setup size for large compression
ratios’"7273_ The advantages of using MPCs compared to other guiding / quasi-guiding
structures available for post-compression are discussed in detail in section 3.1.

2.2.3 Serrodyne-frequency-shift

The serrodyne principle states that applying a linear phase in the time domain for a given
signal leads to a shift in frequency. Raymond C. Cumming first explained this principle
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Figure 2.4: Schematic of the frequency shift of an ultrashort pulse using serrodyne
principle. The figure shows that the waveform of a pulse (a) is tailored to a triangu-

lar shape approaching a sawtooth profile (b). The spectral components of the tailored
pulse (b) undergo a frequency shift in the presence of a nonlinear medium via SPM (c).
The spectrally shifted pulse (d) is filtered to remove undesirable spectral components
and compressed to obtain a spectrally shifted pulse (e).

in his seminal paper in 1957 7*. In this paper, Cumming used the method for the transla-
tion of amplitude and frequency-modulated waves in the radio frequency (RF) spectrum.
Shortly after Cumming’s paper, in 1959, H. Scharfman and F. J. O. Hara introduced the
serrodyne principle in the microwave domain of the EM spectrum’®. With the advent of
electro-optic modulators (EOMSs), the serrodyne principle was also applied by K. Wong
and S. Wright in the optical domain to CW lasers in 19817, Over the last two decades,
the frequency of CW lasers has been shifted by a few GHz using the serrodyne princi-
ple’7-7879.80 |n all of the above works, a direct linear phase modulation was used to shift
the frequency of the EM wave. However, the application of a direct phase modulation to
a laser pulse with high peak and high average power is not feasible with devices such
as EOMs. Furthermore, in this dissertation, we need to shift the frequency of a laser by
several THz, in order to cover the energy range of the low energy nuclear transition of
229Th32, Hence, here we extend the serrodyne principle by translating an ultrashort am-
plitude modulation via SPM into a phase modulation, thereby reaching a much steeper
modulation ramp and thus a larger frequency shift.

Figure 2.4 illustrates the serrodyne-frequency-shift process for an ultrashort pulse.
In Figure 2.4 (a), a pulse enters a pulse shaper that tailors the electric field. Figure 2.4 (b)
shows a pulse, whose intensity profile is approximately tailored to a sawtooth profile. We
here consider for simplicity that the intensity profiles of the leading and trailing sides of
the pulse have a linear slope. Figure 2.4 (b) shows a sawtooth pulse with most of the
pulse energy located on the trailing side of the pulse. We consider the medium provides
a net zero dispersion to avoid the change in shape of the waveform during pulse propa-
gation. Due to the SPM in the medium, both the leading side and the trailing side of the
electric field acquire a linear phase in time, as shown in the panel in Figure 2.4 (c). The
derivative of the phase plotted in the panel in Figure 2.4 (c) shows that both the leading
and the trailing parts of the pulse acquire a frequency shift. We note that the leading
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side of the pulse receives a negative frequency shift, know as a red shift, and the trailing
side of the pulse receives a positive frequency shift, also known as a blue shift. This
is illustrated in Figure 2.4 (d). Since most pulse energy is located on the trailing side,
we find that most frequency components of the pulse contain the blue-shifted frequency
components. Thus, by filtering unwanted spectral components present in the leading
side of the pulse and then compensating the undesired remaining spectral phase with
dispersive optical elements, we can obtain a frequency-shifted pulse, as shown in Fig-
ure 2.4 (e).

Similar to pulse post-compression, the management of dispersion is crucial for the
effective shifting of the frequency of a pulse. The reason for this is that the dispersion
can distort the waveform of the pulse from a sawtooth shape, leading to an ineffective
frequency shift. The ideal landscape of dispersion for a serrodyne-frequency-shift is the
absence of dispersion. This is a crucial aspect that needs to be taken into account when
designing the guiding / quasi-guiding structure used to support pulse propagation in the
medium that provides SPM. In guiding structures, such as capillaries or hollow core
fibers, material dispersion typically prevents zero dispersion. An MPC, on the other
hand, can provide a net-zero dispersion characteristic by using dispersion-engineered
optical elements. Therefore, the MPC is a crucial element in the experiment setup re-
quired for serrodyne-frequency-shift.

In order to achieve the maximum efficiency through the serrodyne-frequency-shifting
method, the corresponding slanted side of the tailored waveform should contain the
maximum pulse energy. This would mean the opposite side should have the lowest en-
ergy possible, i.e., a steep edge. However, an ultrashort pulse with a very steep edge
would produce frequency components during the serrodyne-frequency-shift, which are
far from the frequency components of the initial frequency of the pulse. Therefore, while
choosing the steepness of the steep edge of the pulse, we need to consider that the
guiding/ quasi-guiding structure used to support the medium that provides SPM also
ideally supports all the required frequency components generated during the serrodyne-
frequency-shift, while fulfilling a net zero dispersion requirement for all frequency com-
ponents during the pulse propagation. If not all frequency components generated dur-
ing the serrodyne-frequency-shift are supported by the guiding structure, the intensity
profile of the pulse will change during propagation, limiting the efficient of the serrodyne-
frequency-shift. For example, technological limitations make it impossible to find mirrors
with infinite spectral bandwidth in an MPC. Therefore, the temporal pulse shape needs
to be optimized taking into account bandwidth and dispersion characteristics of the wave
guide of the MPC.

In this dissertation, we use the serrodyne-frequency-shift to develop a wavelength-
tunable driver laser for VUV generation discussed in section 4.3.

2.3 Basic properties of an optical resonator

Optical cavities (also know as resonators) are essential tools used in this dissertation. In
an optical cavity, a pulse can be confined, leading to clearly defined modes in spatial
(also referred to as transverse) and / or temporal (also referred to as longitudinal) di-
mensions.

The ray transfer matrix formalism (also known as ABCD matrix formalism) offers a
simple approach to derive the conditions necessary for the formation of a cavity. Fur-
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thermore, the ray transfer matrix helps us to understand the similarities and differences
between different cavities. The derivation of the stabity condition for a resonator in this
section closely follows Ref.8'. Consider an optical resonator described by the following
general ray transfer matrix:

4 B

M:CD'

(2.26)

where the matrix M is normalized such that determinant |M|=1 (i.e. AD — BC=1). In
order to derive the stability conditions for a resonator, we solve for the eigenvalues of
matrix M using the equation: MI=m,, 1, where | is a second order identity matrix and
m; , are the eigenvalues. The eigenvalues m,; , can be written as:

A+D A+D
D, fAt
2 2

Let us consider the case where |4 + D| <2. In this case, we can write (4 + D)/2 =
cos(d), where ¢ is an angular variable. The eignvalues m; , can be written as:

mq2 = )2 -1 (227)

M1 2 = cos(f) + isin(g) = 7. (2.28)
The displacement vector r, of a ray after making n round trips in the resonator can
be written as:

r, = Cll'lc’mﬁ + Czrzé’_mg, (229)

where ry, are the eigenvectors corresponding to the eignvalues m4,, and ¢4, are
constants. Equation (2.29) can be written as:

r, = r,cos(nf) + r,sin(nf), (2.30)

wherer, = (ar +ar,)/2 and r, = i(ar —cr,)/2. From equation (2.30), we observe
that the maximum value of the displacement vector has an upper limit of r, +r, and is
independent of the number of round trips thorough the optical resonator. Hence, when
the condition |4+ D| < 2 is fulfilled, the ray matrix M represents a stable optical resonator
that can support transverse modes.

A complex parameter q, which is useful to derive the properties of the beam in a
resonator, such as the radii of curvature of the wavefront of the optical beam R(z), and
the beam size w(z), can be written as®?:

1 1 A
- = —1i 2.31
g R(2) 'on w(z)?’ ( )
where 1 is the the wavelength of the transverse optical mode and n is the refractive
index. To derive the transverse properties of the optical beam, we can use the fact that

for certain eignmodes, the q parameter for a cavity would repeat after a round trip®?,

which can be written as:
q| _ q
[1] _MH (2.32)

In the remainder of this section, we discuss the longitudinal and transverse modes
formed in Fabry-Pérot cavities, enhancement cavities and MPCs.
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2.3.1 Fabry-Pérot cavity

A Fabry-Pérot cavity is an optical cavity formed by two parallel optical surfaces. The
Fabry-Pérot cavity is one of the first optical cavities described in the literature. Charles
Fabry and Alfred Perot have investigated Fabry-Pérot cavity in two seminal papers in
18998384 The derivations in this section closely follow Ref.%%. To understand the prop-
erties of a Fabry-Pérot cavity, let us consider a cavity formed in an etalon of thickness
/, whose ray transfer matrix can be written as:

1/
0 1] . (2.33)
We observe that the ray transfer matrix of an etalon satisfies the stability condition as
|4 + D| = 2. However, the cavity is on the edge of the stability zone, which means
that stable mode formation cannot be guaranteed. Let us consider that the surfaces of
the etalon have a reflectivity of Ry, R, for the intensity. When an ultrashort pulse Ej, ()
enters the resonator formed by the etalon, the electric field in the etalon (Egtaon(w)) and
the electric field transmitted through the etalon (Eiansmitted-etalon (#)) can be written as:

Eetalon (a)) = FEin ((4)), /(1 — Rl) [1 + /R17R2€Z¢(w) + ( /RIRZ)ZEZZ'SD(M) + ]7

2.34
Eiransmitted-etalon (50) = Ein (0)) \/(1 - Rl) \/(1 - RZ)Eetann (a)), ( )

where ¢(w) is the phase shift experienced by the electric field after one round trip. This
phase shift includes the phase accumulated during propagation and also the dispersive
effects of the reflective coatings. The term ¢(w) can be written as:

P(0) =20~ + p,(®), (2.35)

where ¢ (») is the dispersion due to the medium and the dielectric coatings. Equa-
tion (2.34) can be written as:

(1—Ry)
Eetalon(«) = Ein ((’-’)1 _ \/}mle‘?’(“) ) (2.36)
\/(1—R1)\/(1—R2). -

FE itted- w) = Ein(w -
transmitted etalon( ) m( ) l_mg@(w)

Hence, the intensities of the electric field in the etalon (Zetai0n(») and of the electric field
transmitted through the etalon i ansmitted-etalon () are given by:

(1—Ry)
(1 — VRiR,)? + 4/R iRy sin® p(w) /2
L (©) = In(®) (1—R)(1— R2)
transmitted-etalon — 4in (1 — \/m)z I 4\/MSin2 ¢(a))/2.

From equation (2.37), we note that when ¢(») = 2mz (Where m is a positive integer),
Tiransmitted-etalon (“)> reaches a maximum, and when @(5‘)) = (2m + 1)7f= Tiransmitted-etalon (“))
reaches a minimum. Hence, the Fabry Pérot cavity acts as spectral filter. The two
maxima of iansmitted-etalon (#) are separated by a frequency spacing dwisr = 2//c, which

Letalon (&)) = Iin (0))

(2.37)
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is called the free spectral range. The frequency interval wpwum, Which corresponding to
an FWHM of a peak of 1,,,,mised—ctaion (@) iS given by:

SwpwhM = 4sin~! (1_7 M) ‘o (1_7 M)% (2.38)
2\/VRR, ! VVRIR, /!

The ratio of the frequency interval dws; and dwpwhm is called Finesse %, and is given
by:

. 3&)[ . 7ZR1R21/4
dwpwim 1 — VRIR,

a7

(2.39)

2.3.2 Enhancement cavities

An enhancement cavity is a resonator in which the electric field can be enhanced by sev-
eral orders of magnitude by using the temporal and spatial confinement of EM radiation.
A typical high average power frequency comb laser, such as the one described in this
dissertation in section 4.2, delivers ultrashort pulses with »J pulse energies and several
tens of Watts of output power. With these parameters, it is not possible to achieve the
intensities necessary to generate high-order harmonics for VUV production. Hence, an
enhancement cavity is a critical tool to increase the intensities of ultrashort pulses. An
introduction of the applications of enhancement cavities in the context of this disserta-
tion is discussed in section 4.4. The derivation of the properties of an enhancement
cavity in the remainder of this section closely follows Ref.°°. In order to understand its
properties, let us consider an enhancement cavity as shown in Figure 2.5.

IC HR

> HR

HR
HR

HR

CM CM

Figure 2.5: A schematic of an enhancement cavity built with 8 mirrors. HR: high reflec-
tion mirror with low losses, CM: curved mirror, IC: input coupler.

Consider R; as the reflectivity of the input coupler, and 7; as the transmittivity of the
input coupler. And let R,, be the effective reflectivity of the remaining optics in the cavity.
The electric field in the enhancement cavity Eec.cavity(«), and the reflected electric field
at the input coupler Eg.ef can be written as:

Eec-cavity (@) = \/;Ein(“))\/f'[l + V/RiR,ePec) 4 (v RZ'Rm)2€ZZ¢e°(w) + (v RZ'Rm)3€3l¢ec(w) + ]a
Eec-ref(w) = _\/;‘Ein V R; + \/;Ein (50) 1; [ V Rz‘Rmé’i%c(a)) + (\/ Rz’Rm)2€ZZ¢e°(w) + ] )
(2.40)
where ¢, (») is the phase shift of the the electric field after propagating one round trip

in the cavity. In order to take into account the fact that the spatial profile of the input
laser beam and the cavity are not always perfectly aligned, we introduce a parameter «
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2.3. Basic properties of an optical resonator

in the equation (2.40). The value of « varies between 0 and 1, where « = 1 corresponds
to the case where the transverse profile of the input laser beam is perfectly matched to
the cavity eigenmode. The expressions for the electric fields Eec cavity and Egc.ref CaN be
rewritten as:

VT
Eec-cavity (@) = VaEin (@)1 — \/mel-%c(w) ) 241)
VR, Tie?@) — \/R; '

Eecref(w) = ﬁEin(“)l — JRR,, Ti¢%®

The corresponding intensities of the electric fields Zec.cavity and Zec.ref Can be written as:

T:
Toc-cavity(@) = a1
socaty(©) = &l ) R+ AV ER, i pog(w) /2 (242)
I ( ) —al ( )(\/FZ_ \/Rm)2+4\/Rl'RmSin2 @ec(w)/Z )
ceref\ ) N (I Z VRR,,)? + 4/R.R,, sin® g ()/2 ]
where the phase shift o () is given by:
@
Pec(@) = —L+ @ (@), (2.43)

where L is the round-trip length of the enhancement cavity and ¢, is the phase shift
due to dispersion in the cavity. Similar to the Fabry Pérot cavity, the intensity of the
electric field in the enhancement cavity Zec.cavity reaches maximum when ¢ (») = 2m,
and reaches minimum when ¢ (») = (2m + 1)z. Therefore, the enhancement cavity
provides enhancement for certain spectral components within the enhancement cavity
that satisfy o, .(») = 2m=z. The free spectral range dwec.tsr Of @an enhancement cavity can
be written as:

Iwecfsr = ZTWC (2.44)
Hence, by choosing the length of the enhancement cavity such that dwec.tsr = 27frep,
we can ensure that all comb lines of a frequency comb laser are enhanced within the
enhancement cavity. It should be noted that the dispersion inside the cavity can pre-
vent the enhancement of all comb modes simultaneously as the phase term defined in
equation (2.43) becomes frequency dependent. The expression for finesse of an en-
hancement cavity is given by:

7(R:R,)V4
® " 1-VRR,, (2.49)

In this dissertation, the enhancement cavity built later in section 4.4 consists of an input
coupler with a reflectivity of 98.5083 % and seven highly reflectivity mirrors with a re-
flectivity of 99.9975 % at 1030 nm center wavelength. The theoretical finesse expected
for this cavity in vacuum is 413.2. Since one of the primary uses of an enhancement
cavity is to enhance the electric field of a given laser, it is much more useful to rewrite the
Finesse of enhancement cavity (.%#¢c) in terms of losses of optical elements. Let £, and
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Lcavity denote the losses in the input coupler and all other mirrors in the enhancement
cavity. The expression for .%c in terms of losses of optical elements can be written as:

P 7(RiR,)V4
ec — 1— /7R;‘Rm’

7[((1 — Ez‘)(l — [:mvz'ty))l/4

1— \/(1 - El)(l - Emvz’ty)
- (2.46)
‘1 - (1 - %(‘Ci + »Ccavity))‘ ’
27
‘(ﬁi + Leavity)
_
L]’

)

where £ = L+ Lcavity represents the total loss due to all optical elements in the enhance-
ment cavity. In order to measure the Finesse (%) of the enhancement cavity, an easy
approach is to rapidly sweep a cavity mirror away from the resonance (the sweeping
would have to be performed much faster than the life time of the cavity). In this case,
the intensity of the electric field in the cavity decays exponentially over time and the
decay constant can be used to calculate .%¢;. Let us assume that an energy of &(¢)
is stored in the enhancement cavity when a particular mode is in resonance and then
the cavity is swept away from resonance. The energy loss during a round trip would be
L& (¢). Thus, the energy loss per unit time would be L& (¢)c/L. Therefore, the expression
of energy in the enhancement cavity as a function time can be written as:

08 (t)
ot

1
=—-&

~6(0)
= —Li6()

L )

27w ¢
— —-&
Ferl” V)
_ dwec fsr é"(t),

Fec

(2.47)

where 7 is time constant of decay. The expression for 7 in terms of loss of intensity per
round trip £ and wecsr Can be written as:

27
Lwec-fsr ( )
Hence, the finesse of the enhancement cavity .%. can be written as:
2wTe
Fec = T (2.49)

In contrast to a Fabry Pérot cavity, the enhancement cavity allows the confinement of
the electric field in the transverse dimensions. This leads to transverse modes. In this
dissertation, the enhancement cavity is based on spherical and planer optics. Therefore,

24
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under paraxial approximation, the transverse modes supported by the enhancement
cavity are the Hermite-Gaussian modes, which can be written as®°:

Eypn(x,9,2,0) = E(w)U;(x, z,0) Uy (x, 2, w)e_lkz, (2.50)

where U, (x, z,») is given by:

1/2 1/2 i m/2 =
Un(x,2,0) = ( V2/m > (4(@) <— 1 (z)) H, <\ﬁx>€_2q(z)’ (2.51)

27 mlwy q(z) q(2) w(z)

where ¢(z) is the 4 parameter of the beam within the cavity, w(z) is the beam waist, H,, is
the Hermite polynomial of order 7, and /, m are integers. The parameters ¢(z) and w(z)
can be obtained by solving equation (2.32). We note that the ray matrix is different in
the two orthogonal axes of the transverse plane of the cavity shown in Figure 2.5. This
is due the different angles of incidence in the two orthogonal axes, x, y, in the transverse
plane. Therefore, the waist, the radii and the Gouy phase of the beam differ along the
orthogonal axes of the transverse plane. Furthermore, the constants A and D would
have to satisfy the constraint |4 + D| < 2. Therefore, by using this condition, we can
find the range of values for the separation of focusing mirrors for which we can observe
a stable operation point. This range of values for the separation of focusing mirrors is
known as the stability range of the cavity.

In order to understand the change in beam waist in an enhancement cavity, let us
consider an enhancement cavity at 1030 nm center wavelength (as developed within the
framework of this dissertation and discussed in section 4.4), and consisting of a planar
input coupler mirror, 5 plane mirrors and 2 focusing mirrors with radii of curvature 150
mm and 200 mm. Let us consider that the input laser coupled into the enhancement
cavity has a repetition rate of 65.3 MHz, which corresponds to an enhancement cavity
length of 4.591 meters. Let use choose the incidence angle on the focusing mirrors to
be 3 degrees. It is necessary to choose a small incidence angle at each of the focusing
mirrors as astigmatism and other aberrations will arise at larger incidence angles leading
to a larger effective beam waist at the focus. Figure 2.6 shows the waist and radii of the
laser beam for this enhancement cavity, that is calculated using the ray matrix formalism.

Based on the Figure 2.6, we note that it is beneficial to choose a stability point closer
to the edge of the stability range of the enhancement cavity, as this allows us to achieve
a higher peak intensity, which is necessary for HHG. However, we should also note that,
in this region, it also much more difficult to mode-match the laser beam to the cavity due
to different beam waists along the two orthogonal axes, x, y, of the transverse plane.
During our experiment in section 4.4, we choose the separation of the focusing mirrors
close to the stability edge.

Using the ray matrix formalism and equation (2.50), the phase accumulated within
one round trip through the cavity for a Hermite-Gaussian mode Em(x,y,z,w) can be
expressed as®°:

1 (4 ial + D i
@ = L+ (m + 2)SGN (Biangental) cos ™ < tangental 7 mgenﬂeﬂ)
Asagittal + Dsagittal>

2

(2.52)

1 _
+ (2 + E)Sgn(Bsagittal) cos™! <
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Figure 2.6: (a) The beam waist at the focus and at the 150 mm curved mirror in the en-
hancement cavity as a function of separation between the focusing mirrors. (b) The
beam waist in the enhancement cavity as a function of position in the cavity, with a
fixed separation of 17.6 cm between the focusing mirrors. The starting point of refer-
ence is the 150 mm focusing mirror.

where Atangential(sagittal)s Btangential(/sagittal) @Nd Dtangential(/sagittaly @re the ray matrix coeffi-
cients for the tangential (/sagittal) axis of the cavity. From equation (2.52), we find that
the phase shift for Hermite-Gaussian modes of different orders is different, reflecting
the impact of different Gouy phase shifts on different modes. Consequently, the cavity
resonance conditions depend on the mode order, i.e. different modes are resonant with
different cavity lengths. Therefore, the length of the cavity acts as a mode filter, allowing
only certain modes to be coupled into the cavity.

It should be noted that additional spatial phase shifts can occur when the cavity is
operated with an ultrashort pulse of high intensity. For example, the intracavity plasma
or thermal deformation of the mirror can contribute to additional phase shifts.

2.3.3 Multi-pass cells

An MPC is an optical cavity that is able to confine transverse eigenmodes of EM ra-
diation for a select number of round trips. The first seminal papers on MPC patterns
were written by D. Herriott, H. Kogelnik, R. Kompfner, and Harry J. Schulte®%’. In
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the following decades, MPCs have become a standard tool for increasing the length of
the interaction path between laser and samples in absorption spectroscopy®®2°. In re-
cent years, the interest in MPCs has gained immense momentum in the field of spectral
broadening®®°9?_ In this dissertation, we use MPCs for post-compression discussed
in sections 3.1, 3.2, and for serrodyne-frequency-shifting discussed in section 4.3.

The design of the MPCs used in this dissertation is based on the commonly used
Herriot configuration with two focusing mirrors. In addition, noble gases or fused silica
plates are also used to provide the nonlinearity required for spectral broadening and
frequency-shifting. The laser beam is mode-matched to an eigenmode of the MPC with
a telescope. The beam is then coupled to the MPC via a rectangular pick-off mirror.
After the target number of round ftrips, the laser beam is out-coupled with the same
pick-off optic. However, in MPC-2 of section 3.1.2, a small mirror is installed to out-
couple the beam after a selected number of round trips in order to limit the losses for
the propagating broad-band pulse. This is discussed in detail in section 3.1.2

Since all experiments in this dissertation relate to a laser beam with Gaussian spatial
beam profile, we limit our discussion to the calculation of Gaussian eigenmode of an
MPC. For simplicity, we also assume that the refractive index of the medium between
the two focusing mirrors is uniform. This means that the eignmode calculated in this
section only applies to a gas-filled MPC. In this section we do not derive the eignmode of
an MPC with a bulk-based medium, as it is tedious to derive analytically. The derivation
in this section follows A.-L. Viotti et al.”" closely. The ray matrix for the MPC, which
supports N round trips, can be written as:

o [ | P 6 s

where L is the distance between two MPC mirrors, and R is the radii of curvature of the
mirrors. By writing C = L/R, the ray transfer matrix can be rewritten as:

1-C RC(1-— C/Z)]N (2.54)

M= [—2/1{ 1-C
For a pulse mode-matched to the eigenmode of an MPC, the 4 parameter should remain
the same after each round trip. We can thus simplify the ray matrix in equation (2.54)
with N = 1. Therefore, the 4 parameter can be written as:

gl _ [1-C RC(1-C/2)| |q
H B {Z/R 1-C 1 (2:59)
By solving equation (2.55), we find that 4 = —%/C(C — 2). From the 4 parameter, the

beam waist and intensity of the laser beam in the MPC can be written as’":

2.
2P 4P (2.56)

)
Tw (z) R}\/7+4zz\/ 2—0)’

RC(2—C)
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where z = 0 denotes the center of the MPC, and P is the peak power of the ultrashort
laser pulse. An in-depth description of an MPC based on Herriot configurations can be
found in Ref.”".
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Figure 2.7: (a) An illustration showing a Venn diagram of optical cavities with longitu-
dinal and transverse optical modes. This figure also shows a few applications of (b) a
Fabry Pérot cavity, (c) an Enhancement cavity, (d) and (e) an MPC enabled by the tem-
poral / spatial confinement of optical fields.

Unlike a Fabry Pérot cavity and an enhancement cavity, an MPC does not provide
spectral filtering or enhancement of the spectral components within the cavity. This is
because an MPC does not support longitudinal modes. However, the existence of spa-
tial modes provides a quasi-guiding property for pulses passing the MPC. This property
is useful to prevent the Kerr-induced beam collapse and at the same time useful to ac-
cumulate large B-integrals. Hence, MPCs are ideal for post-compression. Section 2.4
discusses the nonlinear properties of an MPCs, which are useful for spectral broadening.
Another advantage of the MPCs is that they enable flexible dispersion control. Disper-
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sion management is possible by using selective dispersion coatings for dielectric mirrors
and by inserting dispersive optical elements into the MPC. In this dissertation, we use
the advantage of dispersion management to perform serrodyne-frequency-shifting, as
discussed in section 4.3. An overview of the various features of the Fabry Perot cavity,
Enhancement cavity and MPC are shown in Figure 2.7.

2.4 Nonlinear multi-pass cells

Similar to most pulse post-compression schemes available today, spectral broadening
in an MPC is performed using SPM in a bulk material (the commonly used material is
fused silica) or in a gas medium. Followed by spectral broadening, the spectral phase
is removed using DCMs to obtain the high intensity ultrashort pulse close to its FL, as
depicted in Figure 2.3.

The two important aspects that we need to take into account when designing an MPC
for nonlinear applications are the nonlinear phase accumulated in MPC and the intensity
of the pulse on the optics. The nonlinear phase accumulated in an MPC is limited by
the critical self-focusing of the pulse, which could lead to filamentation. The B-integral
quantifies the nonlinear phase that accumulates in an MPC. On the otherhand, the in-
tensity of pulse on the optics is typically limited by the laser-induced damage threshold
(LIDT) of the MPC mirrors (quantified usually by the fluence). In this section, we discuss
the limits on B-integral and fluence that we consider when designing an MPC. Both pa-
rameters depend on the MPC configuration. In this dissertation, we restrict ourselves
to Herriot-type MPCs based on two concave mirrors facing each other. The derivations
presented in this section follow closely Ref.”".

2.41 Limitations on fluence

From the ray matrix in equation (2.55), we find that in an MPC, the mirror distance L
must satisfy 0 < L < 2R in order to fulfill the stability condition of an optical cavity.
In an MPC-based on Herriot type configuration, several periodic patterns are possible
within this range of values for L. If the laser beam enters and exits the MPC at the same
position after N round trips, the angle advance per round trip £ can be written as:

& =27k/N, wherek=1,2,...,N—1. (2.57)

The integer £ can be used to identify the distance between mirrors L for a given R and
N as:

% =1— cos(7k/N) (2.58)

By using equation (2.56), the expressions for beam waist (w,,) and fluence (F,,) on the
concave mirror can be written as’>:

R | C R2
g oo 2E 26 [2-C_2E 1 (2.60)

mw? R c R tanzk/2N
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2.4. Nonlinear multi-pass cells

Where E is pulse energy and A is the center wavelength of the pulse. For an MPC with
mirrors of a given radii R and number of round trips N, the lowest fluence occurs for the
case of k = N — 1. For large values of N, we find that £/N ~ 1. In this case, the beam
waist and the fluence on the mirror are given by the following expressions:

w,, = 2RAN/ (%)
F,, = 7E/RIN

In addition, for bulk based MPC, we have to consider the fluence on the AR coating
of the bulk material, which is typically placed at the focus position in the center of the
MPC. While the fluence at the focus is typically higher than at the dielectric mirror, we
have to note that bulk-based MPCs are used only in the context of laser systems with
low pulse energy. For the high average power frequency comb laser system used in this
dissertation, the pulse energy is ~ 1.2 xJ. Hence, the fluence on the AR coating is < 10
mJ/cm?, which is much below the fluence specified by the manufacturer.

We note that as the length of MPC L gets closer to the stability edge (2R), we can
accommodate more round trips, and the beam waist at focus of MPC becomes smaller.
This would increase the B-integral per round trip. The B-integral can be reduced by
adjusting the nonlinear medium in the MPC (by reducing the gas pressure in MPC).

(2.61)

2.4.2 Limitations on B-integral

The nonlinearity that the pulse experiences in an MPC can be quantified by the B-
integral. There are several ways to define a B-integral for a pulse propagating through a
nonlinear medium. In this dissertation, we define the B-integral as the on-axis nonlinear
phase accumulated by the pulse. This can be written as:

27w

A
where 1, is the nonlinear refractive index of the medium, Z,e4« is peak intensity of pulse,
and Nis the number of round trips. In this discussion, the effects of dispersion and losses
in the MPC are ignored while calculating the B-integral, as most experiments in this dis-
sertation use low loss dielectric coating, and the pulse duration remains nearly constant
during propagation in an MPC. For a MPC filled uniformly with a gas, the expression for
the B-integral per round trip can be written as:

Bintegral = z{)v nz(z)[peak(z)dza (2.62)

2 L/2

Bround-trip = 27 / ﬂz(z)fpeak(z)dz
—L/2

_ g2 2P /L/Z 1+ (2)?) e (2.63)
A Zr Jo 2R

n2P k

2N

Where Pis the peak power of the pulse. In order to avoid filamentation, it is important to
maintain the peak power below the critical power Pgiical ~ A2/ (27n07,) to prevent self
focusing of the beam®®. By substituting the peak power of pulse with the critical power,
we can compute the maximum B-integral which can be obtained per round trip”":

= 872

27k
Bround-trip < 2% R 4T (2.64)
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In the literature, the reported B-integral for MPCs which use bulk material as nonlin-
ear medium is much lower (Broyng-trip < 27/5) than for gas based MPCs %4, How-
ever, M. Seidel et al.®®> have shown that an MPC with multiple Kerr plates could support
Bround-trip ~ 1.67.
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CHAPTER 3

POST-COMPRESSION OF HIGH POWER LASERS US-
ING MULTI-PASS CELLS

In this chapter, we will focus on the post-compression of ultrashort lasers with high peak
power and high average power. In the context of this dissertation, these works were
carried out to gain familiarity with a key method for this dissertation: optical multi-pass
cells. At the same time, this work enabled addressing a challenging topic: few-cycle
pulse generation. This chapter is organized as follows: First, in section 3.1, we address
the challenge of post-compressing a picosecond laser to few optical cycles, as discussed
in section 1.5. Afterwards, in section 3.2, we discuss the post-compression of a high
average power ultrashort laser, which involves the development of MPC based post-
compression for a pulse with xJ-class pulse energy. The high average power ultrashort
laser, which is post-compressed here in section 3.2, is the same laser used for the
development of the VUV frequency comb discussed in chapter 4.

3.1 Post-compression of picosecond pulse to few cycles

High power few cycles ultrashort lasers find applications in attosecond physics ¢, light-
wave electronics %’ and particle acceleration®®. Both pulse energy and average power
are important factors for such lasers. This is because high pulse energies are needed to
reach Gigawatt to Terrawatt peak powers required to drive nonlinear phenomena, such
as multiphoton ionization, HHG, wakefield acceleration, etc,. On the other hand, high
repetition rates are attractive for measuring coincidence events in experiments, such as
ionization events in reaction microscopes°*'%° photoelectron angular distribution of dis-
sociating molecules '°", and they can be generally beneficial for experiments carried out
using pump-probe schemes %2 In a typical pump-probe experiment, the measurement
must be repeated several times- especially for events with a low probability - to achieve a
high signal to noise ratio. In addition, it is important to repeat the same experiment with
different delays between pump and probe pulses. Furthermore, high repetition rates
are required for the generation of frequency combs. In the beginning of this section, we
present a brief review of the methods available to generate few cycle pulses with a high
pulse energy and a high average power. Our discussion closely follows the reviews of
post-compression techniques discussed by A.L.Viotti et al.”", and T Nagy et al.'%3. Af-
terwards, we discuss the motivation to use an MPC as a key element in this dissertation
and present the works carried out to generate few-cycle laser pulses.

The first pulse compression that has achieved high peak power was reported by C.
Rolland and P. B. Corkum. In this work, pulses were compressed by free space propaga-
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3.1. Post-compression of picosecond pulse to few cycles

tion in a bulk medium to sub-20 fs with a pulse energy of few tens of xJ %195, In recent
years, this method has been improved to generate an ultrashort pulse with a pulse dura-
tion of 13fs and a pulse energy of 3.25J'%. However, the beam quality was poor, and
the pulse duration from pulse to pulse varies strongly between 6.4 and 29fs. It should
be noted that simulation works have been reported showing that this method, together
with the thin film compression technique, can enable post-compression of Joule-class
lasers with a Petawatt peak power '%7.

A. H. Kung proposed an alternative idea for post-compression by using multiple
Kerr plates to broaden the spectrum. In this method, the nonlinearity of a series of thin
plates, together with periodic foci, is used to acquire a large B-integral %8199 Although
this method can generate broadband few cycle pulses, it has shortcomings in energy
scalability. In addition, spatial inhomogeneties were observed in the post-compressed
pulse 110

Another method that has been investigated to generate few cycle pulses is fila-
mentation. Filamentation is a self-guided propagation in a medium due to the inter-
action between dispersion, diffraction, self phase modulation and ionization'"". With a
Ti:Sapphire laser, C. P. Hauri et al. have post-compressed a pulse to 5.7 fs with a pulse
energy of 0.38mJ""?. This method is better suited for pulses at longer wavelengths.
With filamentation, pulses with a pulse energy of 2.1 mJ were post-compressed to 11.8fs
at a center wavelength of 1.8 um'"3. In addition, at 3.9 xm, a pulse with 100 fs FWHM
and a pulse energy of 15 mJ were post-compressed to 31.5 fs with a pulse energy of
13mJ. This corresponds to a peak power of 0.3 TW'"*. While filamentation has pro-
vided a simple way to generate few cycle pulses, the pulses obtained show significant
variations in the temporal pulse profile along different positions along the transverse
plane®.

A very important and in-depth explored method for post-compression is based on
optical fibers used as guiding medium. In 1996, the post-compression of pulses with
high peak power in a gas-filled capillary fiber, also known as hollow core fibers (HCF),
was first reported "6, In a HCF, a pulse is propagated at grazing incidence reflection. Al-
though an HCF can support multiple eigenmodes due to its large core area, itis possible
to couple the ultrashort pulse into a selected eigenmode of the HCF. In addition, it has
been demonstrated experimentally that the pulse can be confined to the selected eigen-
mode without mode mixing'"’. However, HCFs are relatively lossy at lengths > 1m.
A. L. Cavalieri et al. post-compressed a ~1 mJ pulse of 23fs to 0.5mJ, 3.8fs''8. The
introduction of stretched flexible hollow core fibers (SF-HCF), which have thinner walls
than HCF, has reduced losses at lengths >1m"'°. In addition, several schemes have
been investigated to improve post-compression performance in HCFs by employing ad-
vanced schemes employing pressure gradients '20-121.122.123 ' or 3 molecular gas '2+12°.
Recently, in a SF-HCF of 8.2 m length, a 50 fs ultrashort pulse with 14 mJ pulse energy
was post-compressed to 3.8 fs with an output pulse energy of 6.1 mJ. This ultrashort
pulse has a peak power of 1.2 TW 26| thus approaching a parameter regime suitable for
laser wakefield acceleration. It should be noted that while HCF, SF-HCF and other vari-
ants based on HCF technology offer a way to produce high-power, few-cycle ultrashort
pulses, there are still several problems with this approach. The experimental setup re-
quired for HCF drastically scales to large dimensions for multi-mJ ultrashort pulses that
require high compression rations. Below, we line out important energy scaling limits for
MPCs and HCFs. The derivations presented here follow A.L.Viotti et al.”" closely.
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3.1. Post-compression of picosecond pulse to few cycles

3.1.1 Scaling limits of setup for HCF and MPC

For HCFs and variants of HCF, the main factors determining the length of the setup
for post-compression are the damage threshold of the employed optics and ionization
or damage threshold of the non-linear medium. The laser induced damage threshold
(LIDT) is the limit at which a medium or optic is damaged by a laser. We can derive the
length of HCF and MPC required for a given ultrafast pulse by calculating the fluence and
B-integral required for post-compression. Since the objective is to generate high-power
few cycle ultrashort pulses, we will limit this discussion to gas filled MPCs.

The overall length of a HCF setup can be written as:

Lncr = Liree + Lfiver + Liree (3-1)

Where Lgee is the distance from the last free space optic to the HCF and Ly, is the
length of the HCF used for post-compression. If we consider a beam waist w, at the
input of the HCF, the spot area on the focusing optic 4, can be written as:

Lfree/‘l >
A = 2 _ At 3.2
[ Twy 7r( — ) (3.2)
_ ngree)L2
= (3.3)

where wy is the beam waist at the focusing optic and 4, is the area of the focal spot at
the HCF. The intensity on the focusing mirror 7; can thus be written as:

2P 24P 412
Ip=—= 2 : 2= 72 927 0 (3.4)
Af Liree? Lfree)“ Lo

free

where P is the peak power of the ultrashort laser and Iy, is the intensity threshold for
the smallest focus on the HCF. We must note that I,, specifies an intensity threshold at
which we observe spectral broadening due to ionization of gas in HCF. Hence, Lgee Can
be written as:

2P

Liee = ———.
free ) /7[0[[[

The length of the HCF need for a targeted B-integral can be expressed according to
Nagy et al.'?’ as:

(3.5)

BP
Lfiper = T (3.6)
Hence the total setup length for HCF can be written as:
BP 4P
L = 4 . 3.7
HeF = 7 T T (3.7)

In an MPC, the pulse energy is limited by the LIDT of the MPC mirrors and the peak
intensity in the medium that is used to provide nonlinearity. As reported by A.L.Viotti et
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3.1. Post-compression of picosecond pulse to few cycles

al.”?, for an intensity at the mirrors I, and an intensity at focus /o, the total setup length
for post-compression using an MPC is given by:

g Iy, — [fz N 4P
[Ot)' Ift l\/IOt[t.
In the above equation, the approximation /,, > Iz was used. Combining equations (3.7)
and (3.8), the ratio of minimum lengths Zycr and Lypc can be written as:

Lvpc = (3.8)

Luck . B |1

7 Tuee ~1+ 4\/;, (3.9)
Therefore, an MPC provides a convenient solution for the post-compressing of a
high-power ultrashort laser with large broadening factors, as a large B-integral can be
acquired with a smaller setup length. Furthermore, due to the high reflectivity provided
by state-of-the-art mirror coating technology, MPCs typically have higher transmission
efficiency than HCFs/SF-HCFs. In addition, unlike an HCF/ SF-HCF, the coupling effi-
ciency of an ultrashort pulse into an MPC with an appropriate telescope design for mode
matching can be nearly 100 %. Finally, an MPC enables fine dispersion control. This
is because at every mirror bounce, a custom dispersion coating can be applied. These
advantages make MPCs an attractive and valuable approach for post-compressing high-

power ultrashort lasers to few optical cycles.

3.1.2 Experimental setup

The following experiment is based on using two cascaded noble gas-filled MPCs. The
schematic of the experimental setup is shown in Figure 3.1. The laser is based on a Yb
Innoslab laser amplifier which emits pulses with a pulse duration of 1.2 ps (FWHM) at
a center of wavelength 1030 nm . The M? parameter, which indicates the beam quality
of the laser, is 1.1 x 1.2. The pulses are released in bursts, with a burst repetition rate
of 10 Hz. Within each burst, pulse trains are present at 100 kHz repetition rate '?8. The
pulse energy of the pulse is 2mJ and hence, the in-burst average power of this laser is
200W.

The pulses are coupled to the first MPC, which consists of two dielectric concave
mirrors. The mirrors have 1 m radius of curvature, 100 mm diameter, and provide a group
delay dispersion (GDD) < 10fs* at wavelengths in the range from 980 nm to 1080 nm
as shown in Figure A.1 (b) in Appendix A. During the experiment, the MPC mirrors
are exposed to a fluence exceeding 30 mJ/cm? at a pulse energy of 2mJ. The mirrors
are placed in a vacuum chamber filled with krypton gas at 0.9 bar. The laser beam is
mode-matched to the MPC eigenmode with a mode-matching telescope and then the
in- and out-coupling of the pulses is achieved by a 6 mm thick anti-reflection-coated
fused silica window followed by a rectangular pick-off mirror placed in front of one of the
MPC mirrors. A photograph of a similar MPC configuration showing the pick-off mirror
is shown in Appendix B. The same pick-off mirror is also used to couple the beam out
after 44 passes through the MPC. After out-coupling, a telescope is used to collimate the
beam. DCMs are used to remove the residual phase after the first MPC. They employ
dielectric mirror coatings and are designed to provide a near uniform GDD of ~-195 fs?
in the wavelength range from 980 to 1080 nm. After the first post-compression stage, an
attenuator based on a broadband thin film polarizer and half wave plate (HWP) is used
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3.1. Post-compression of picosecond pulse to few cycles

to enable control of the pulse energy sent into the second MPC. Optionally, a pick-off
mirror can be inserted to send the compressed pulses for temporal characterization.

For further post-compression to few cycles, the compressed pulses from the first
post-compression stage are then mode-matched to a second MPC with a telescope built
with 2 inch dielectric mirrors (as lenses could cause nonlinear effects that can change the
characteristics of the ultrashort pulse). The second MPC consists of two silver mirrors
with added dielectric multilayer coatings, with a 1 m radius of curvature and a diameter
of 75mm. The dielectric multi-layer coating provides an enhanced reflectivity. The en-
hanced silver mirrors provide a GDD <10 fs* in a wavelength range of 700 and 1300 nm,
as shown in Figure A.1 (b) in Appendix A. The mirrors of the second MPC are also placed
in a vacuum chamber, but filled with krypton gas at a pressure of 1 bar. The pulses enter
the second MPC chamber through a 6 mm thick anti-reflection coated window made of
UV fused silica, and are coupled out through a 3 mm thick uncoated window made of UV
fused silica. To reduce fluence and B-integral in the in-coupling window, the converging
input beam is propagated about 2 m through the vacuum chamber, before in-coupling
into the MPC. Separate mirrors are used for in-coupling and out-coupling. The beam
is out-coupled after 12 passes. After the out-coupling, the beam is collimated, and the
pulse energy is attenuated with an uncoated wedge to avoid nonlinear propagation ef-
fects in the air. The pulses are then compressed with dispersion-matched DCM pairs
designed to compensate the dispersion of fused silica. After post-compression, the
temporal duration of the pulses is characterized by using the dispersion-scan (D-scan)
technique.

—> —>
1.2ps, 2 mJ Mode 7/ \
ultrashort laser matching \
telescope ¢ T
Telescope
— %
MPC-1
DCMs
Attenuator
v \
<«
¢ / Mode-matching FROG
— telescope
MPC-2
s ]
v N
N\ Attenuator DCMs D-scan

Figure 3.1: Schematic of the experimental setup showing an ultrashort laser coupled to
two cascaded gas-filled MPCs used for spectral broadening (length < 2m), followed by
DCM compressors used for compression.

37



3.1. Post-compression of picosecond pulse to few cycles

3.1.3 Results

Figure 3.2 summarizes the results of spectral broadening and post-compression with
the first MPC. The Fourier-limited pulse duration of the spectrally broadened pulse after
the first MPC is 30fs. The DCMs used to remove the phase after the first MPC are
optimized to compress the pulse with a total GDD of ~-6200fs” in 32 bounces. The
temporal profile of the input Gaussian pulse (shown as grey line) and the corresponding
retrieval of the temporal intensity profile of the reconstructed pulse obtained via fre-
quency resolved optical gating (FROG) characterization are shown in the panel on the
right side of Figure 3.2 (a). Figure 3.2 (b) shows the measured trace (left side) and the
retrieved trace (right side). The FROG characterization shows that the ultrashort pulse
is post-compressed to 32fs, which corresponds to a compression factor of 37.5. The
beam profiles of the pulse at the focus and as a collimated beam are shown in Figure 3.2
(c), indicating a good beam quality. The transmission efficiency of the first MPC is 85 %,
and the pulse energy after compression from the first MPC is 1.6 mJ, which corresponds
to a total transmission efficiency of 80 %.
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Figure 3.2: a) Reconstructed spectral and temporal intensity and phase profiles to-
gether with the corresponding spectra, measured after the first MPC (dotted) and at the
laser output (gray line / area). (b) Corresponding FROG traces (logarithmic scale). (c)
Beam profiles near the output of the first MPC at the focus and when the beam is colli-
mated. This figure is reprinted from Ref.'%°

When the pulses with a pulse duration of 32fs (FWHM) are coupled to the second
MPC, the enhanced silver mirrors are on the onset of damage when the pulse energy
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exceeds 0.8 mJ. This corresponds to a fluence of 12 mJ/cm? assuming linear mode-
matching. We observed mirror damage at higher pulse energies which could likely
be attributed to an increased fluence caused by Kerr-lensing inside the MPC. There-
fore, during the experiment, we limit the pulse energy at the input of the second MPC
to 0.8 mJ. The pulse energy after the second MPC is 0.37 mJ, which corresponds to
a transmission efficiency of 46%. The primary reason for the lower transmission effi-
ciency is the limited reflectivity of the enhanced silver mirrors used in the second MPC.
After the second MPC, the pulse energy was attenuated and the pulse is compressed
using DCMs, which compensate ~-1900 fs? at 1030 nm center wavelength. Figure 3.3
summarizes the results of the post-compression with the second MPC. The temporal
intensity profile retrieved from the D-scan, as shown in Figure 3.3 (a), indicates that the
pulse is post-compressed to 13 fs.
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Figure 3.3: (a) Reconstructed spectral and temporal intensity and phase profiles, to-
gether with the corresponding spectra measured after the second MPC (black) and after
the first MPC (red). (b) Corresponding D-scan traces (logarithmic color scale). (c) Beam
profiles near the output of the second MPC at the focus and when the beam is colli-
mated. This figure is reprinted from Ref.'%°

The above results show that the pulse is post-compressed by a factor of 92, corre-
sponding to a compression factor of =~ 37.5 in the first stage and ~ 2.5 in the second
stage by means of a 2m long setup. This is a record compression factor for post-
compression at high peak power to the best of our knowledge. However, during this
experiment we notice some limitations. They are discussed below in section 3.1.4.
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3.1.4 Limitations of the post-compression setup

In the here reported experiment, the output was limited to 0.37 mJ, mainly due to a
low damage threshold of enhanced silver mirrors in the second MPC. Furthermore, the
reflectivity of the enhanced silver mirrors is limited to values between 97.5 and 98.5 %,
as shown in Figure A.1 in Appendix A. This causes severe limitations of the throughput
of the MPC. Also, as enhanced silver mirrors are used for in-coupling and out-coupling
at the second MPC, the overall throughput of the second post-compression stage is
further reduced.

Moreover, the Krypton gas used in the second MPC contributes a dispersion of
~800fs*. Based on the D-scan results obtained during the experiment and the GDD
applied for compression using DCMs, we estimate that the pulse was temporally broad-
ened from 32fs to ~200fs in the second MPC. This large temporal broadening effec-
tively leads to ineffective use of the propagation length in the second MPC for acquiring
B-integral.

Finally, the enhanced silver mirrors absorb the non-reflected light, which leads to
thermal effects. These thermal effects are likely responsible for a degradation of the
beam quality. This effect is clearly observed at the output beam profiles of the second
MPC as shown in Figure 3.3 (c).

3.2 Post-compression of a high average power frequency comb laser

Similar post-compression methods as developed in the experiment discussed in sec-
tion 3.1.2 are then applied to post-compress the frequency comb laser discussed in
section 4.2. Again, an MPC is used but this time adapted to a very different parameter
range. This laser is post-compressed to increase the peak power and enable efficient
generation of XUV. The high average power frequency comb laser used in this exper-
iment emits pulses of 205fs (FWHM), with a pulse energy of ~1.16 «J at a repetition
rate of 65.3 MHz.

In order to post-compress these low energy pulses, we develop a very compact MPC
consisting of two concave mirrors with 100 mm radii of curvature, and a diameter of 50
mm. The dielectric coating on these mirrors is designed to ensure that the GDD provided
at each reflection compensates the dispersion acquired within 10.5 mm fused material
placed inside the MPC for spectral broadening. Five anti-reflection (AR) coated fused
silica windows are used with a total thickness matching 10.35 mm: 1 plate placed at the
focus has a thickness of 6.35 mm, two windows with a thickness of 1 mm are placed on
both sides at about 1 cm distance from the focus, and two UV fused silica windows with
a thickness of 1 mm are placed on both sides at about 2cm distance from the focus.
In this configuration, the pulse experiences a near net zero GDD per pass through the
MPC. The MPC accommodates 32 round trips. The distance between the MPC mirrors
is 187 mm. Figure 3.4(a) shows the schematic for the experimental setup. After spectral
broadening in the MPC, the pulses are compressed using DCMs which provide a nearly
uniform GDD of ~-195fs* at wavelengths in the range from 980 nm to 1080 nm.

The MPC throughput is 82 %. For compression, a total GDD of ~-1170fs® is ac-
cumulated in 6 DCM reflections. The post-compressed ultrashort pulse is characterized
using FROG. Figure 3.4 summarizes the results of post-compression of the frequency
comb laser. The retrieved temporal intensity profile obtained from the FROG charac-
terization, as shown in Figure 3.4 (b), reveals compression to a pulse duration of 36 fs
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(FWHM). The pulse energy of the pulse after compression via DCMs is ~0.83 «J, which
corresponds to a total transmission efficiency of 71 %. The beam profiles at the MPC
output, as shown in Figure 3.4 (d), indicate a good beam quality.

In this experiment, we have effectively post-compressed an ultrashort laser with a
pulse duration of 205fs, an average power of 76 W and an average pulse energy of
1.16 ©J to a pulse duration of 36fs, an average power of 54 W and a pulse energy of
0.83 xJ. We have thereby addressed a challenging parameter regime for MPCs operat-
ing at only 1 xJ-level pulse energy.
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Figure 3.4: (a) Schematic of the experimental setup: a bulk MPC followed by a DCM
compressor for spectral broadening and compression. (b) Reconstructed spectral and
temporal intensity (red) and phase (dashed red) profiles together with the measured
spectra after compression (blue) and the laser output coupled into the MPC (gray area /
black line). (c) Corresponding FROG traces (logarithmic scale). (d) Beam profiles near
the MPC output when the beam is focused and when the beam is collimated.
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CHAPTER 4

TOWARDS THE GENERATION OF AWAVELENGTH TUN-
ABLE VUV FREQUENCY COMB

In this chapter, we address key challenges towards a tunable VUV frequency comb,
which can be used to generate VUV radiation for spectroscopy of the 22°Th isomer,
as discussed in section 1.5 of this dissertation. The low energy nuclear transition of
229Th is of particular interest because it could pave the way for the construction of a
high-precision nuclear clock. Due to its conceptual advantages, a nuclear optical clock
may surpass even the best atomic clocks of today. This desired improvement in clock
stability is due to the fact that the atomic nucleus is smaller in size than the atomic shell,
leading to improved immunity against external influences >3, Furthermore, there are
other potential applications, such as the study of fundamental physics and quantum
electrodynamics 32,

In order to find the low energy nuclear transition of 22°Th, it would be ideal to have
a tunable laser, whose wavelength can be tuned in the wavelength range from 146.6
nm to 152.8 nm?2. Furthermore, the natural linewidth of low energy nuclear transition
is expected to be in the order of one mHz>3. In a neutral 22°Th, the linewidth increases
to a few kHz, which is caused by the so-called internal conversion decay process. The
linewidth increase due to internal conversion can be mitigated by probing ?**Th?* ions
instead '®'. When building a nuclear clock, this is in fact the preferred option as a much
higher clock stability can be achieved '*?. Therefore, a narrow linewidth laser is required
for excitation of the low energy nuclear transition in 22 Th9* ions. Moreover, considering
the small cross-section of the nuclear transition '*°, a high average power, wavelength-
tunable VUV laser is required. We note that measurements reported towards the end of
this dissertation indicate that the nuclear transition is in the range of 148.71+0.47 nm 33,
However, since this information is only available towards the end of this dissertation, the
tunable wavelength laser built during this dissertation has targeted the larger wavelength
range of 149.7+3.1 nm?2.

This chapter is organized as follows: First, in section 4.1, we briefly discuss possible
approaches for the development of a tunable VUV comb source. Later, in section 4.2, we
describe the high average power frequency comb laser, which is used for establishing a
new wavelength tuning concept and the development of a passive enhancement cavity
for VUV frequency comb generation, discussed in sections 4.3 and 4.4, respectively.
Finally, we describe a second promising path to building a record high average power
VUV frequency comb laser in section 4.5.
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Figure 4.1: Schematic illustrating different approaches for VUV frequency comb gener-
ation utilizing: (1) the 7 harmonic of an IR driver laser, generated inside an enhance-
ment cavity, (2) the third harmonic of a tunable short wavelength driver laser at about
450 nm, obtained via SHG of a wavelength-tuned Yb laser, (3) The second harmonic
(generated in a KBBF crystal) of a 300 nm laser obtained via THG of a wavelength-
shifted Yb laser.

4.1 Approaches to the development of VUV laser sources

There are a few possible ways to develop a frequency comb laser that could enable us
to find the low energy nuclear transition of 22Th and 2?°Th9* ions with a high precision.
We here briefly line out three selected routes:

1. VUV comb generation utilizing the 7% harmonic of an IR laser: We can develop a
tunable driver laser from 1030 nm to 1070 nm and then convert this laser via 7%
harmonic generation into the VUV: The disadvantage of this method is that there is
avery low conversion efficiency of the IR laser to the 7% harmonic®®. However, the
experimental setup is significantly simpler than the alternative options described
below.

2. VUV comb generation utilizing the third harmonic of a tunable short wavelength
laser at about 450 nm: We can prospectively develop a frequency comb laser at
a wavelength of about 900 nm and convert this laser via second harmonic gen-
eration to 450 nm in a crystal, followed by third harmonic generation in a gas to
reach wavelengths around 150 nm. Since the second and third harmonic gen-
eration have a high efficiency, this method is promising to generate a high av-
erage power VUV laser. A key challenge with this approach is the development
of a high-power comb at 900 nm wavelength. A possible route could be extreme
wavelength tuning of an Ytterbium laser as discussed in section 6.1.2.

3. A third practical approach is second harmonic generation in a KBBF crystal of
an extremely wavelength-tuned and frequency tripled Yb laser. While harmonic
conversion to reach 150 nm has been demonstrated using KBBF crystals, these
crystals are difficult to handle and the demonstrated efficiency is low '3#135.136.137,
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In this dissertation, we focus on approach 1 and line out first steps towards testing
approach 2 in order to develop a VUV source for spectroscopy of the low energy nuclear
transition of 22°Th. An illustration of the three approaches is shown in Figure 4.1.

4.2 Driving Laser

This section describes the high-power frequency comb laser used for development of
the wavelength-tuning method and the VUV conversion system. A schematic of the high-
power frequency comb driving laser is shown in Figure 4.2 (a). The laser consists of an
Yb oscillator based on a nonlinear amplifying loop mirror (NALM)'38_ It delivers ultra-
short pulses with a pulse duration of 150fs and a repetition rate of 65.3 MHz. A 165m
polarization maintaining fiber stretches the ultrashort pulses to 120 ps. Subsequently,
the pulses are amplified in a fiber amplifier from 2.6 mW to 300 mW. The stretched pulses
are sent through a pulse shaper consisting of a programmable spatial light modulator
(Waveshaper 1000A/SP by Finisar). The pulse shaper has an insertion loss of ~ 5dB
and therefore the power level at the output of the pulse shaper is 82 mW. The pulses
are then amplified to an average power of 5W in a double-clad Yb-doped fiber. Later,
the pulses are amplified to about a 100 W with an amplifier built using a rod-type fiber
commercially available from NKT Photonics. Finally, the pulses are compressed using a
grating compressor. The pulses are compressed to 205 fs and the laser has an average
output power of 76 W. A detailed description of the laser can be found in a recent paper
by S.Salman et al’®°. The retrieval of the compressed output pulses using FROG is
shown in Figure 4.2 (b). The beam profiles of the laser at the focus and when collimated
are shown in Figure 4.2 (c).

4.3 Serrodyne-frequency-shifting of the high-power driving laser

In this section, we discuss a new method for tuning the wavelength of a high-power
frequency comb laser using serrodyne-frequency-shifting, introduced in section 2.2.3.

In this dissertation, we need to shift the frequency of the 76 Watt frequency comb
laser by ~12THz in order to cover the uncertainty range of the low energy nuclear
transition of 22°Th 32, considering frequency conversion via 7% harmonic generation. The
method used in this dissertation for the serrodyne-frequency-shift of the high-power laser
can be described in three basic steps:

1. An incoming laser pulse, which may or may not have a chirp, can be shaped in
both phase and amplitude by using a pulse shaper. This pulse shaper can be
based on a programmable spatial light modulator (at low power, prior to ampli-
fication) or on a high-power compatible shaper (typically with fixed parameters)
such as a set of dispersive mirrors.

2. Inthe second step, the laser pulse is amplified via chirped pulse amplification and
then compressed. Pulse shaping in step 1 needs to be done in such a way that a
temporal pulse shape approaching a saw-tooth emerges after compression.

3. In the third and final step, the pulse is sent into a dispersion-engineered MPC, in
which self-phase modulation leads to a linear phase change in time, equivalent
to a frequency shift. Finally, with a spectral filter, the spectrally shifted pulse is
separated from the undesirable spectrum.
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Figure 4.2: (a) Schematic of the frequency comb driving laser: PZT, piezo-electric-
transducer. CFBG, chirped fiber Bragg grating. LD, laser diode. WDM, wavelength di-
vision multiplexer. YDF, ytterbium-doped fiber. WDM, wavelength division multiplexer.
ISO, optical isolator. DM, dichroic mirror. TFP, thin film polarizer. GR, Grating. QWP,
quarter wave plate. (b) The measured spectrum at the laser output (black), the recon-
structed spectrum and temporal intensity (red), the reconstructed phase (red dashed),
and the corresponding FROG traces (logarithmic color scale). (c) Beam profiles near
the output of the laser: at the focus (top) and when collimated (bottom).

4.3.1 Phase applied by the pulse shaper

It should be noted that the pulse spectrum typically changes due to gain narrowing and
SPM during the amplification process. If there are new spectral components that are
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generated outside the bandwidth of the initial spectra, this can cause a problem for ser-
rodyne shifting, as the phase of the new frequency components cannot easily be shaped.
Figure 4.3 (a) shows the laser spectrum after the pulse shaper (black) and after the 100
W amplifier (blue). These are also shown on a logarithmic scale in Figure 4.3 (b). As
shown in Figure 4.3 (a), the pulse does not acquire new spectral components outside the
initial bandwidth during amplification. We also perform several measurements for dif-
ferent dispersion parameters used by the pulse shaper, while leaving the amplitude un-
shaped, to verify that this does not affect the laser spectrum. We note that the spectrum
at the output of the pulse shaper does not change for different dispersion parameters.
The results of the dispersion scan are shown in Appendix C.
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Figure 4.3: (a) Spectral intensity at the output of the pulse shaper (black), after amplifi-
cation (blue) and spectral intensity of an ideal sawtooth-like triangular pulse with 250 fs
FWHM (dashed blue), phase of the ideal sawtooth pulse (dashed red) and a Taylor ex-
pansion fitted to the phase of an ideal sawtooth-like triangular pulse pulse (green). (b)
Spectral intensities in log-scale corresponding to the data shown in (a). (c) Temporal
intensities of Fourier limited pulse calculated using the spectrum after amplification

of the laser (blue), pulse with the spectrum at laser output considering the Taylor ex-
panded phase (red) and an ideal sawtooth-like triangular pulse (dashed blue).

For an efficient shift neglecting bandwidth limitations, the ideal pulse shape is a
sawtooth-like triangular pulse in the temporal domain. The spectrum (dashed blue line)
and phase (dashed red) corresponding to a sawtooth-like triangular pulse with a pulse
duration of 250fs (FWHM) in the spectral domain are shown in Figure 4.3 (a). The
sawtooth-like triangular pulse spectrum (dashed blue) is also shown in logarithmic scale
in Figure 4.3 (b). In this experiment, we limit ourselves to only phase shaping. The main
reason why we did not shape the amplitude of the pulse is that, in contrast to phase
shaping, amplitude shaping influences the amplification process and can even lead to
amplifier damage. Furthermore, the spectrum corresponding to a perfect sawtooth-like
triangular pulse requires spectral components outside the bandwidth of the laser pulse,
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as shown in Figure 4.3 (b). We can solve this problem by selecting a pulse with a longer
temporal duration. However, this complicates the design of the MPC need for serrodyne
frequency shifting due to the reduction of peak intensity of the pulse. The phase of a
sawtooth-like triangular pulse can be approximated by using a Taylor expansion until the
third order dispersion (TOD). Figure 4.3 (a) shows the closest fit (green). The temporal
profile of the pulse with the spectrum of the laser and the considered phase obtained
via the Taylor expansion is shown in red in Figure 4.3 (c). The shaped pulse reveals a
clearly asymmetric shape, deviating, however, from the ideal pulse shape.
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Figure 4.4: Setup and spectral-shifting results. (a) Schematic of the experimental setup,
including the high-power frequency comb laser (blue boxes) complemented by pulse
shaper, MPC, spectral filter and fused-silica glass compressor (FS) for wavelength-
tuning (gray boxes). (b) Measured spectrum at the MPC input (green) as well as at the
output shifted to 999 nm (blue) and to 1062 nm (red), along with the transmission of the
spectral filters (solid lines). (c) Corresponding measured spectra and retrieved phases
of the output pulses after spectral filtering and compression. (d) Corresponding tem-
poral intensity profiles and phases derived from FROG measurements, which are dis-
played together with the reconstructed MPC input laser pulse (green). This figure is
reprinted from Ref. '4°

4.3.2 Spectral shifting

The schematic of the experimental setup for spectral shifting the high-power laser is
shown in Figure 4.4 (a). The laser is coupled with a mode-matching telescope into the
MPC. The MPC used in this setup is the same as the MPC used in section 3.2. At the
MPC output, the laser beam is collimated and sent for spectral filtering. The spectral
filtering is performed with a dielectric edge pass filter, using a double reflection or trans-
mission geometry depending on the selected wavelength range. By tuning the angle of
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the spectral filter, we can select the location of the spectral cut. Following the spectral
filter, the pulses are sent to a compressor. Contrary to SPM-based spectral broadening
of Gaussian pulses in an MPC, the serrodyne-shifted pulses exhibit a positively chirped
pulse at the MPC output. We therefore compress the spectrally shifted pulses with fused
silica.

Figure 4.4 (b) shows the input spectrum of the laser sent into the MPC, as well as the
corresponding output spectra after the MPC for optimized pulse shaper settings, which
yield spectral shifts to 999 nm and 1062 nm. Figure 4.4 (c) shows the corresponding fil-
tered spectra obtained using spectrally tunable dichroic mirrors. After spectral filtering,
we reach 66.7 % (41.5W) and 63 % (39.2 W) of the optical power transmitted through
the MPC, which is centered at 1062 nm and 999 nm, respectively. The spectrally-shifted
pulses, after undergoing spectral filtering, can be compressed to durations of 106 fs
(1062 nm) and 92fs (999 nm) by passing them through 119 mm and 100 nm of fused sil-
ica, respectively. Figure 4.4 (d) displays the temporal reconstruction from FROG mea-
surements of the laser output pulses at 1030 nm, as well as the spectrally shifted and
compressed pulses, revealing excellent temporal pulse quality.

It should be noted that the temporal pulse shape after the MPC is similar to the input
pulse shape. The dispersion-compensating MPC design ensures this. The pulse profile
changes to a Gaussian shape after the spectral filter and compressor.

In addition, we verify the spatial beam quality after spectral shifting. With an input
beam quality parameter M? = 1.2 x 1.4, we obtain output beam parameters of M? =
1.2x1.3at1062nm and 1.3 x 1.6 at 999 nm.

4.3.3 Efficiency limitations of the serrodyne-frequency-shift

An important factor that determines the extent of the spectral shift for the serrodyne-
frequency-shifting method developed in this dissertation is the dispersion management
in the MPC to maintain the temporal pulse shape while it accumulates a linear phase
in the temporal domain due to SPM. In the MPC, the dispersion acquired within the
10.35 mm fused silica plates used as nonlinear medium is compensated by the disper-
sion provided with the help of the dielectric coating of the MPC mirrors. Hence, while
propagating in the MPC, the pulse experiences a near net zero dispersion per round
trip.

Another reason which may cause a change of the temporal pulse profile during prop-
agation within the MPC is a loss of spectral components of the pulse. In this dissertation,
the MPC mirrors support pulses with a spectrum in the wavelength range from 980 nm
to 1080 nm. As shown in Figure 4.4 (b), we note that the MPC output spectra, which
correspond to spectral shifts at 999 nm and 1062 nm, extend to the edges of the MPC
mirror bandwidth, limiting the wavelength-tuning range in our experiment. However, to-
day’s state-of-the-art dielectric coatings allow for a broadband design with a bandwidth
of a few hundred nm. In section 6.2.2, we show an example simulation in which the cen-
ter wavelength of a laser can be tuned by 50 THz (in the previous subsection, we have
experimentally demonstrated a spectral shift of 17.8 THz). bringing wavelength-tuning
of lasers far beyond the gain bandwidth of the state-of-the-art laser amplifiers into reach.

Another important factor that influences the pulse shape is the B-integral that is ac-
quired by the pulse between the pulse shaper and the MPC. To understand the impor-
tance of this effect, we first test a laser configuration where the components of the 5W
amplifier section are rearranged by taking 90 m polarization maintaining stretcher fiber
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Figure 4.5: (a) The output spectrum of the MPC observed when the GDD applied by
the pulse shaper is tuned in the range from -1 x 102 ps?to1 x 1072 ps? and the TOD
applied by the pulse shaper is tuned in the range from -2.4 x 10~ ps3 to 2.4 x 107 ps3.
(b) The corresponding spectra at the MPC output for the GDD and TOD applied by the
pulse shaper indicated by the dashed red lines in (a). (c) The simulated spectrum at the
output of the MPC when the GDD and TOD values are applied to a Fourier-limited pulse
at the output of laser.

from the fiber stretcher and placing it after the pulse shaper. A table showing the B-
integral values for the configuration used in section 4.3.2 and the configuration with a
larger B-integral as discussed above are shown in table 4.1. The B-integral is calcu-
lated using the RP fiber power software '#!. We note that the largest contribution to the
B-integral accumulated between the pulse shaper and the MPC in the 2" configuration
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is due to the propagation of pulse in the 90 m polarization maintaining strecher fiber.

Configuration: 1) (2)
Component B-integral (rad.)  B-integral (rad.)

90 m stretcher fiber - 5.98

Yb doped active fiber for 5 W amplification 213 2.1

100 W amplifier 0.67 0.6

Total 2.8 8.69

Table 4.1: B-integral accumulated by the pulse during propagation between the pulse
shaper and the laser output in the laser configurations used in (1) section 4.3.2 and (2)
section 4.3.3.

The influence of the B-integral between pulse shaper and MPC can be revealed via
pulse shaper dispersion scans. In order to perform a dispersion scan, we scan the TOD
of the pulse shaper in the range from -2.4 x 1073 ps? to 2.4 x 1073 ps® at each GDD
value applied by the pulse shaper in the range from -1 x 102 ps? to 1 x 102 ps2. The
pulse shaper dispersion values displayed in Figure 4.5 (a) and (b) have a error margin of
~ 10 %. Figure 4.5 (a) shows the output spectrum of the MPC observed when we scan
over the range of GDD and TOD values. From the two dimensional GDD and TOD grid
scan, we select points where the maximum spectral shift is occurring and show them
in Figure 4.5 (b). Figure 4.5 (a) and (b) show that the pulse gains several peaks at the
center of the spectrum, which leads to a reduction in the efficiency of the serrodyne-
frequency-shift. In addition, the 2-D GDD-TOD scan shows that the frequency shift pre-
dominantly visible towards the shorter wavelengths. Figure 4.5 (c) shows corresponding
simulation results when the same GDD and TOD values are applied to a Fourier-limited
pulse from the laser output. By comparing Figure 4.5 (a) and (c), and taking into account,
that the experimental results where obtained using configuration (2) while the simula-
tion does not consider any B-integral, we note that the B-integral acquired by the laser
pulse in the path between the pulse shaper and the MPC can significantly influence the
pulse shape, thereby reducing the efficiency of the serrodyne-frequency-shifting effect
to a significant extent. It should be noted that while the reduction of the B-integral by
rearranging the pulse shaper and stretcher fiber arrangement shows an improvement
in wavelength-tuning, as shown in Figure 4.4, there is still a discrepancy between the
experiment and our simulation, which can be likely explained by the remaining low B-
integral. This problem, due to the B-integral between pulse shaper and the MPC, could
perspectively be eliminated by designing a pulse shaper that can be used after the am-
plifier of the laser.

4.3.4 Temporal contrast

An advantage of serrodyne-frequency-shifting is that the wavelength-tuned pulses do
not necessarily have spectral components in common with the input laser spectrum. In
the temporal domain, this implies that any pre- or post-pulse present in the input laser
can be removed by serrodyne-frequency-shifting, as the nonlinear process causing the
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Figure 4.6: (a) Schematic of the third-order auto-correlator. (b) Measured auto-

correlation signals (solid lines) and corresponding Gaussian fits (dashed lines) for laser
output at 1033 nm (red) and spectrally shifted and filtered pulse at 1062 nm (blue) on a

logarithmic scale. (c) The auto-correlation signals in (b) are shown on a linear scale
This figure is reprinted from Ref.'4°

spectral-shift does not influence the weak pre/post pulses. We can thus improve the
temporal contrast of the laser. With motivation from the benefits of improving temporal
contrast in applications such as electron or ion acceleration %143 or nonlinear spec-
troscopy '##, and encouraged by the high-quality temporal FROG retrievals shown in
Figure 4.4(d), we build a third-order auto-correlator to carry out high-dynamic range
temporal pulse characterization.

Figure 4.6 (a) shows the setup diagram for the third-order auto-correlator. Firstly,
infrared laser pulses with a pulse energy of about 0.5 «J are divided into two arms of an
interferometer. In the first arm, a second harmonic signal is generated using a type | beta
barium borate (BBO) crystal that is 50 xm thick. The second harmonic pulses are then
combined non-collinearly with the second interferometer arm and focused into a type-lI
BBO crystal that is 50 zm thick to generate a third harmonic signal. A motorized delay
stage is used to adjust the temporal delay between the fundamental and the second

harmonic beam. The third harmonic signal is then detected with a biased UV-enhanced
silicon photodiode.
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Figure 4.7: (a) Schematic of the beat note phase noise measurement. (b) Measured in-
loop phase noise (red solid line), and beat note phase noise of the spectrally shifted
laser with the CW laser (blue solid line) displayed together with the integrated phase
noise (dashed lines). (c) The beat notes of the NALM oscillator with the CW laser (red),
and the spectrally shifted laser with the CW laser (blue dashed). This figure is reprinted
from Ref. '4°

Figure 4.6 (b) shows the intensity cross correlation between an input pulse and its
second harmonic for an input center wavelength at 1033 nm (red) and the intensity cross
correlation between a wavelength-shifted and spectrally filtered pulse at 1062 nm and its
second harmonic (blue) on a logarithmic scale. We note that the temporal pedestals are
reduced by a factor of atleast 200, the measurement being limited by the dynamic range
of our detector. Figure 4.6 (b) also shows a Gaussian curve fitted to the intensity cross
correlation of the input pulse at 1033 nm (dashed red) and of the wavelength-shifted
and spectrally filtered pulse at 1062 nm (dashed blue). The results in Figure 4.6 (b) are
shown on a linear intensity scale in Figure 4.6 (c). These results clearly show that, unlike
typical post-compressed pulses with temporal pre- and post-pulses '“°, the frequency-
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shifted pulses have a nearly perfect Gaussian shape over a large dynamic range.

4.3.5 Coherence

A important factor we need to consider for spectroscopy is the coherence of the fre-
quency comb laser after serrodyne-frequency-shifting. We thus examine the coher-
ence characteristics of the spectrally shifted high-power laser. Figure 4.7 (a) shows the
schematic of the setup used to measure coherence. First, a part of the output NALM os-
cillator of the laser is nonlinearly amplified and used to lock to a stable continuous wave
reference laser choosing a lock-offset frequency between the two lasers of 20 MHz. The
CW laser has a linewidth around a few kHz and a wavelength of 1064 nm. The CW laser
is also used to produce a heterodyne beat note with the frequency-shifted output after
the MPC, which is centered at 1062 nm.

Figure. 4.7 (b) displays the measured in-loop phase noise of the laser locked to the
CW reference laser and the phase-noise of the beat note of the wavelength-tuned laser
with the CW laser. Figure. 4.7 (c) shows the corresponding beat notes, indicating Hz-
level linewidth support. We find that the integrated phase noise (10 Hz to 1 MHz) of the
laser and spectrally shifted output amount to 113.5mrad and 314.1 mrad, respectively,
corresponding to about 99 % and 90 % of the power contained in the carrier 45, This re-
sult demonstrates excellent coherence properties of our method and sets an upper limit
for possible coherence degradation due to the frequency-shifting process. Furthermore,
a low output phase noise of the shifted output implies a low input amplitude noise due
to amplitude-phase noise coupling caused by the nonlinearity of the MPC.

4.4 Enhancement cavity

As discussed at the introduction of chapter 4, an important requirement to take into
account when building a VUV laser for spectroscopy of the low energy nuclear transition
in 22°Th is that the natural linewidth of this transition is in the order of a few mHz and has
a very low probability of excitation due to its long lifetime (in the order of 103s). Even
if the 22°Th atom is doped in a crystal, this linewidth is expected to broaden to only a
few tens of kHz. Therefore, it is important that we produce a VUV laser with high power
per comb line. The power per comb line of a laser is proportional to the repetition rate
of the laser fep. Therefore, in this dissertation, we choose a high repetition rate laser
(frep =65.3 MHz) as a driving laser for VUV generation. Due to the high repetition rate
of the laser, however, the laser pulse energy is the order of a xJ. Hence, to achieve the
peak power in the order of 10" W/cm? necessary for HHG, we rely on a passive optical
resonator called enhancement cavity, which can provide the necessary enhancement.
The generation of a VUV frequency comb laser with a high repetition rate laser in an
enhancement cavity was first reported nearly in parallel by R. J. Jones et al."*” and C.
Gohle et al. " in 2005. In this section, we describe the experimental setup built for the
development of a VUV frequency comb source using an enhancement cavity designed
to support pulses with center wavelengths in the range from 1000 nm to 1070 nm, and
then discuss our preliminary results.
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Figure 4.8: Schematic of the vacuum chamber used to build the enhancement cavity un-
der high vacuum conditions. The many ports are used for ultrashort pulse diagnostics,
as well as for production and monitoring of high vacuum conditions required for VUV
generation. The eight holes in the base plate are used to isolate the optical breadboard
from the vacuum chamber.

4.41 Vacuum chamber

When the cavity is operated at a high intra-cavity power of a few kW, the dispersive and
nonlinear properties of air can disrupt the finesse and intensity at focus in the cavity. In
addition, air can absorb laser radiation at 150 nm. Therefore, the enhancement cavity
must be built in a vacuum chamber. The schematic of the vacuum chamber used for the
cavity is shown in Figure 4.8, and the detailed CAD diagram showing the cross section
of the vacuum chamber on an optical breadboard is shown in Figure 4.9 (a). During the
experiment, a 7x 10" mbar vacuum is achieved in the chamber with a scroll pump and
a turbo molecular pump. The mechanical noise caused by the inherent vibrations of the
vacuum pumps is not transmitted to the breadboard or optics, as they are mechanically
de-coupled from the vacuum chamber, as shown in Figure 4.9 (b).

The presence of hydrocarbons in the vacuum chamber is a major concern. The
reason is that hydrocarbons can disintegrate in the vacuum chamber when they interact
with VUV or XUV radiation and attach to optics®>°°. This leads to a degradation of
the performance of the cavity when operated over long periods. In order to avoid this
contamination and degradation of mirrors, we purge the vacuum chamber with ozone
supplied at a very low pressure.
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Figure 4.9: (a) Cross-section of the vacuum chamber. (b) The enlarged section shows
that the optical breadboard is isolated with the help of bellows from the vacuum cham-
ber and the base plate. The mechanical decoupling of the breadboard from the vac-
uum chamber is important for stable cavity locking mitigating mechanical noise transfer
from the vacuum pumps.
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Figure 4.10: (a) Schematic of the quartz nozzle and the gas catch as used in the cavity.
(b) Photograph of the gas jet assembly in the cavity.

44.2 Gas jet

At the center of the cavity, a quartz capillary with 6 mm outer diameter and 2 mm inner
diameter, which tapers to a nozzle with 200 xm orifice diameter, is used to inject Kryp-
ton gas. The pressure is 12 bar at the capillary’s input. As a result, the pressure in the
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vacuum chamber increases. To improve the chamber pressure, a gas catch (connected
to a vacuum pump) is installed below the quartz nozzle, as shown in Figure 4.10. The
position of the nozzle and the gas catch are independently controlled with the help of
two 3-axis translation stages.

4.4.3 Laser-cavity stabilization
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Figure 4.11: (a) Schematic of the setup used to lock the cavity to the laser: PZT, piezo-
electric-transducer. PID, proportional-integral-derivative controller. PD, photodiode.
HR, high reflectivity mirror. CM, curved mirror. IC, input coupler. TIA, trans-impedance
amplifier. TFP, thin film polarizer. GR, grating. HWP, half wave plate. (b) Pound-Drever-
Hall error signal (red) and the transmission signal of the cavity (blue), while the length
of the cavity is scanned over a cavity resonance.

The length of the enhancement cavity is stabilized to the laser by locking the cavity
length to the laser repetition rate using the Pound-Drever-Hall (PDH) approach '#°. The
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schematic for the cavity stabilization scheme is illustrated in Figure 4.11 (a). In this
method, we first generate sidebands at 900 kHz by driving a mechanical resonance in
the peizoelectric transducer (PZT) of the NALM:Yb fiber oscillator. We chose 900 kHz
because the PZT in the NALM: Yb fiber oscillator has a resonance at this particular
frequency. The details of the frequency response of the PZT in the laser are discussed
in Appendix D. After the high-power frequency comb laser is injected into the cavity, the
reflected light is first attenuated to 1 W, and then angularly dispersed using the first-
order reflection of a grating with 1000 lines / mm. With a slit, a very narrow frequency
window is selected and detected on a silicon photodiode with a bandwidth of 150 MHz.
The signal is then amplified with an trans-impedance-amplifier (TIA). The signal from
the TIA is first filtered with a low pass filter at 1.9 MHz and mixed with a phase-shifted
copy of the reference signal at 900 kHz, which is used for side band generation. After
the mixer, we obtain a PDH error signal as shown in Figure 4.11 (b). The error signal is
used to generate a discriminant with a PID controller. The signal from the PID controller
is then fed into a high-voltage PZT driver (which supports a bandwidth of 100 kHz) to
control a PZT, which is attached to a mirror in the enhancement cavity.

The resonance properties of the mirror attached to the PZT in the cavity play a cru-
cial role for achieving a stable PDH lock. A detailed description of the mirror-assembly
and the measured amplitude and phase noise of the mirror-assembly are described in
Appendix E. The measurements show that the first resonance of this mirror-assembly
occurs at 19 kHz.

4.4.4 Intensity determination at the cavity focus

The peak intensity in the enhancement cavity can be calculated when the beam waists
at the focus and intra-cavity power are known.

In order to find the beam waist at the focus of the cavity, we use the fact that the
cavity modes will only be in resonance when the total round trip phase is either zero, or
an integer multiple of 2z. The mode spacing between two modes can be obtained by
looking at the transmission signal that is measured when the cavity length is scanned by
applying a voltage to the PZT in the cavity, as shown in Figure 4.12 (b). The data from
the experiment show that the distance between the modes HGy, and HG; is 2.91 ms.
By using the fact that the distance between two successive HGy, modes in an enhance-
ment cavity is 4 (1.03 zm), we conclude that the distance between HGy, and HG, is
0.408 zm. Based on the calculations using equation (2.52), we determine that this dis-
tance corresponds to a curved mirror separation of 17.6 mm, a beam waist of ~ 20.5 zm
along the tangential plane, and a beam waist of ~ 18.1 xm along the sagittal plane.

To measure finesse of the cavity, we use the cavity ring down method. We first
sweep the PZT in the NALM oscillator of the laser at a sweep frequency of 100 kHz and
an amplitude of 10 V peak to peak. With the PZT in the laser, we can fill and remove
the pulses from the enhancement cavity, which helps us generate a ring-down signal.
At the same time, we also sweep the PZT in the cavity over the HG,, mode with the
highest peak intensity, with a sweep frequency of 60 Hz and an amplitude of 60 Volts
peak to peak, and observe the transmitted cavity signal on an InGaS photodiode with
a 2 GHz bandwidth. Figure 4.13 (a) shows the transmitted cavity signal. Figure 4.13
(b) shows a zoomed view revealing individual pulses. In order to accurately discern the
finesse from the data, we use an exponential fit to estimate the decay time of the cavity,
as detailed in equation (2.47). Figure 4.13 (c) shows the exponential fit to the data as a
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Figure 4.12: (a) Photograph of the cavity taken when the vacuum chamber is open; HR:
high reflectivity mirror, IC: input coupler. (b) The transmitted signal (blue) from the cav-
ity measured on a photodiode and the signal applied (red) to the PZT within the cavity.
The HG(,, HG,,, HG,; modes observed with a CMOS camera are shown as insets.

red dashed line, revealing the decay time of the intra-cavity power as ~1.03 xs. From
the decay time, the finesse of cavity is calculated using equation (2.49), yielding Fec =
422.

An alternative method of measuring finesse during the ring-down measurement is
to measure the reflected signal from the cavity, as reported e.g. by C. Benko et al.>®

Using the estimated beam waists at the focus and the estimated finesse from mea-
sured data shown in Figure 4.13, an estimate for the peak intensity at the focus of the
cavity can be calculated as®°:

2Pavg 7;;62[‘
73w xWo—y TFWHM frep.

Trocus = (4-1)

Where zrwhwm is the pulse duration of the pulse inside the cavity, Pag is average
power of the laser coupled into the cavity. We assume that the pulse duration inside the
cavity is the same as the pulse duration at cavity input. During the experiment the laser
power sent into the cavity is 70 W. The intensity estimate we obtain from equation (4.1)
is 2.42 x 10" W/cm?2. However, this intensity estimate does not take into account the
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Figure 4.13: (a) Transmission signal of the cavity measured using the leakage beam
from a cavity mirror. (b) Signals which correspond to individual pulses during the cav-
ity ring-down measurement. (c) The curve (dashed red), which is fitted to extract the
decay constant, is shown along with the measured signal (blue). This curve fit is used
to determine the lifetime of the electric field in the cavity and thus the finesse of the
cavity.

part of the input laser power that might not enter into the cavity because of inaccurate
mode-matching. Hence, during this experiment, we also measure the intra-cavity power
(Pintra-cavity) in the cavity by calibrating the transmitted optical signal from one of the
cavity mirrors. The intra-cavity power measured is 12.42 kW. This corresponds to an
enhancement of optical power by a factor of 177. Using this data, an accurate estimate
of peak intensity at the focus of the cavity can be calculated as:

2P intra-cavity
TWo—xWo—y TFWHM frep.

~ 1.6 x 1014ﬂ2
cm

Ttocus =

(4.2)
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4.4.5 Plasma distortion

In order for an enhancement cavity to generate VUV radiation, a gas jet must be aligned
with the focal point of the cavity. One simple way to check this is to check for the distortion
of cavity mode due to generation of plasma in the cavity. In order to generate plasma, it
is not necessary to enable the PDH lock. We use the PZT-actuated cavity mirror in order
to sweep over the cavity resonance.

1.2
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0.05 0.1 0.15 0.2 0.25
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Figure 4.14: Signal of cavity mode in vacuum (red) and in the presence of a gas (blue).
This signal is distorted due to the presence of the generated plasma

Krypton gas is injected into the focus of the cavity through a quartz nozzle with a
nozzle diameter of 200 xm (as described in section 4.4.2). By looking at the signal of
a transmitted beam at one of the cavity mirrors on a photodiode, we can observe if the
cavity mode is distorted due to ionization. This allows us to determine when the gas
has been ionized and then optimize the position of the gas jet so that it is in the right
position with regard to the focal point of the optical beam. Figure 4.14 shows the signal
of the detected cavity mode in vacuum and in the presence of the gas jet at the optimal
position. We note that the signal is significantly distorted in the presence of plasma.
The main reason this occurs is due to the dispersion and B-integral that builds up in the
pulse, which is caused by the plasma in the cavity, causing a dynamic shift of the cavity
resonance '°°. The observed strong cavity distortion indicates the generation of a highly
ionized gas medium. In this condition, laser harmonic can be expected.

4.4.6 Out-coupling of VUV radiation from the cavity

In order to extract the VUV laser produced in the enhancement cavity, it is essential
to consider a suitable out-coupling method. During this dissertation, as a first attempt,
we choose to place a 100 xm thick plate of fused silica between the curved mirrors in
the cavity behind the focus, which serves as a Brewster plate in the cavity. Since the
Brewster plate is optimized for near zero Fresnel reflection for the input laser, the Fresnel
reflection in the VUV amounts to a few percent. This is due to the different refractive
index of fused silica in the VUV. Figure 4.15 (a) shows the calculated reflectivity of VUV
radiation at the Brewster plate in the range from 30 nm to 230 nm. The data that we used
to estimate the Fresnel reflection of fused silica is taken from R. Marcos et al. '’
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Figure 4.15: (a) The calculated reflectivity of the Brewster plate in the VUV when placed
in an enhancement cavity optimized for a laser with center wavelengths at 1033 nm (red)
and 516.5 nm (dashed blue). (b) Photograph of the Brewster plate in the enhancement
cavity.

During the experiment, we observe that the diode used to monitor the power after
the insertion of Brewster plates shows a value of =~ 79 W for an input laser power of 1 W,
which corresponds to a factor of 79 enhancement in the cavity. This is significantly lower
than the enhancement factor of 177, measured in section 4.4.4. By measuring the loss
of power at the Brewster plate, we find that =~ 0.5 % of optical power is reflected every
round trip. Upton optimising the position and angle of the Brewster plate, we were able
to reduce this to 0.047 %. However, due to limited time, it was not possible to generate
and out-couple VUV radiation.

4.5 A complementary path towards a high average power VUV frequency
comb laser

To build an efficient, high-average power VUV source, we can exploit the dependence of
the harmonic generation efficiency on the wavelength of the driver laser, as discussed
in section 4.2. Figure 4.16 shows a simulation of the nonlinear dipole response of sin-
gle target atom (Xe) for Gaussian pulses with pulse duration of 200 fs (FWHM) focused
to a peak intensity of 10'* W/cm? with laser center wavelengths at 1030 nm (red) and
450 nm (blue). This simulation is performed using the HHG-max code developed by M.
Hogner >, We note that the harmonic yield at wavelengths close to 150 nm (in the re-
gion of interest for the spectroscopy of the 22°Th nuclear transition) is more than 3 orders
of magnitude higher for the driving laser with a center wavelength at 450 nm, compared
with the harmonic yield for the driving laser with a center wavelength at 1030 nm. In
order to build a high power driving laser at 450 nm, the wavelength of the 1030 nm laser
discussed in section 4.2 can prospectively be wavelength shifted to 900 nm, and then
by using second harmonic generation, converted to 450 nm. In addition, operation of an
enhancement cavity at 450 nm for third harmonic generation needs to be demonstrated.
We have started to explore this route by building a second enhancement cavity to test
intra-cavity VUV conversion of a green laser.
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Figure 4.16: The nonlinear dipole response of a single target atom (Xe) when Gaus-
sian pulses with a pulse duration of 200 fs (FWHM) and a center wavelengths at 1030 nm
(red), 450 nm (blue) are focused to a peak intensity of 10 W/cm?. The window that cor-
responds to the spectral region of interest in the VUV for spectroscopy of the low en-
ergy nuclear transition of 2?Th is shown in yellow.

4.5.1 SHG and enhancement cavity at 515 nm

In order to explore the above mentioned route towards more efficient frequency conver-
sion into the VUV, we first aim to generate the second harmonic of the IR high-power
frequency comb laser discussed in section 4.2, and then build an enhancement cavity
at 515 nm. Figure 4.17 (a) shows the schematic of the experimental setup including the
SHG setup and the enhancement cavity at 515nm. SHG is performed with an lithium
triborate (LBO) crystal of 3.7 mm thickness (crystal orientation: ¢ =90° , ¢ = 13.8°). The
crystal was placed in a mount made of copper and stainless steel. In addition, a Peltier
device, which acts as a thermoelectric cooler, is placed against the LBO crystal in the
mount to stabilize the temperature, as variations in temperature cause fluctuations of the
average power of the laser. We chose the beam waist at the center of the LBO crystal of
the SHG setup to be relatively large (~ 70 xm) aiming at high spatial SHG beam quality
because the generated laser must have a good overlap integral with a Gaussian mode
to efficiently couple the laser into the cavity. The SHG setup delivers an SHG signal with
an average power of 31 W, which corresponds to an efficiency of ~ 40 %. The M? of the
beam is 1.25 x 1.36. A photograph of the experimental setup for SHG, the photograph
of the crystal mount during the SHG operation, and the spectrum obtained are shown in
Figure 4.17 (c), (d) and (e), respectively.

The laser at 515 nm is then coupled into the enhancement cavity with an input cou-
pler, 5 plane mirrors and 2 focusing mirrors with a radius of curvature of 150 mm and
200 mm. The input coupler has a transmission of 1.4 %. The specifications of the cavity
mirrors are shown in Appendix F. During the initial experiment, we send an input power
of ~ 100 mW into the cavity. However, due to the high sensitivity of the silicon detectors
at 515 nm, the scattered light on the cavity mirrors is clearly visible with the help of a
CMOS camera in a mobile phone, as shown in Figure 4.17 (b).
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Figure 4.17: (a) Schematic of the experimental setup for SHG and the enhancement cav-
ity at 515 nm. (b) Photograph of the enhancement cavity during operation. (c) Photo-
graph of the SHG setup. (d) Photograph of the mounted SHG crystal during operation.
(e) Spectrum of the laser at 515 nm at the input of the enhancement cavity.

4.5.2 Non-collinear cavity

In order to build a high average power VUV source with an enhancement cavity, it is
important to consider an efficient out-coupling method. The Fresnel reflection at a fused
silica Brewster plate is limited to 8 % (as shown in Figure 4.15 (a)), whereas other optical
materials (such as sapphire) can provide a 10 to 15 % Fresnel reflection in the VUV '°3;
thus, this value is still low. With the use of dielectric coated plates, an out-coupling
efficiency of 75 % has been demonstrated '>*. Although this method is promising, it was
observed that VUV radiation caused rapid degradation of the optics. In 2008, D. Yost et
al. 1% developed a novel, nano-etched mirror that diffracts the VUV radiation from the
cavity. However, this method has shown only 10 % efficiency to date. Using this method,
it was observed that hydrocarbon contamination of the nano-etched groves has caused
a degradation of the optics. It should be noted that most optical materials suitable for
use in enhancement cavities (e.g. TiO,, HfO,, Nb,Os, Sapphire) are oxides, and oxygen
has several transitions in the range from 50 nm to 170 nm, leading to the absorption of
VUV radiation '°®, which can cause effects such as thermal lensing. Therefore, a logical
solution is to explore an option in which the VUV laser and the fundamental driving laser
are naturally separated by a geometric angle and therefore do not require an optic to be
placed in the optical beam in the cavity.

Promising developments that have shown VUV out-coupling from an enhancement
cavity using geometrical methods are: VUV separation with pierced mirrors by |. Pupeza
etal. in 2014 %7, and the use of tailored spatial modes of the driving laser by M. Hogner
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Figure 4.18: (a) Simulated interference patterns of two identical laser beams with wave-
lengths of 1030 nm (left) and 515 nm (right), focused to a beam waist of 40 xm. (b)
Schematic of the non-collinear enhancement cavity with 8 mirrors.

et al. in 201978, These methods can potentially out-couple ~40 % of the XUV light
for photon energies close to 100 eV %57, However, the full potential of these methods
has not yet been experimentally demonstrated. Recently, in 2020, C. Zhang et al.'%°
built an enhancement cavity with a non-collinear geometry to show an out-coupling of
0.6 mW (=60 % efficiency) at 97 nm. In this particular work, two separate driving laser
beams are crossed at the cavity focus, and the pulse energy that is found within the cen-
tral fringes is then used for VUV conversion. Given the high efficiency of this method,
we choose to switch the configuration of the enhancement cavity at 515nm to a non-
collinear geometry. However, building a non-collinear cavity with shorter wavelengths
requires a smaller angle between the two laser beams interfering in the focus. Fig-
ure 4.18 (a) shows a calculated interference pattern for two identical laser beams when
the center wavelengths of the laser is 1030 nm (left) and 515 nm (right), which are fo-
cused on a common focal point to a waist of 40 zm. As the divergence angle of the
laser is proportional to the wavelength, shorter wavelength lasers need a smaller angle
between the two laser beams to ensure that the central fringe contains the maximum
energy distribution, and that there is nearly no contribution to HHG from the fringes on
either side as this can affect the beam profile of the VUV laser. The schematic of the
setup for the non-collinear enhancement cavity at 515 nm is shown in Figure 4.18 (b). To
ensure that the two laser beams intersect at the focus, a pin hole with 100 zm diameter
is placed at the focal point during alignment of the enhancement cavity. The position of
the pin hole is precisely controlled with a 3-axis translation stage.

Envisioned efforts including enhancement tests at 515 nm and intra-cavity VUV gen-
eration are discussed in the outlook seciton 6.1.2.
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CHAPTER 5

STUDY OF THE LOW ENERGY NUCLEAR TRANSITION
IN **TH AT THE ESR ION STORAGE RING

In this chapter, we discuss an experiment aiming at reducing the energy uncertainty
of the 2*Th nuclear transition through direct laser spectroscopy at the ESR ion stor-
age ring located at GSI Darmstadt. This dissertation work included participation in an
experimental campaign at GS| addressing this challenge.

Based on literature available at the time of this experiment (in the year 2022), we
know that the low energy nuclear transition of 22°Th lies in the range from 146.6 nm to
152.8 nm?32. This corresponds to an uncertainty range of 83 THz. Given that the lowest
energy nuclear transition energy in a 22 Th atom has a natural linewidth in the order of
a mHz 3", the ratio of natural linewidth to the uncertainty in the location of the nuclear
transition is &~ 10™"7. The search for this transition can thus be compared to the task of
locating an object on Earth, whose size is about the single grain of sand. It is therefore
crucial to reduce the energy uncertainty of the 2Th nuclear transition.

This chapter is organized as follows: In section 5.1, we discuss the lifetime of the
low energy nuclear transition in 2?Th. In addition, we discuss the advantage of studying
the transition in highly charged 2**Th®* ions and the presence of a Doppler shift while
photons interact with the ions in the ESR storage ring. In section 5.2, we then discuss
the experimental setup at ESR ion storage ring. Later in section 5.3, the current status
of this experiment is summarized.

5.1 Low energy nuclear transition in **’Th

In a neutral 22°Th atom, the energy released upon de-excitation of the nucleus can be
released via the emission of an electron. This process is called internal conversion
and is the dominant decay channel in neutral 22°Th'3%.160 The presence of this domi-
nant decay channel, together with the uncertainty of the nuclear transition energy, could
be responsible for the inability to locate the transition via fluorescent light emission in
previous experiments '61.162.163,164 " The ESR facility at GSI offers a route to reduce or
eliminate the internal conversion decay channel by producing highly charged ions such
as 22Th0* without electrons and 22°Th®+ with 1 electron?’. In this section, we briefly
discuss excitation and lifetime of the 22Th?** and 22*Th¥* ions in the context of the
experiment conducted during the beamtime at the ESR ion storage ring.
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Figure 5.1: Energy level diagram of the nuclear transitions in bare 22Th’°" ions (left)
and in one electron ?’Th®* (right). The presence of one electron introduces hyperfine
splittings and nuclear level mixing which cause a splitting of the energy levels. These
effects lead to the isomer decaying 5-6 orders of magnitude faster compared to the ra-
diative decay of the neutral 2°Th isomer. This figure is produced using calculations
from Ref. 5%

5.1.1 Low energy nuclear transition in the highly charged >*Th’°* and
2Th¥* ions

An advantage of the zero electron 22Th?°* ion and the one electron electron 22°Th¥+
ion is that the they can be described very precisely using the theory of quantum elec-
trodynamics '°°. Figure 5.1 shows the energy level diagram of the low energy nuclear
transition in the highly charged 22°Th** (left) and 22 Th¥* ions (right). This figure is
based on the theoretical calculations by V. M. Shabaev et al. '%°. The Figure shows that
the radiative life time of the 22°Th%* ions is reduced to a few hundred milliseconds from
~2 hours. Due to the faster transition rate, the probability for laser excitation and the
fluorescence rate are also increased (by an order to 10¢). Therefore, 22*Th®* ions are
chosen during the beam-time to locate the low lying nuclear transition in 2>°Th.

5.1.2 Relativistic longitudinal Doppler effect

To excite the nuclear transitions of the ?2Th#* atom shown in Figure 5.1, we would
need a laser with photon energies in the range from 8.4 eV to 9.2 eV. However, the ion
beam is traveling at relativistic velocity in the ESR. When the ion beam interacts with the
laser, we need to consider the relativistic longitudinal Doppler effect, which changes the
effective photon energy in the reference frame of the ion. The formula for the relativistic
longitudinal Doppler shift can be written as '°7:

S
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where Ej is the initial photon energy, ¢ is the velocity of light in vacuum, v is the velocity
of the ion and Egfective iS the photon energy in the reference frame of the ion.

5.2 Experimental setup
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Figure 5.2: Schematic of the experimental setup, which shows the components of the
ESR (grey), the electron cooler, the laser and the synchronization electronics: PD,
photo-diode. PMT, photo-multiplier tube.

Figure 5.2 shows the schematic of the experimental setup. The ion beams from the
heavy ion synchrotron SIS18"58 are injected into the ESR ion storage ring. Then, the
229Th%®+ jons are selected for storage in the ESR with the help of a Schottkey detec-
tor %% and scrapers. During the beam time of this experiment, the ion count amounted
to about 10* ions in the ring. The ions and the ultrashort laser pulses interact in the
electron cooler while propagating in opposite directions. Later, when the nuclear isomer
returns to the ground state, the emitted photons are measured using photo-multiplier
tubes designed to detect XUV photons in the range from 6.9eV (180nm) to 11.27 eV
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5.3. Results

(110nm). Additionally, a photomultiplier tube that can detect IR photons in the range
from 0.7eV (1.7 um) to 0.9eV (1.4 xm) is also installed.

The laser used in this experiment is based on a Nd:YAG pump laser, which emits
pulses with a pulse energy of ~ 1 J at a repetition rate of 30 Hz. Using SHG, the pulses
are converted to 532 nm at a pulse energy of 559 mJ. These pulses are used as pump
pulses for a Cobra double dye laser system by Sirah Lasertech, which generates pulses
with tunable wavelength in the range from 620 nm to 650 nm. Then, using SHG, the laser
is converted to a tunable laser with a wavelength ranging from 310 nm (4 eV) to 325 nm
(3.81eV), a pulse energy of 13.7mJ and a pulse duration of 3 ns. The wavelength of
the laser is measured using a wavemeter. This laser beam is pointing-stabilized with
a pair of motorized mirrors and is coupled to the electron cooler of the ESR, where it
interacts with the ion beam. It should be noted that the delay between ions and laser
pulses is controlled with synchronization electronics. The wavelength of the laser is
tuned in increments of 0.002 nm (~24 meV) during the experiment. In the dissertation
by J. Ullmann'’°, an in-depth description of the laser is provided.

During the beam-time, the velocity of the ions in the ESR is 70.4 % of the speed of
light. Taking into account the relativistic longitudinal Doppler effect and equation (5.1),
the photon energy of the ultrashort pulses in the ion frame of reference is tunable in the
range from 9.14 eV to 9.55 eV. This range of photon energies spans the range required
to excite the (I” = 5/2%, F = 2) — (I” = 3/2", F = 1) transition, as shown in Figure 5.1.

If we consider the third harmonic of the wavelength-tunable frequency comb laser
discussed in section 4.3 of this dissertation as the photon source for excitation of the
nuclear transition in 22°Th®* ions, the required velocity of the ions in the ESR can be
calculated using equation (5.1), resulting in an ion velocity of 73.1% of the speed of light.
While this laser could provide a much higher average power for 22°Th excitation, the full
potential of a comb laser source can be better used for probing 2*Th ions in an ion trap,
following better confinement of the isomeric energy.

5.3 Results

During the beam time of this experiment, we did not obtain a discernible signal that
confirms the location of the 2 Th nuclear transition. The reason for this is the low ion
count. This problem will be addressed in future experiments.
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CHAPTER 6
SUMMARY AND OUTLOOK

6.1 Path towards locating the low energy nuclear transition of >Th

At the inception of this dissertation, the low energy nuclear transition of 22Th was best
constraint to a wavelength range of 149.7 + 3.1 nm®233, However recent measurements
have reduced this energy uncertainly range to 148.71 +0.47 nm'33. This simplifies the
experimental requirements considerably. In order to use the wavelength-tunable laser
and enhancement cavity built in section 2.3.2 of this dissertation for spectroscopy of
229Th, several further development steps can be envisioned, as outlined in the following
paragraphs.

6.1.1 Linewidth of the laser

The high power frequency comb laser used in this dissertation, has a linewidth in the
order of a few kHz. The reason for this is that it is locked to a stable reference CW
laser (based on a non-planar ring cavity geometry) with a linewidth of a few kHz. When
this laser is used for VUV generation in an enhancement cavity, the linewidth of the
resultant VUV laser increases by a factor of 49 (as the linewidth of the laser generated
using HHG at the m™ harmonic is proportional to m?°°:3%). While the linewidth of the
wavelength-tunable laser developed in this dissertation is sufficient for spectroscopy of
neutral 22°Th (as its linewidth is broadened due to internal conversion), in order to locate
the low energy nuclear transition in 22°Th9* ions where the linewidth broadening due to
internal conversion is absent'®!, we will require a tunable laser with a much reduced
linewidth ideally in the mHz range. Therefore, in order to measure the natural linewidth
of the low energy 2**Th nuclear transition, it is essential to reduce the linewidth of the
high power frequency comb laser by choosing a different reference CW laser.

6.1.2 Possible route towards a Watt-class VUV frequency comb laser

In this dissertation, the 515 nm enhancement cavity is designed to support an intra-
cavity power enhancement factor of 220. For an input laser power of 31 W at 515 nm
(that was generated in section 4.5), this cavity can support a theoretical maximum intra-
cavity power of 6.8 kW. Taking into account a third harmonic conversion efficiency of
1045965 e estimate that the average power of a resultant 170 nm VUV laser generated
could reach a maximum value of 0.68 W. By efficient out-coupling using a non-collinear
cavity, this would enable us to reach a Watt-class laser in the VUV, which could in-turn
significantly contribute to the progress of nonlinear spectroscopy in the VUV.
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6.2. Scientific impact on laser research and development

We note that a key problem on the horizon for the development of a high-power
VUV laser with a shorter wavelength enhancement cavity (discussed in section 4.5) is
the deterioration of cavity mirrors due to the presence of hydrocarbons when an opti-
cal power in the order of a few kW is circulating in the cavity. B. Bernhardt reported
such an effect®®. While ozone has been distributed in our vacuum chamber to prevent
the degradation of the cavity mirrors, a verification of this approach is required through
experimental data. Furthermore, the absorption of the generated VUV radiation due to
presence of oxygen and ozone is a concern and should be investigated.

It should be noted that since the lifetime of the low energy nuclear transition of 22°Th
is in the order of 1000 s, the probability of transition is very low. Therefore, itis necessary
to build a high average power VUV laser, as discussed in section 4.5. Based on recent
measurements '3, we note that the cascaded 67 harmonic (2”4 harmonic in a crystal
followed by the 3’ harmonic in a gas) of the laser with a center wavelength tunable
in the range from 889.4 nm to 895.1 nm would be ideal to locate the nuclear transition
of 22Th. This wavelength range lies between the two most developed laser amplifier
technologies: the Ti:Sapphire and Yb-based amplifiers. Using the serrodyne-frequency-
shifting method described in section 4.3, and taking into account state of the art dielectric
mirrors, the development of a tunable laser within this wavelength range seems within
reach.

If we consider that the high-power frequency comb laser in section 4.2 is wavelength
shifted to 892.1 nm with an efficiency of 30 %, and assume an SHG efficiency of 40 %,
the average power of laser generated at 446.1 nm would be 9W. If we also consider a
THG in an enhancement cavity with an intra-cavity power enhancement by a factor of
150, and THG conversion efficiency of 104, the average power generated at 148.7 nm
would correspond to 130 mW. Such a laser would be ideal for spectroscopy of the low
energy nuclear transition of neutral 2*Th and 2**Th9 ions.

6.2 Scientific impact on laser research and development

In this dissertation, we have introduced two new scientific methods. These are: (1) the
post-compression of picosecond pulses to a few optical cycles and (2) the tunability of
the wavelength of a laser via serrodyne-frequency-shifting. Both methods introduce new
perspective on the development of lasers. In this section, we briefly discuss the impact
of these methods on laser research and development.

6.2.1 High peak power few cycle lasers

Within the framework of this dissertation, the main focus of the work shifted from the ini-
tial few-cycle compression efforts to developments closely related to the frequency comb
system described in section 4. Meanwhile, following our initial few-cycle compression
works, others have continued pushing the frontiers of MPC technology for few-cycle
generation. We here summarize important advancements succeeding the previously
described works reported by us in Ref. 2.

In 2020, our experiment'?® compressed a 200 W burst mode ultrashort laser from
1.2ps to 13fs. However, the thermal effects in the MPC of the second post compres-
sion stage have constraint the energy scalability, limited throughput, and degraded the
beam quality in our experiments. Employing a further optimized setup design, Muller et
al.*® were able to circumvent some of the challenges arising in our experiment. Similar
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6.2. Scientific impact on laser research and development

to our experimental setup, Muller et al. use a cascaded two-stage MPC-based post-
compression scheme. However, they use enhanced silver mirrors on silicon substrates
and efficiently mitigate the thermal effects of the MPC via water cooling. In the first
compression stage, Miiller et al. post-compressed a 388 W ultrashort laser with a pulse
duration of 200fs to 31fs with a power efficiency of 95%. In the second stage, they
reached 6.9 fs with a power efficiency of 82%.

Recently, Rajhans et al.’”" have post-compressed an ultrashort laser that delivers
pulses with a duration of 1.2 ps, and a pulse energy of 8.6 mJ at a 1 kHz repletion rate
to sub-50 fs with 95 % power efficiency. Afterwards, the pulses have been further com-
pressed to 9.6 fs, with an MPC efficiency of 88% reaching a total compression efficiency
70%"72. In this experiment, dispersion-matched dielectric mirrors are used in the sec-
ond MPC stage. The peak power of this post-compressed laser reaches 0.3 TW. In the
near future, the involved colleagues aim to increase the repetition rate to 20 kHz, which
would enable few cycle pulses with an output power exceeding 100 W.

6.2.2 Wavelength tunablity of high average/peak power lasers

The serrodyne frequency shifting method offers certain benefits when compared to well-
established wavelength tuning methods such as OPCPA, red shift due to Raman scat-
tering, etc. In contrast to an OPCPA '3, the serrodyne frequency shifting method does
not have a phase-matching requirement, making it much more flexible for use in differ-
ent spectral regions. Another advantage is the ability to adjust the wavelength of a laser
without mechanical moving parts.
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Figure 6.1: Simulation of wavelength shifting of a Fourier-limited input pulse (Gaussian
spectrum) of 40fs, as available from standard Ti:Sapphire laser systems. This figure is
reproduced from Ref. "4’

The two main factors that limit the serrodyne-frequency-shifting method are the pos-
sible power limitations for shaping the input electric field with a programmable spatial
light modulator array, and the limited bandwidth of the dielectric mirrors in the MPC.

The state-of-the-art programmable spatial light modulator arrays available today
have limitations as they are not suitable for high-peak power and high-average power
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6.2. Scientific impact on laser research and development

femtosecond lasers. In this dissertation, we solve the problem of pulse shaping a high
average power femtosecond laser in section 4.2 by placing a programmable spatial light
modulator array before the laser is amplified to a high average power. However, de-
pending on how the input laser is designed and built, this may not always be possible.
In such a scenario, an alternative solution for pulse shaping of a high pulse energy laser
could be direct pulse-shaping with a phase mask'’* or by using a deformable mirror
in the CPA compressor'’®. Second, the bandwidth of the dielectric mirrors available
today can reach up to a few hundred nanometers. Figure 6.1 shows an example of
the simulated wavelength shift of a 40fs pulse from a Ti:Sapphire laser system (using
dispersion-engineered mirrors with a bandwidth of ~ 200 nm), exceeding the wavelength
shifting range demonstrated experimentally in this dissertation. The specifications of the
employed mirrors and the details of the simulation are discussed in Appendix G.

Since the challenge we are addressing in this dissertation is to develop a suitable
laser for spectroscopy of the low energy nuclear transition of 2*Th, we have limited the
design of the employed dielectric mirrors to accommodate a tuning range of 20 THz.
However, it is foreseeable that further optimized dielectric mirrors will enable a much
larger range.
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APPENDIX A

SPECIFICATIONS OF MIRRORS USED IN THE MPC FOR
PULSE POST-COMPRESSION TO FEW OPTICAL CYCLES

The reflectivity and GDD of the mirrors are key factors determining the spectral broaden-
ing in an MPC. Hence, the specifications of the mirrors used in the MPCs for ultrashort
pulse post-compression, as discussed in section 3.1.2, are presented here.

Figure A.1 (a) shows the reflectivity data provided by the manufacturer for the mirrors in
MPC 1 (blue) and MPC 2 (red). Figure A.1 (b) shows the corresponding GDD data.
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Figure A.1: (a) Reflectivity of the mirrors and (b) GDD of the mirrors used in MPC 1

(blue) and MPC 2 (red) in section 3.1.2.
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APPENDIX B
IN-COUPLING OF THE LASER INTO AN MPC

Throughout this dissertation, the laser beam is in-coupled into an MPC using a rect-
angular pick-off mirror, that is glued to a stainless steel plate with an epoxy and then
mounted on a mirror mount, as shown in a photograph in Figure B.1. The width of the
pick-off mirror is ~ 9 mm for the in-coupler in the MPC-1 discussed in section 3.1 and
~ 4 mm for the in-coupler in the MPC discussed in section 3.2.

Figure B.1: Photograph showing the relative position of the in-coupling mirror and the
MPC mirror in a typical MPC developed during this dissertation.

The main reason that the bulk MPC in sections 3.2 and 4.3 is not very efficient (82 %)
is that during each round trip, the pulse experiences reflection losses at the air/ dielectric
medium interfaces of the 5 AR coated optics used to provide the nonlinear medium. In
addition, AR-coated optics have a limited bandwidth and a lower damage threshold than
uncoated optics. In order to solve this problem with the lower transmission efficiency
of the MPC and also the associated problems with AR coated optics, we can use the
fact that an MPC can support several distinct beam patterns, such as a line pattern
(as shown in Figure B.2 (a)), or a circular Herriot pattern (as shown in Figure B.2 (b))
etc. The advantage of the line pattern is that all the beams are in the same geometric
plane. This makes it possible to use an optic at a Brewster angle (to act as a nonlinear
medium) and thus minimize the losses due to Frenel reflections. Although a line pattern
in a bulk-based MPC can offer a high efficiency due to low Fresnel reflection losses at the
Brewster plate, the number of spots that can be accommodated on mirrors with 2-inch
diameter (without clipping the beam during out-coupling) is limited, which in turn limits
the total B-integral that could be accumulated. In view of the time constraints, we choose
a Herriot pattern with 32 round trips for the bulk-MPC in sections 3.2 and 4.3 to achieve a
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large spectral broadening factor and build a widely tunable-wavelength laser. However,
if mirrors with larger transverse dimensions are available, it is more advantageous to
switch to a line pattern MPC to achieve a higher transmission efficiency of the MPC.
Figure B.2 (b) displays a photograph of an MPC with a Herriot pattern that supports
15 round trips. A photograph of an MPC consisting of 2 focusing mirrors with radii of

curvature of 100 mm and a fused silica Brewster plate with a thickness of 6.35mm is
shown in Figure B.2 (c).

MPC Mirror Line pattern 2

MPC Mirror

ﬂarriot pattern

Figure B.2: Photographs of a nonlinear MPC with (a) a line pattern and (b) a circular
Herriot pattern viewed through a handheld infrared viewer. (c) Photograph of a line pat-
tern nonlinear-MPC setup containing a Brewster plate.
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APPENDIX C

THE INFLUENCE OF PULSE SHAPER DISPERSION ON
THE LASER SPECTRUM

To test the impact of phase shaping on the optical spectrum, we scan a range of GDD
and TOD values and measure the spectrum directly after the pulse shaper, as shown in
Figure C.1.
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Figure C.1: The measured spectrum directly after the pulse shaper for a range of GDD
and TOD values.
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APPENDIX D
SIDE-BAND GENERATION FOR THE PDH LOCK

To choose a frequency for the generation of sidebands in the laser oscillator that are
essential for a PDH locking scheme, we scan the resonances of the PZT in the NALM
oscillator of the laser with a signal from a function generator with an amplitude of 10V
peak to peak, and observe the RF spectrum of the laser on a photodiode. Figure D.1
shows the RF spectrum when signals with a frequency of 900 kHz, 1.08 MHz and 3 MHz
are applied. The amplitude of all signals is 10V peak to peak. While performing the
PDH lock in the enhancement cavity, we choose to generate sidebands at a frequency
of 900 kHz, as the signal to noise ratio of the peak at 900 kHz is the largest.
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Figure D.1: The RF spectrum of the laser when the PZT in the laser oscillator is driven
with a sine waveform at frequencies of 900 kHz (blue), 1.08 MHz (black) and 3 MHz (red).
As seen in the RF spectrum, the sidebands are located at a 900 kHz (blue), 1.08 MHz
(black), and 3 MHz (red) distance to the repetition rate frequency peak at 65.3 MHz.
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APPENDIX E

CHARACTERISTICS OF THE PZT MOUNT OF THE EN-
HANCEMENT CAVITY

One of the most important elements of an optical enhancement cavity is the high reflec-
tivity cavity mirror attached to a PZT, which is necessary to achieve a stable lock. A
key factor that affects the stability of an optical lock is the bandwidth of the final mirror-
assembly. 38 Therefore, we take special care when designing the mount for this particu-
lar mirror component. Figures E.1 (a) and b) show the CAD diagram of the bullet-shaped
mount and its holder. The mount is made from Copper, and its inner part is filled with
Lead in order to reduce or eliminate the resonances of the final mirror structure. As
shown in Figure E.1 (c), the mount is assembled with the PZT and the cavity mirror
glued together with a vacuum-compatible epoxy. The mount is glued to the holder with
the same vacuum-compatible epoxy as shown in Figure E.1 (d). The complete mirror-
assembly as it appears when placed in the cavity is shown in Figure E.1 (e).

T b
(a) Copper7//9 0 (b)

Lead “fé

Aluminium

39.00

4
27.75
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©32.00 + 0.05

(c) (d)

Figure E.1: (a) A schematic of the fast PZT mount. (b) A schematic of the mount holder.
The units of all the dimensions specified in (a) and (b) are in mm. (c) Picture of the cav-
ity mirror and the PZT glued to the mount with a vacuum-compatible epoxy. (d) The
mount securely glued to the holder. (e) Picture of the complete mirror assembly, as it
appears when placed in the cavity

We use a fiber interferometer to measure amplitude and phase noise of the assem-
bled mirror. By conducting this analysis, we can develop a greater understanding of
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the frequency dependent resonance properties of the mirror-assembly. Figure E.2 (a)
shows the schematic of the experimental setup. The interferometer is made with a 50/50
fiber splitter. Two of the arms of the interferometer are used to place the assembled mir-
ror and a reference mirror on one side. One of the arms is used to couple in an external,
stable CW laser at 1064 nm. We use an isolator with an attenuation of 35 dB to stop back
propagation of the laser into the CW laser source. The fourth arm of the interferometer
is used to detect the laser on a photodiode. The signal from the photodiode is sent to
a vector analyzer. The vector analyzer emits signals of different frequencies, which are
then sent to the PZT. It is important to consider that the signal from the photodiode is
also used to stabilize the movement of the reference mirror to a single laser fringe. The
signal from the photodiode is filtered using a programmable low pass filter set to a fre-
quency cut off of 10 Hz. The filtered signal is then sent to a fast PZT in the mount of the
reference mirror. This is done to prevent any fluctuations in the laboratory from affecting
the results. Figure E.2 (b) shows the measured amplitude noise (top) and phase noise
(bottom) of the mirror-assembly.
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Figure E.2: (a) Schematic of the experiment setup, which measures the amplitude and
phase noise of an assembled mirror. (b) The amplitude noise (top) and phase noise
(bottom) of the mirror-assembly.
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APPENDIX F

CHARACTERISTICS OF THE MIRRORS USED IN THE EN-
HANCEMENT CAVITIES AT 1030 NM AND 515 NM
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Figure F.1: (a) the reflectivity, (c) GDD (left) and TOD (right) of the mirrors used in en-
hancement cavity at 1030 nm discussed in section 4.4. (b) the Reflectivity, (d) GDD (left)
and TOD (right) of the mirrors used in enhancement cavity at 515 nm discussed in sec-
tion 4.5.

The reflectivity, GDD and TOD of the low loss cavity are key factors determining the

characteristics of the enhancement cavities at 1030 nm and 515 nm. The specifications
of the mirrors used in the enhancement cavities in sections 4.4 and 4.5 are presented
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here.

The reflectivity data provided by the manufacturer are shown in Figures F.1 (a) and
(c), respectively. The corresponding GDD and TOD are shown in Figures F.1 (b) and
(d), respectively.
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APPENDIX G

SERRODYNE-SHIFT USING BROAD-BANDWIDTH DIELEC-
TRIC MIRRORS
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Figure G.1: (a) The reflectivity and (b) GDD of the mirrors used in numerical simu-
lation of the serrodyne-frequency-shift which employs dielectric mirrors with broad-
bandwidth.

To show that the mirrors needed for wavelength-tuning over a broad bandwidth us-
ing the serrodyne-frequency-shifting method are available considering state-of-the-art
mirror technology, we select commercially available dielectric mirror pairs with a center
wavelength of 800 nm. The mirror pair provides dispersion properties that are matched
to compensate for 2 mm fused silica in a wavelength range of 710 nm to 890 nm. Fig-
ure G.1 shows the reflectivity and GDD of the mirrors.

An MPC consisting of four mirrors is considered to provide two mirror reflections
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between successive passes through the nonlinear medium (fused silica). In our simula-
tions, we launch a pulse with a spectral phase, representing a good guess for a tempo-
rally asymmetric pulse form that approaches a saw-tooth shape (transform-limited pulse
duration: 40 fs, Gaussian spectral amplitude) into the MPC. The accumulated nonlinear
phase per pass (=1.7 radians) is within a range that enables MPC spectral broadening
based on multiple plates, while supporting excellent spatial beam quality®>. The num-
ber of round trips in the MPC is 40. The simulation is performed by solving the forward
Maxwell equation®®, while using a numerical library called Optax'”®"77, which supports
automatic differentiation and optimization. Optax is a library developed for the training
of neural networks. In the context of our simulations, Optax helps to optimize the phase
required for spectral shifting iteratively. This efficiently enables optimization of a rela-
tively large parameter space. In this numerical simulation, we only used phase shaping,
amplitude shaping was not employed. Figure 6.1 shows the simulation results.
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