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ABSTRACT
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Master's Thesis

Tampere University
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April 2024

This thesis is part of the PASQuanS2 EU project. The project aims to invent a reliable large-
scale quantum simulator, focus on the end-user experience, and discover new applications for
quantum simulators. Quantum simulators are artificial many-particle quantum systems whose
properties can be controlled and studied. Quantum particles exhibit two unique phenomena: su-
perposition and entanglement, which cannot be explained by classical physics. Therefore, the idea
of studying a quantum system with another quantum system is attractive. Nowadays, quantum
simulation can be constructed with several architectures, such as atom-, ion-, or superconducting
circuit-based platforms and they have applications in the fields of, for example, quantum chemistry
and material sciences. However, so far, all quantum simulator platforms exhibit two major chal-
lenges: upscaling and fidelity. To tackle those difficulties, reliable and scalable tools for controlling
guantum systems are required. Thus, the purpose of this work is to develop a high-power laser
with fast frequency modulation properties for controlling Rydberg atoms in a Rydberg atom-based
guantum simulator.

Lasers working in the field of quantum technology should exhibit specific characteristics, such
as low-noise, single-frequency operation, stable-frequency, and high output power. Vertical Ex-
ternal Cavity Surface-Emitting Lasers (VECSELS) provide a promising architecture for designing
such lasers. Thus, in this thesis, a VECSEL platform was optimized for quantum technology ap-
plications. However, VECSELS, like every laser source as well, have to be frequency-locked to
a reference frequency to compensate frequency fluctuations and obtain frequency-stable opera-
tion. Frequency locking can be established through a feedback loop by controlling the frequency
actuators in the cavity. Thus, reliable frequency locking requires frequency actuators with wide
modulation bands and efficient modulation depth.

In this work, a high-power single-frequency laser at a specific wavelength was built and its
frequency modulation properties were studied and enhanced. In the laser cavity, a piezoelectric
actuator and an electro-optic modulator were employed to compensate frequency fluctuations and
their modulation properties were optimized. The characterization results verified the high-power
and low-noise operation of the constructed laser as well as the value of combining two frequency
actuators to compensate frequency fluctuations efficiently.

Keywords: VECSEL, quantum simulation, single-frequency, frequency actuation, high-power, piezo-
electric actuator, electro-optic modulator, low-noise
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Teknis-luonnontieteellinen
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Tama tyd on osa PASQuanS2 EU-projektia. PASQuanS2-projekti pyrkii kehittamaan luotet-
tavan suur-kvanttisimulaattorin, parantamaan kvanttisimulaattoreiden loppukayttgjien kokemuksia
seka léytamaan uusia sovelluksia kvanttisimulaattoreille. Kvanttisimulaattorit ovat keinotekoisia
usean hiukkasen kvanttisysteemeja, joiden ominaisuuksia voidaan kontrolloida ja tutkia. Kvantti-
hiukkasilla on kaksi ainutlaatuista ominaisuutta: superpositio ja lomittuminen, joita ei voida selit-
taa tai mallintaa klassisen fysiikan avulla. Siksi kvantti-ilmiditd on helpompi tutkia toisten kvant-
tisysteemien avulla. Nykyaén kvanttisimulaattorit voivat koostua esimerkiksi atomeista, ioneista
tai suprajohtavista piireistd, ja niille 16ytyy kayttokohteita esimerkiksi kvanttikemiassa ja materiaa-
litieteissa. Kuitenkin riippumatta kvanttisimulaattorialustasta simulaattorin koon skaalaaminen ja
tarkkuuden parantaminen ovat osoittautuneet haasteellisiksi. Jotta nuo ongelmat voidaan ratkais-
ta, kvanttisimulaattoreissa kaytettavien tytkalujen taytyy aiheuttaa mahdollisimman véhan hairioi-
ta ja epatarkkuutta systeemiin. Siksi tAman tyon tarkoituksena on kehittdd korkeatehoinen laser
kontrolloimaan Rydberg-atomeita niista rakentuvassa kvanttisimulaattorissa.

Kvanttiteknologiassa lasereilta vaaditaan tarkkoja ominaisuuksia, kuten matalaa kohinatasoa,
yksitaajuista toimintaa, stabiilia taajuutta ja korkeaa tehoa. Vertikaalisesti emittoivat ulkoisen kavi-
teetin puolijohdelaserit (VECSEL:t) tarjoavat lupaavan alustan kvanttiteknologian lasereille. Siksi
tama tyd keskittyy VECSEL:n optimointiin kvanttiteknologian sovelluksia varten. Kuitenkin VEC-
SELit, niin kuin kaikki muutkin laserit, taytyy taajuuslukita, jotta laserin luontainen taajuusheilahtelu
saadaan kompensoitua ja jotta taajuus saadaan pysyméaan tarpeeksi stabiilina herkkia sovelluksia
varten. Laserin taajuuslukitsemiseksi kaviteetissa taytyy olla taajuussaatimia, joilla on mahdolli-
simman hyvat ominaisuudet taajuuden vakauttamiseen.

Tassa tydssa rakennettiin korkeatehoinen ja yksitaajuinen laser kohdeaallonpituudessa. Piet-
sosahkoinen taajuussaadin ja elektro-optinen modulaattori toimivat laserin taajuuden vaihteluita
kompensoivina komponenteina. Molempien komponenttien taajuuden modulointiominaisuuksien
optimointi oli tarke&a. Laserin karakterisointitulokset varmistivat, etta laser toimii korkeilla tehoil-
la ja pysyy samalla yksitaajuisena ja matalahairidisend. Samalla karakterisointitulokset nayttivat,
etta on tarkeaa yhdistaa kaksi taajuussaadinta tehokkaan taajuuskorjaamisen takaamiseksi.

Avainsanat: VECSEL, kvanttisimulaatio, yksitaajuinen, taajuusmodulointi, korkea teho, pietsoséh-
kéinen taajuusséadin, elektro-optinen modulaattori, matalahairidinen
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1. INTRODUCTION

Already in 1980, physicists began to question, whether a classical device can simulate
guantum mechanics. At that time Richard Feynman said his classic quote: "Nature isn't
classical, dammit, and if you want to make a simulation of nature, you'd better make it
guantum mechanical." However, it took almost 20 years before the interest in quantum-
based devices started to grow [1]. By that time, scientists had faced the difficulty of
understanding and studying many-body problems with the classical tools and the idea of
a quantum-based device began to sound attractive. However, even a bigger factor for the
growing interest was great developments in technology, such as atom and ion trapping
scheme developed with optical clocks [2], and suddenly, the concept of quantum comput-
ing was not a daydream anymore [1]. Nowadays, quantum computers are a hot and, one
could say trendy, topic of research. New innovations come rapidly, new companies are
founded and large projects are funded. This thesis is a part of the PASQuanS2 EU project
which aims to develop large-scale quantum simulators with practical applications. The ex-
istence of the project already proves the relevance of quantum mechanics research as
well as the opportunities of quantum devices.

However, the development of quantum computers, or quantum systems in general, is
highly dependent on the development of technology. Quantum research needs tools for
coherent control of the quantum systems. Lasers, with a wide range of other applications
as well, have shown their potential also in the field of quantum research. Lasers with
specific characteristics can be used for controlling and manipulating atom and ion-based
quantum systems. The idea of using lasers with quantum systems is borrowed from
the optical atomic clocks [2]. During the beginning of the 21st century, the development
of precise time measurement schemes moved forward quickly [3] and suitable lasers
were developed for optical clock purposes. In addition to lasers themselves, experimental
procedures, such as laser cooling and trapping configurations, were first improved and
optimized around optical clock applications. And then, when they started to work, the
step from atomic clocks to optically controlled quantum systems was not too long to take.

Neither optical clocks nor quantum systems are easy end-users for lasers. In contrast,
both fields require high-precision, reliable, and stable devices. To fulfill demanding re-
quests innovations in laser engineering are crucial. At the moment semiconductor lasers
have proven their importance as a laser platform. One of the most potential configura-



tions is the Vertical External Cavity Surface-Emitting Laser (VECSEL) platform. VECSELs
offer flexible architecture for laser design, and moreover, they provide remarkable char-
acteristics, such as high output power and low-noise [4], which are needed for quantum
applications.

Since the development of the lasers is driven by applications, the applications: quantum
simulators, are also presented first in this thesis. The Quantum Simulators chapter pro-
vides a brief overview of quantum simulation and then introduces a few very interesting
quantum simulator schemes: neutral atoms in optical lattices, Rydberg atoms, trapped
ions, and superconducting quantum circuits. The configurations as well as simplified
working principles of selected simulator schemes are described as well as the main chal-
lenges. Then, the link between this thesis and quantum simulators: lasers, comes up.
The field of quantum technology demands sophisticated lasers with demanding charac-
teristics. The chapter collects the key features of the lasers in quantum technology. In the
end, the EU project PASQuanS2 is introduced. This thesis is part of PASQuanS2 project
and at the end of the Quantum Simulators chapter, it is hopefully clear why this thesis
aims to develop a high-power laser with fast frequency actuation.

As the name indicates, the Laser chapter focuses on the fundamentals of lasers. To be
more precise, after the short theory of laser principle, Vertical External Cavity Surface
Emitting Lasers (VECSELS) are in the main focus. The structure of the VECSEL as
well as the working principle are described. However, the VECSEL platform itself does
not exhibit low-frequency noise and that gives a reason for the fourth chapter of this
thesis which is about frequency actuation. The principle of the frequency actuation is
described in general, few frequency locking schemes are presented, and then the focus
is moved to the two important components: piezoelectric actuators (PZTs) and electro-
optic modulators (EOMSs), which establish the opportunity for frequency stabilization in
VECSELs.

The laser construction and characterization setups are presented in Chapter 5 and the
results are collected in Chapter 6. The important characteristics are presented and then
reviewed if they fill the specs of the laser. In the conclusion, the process from cavity
design to the final laser characterization is summarized.



2. QUANTUM SIMULATORS

This chapter aims to deliver a brief overview about quantum simulators and then describe
a few promising platforms more in detail. Also, the PASQuanS2 project as well as its
goals are introduced in the end.

2.1 Quantum simulation

The idea of quantum simulation is to mimic one quantum system with another controlled
guantum system. The power of this approach is to avoid limited calculation capacity of
classical computers and to take the advantage of the complete connectivity of the quan-
tum systems [5]. Quantum simulators can be seen as early state of quantum computers.
They are not as sophisticated as quantum computers but, recently, their potential has
been marked. As explained in [1], not every problem needs a programmable quantum
computer to be solved. Instead, a quantum-based device which could mimic the studied
system is often enough.

2.1.1 Definition

A quantum simulator is an artificial many-particle quantum system whose properties can
be controlled and studied [5]. The building blocks of quantum simulators, called qubits,
are particles, such as atoms, ions, electrons, or photons. The benefit of particles is
similarity, meaning each particle used in a device has the same properties as all other
ones. This provides, for example high-precision and control, and thus is an attractive
opportunity for a device platform.

The advantage of quantum-based devices over conventional ones relies on two key prop-
erties of quantum-particle systems: superposition and entanglement [6]. A superposi-
tion state means a combination of all possible states which can exist simultaneously. For
example, the wave function of an electron includes all possible states of the electron and
certain state has a certain probability that electron can be found in that state. Thus, from
a quantum mechanical point of view, one particle can be at several different locations at
the same time. In classical physics, co-existing states are forbidden which sets a major
limitation for understanding quantum phenomena with classical tools [7]. However, all



the superposition states, which are separated by a distance, are still connected in a way
which cannot be explained via classical physics. If the state of the particle is measured
and it is found at a certain state, simultaneously the wave function of the particle col-
lapses and the superposition states vanish [8]. The explanation for that is that the states
are connected and mechanism is called quantum entanglement. Through the entangle-
ment, the superposition states are connected [8]. Entanglement is not limited to connect
the superposition states of one single particle but the system of particles can also have
various superposition states, and therefore all particles of the same quantum system are
connected via entanglement.

These two features create the main difference between quantum-based systems and con-
ventional ones [6]. The quantum systems allow its particles to be in several superposition
states simultaneously and the superposition states are in connection with each other.
Therefore, through nonclassical connections, the connectivity of a quantum system lies
higher compared to classical systems. In Figure [2.1], the possible connection paths of 8
particles (located at the corners of the octagon) are illustrated. On the left, one particle
is always connected to four others through the lattice. This is a similar structure to, for
example, Si-based crystal alloys. The system is said to have a lattice connectivity, which
represents connections in the classical physics. On the right, eight quantum particles are
all connected through entanglement, and the system is said to have complete connectivity
[9].

Figure 2.1. Lattice connectivity of the classical system illustrated on the left and complete
connectivity of the quantum system on the right [9].

As can be noticed from Figure guantum-based system allows more interactions with
a smaller number of particles compared to the classical system. As a coincidence, more
information is packed in a smaller volume. And on the other hand, to capture all connec-
tions of the quantum system, instead of eighth particles, 14 particles would be needed.



In general, the number of connections of the quantum system grows exponentially with
the system size [1]. For example, in the problems of many-body physics, which studies
interactions in an ensemble of quantum particles, conventional computation methods can
provide only the evolution of 50 particles at maximum [6]. However, in reality, many-body
problems contain orders and orders of magnitude higher amounts of interacting particles
[5]. For example, one milligram of usual matter contains around 108 particles.

2.1.2 Relevance

In order to understand and solve problems, such as strongly interacting particles, far away
from equilibrium chemistry, quantum entanglement, and high-energy physics, studying
the system with another quantum system is crucial [6]. So far, quantum research has
gained valuable information about quantum-scale interactions, such as dynamical quan-
tum many-body phenomena which do not follow thermodynamics [10] or superconductiv-
ity, through quantum simulators. In addition to understanding the fundamental nature of
the quantum-scale world, quantum simulators are useful also for other fields of research
including quantum chemistry, material sciences, and cosmology [6]. Moreover, with the
help of maths, also hard optimization tasks can be constructed into many-body problems
giving another important application for quantum simulators [5]. The first quantum-based
device was engineered in 1982 by Richard Feynman [1]. Nowadays, interest in build-
ing efficient, scalable, and reliable quantum simulators lies high and new applications for
guantum simulators are searched.

2.1.3 Analog and digital quantum simulators

Quantum simulators can be distinguished into two categories: analog quantum simulators
and digital quantum simulators. In the analog simulator, the quantum simulator mimics
the studied system and the evolution of the simulator describes the evolution of the sys-
tem under research [11]. It means that the Hamiltonian of the system can be studied
with the quantum simulator. Of course, this requires that studied systems and quantum
simulators are similar enough. Therefore, not every many-body problem can be mimicked
with the analog quantum simulator [7]. However, analog quantum simulators are relatively
simple in the framework of the quantum technology and they have provided very accurate
knowledge of, for example, superfluids and quantum magnetism [11].

Digital quantum simulators are closer to quantum computers and it is not always clear,
where is line between programmable digital quantum simulators and quantum computers.
In digital simulator, the qubits are used to encode the information in them and then they
are let through quantum algorithms guided by quantum gates [6], [11]. For example, with
spin-1/2 particles states up and down represents states j1i and jOi respectively [1]. In



that sense, the working principle of spin-1/2 particle-based digital quantum simulator is
analogous to "normal” calculating. Thus, the applications of digital simulators are not
limited but, in theory, any finite-dimensional local Hamiltonian can be obtained with them
[11]. On the other hand, digital quantum simulators demand a simulator platform which
allows precise control of qubits increasing the complexity of the system.

Both quantum simulators mentioned above are based on the same principle: coherent
control of the qubits, which can be established in several simulator platforms. For exam-
ple, platforms consisting of neutral atoms, trapped ions, superconducting circuits, elec-
trons, or photons [1], [11] have been studied.

2.2 Important tools for quantum simulation platforms

Before the platforms are presented, it is helpful to understand two important "tools" for
atom or ion based quantum simulators. Both optical lattices and laser cooling are crucial
parts of optical quantum simulation platforms.

2.2.1 Optical lattice

Optical lattices are created with lasers. As explained in [3], when two laser beams are
intersecting, they interfere and form a standing wave. Employing more laser beams and
properly arranging them, the standing wave can be expanded and even a 3D lattice can
be constructed. In a standing wave, intensity maxima or minima are always separated by
a distance of = 2. Thus, variations in intensity create a periodic lattice structure which is
similar to the lattice structure of real solid crystals. In optical lattices, cold atoms can be
trapped in one-, two-, or three-dimensional, and atoms are controlled and manipulated by
lasers.

As discussed in [3], the wavelength of the lattice laser does not only affect the spacing of
the optical lattice but also it determines the way, how atoms are trapped into the lattice.
The trapping force of the light is the strongest near the excitation energy of the atom.
When the laser has less energy than the resonance, the atoms are trapped in the peaks
of the lattice. In contrast, if the laser has higher energy than the excitation, the atoms are
trapped in the valleys of the lattice.

2.2.2 Cooling methods

To be able to trap atoms in the lattice, the temperature of the atoms has to be far below
the lattice depth [12]. And even though the atom could be trapped, the thermal movement
of atoms also introduces unwanted noise to the system. This emphasises the importance
of using (ultra-)cold atom gasses. The temperature of the atoms is usually reduced via



laser cooling methods [6]. In laser cooling, the energy of an atom is decreased via the
absorption of laser light and then spontaneous emission [13]. The photon emitted spon-
taneously does not have any preferred emission direction. Since the atom is moving in
a certain direction, spontaneous emission in randomized directions reduces the energy
in the direction of movement [14]. Thus, light compresses the atom gas decreasing the
relative speed between atoms.

Laser cooling schemes are, for example, Doppler cooling and evaporate cooling. As de-
scribed in [13], in Doppler cooling, the atom gas is illuminated with a counter propagating
laser beam. The laser is slightly red-shifted meaning only the fastest atoms are in the
resonance with the laser. Thus, they can only absorb the light and emit photons and
therefore, they are cooled. Then the frequency of the laser is decreased to reach the
resonance of little slower atoms which are cooled next and the loop is continued until
the Doppler limit is reached. Doppler cooling is suitable for the first cooling method but
it cannot reach temperatures below hundreds of millikelvins [13]. In evaporate cooling,
the trapping potential of the atom gas is slowly reduced letting the fastest atoms with the
highest kinetic energy escape from the trap [13]. Therefore, only slow enough atoms
are staying and atom gas becomes more confined. Evaporate cooling is not suit for the
samples with high thermal movement but it can be used for the further cooling method.
By combining several cooling methods, low temperatures, even in the nK range, can be
reached [12].

Simultaneously with temperature also the entropy of the atoms has to be minimized to
obtain an energy regime in which thermal movement or entropy will not disturb the ma-
nipulation of atoms or introduce noise [|15]. To reduce the entropy of an atom, the entropy
has to be guided somewhere from the atom. The method is called a local entropy re-
distribution [15]. One way to construct redistribution is to immerse the atom gas in the
reservoirs, which "collect" the entropy from atoms and afterwards the reservoirs are re-
moved with the entropy of the atoms with them [16].

2.3 Neutral atoms in optical lattices

Overview

As the name indicates, in this platform atoms represent the qubits of the system and
they are kept in an optical lattice. Neutral atoms interact with each other through van
der Waals forces. An atom trapped at one lattice site can also tunnel to the neighboring
site if the atom has enough kinetic energy and the site is unoccupied [5]. Since van der
Waals forces create weak interactions atoms have to be kept close to each other. Optical
lattice has a very similar structure to the structure of natural solid crystal [3]. Thus, optical
lattices provide a well-suited environment for mimicking solid-state systems [1].



Readout and manipulation

In optical lattices, atoms are separated by the distance corresponding to the half wave-
length of the lattice laser. Thus atomic structure is highly confined. Due to the funda-
mental resolution limit of light: = 2, and macroscopic beam sizes, reaching one individual
atom with the laser is challenging [3].

However, the invention of a quantum gas microscopy in 2009 has given a tool to tackle
also the questions of local detection and manipulation [14]. The principle of quantum
gas microscopy is explained in [14]. To summarize the idea, atoms are first trapped
deep in the optical lattice and then illuminated with light in the laser cooling configuration.
Thus, cold or ultracold atom gasses as well as lasers with high output powers are both
crucial elements for this platform. Individual atoms can be then detected by mapping the
scattered photons and using an algorithm with prior knowledge of the geometry of the
optical lattice. Quantum gas microscopes provide localization with a resolution of around
0.5 m [14]. In addition to the detection, the scheme of quantum gas microscopy allows
the addressing and manipulation of a single atom. Through the high-resolution objective
used in local detection, laser light can be focused in below m spot. With a focused
laser beam, individual atoms in an optical lattice can be addressed [14]. Of course, the
described detection and manipulation scheme is not simple and requires, for example,
high-resolution optics and a large hardware system as well as single-frequency laser with
beam good beam quality [14].

Applications

Optical lattices with neutral atoms present a platform with flexibility: both fermions and
bosons can be trapped in lattices [11]. Furthermore, optical lattices allow the control of
several parameters such as lattice geometry and depth i.e. tunneling strength, and inter-
actions between the next neighbor [12]. Thus, neutral atoms are well-suited for analog
quantum simulators [1]. With neutral atoms in optical lattices, even complicated many-
particle interactions, for example, in material sciences could have been tackled [12]. The
readout of the system is based on the time development of the initial state. The lattice
sites occupied by atoms after a certain time give valuable information from the time evo-
lution of the mimicked system.

Challenges

Since the weak interactions between atoms, they have to be located close to each other
to feel the interaction. This results in difficulties in addressing and manipulating single
atoms [12]. Thus, the neutral atom-based systems are not the most promising in terms
of control. They fit for analog applications in which solid-state systems are mimicked but



their applications in other fields are limited.

Summary

Neutral atoms in optical lattices provide a platform for analog quantum simulators. They
bring the opportunity to study a quantum system with another quantum system which has
already been helpful for scientific applications. A typical element to be trapped is rubidium
because of its well-known energy level structure [17]. At the moment, optical lattices with
around 3000 atoms are possible to construct [12].

2.4 Rydberg atoms in arrays

Overview

In one sense, Rydberg atoms in arrays can be seen as a specific application of neutral
atoms in optical lattices. Rydberg atoms are also neutral atoms and they are kept in
the optical environment created by lasers. As defined in [18], a Rydberg atom means
an atom in which one outer electron is exited to a high-excited state via laser excitation.
The electron in high-excited states gives a few favorable properties to the Rydberg atom
[18] which cannot be generalized to all neutral atoms. First of all, a high-excitation state
creates a large dipole moment inside the atom [5] bringing the opportunity of dipole-dipole
interactions and long interaction lengths. Another useful feature of the Rydberg atoms is
that the highly-excited states are metastable with lifetimes around hundred s, which are
orders of magnitudes higher than the lifetimes of the low-excited states [5]. In addition,
the electron in the high-excitation state has a weak bond between a nucleus [18]. As a
result, the Rydberg atom has an outer electron which is very sensitive to the surrounding
environment and which creates a large dipole moment inside the atom [5]. For example,
a Rydberg atom would "notice" even the smallest changes in the external electric field or
other Rydberg atoms nearby [18]. Therefore, Rydberg atoms can be seen as similar to
hydrogen atoms which simplifies working with them [18].

Readout and manipulation

In quantum simulators, Rydberg atoms are placed in optical lattices, more precisely they
are confined in arrays with optical tweezers. Optical tweezers are highly-localized and
controlled laser beams which can effectively behave like tweezers and trap single (Ryd-
berg) atoms or ions [18]. On top of trapping, laser beams are also used to cool atoms
to minimize their movement. Once Rydberg atoms are kept "frozen" in optical lattice, the
long interaction lengths bring an opportunity to use larger spacing between atoms com-
pared to neutral atoms in optical lattices in general. Larger spacing guarantees that laser
light can address individual atoms and now the manipulation of single atoms and atomic
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readout is simpler [19].

Applications

Rydberg atoms can interact with each other through dipole-dipole pairs or van der Waals
interactions leading to effective spin-spin interactions [19]. Therefore, Rydberg atoms
are well-suited for mimicking spin systems [5]. Long interaction lengths combined with a
strong interaction between two Rydberg atoms establish two-qubit entangling operations
[19], and furthermore an opportunity of gate operations with a pair of Rydberg atoms.
Therefore, Rydberg atoms provide a platform for both analog and digital quantum simu-
lators. In addition, Rydberg atom based quantum computers are also under a research
[20].

Challenges

Since the atom has to be excited to a high-excitation level to obtain a Rydberg atom, the
complexity of Rydberg atom-based systems is higher compared to neutral atom-based
devices. The stronger interactions of Rydberg atoms also bring the disadvantage of sen-
sitivity. Rydberg atoms can be affected by external electric or magnetic fields [18] and, for
example, black-body radiation is noticed to induce unplanned transitions between nearby
Rydberg states limiting the coherence and reliability of the system [21].

Summary

To summarize, Rydberg atoms take advantage of all the good features of neutral atoms
but they are free from the biggest challenges of them. Therefore, Rydberg atoms are one
of the most studied and most interesting platforms for both analog and digital quantum
simulators [5]. Recently alkaline-earth atoms are the most promising elements for Ryd-
berg atoms [5]. At the moment, more than 250 Rydberg atoms have been successfully
kept, manipulated, and studied in optical arrays [22].

2.5 Trapped ions

Overview

Instead of using neutral particles as building blocks of a quantum simulator, charged par-
ticles, such as ions or electrons, introduce new and useful features for the devices. lons
can be trapped efficiently with electric fields and then cooled and controlled by lasers [6].
Compared to neutral atoms with van der Waals or dipole-dipole interactions, ions interact
strongly through Coulomb repulsion and attraction [1]. In addition to strong interactions,
trapped ions exhibit naturally long coherence times in the range of seconds [1]. Thus,
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trapped ions provide by far the most controllable platform for quantum devices [23].

However, not every ion is a good candidate for ion trapping. In [24], suitable elements
are determined in detail. To summarize, the efficient performance of an ion requires a
certain energy level structure. First of all, the ion must have two energy levels which
correspond effectively to spin-up and spin-down states. Moreover, those energy levels
have to be metastable providing long lifetimes and they have to lay within the reach of
optical transitions. Thus an atom has to exhibit either Zeeman splitting in ground state or
Si-» hyperfine structure to be a suitable candidate for a trapped ion. In practice, atoms
located in the second group of the elementary table, such as Be, Mg, Ca, etc., have
suitable structures for quantum device purposes. On top of that, also certain rare-earth
elements, for example, Yb and Lu, and transition metals, such as Cd and Hg, have a
fitting electronic structure.

Readout and manipulation

In an ion trap, not only one ion is trapped and isolated but several ions are placed in a
chain [24]. Trapped ions have to also be cooled to reduce the thermal motion of the par-
ticles and the noise of the system. Similarly to the neutral atoms, laser cooling methods
are used to confine the trapped ions. Also, the manipulation and the probing of the state
is made with lasers. The state is manipulated via the laser-induced optical transitions be-
tween two excited states and then the quantum readout is collected via the fluorescence
process [9]. If the ion is in a state resonant with the laser light, it will emit photons. In
contrast, if the laser does not hit the resonance of the ion, the ion will stay dark and is
called a dark state [25].

Applications

Due to the strong interactions and long coherence times, trapped ions are considered to
be the most controllable quantum simulation platform [23]. Thus, they are prominent for
digital quantum simulators as well as quantum computers. Long coherence times and
the opportunity to control single cubits allow reliable simulation or information process-
ing. With trapped ions, single- as well as two-qubit operations are available and trapped
ions can be also in analog quantum simulators to simulate, for example, spin-systems
[23]. Nowadays, few companies such as lonQ [26] and AQT [27] provide cloud access to
trapped ion-based digital quantum computing hardware.

Challenges

The disadvantage of strong interactions of ions is that they also interact strongly with
the environment and are very sensitive to any electric or magnetic fields. Thus, trapped-



12

ion devices require ultra-high vacuum as well as proper isolation [23]. In addition, these
platforms demand many laser beams, and the alignment of the lasers without cross-talks
has been tricky [23]. Therefore, the hardware system around trapped ions is already very
complex and upscaling is a dominant challenge. For example, increasing the number of
ions in a chain would require an increased number of controlling laser beams. Due to
finite space around ions, arranging beams without unwanted intersections of beams can
become problematic.

Summary

Trapped ions have introduced a significant platform for quantum computing and simulating
[6]. The first approach towards quantum simulators was made with trapped ions [7] and
today they are still considered one of the most promising platforms, especially for digital
guantum simulators [9]. At the moment, manufacturing linear chains with around 50 ions
is reachable [7].

2.6 Superconducting quantum circuits

Overview

Superconducting circuits introduce a solid-state quantum simulation platform. This method
of initializing quantum simulators differs strongly from the methods listed above. Super-
conducting circuits are macroscopic systems with a large number of atoms in metallic
wires and plates [6]. Compared to laser-induced environments of quantum simulation
methods mentioned before, superconducting quantum circuits are created lithographi-
cally in, usually, aluminum-based [28], chip. Superconducting quantum circuits rely on two
unique phenomena: as the name indicates, superconductivity and the Josephson effect
[29]. If the temperature is below the superconducting regime of the material(dependent
on the material but always very close to absolute zero), electrons can move in a supercon-
ducting material without facing any friction i.e. the resistance of the material disappears
in low temperatures. Superconductivity itself is a quantum phenomenon which can be
observed on a macroscopic scale [29]. Superconducting circuits also exhibit long coher-
ence times, in the range of 100 s [29]. Therefore, they set up a good environment for
the quantum simulation.

When two superconductors are placed close to each other, with a narrow insulator barrier
between them, a constant current flow through the insulator without any applied voltage
is observed [30]. The phenomenon is called the Josephson effect and the name of the
junction is Josephson tunneling junction. One superconducting circuit creates the building
block of the quantum device in this platform. With superconducting circuits quantum
information can be stored in a few ways: the current flow around the loop or the state
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of the oscillation creates the possible states [6]. By applying current or electric flow, the
state of the circuit can be controlled.

Readout and manipulation

Superconducting circuits are connected via Josephson tunneling junctions. With circuits
and Josephson tunneling junctions, a system with similar behavior to an atom can be
built [29]. Therefore, systems with superconducting circuits and Josephson tunneling
junctions are called artificial atoms. Mimicking atomic behavior with man-made structures
brings the benefit of designing the structure with certain characteristics. For example
"atoms" with suitable resonance frequencies and interaction mechanisms can be built
[1]. One artificial atom is seen as a qubit of superconducting circuits-based quantum
device [29]. The man-made atom can be excited by controlling superconductive circuits.
In comparison to real atoms which are controlled with laser radiation, artificial atoms are
manipulated with current and voltage flows [11]. Effectively the result of controlled current
or voltage is similar to real atoms.

Applications

Compared to atom or ion-based simulator types, the advantage of chip-based super-
conducting circuits is a solid-state microelectronic technology [23]. The platform brings
freedom to the architecture, and thus, superconducting circuits have developed fast dur-
ing the last decade [23]. Superconducting circuits are also a controllable platform with
both single- and two-qubit operation [31] which makes them an encouraging platform for
both digital quantum simulators and quantum computers. Similar to trapped ions, cloud
access to superconducting circuits-based quantum processors is provided, for example
by Rigetti Computing [31].

Nowadays, the benefits of chip-based microelectronics technology can be combined with
the advantages of atom or ion-based quantum systems. As a results, atom or ion traps
do not locate in a vacuum but in an integrated quantum chip environment [32]. This
platform would help to tackle the question of upscaling and noise sensitivity [32] but the
development of these systems are mostly in the beginning and they have faced challenges
as well [23].

Challenges

Since superconductivity appears only at temperatures close to absolute zero, typically in
the mK range [33], the devices require efficient cooling methods. With solid-state sys-
tems, laser cooling is not an option anymore, but the cooling of semiconducting circuit-
based devices is made with cryogenic setups [29]. Cryogenic setups can access the
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millikelvin temperatures in He3/He* dilution refrigerators [33]. Those setups are rather
complex and increasing the number of qubits would require increasing the size of the al-
ready complex cooling system. In addition to upscaling, in [23], it is also pointed out that
the accurate readout of the system is slow which sets another limitation to this platform.

Summary

Superconducting circuits provide a geometrically very flexible architecture in addition to
the freedom of designing the characteristics of the artificial atoms [6]. Thus, they present
a suitable and promising platform for both analog and digital quantum simulators. At the
moment, a quantum device with around 100 qubits is within reach [7].

2.7 Recap of simulator platforms

To collect the information delivered above, in Figure from [1], described quantum
simulation platforms are illustrated. On the left in part A, neutral atoms are confined in
the 3D lattice, in parts B and C the 1D and 2D lattice configurations are shown as well. In
the middle, ions are located in chain (part D) and in two-dimensional traps (part E). Also,
a crystal-like structure of ions is possible and is shown in part F. On the right, electrons-
based configurations are presented. In part G, electrons are kept in gate configuration,
in part H superconducting circuits are connected into arrays, and in part | electrons are
trapped on the surface of liquid helium.

As a recap, the key features of the presented quantum simulation platforms are collected
in Table
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Atoms lons Electrons

Figure 2.2. Schematic illustration of different quantum simulator platforms from [34].
In part A, neutral atoms are confined in the 3D lattice, in parts B and C 1D and 2D
environments are shown. In part D and E ions are kept in a chain or in the 2D traps
respectively. lons in a crystalline structure is illustrated in F. In part G, electrons are kept
in gate configuration, in part H superconducting circuits are connected into arrays, and in
part | electrons are trapped on the surface of liquid helium.

Table 2.1. Summary of quantum simulation platforms.

Neutral Rydberg Trapped Superconducting
atoms atoms ions circuits
Environment | Optical lattice Optical lattice Optical tweezers | Metallic wires/plates
Elements Rb Be, Ca, Sr Be, Mg, Ca Al
Qubit A neutral atom | A Rydberg atom A trapped ion An artificial atom
Interactions | Van der Waals Dipole-dipole Coulomb force Joshepson effect
Scalability > 1000 250 50 100
Simulator Analog Analog and digital Digital Analog and digital

When comparing the platforms for quantum simulation it can be recognized that the con-
trol of the system costs upscaling opportunities. When ions and superconducting circuits
provide the strongest interactions and most control, the system size is so far limited to 50
- 100 qubits depending on the platform. In contrast, atoms with a lack of strong interac-
tions bring the opportunity for larger but not highly-controllable systems. Therefore, it can
be concluded that every simulator type has its advantages as well as difficulties and the
different applications can benefit from different simulator type.




16

2.8 Challenges

Independent from the architecture of the quantum simulator, quantum devices exhibit
a few major challenges, which need to be tackled before efficient applications become
relevant [6]. First of all, the number of established qubits is still low and an effective use of
quantum simulators would require successful upscaling [5]. However, every simulation
scheme is already rather complex relying on high-tech solutions, such as sophisticated
lasers and vacuum environments. Thus, one question is, how to increase the number
of qubits without a big expansion in the system size or complexity. Also, the increased
number of qubits implies directly the increased number of entropy and effective motion i.e.
temperature increasing the noise of the system and decreasing the coherence between
the particles [6]. Therefore, it is not enough only to focus on the upscaling of the system
size but also the innovation of new cooling and confinement techniques is required.

Another important request for successful applications is enhancing the fidelity of quan-
tum simulators [5]. Quantum systems are extremely sensitive to their environment. For
example, defects in the system or external noise such as electric or magnetic fields or
other particles could destroy the reliability of the simulation [6]. Thus, isolated environ-
ments are a vital part of reliable quantum simulators. However, isolation is not enough but
also the methods for controlling and probing the system have to introduce as little noise
to the system as possible [1].

2.9 Lasers for qguantum simulators

Lasers have showed up in many places during the description of quantum simulators:
optical lattices are created by lasers, particles are trapped by lasers, atoms, and ions are
cooled by lasers, the state of the system is probed by lasers, etc. It seems lasers are at
least as important building blocks of quantum devices as the particles themselves. Since
the variety of different lasers is huge nowadays, it is relevant to ask, which kind of lasers
are used with quantum devices or which characteristic this field demands from a laser?

Of course, not every laser used in quantum devices has the same characteristics. As an
example, some applications need continuous wave (cw) operation, and some pulsed laser
systems. Still in general, it is possible to recognize key features for (cw) lasers operating
in the field of quantum technology. As collected in [35]-[37], important characteristics of
laser are:

» Specific wavelength: Typically wavelengths asked for quantum systems are very
specific and out of the reach with conventional gain materials.

» Single-frequency: Single-frequency lasers operate at single resonator mode. Emit-
ted radiation has very narrow linewidth and low phase noise which are both crit-
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ical for quantum applications.

» Frequency-stable by locking to reference with fast modulation: Frequency fluc-
tuations would immediately introduce external noise to the system. Quantum sys-
tems are extremely sensitive to external noise and any unplanned variation in laser
frequency will affect the coherence of the system. Therefore, it is important to have
frequency stable radiation source with fast frequency correction.

* Low-noise: Quantum based platforms are extremely sensitive to all forms of noise,
not only the noise in the laser frequency but also in the amplitude or in the phase.
The laser should have as low relative intensity noise (RIN) as possible.

* High output power: High output power is essential for upscaling, optical lattices,
good signal-to-noise ratio i.e. high-fidelity.

2.10 PASQuanS2- towards large scale quantum simulators

PASQuanS2 is a 7-year-EU project with 27 partners from 7 countries. It began in April
2023 and the overall budget is 16.6 million euros [38]. PASQuans is an acronym for words
Programmable Atomic large-Scale Quantum Simulation and PASQuanS2 is the next step
from the EU-project called PASQuansS. In PASQuanS, the development of large-scale
gquantum simulators started, the most promising platforms were recognized and the first
steps towards programmable quantum simulators were taken. The project shows that
the relevance and potential of quantum simulators are noticed and interest in developing
them increases. More information about the project can be found in [|38].

2.10.1 Goals

The goal of the PASQuanS2 project is ambitious: creating a quantum simulation ecosys-
tem beneficial for both academia and industry [38]. The first half of the project is focused
on scaling quantum simulators towards large-scale reliable devices and the second half
is about the implementation of those devices into usable form for industry as well as for

science.

In the first phase, the most important part is the development and enhancement of quan-
tum simulator platforms. In PASQuanS2, the work will focus on neutral atoms in optical
lattices, Rydberg atoms in optical tweezers, and trapped ions. The aim is to enhance
the stability, control, and reliably of selected systems. During the first phase, the goal is
to run quantum simulators working with 2000 neutral atoms, 1000 Rydberg atoms, and
200 trapped ions. However, it is not enough to only enlarge the system size but also
improve reliability and simulation fidelity. In practice, that requires inventing and improv-
ing calibration methods, enhancing the control of the particles as well as the coherence
of the system. Thus, a successful implementation of a quantum simulator asks for new
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technologies and research around quantum systems. Simultaneously, the aim is to bring
quantum simulators closer to (industry) applications and to recognize the potential end-
users. That is reached by determining new ways of using quantum simulation tools and
by developing software for using the simulator.

During the second phase, research around quantum simulators will be continued and
the aim is to increase the number of used atoms/ions higher to finally reach the large-
scale simulators. At the same time, also the verification and validation methods of the
simulators will be created. However, the main focus of the second phase is around end-
user applications, supply chains, and user experience. At the end of the project, an
end-user-friendly, online large-scale quantum simulator with relevant applications should
be introduced.

2.10.2 High-power laser at 973.00 nm

Vexlum is a partner company of the project. The contribution of Vexlum is to supply a
laser to work in a Rydberg atom based quantum simulator. Thus, this thesis aims to
develop a high-power laser source with fast frequency modulation. The laser will be
used to control the trapped Rydberg atoms and it has to operate at 973.00 nm to hit the
control resonance. High output power is important for upscaling the size of the Rydberg
atom-based simulator. To efficiently adjust the atoms, the frequency of the laser has to
be locked to a high-finesse cavity. Frequency locking requires fast frequency actuation
which is established by combining the modulation properties of a piezoelectric actuator
and an intracavity electro-optic modulator (EOM). Both elements must exhibit as broad a
modulation band as possible.

To summarize, the specs of the laser are:
* 10 W output power at 973.00 nm
 an intracavity EOM with > MHz bandwidth included

* a piezoelectric actuator with a bandwidth of 70 - 100 kHz included.

Those characteristics are kept in mind when manufacturing the laser. This thesis is a
study of whether all of those can be reached simultaneously or whether some compro-
mises have to be made.
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3. LASERS

Originally the word laser was a shortcut from the words “Light Amplified by Stimulated
Emission of Radiation”. The first laser was built in 1960 by T.H Maiman. It was a Ruby
laser and opened the route to laser technologies. Nowadays lasers have a broad spec-
trum of applications in fields such as medicine, industry, and telecommunications. Differ-
ent applications demand different characteristics from the laser but all lasers are based
on same fundamental physics. In this chapter, first the overview of lasing operations is
shown and then the discussion moves towards specific type of laser configuration which
is suitable for quantum applications.

3.1 Laser principle

The basic scheme behind every laser is very same: to achieve stimulated emission a laser
needs a three (or higher)-level system [39]. With a two-level system population inversion
cannot be obtained. Around the suitable energy levels scheme, lasing operation requests
a gain material in which a population inversion can take place, an external energy
source, and a resonator structure. In Figure [3.1] the tree-level system with excitation
of electrons, population inversion, and the generation of photons is presented.
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Figure 3.1. An illustration of laser 3-level scheme. The ground state is denoted as j1i.
The external energy source excites electrons from the ground state to the state j2i. From
the state j2i non-radiative and fast decay occurs to the state j3i. The state |3i is a
metastable and has a long lifetime. From the state j3i, the decay back to ground state is
radiative and a photon passing by can force an electron to drop back to the ground state
and emit a photon with same characteristics as the photon passing by.

As explained in [40], in the lasing scheme, the external energy source excites electrons
from the ground state to the excited state (noted as j2i in Figure[3.1). From the state j2i,
electrons decay nonradiatively to the state j3i. Typically decay process from the state j2i
to the state j3i is fast (fs or ps timeframe). In order to obtain the population inversion,
state j3i has to be a metastable state. From a metastable state electrons cannot decay
fast back to the ground state but the spontaneous emission happens in nanoseconds to
microseconds timeframe. Thus, a population inversion is reached and a photon passing
by can force an electron to drop back to the ground state. The energy difference between
the state j3i and the ground state is emitted as a photon which has the same phase,
direction, and wavelength as the photon forcing the emission. This phenomenon is called
stimulated emission. When photons created by stimulated emission are bouncing back
and forth in the resonator, a positive feedback loop is generated and number of photons
in cavity increases. In the beginning only photons from spontaneous radiation are emitted
but after a point called a threshold the emitted radiation has fixed phase, direction and
wavelength i.e. a laser and a source of a coherent monochromatic light is formed.

The gain medium of a laser can be solid, liquid, or even in a gas phase. Thus, in practice,
laser light can be established with many different platforms [39]. Every laser system has
its benefits as well as difficulties. For example, gas lasers can produce very high, in kW
range, output power but only in very specific and limited wavelengths while dye lasers
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have a wide tuning range (typically 1-6 nm [39]) but they are rather complicated systems
to work with [40]. In this work, semiconductor lasers are discussed not only because they
are one of the most used laser systems today, but also because they provide a versatile
laser platform and an opportunity to create a laser with very specific and demanding
characters.

3.2 Fundamentals of semiconductor lasers

Semiconductor lasers are based on semiconductor alloys which can be grown on top of
each other, for example, with metal-organic vapour phase epitaxy (MOCVD) or molecu-
lar beam epitaxy (MBE). MOCVD is most common method to grow llI-IV semiconductors
[41] and MBE is used when high purity levels i.e. low defect densities are demanded. In
semiconductors, the valence and conduction band of electrons do not overlap but instead
are separated from each other with some energy gap. The energy difference between
the valence and conduction bands is called band gap and is often denoted with E4. Band
gap varies with the material. For example, the fundamental band gap of GaAs is 1.42eV
in room temperature [42]. Thus, combining materials brings an opportunity to reach band
gaps which do not exist among intrinsic materials [43]. That is called band gap engineer-

ing.

As explained in [43], when an external energy source excites an electron from a valence
band to a conduction band, an electron-hole pair is formed. The electron-hole pairs form
the source of radiation of semiconductor lasers. Electrons and holes can travel in con-
duction/valence bands. And when they recombine again, a photon with the energy of the
band gap is emitted. Since the band gap of semiconductors can be engineered to cover a
large energy range, it also implies a broad wavelength coverage. The wavelength versa-
tility of semiconductor lasers is one of their main advantages. To clarify, a semiconductor
laser does not necessarily have wide wavelength tuning but different laser systems can
be designed and, as a result, wavelengths from broad areas can be established.

Semiconductor lasers can be distinguished into two main categories based on the direc-
tion of the beam propagation in respect to the growth direction of the gain material [43].
A semiconductor laser is called edge-emitting if the beam propagates parallel in relation
to the semiconductor layers. In contrast, if the beam propagates perpendicularly to the
layers, it is called a surface-emitting laser. Both configurations are illustrated in Figure
3.2
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Figure 3.2. On the left edge-emitting and on the right surface-emitting laser and the
output beam directions.

The beam direction in respect to the growth of the gain material is not the only significant
difference between these two configurations. In edge-emitting lasers, the beam escapes
through the partly reflective edge of the laser whereas in surface-emitting lasers beam ex-
its through the top or bottom surface of the gain material. Edge-emitting lasers can also
be considered as waveguides in which gain material and cavity cannot be separated. In
contrast, in surface-emitting lasers gain material is located between two distributed Bragg
reflectors (DBR) or between one DBR and external mirror or between two external mirrors.
Thus, surface-emitting lasers can be divided into Vertical Cavity Surface-emitting Lasers
(VCSELSs), Vertical External Cavity Surface-Emitting Lasers (VECSELSs) and, Membrane
External Cavity Surfece-emitting Lasers (MECSELS) [44] depending on whether the mir-
rors are DBRs or externals. Due to the configuration of the laser, all architectures have
very different characteristics. In Table , the main differences are collected.

Table 3.1. The typical characteristics of edge-emitting and surface emitting lasers.

Characteristic Edge-emitting [43] | VCSEL[45] | VECSEL [46] | MECSEL [44]
Beam quality | poor at high powers | excellent excellent excellent
Output power <10W 1-10 mW >10wW <10W
Pumping electrical electrical optical optical
Loss resistance good good poor poor

From now on, the focus of this work is on the surface-emitting lasers. Keeping in mind the
characteristics listed in the end of the previous chapter, surface-emitting lasers provide a
suitable characteristics for the applications of the quantum technology.
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3.3 VECSELs

VECSELS are surface-emitting lasers consisting of a gain chip, intracavity elements, a
pump laser, and an external end mirror [47]. VECSELSs are high-brightness lasers with
excellent beam quality [46]). The external cavity structure also brings freedom to tune the
characteristics with intracavity elements.

3.3.1 Structure

In a VECSELSs gain chip, the gain material is not placed between two DBRs, but the partly
reflective mirror is external. Thus, only a micro-cavity between the back DBR and the top
surface of the active region is formed. Usually, quantum wells (QWSs) or quantum dots
(QDs) are grown inside the active region to increase the single-pass gain [48]. By placing
QWs at the antinodes of the optical standing wave the coupling between QWs and the
laser mode maximized and thus the small gain is compensated [46]. Since the end mirror
is located away from the chip, the standing wave is formed between the back DBR of the
gain chip and the end mirror. Thus, the cavity plane is formed perpendicular to the plain
of the gain chip. A schematic and simplified structure of a VECSEL is captured in Figure
3.3

oC
Intracavity
elements

Pump laser
—
Gain mirror

Figure 3.3. A schematic picture of a VECSEL consisting of a gain chip, intracavity ele-
ments, a pump laser, and an end mirror.
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From Figure [3.3] the three main components: the external energy source, the gain ma-
terial, and the resonator structure, can be distinguished. VECSELSs are usually optically
pumped meaning the external energy source is another laser. Usually, multi-mode diode
lasers (LDs) can be used as pump lasers since they are widely available and pump laser
does not have to exhibit high-quality functions as long as they can supply high enough
output power [48]. Thus, in one sense, VECSELSs are frequency modulators which trans-
form the higher-frequency low-quality photons to lower-frequency high-quality laser light.

The resonator structure, or cavity, is formed between the gain chip and the external end
mirror. The reflectance of the end mirror has to be high, for example, 99 %, since VEC-
SELs are sensitive for losses. The intracavity power can be calculated through following
equation.

PO ut

Roc

PIC = (31)
In Equation Pic refers to the intracavity power, Py, is the output power from the
laser and Roc is the reflectance of the output coupler mirror. From the equation, it can
be noticed that the intracavity power of a VECSEL is high. For example, a laser with 1 W
of output power and 99 % output coupler mirror has 100 W inside the cauvity.

Intracavity elements are added into the cavity to adjust the properties of the laser beam.
The fundamental emission of the semiconductor gain can be adjusted with intracavity
elements, such as birefringent filters or etalons. For example, birefringent filters allow
the selection and tuning of the lasing wavelength. With intracavity elements, one can
even double the frequency of escaping emission with a specific second harmonic gen-
eration (SHG) crystal widening the wavelength coverage of VECSELs into the visible
range [46]. Or semiconductor saturable absorber mirrors (SESAMSs) can be inserted and
mode-locked pulsed VECSEL are created [49]. Thus, the external cavity provides a great
playground for a laser engineer.

Moreover, with different mirrors altered cavity configurations can be built. On top of the
simple I-cavity (in Figure also more complicated versions such as V-cavities or Z-
cavities can be constructed. Cavity arrangement is selected based on the application of
the VECSEL. For example, V-cavity is beneficial if the goal is to double the frequency with
SHG crystal [47]. Independent from the configuration, the total length of the VECSELSs
cavity is always in the range of tens of centimeters. Due to the relatively short cavity
length, single mode operation is reachable with VECSELSs [49]. In addition to the standing
wave cavities described above, VECSELSs can also be constructed in a ring resonator
form. In the ring resonator cavity, photons do not bounce back and forth in the resonator
but they circulate around the cavity [50]. Ring resonators can be both standing wave
cavities and travelling wave configurations. Usually travelling wave system introduces
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more losses to the cavity and more noise to the laser beam. Thus, they have not reached
as high popularity as standing wave cavities even though they still have applications and
for example a resonant frequency doubling cavity can be constructed in travelling wave
configuration [50].

3.3.2 Thermal management

As pointed out, for example, in [49], in high-power VECSELS thermal management plays
an important role. To be able to produce high output powers, the gain chip has to be
pumped with high pumping powers and not all external pumping energy is converted into
photons. Actually, most of the pumping energy is lost through non-radiative recombination
and defect induced thermalization which creates a significant amount of local heat [46].
The heating of the gain chip introduces a positive feedback loop since the warmer the
gain is the more non-radiative emission happens resulting more heat.

The structure of the gain material is also very sensitive to the temperature. Increase in
temperature increases also the thermal movement of carriers in the quantum wells. If the
carriers move fast enough they can jump of from the quantum well and the gain drops
[49]. Therefore, heating shifts the emission wavelength to the red (to lower energy), and
eventually when the quantum confinement of the gain is not strong enough a phenomenon
called thermal rollover can occur [49]. After the thermal rollover, the output power of
VECSEL does not increase by further increase in the pump power. Therefore, the heat
flow away from the gain region must be maximized. In practice, it is made by placing the
gain chip next to a good thermal conductor, called a heat spreader. For example, diamond
is a commonly used material since it possesses remarkably high thermal conductivity
(more than 1600 W/mK ) [49]. The heat spreader can be either placed on top of the gain
mirror (the arrangement is called a top emitter chip) or under the gain mirror (called a flip-
chip) [46]. Both configurations are nowadays commonly used for VECSEL fabrication.

In addition to the heat spreader, also the structure of the gain region should be designed
in a way that the possibility of non-radiative losses is minimized [48]. At least as important
as careful design is the purity of the growth since defects increase non-radiative losses
[47]. That is the reason why VECSELs gain materials are usually grown by MBE which
provides high purity levels.

3.3.3 VECSELSs for quantum technology applications

VECSELSs are promising laser platforms for the demanding field of the quantum technol-
ogy. As described in the Chapter[2] the lasers working with quantum devises should have
precise characteristics. And with VECSELS all those requests can be fulfilled [4].

The VECSELSs can provide high output powers at single-frequency operation meaning that
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the emitted light has narrow linewidth and low phase noise [35]. Also the beam quality
of the VECSEL at high-power operation remains excellent [46]. Since the VECSELs
are semiconductor lasers, it brings the opportunity of band gap engineering in the gain
material. Thus, with VECSELSs the hard-to-reach wavelengths can be realized. VECSELs
also have naturally low intensity noise at high frequencies because the photon lifetime
in the external cavity is much longer compared to the carrier lifetime in the gain material
[4]. Therefore, the fluctuations in intensity are averaged away when the photons are
bouncing in the cavity and the escaping light has a low intensity noise. In addition, the
linewidth of the VECSELSs could have been reduced to sub-kHz level [51]. In practice, for
example, 1kHz bandwidth at 973 nm would mean a coherence time of 0.32 s. Within
that coherence time the light can travel about 95 km!

In this work, the VECSEL platform was selected because, it can provide high output pow-
ers at single-frequency operation, large wavelength coverage, low-noise, and opportunity
to add intracavity elements for frequency stabilization.
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4. FREQUENCY LOCKING

This chapter introduces the concept of frequency locking and gives a brief overview, how
the frequency locking system can be established. The main focus, is still not in the fre-
qguency locking itself but in the frequency actuator components which can be inserted in
the laser cavity.

4.1 The overview of frequency locking

In many applications, such as atomic clock transitions, laser cooling, and high-precision
spectroscopy [52], [53], a stable-frequency laser source is a crucial element. Large fre-
guency fluctuations will decrease the quality of measurement or excitation. Most of the
harmful frequency fluctuations are related to the fluctuations in cavity length [52]. When
the length of the cavity varies it leads to a change in the wavelength and in the frequency.
In the new cavity the standing wave has to reorganize itself again to fit in and, as a result,
the frequency has been changed. Thus, modulating the cavity length is important to es-
tablishing a frequency-stable laser. The modulation is typically done by placing frequency
actuator components in the cavity and then controlling them.

The frequency locking is established through a feedback loop. The simplified idea of the
frequency locking is shown in Figure [4.1]
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Figure 4.1. A simplified idea behind the frequency locking of a laser.

In the feedback loop, the lasing frequency is compared to a reference frequency and
then the interference signal is detected. Based on the detected signal, frequency locking
system sends a feedback signal to the frequency actuator components in the cavity.

4.2 Frequency locking methods

The frequency locking relies on a reliable and stable reference frequency source. De-
pending from the application and frequency locking method, different reference frequency
sources are selected.

4.2.1 Pound-Drever-Hall method

Nowadays, the most employed method for frequency locking is the Pound-Drever-Hall
(PDH) scheme [54]. In the PDH-lock, the reference comes from a reference cavity. The
PDH method is described in detail in [55]. To summarize, first, the laser beam is split
into two parts. The first part is guided to the application of the frequency-stable laser and
the second is used for frequency locking in the feedback loop. The laser beam in the
feedback loop is first modulated with the modulation frequency which creates modulation
sidebands at both sides of the main frequency. Usually, an electro-optic modulator (EOM)
is employed to create the modulation sidebands. Then the modulated beam is directed
to the reference cavity. In the reference cavity, the modulated beam forms a standing
wave. As the beam resonates in the cavity, all frequency fluctuations change the phase
of the standing wave and the phase changes are converted into amplitude modulation at
the modulation frequency. Thus, the light exiting from the reference cavity has modulated
amplitude at its modulation frequency. The light from the reference cavity is detected
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with a photodetector and the captured signal is compared with the reference signal from
the frequency modulator. Based on those two signals an error signal is generated. The
error signal reveals how much the laser is off-resonance from the cavity resonance fre-
quency. Near the resonance frequency of the reference cavity, the error signal is linear,
and thus, the error signal also tells, whether the laser frequency is smaller or larger than
the resonance frequency of the reference cavity. Based on the error signal, the frequency
actuator components are adjusted to minimize the error signal. Thus, the laser is locked
to the resonance frequency of the reference cavity.

4.2.2 Atomic or molecular resonance

As described above, in the Pound-Drever-Hall method, the laser itself resonating in the
reference cavity created the the reference frequency. However, also other alternatives
for reference sources are available. For example, a laser can be locked to an atomic or
molecular resonance [56]. Atoms of the same isotope have always identical electronic
structures which makes them a good reference source. On the other hand, only certain
reference frequencies are available with this method.

4.2.3 Laser offset locking

Alternatively, another frequency-stable laser can be used as a source of the reference
frequency. This the method is called a laser offset locking and it is described in detail
in [57]. In the laser offset locking scheme, the phase difference between the two laser
beams is stabilized with the feedback loop. The phase difference can be measured when
the beams from the two lasers are intersecting and the interference signal is captured
with a photodetector. The interference signal oscillates at the difference frequency of
the lasers and it is called as a beat note. Then a phase detector is used to extract the
phase information from the beat note. This method allows a wider range of reference
frequencies but at the same time brings up the question, how the frequency of reference
laser is locked.

4.2.4 Optical frequency combs

Instead of another frequency-stable laser or atoms, optical frequency combs can be used
as well for delivering the reference frequency [58]. An optical frequency combs is an
optical spectrum which has equidistant optical frequency components [59]. The locking
method method is described in detail in [58]. Similar to the laser offset locking, in this
method the beat note between the laser and the optical frequency comb is first detected
and then stabilized via the feedback loop. When beating the laser with an optical fre-
guency comb the lowest beat frequency indicates the laser frequency in respect to the
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nearest comb mode. The change in the difference between the beat frequency and the
nearest comb mode upon frequency actuation indicates whether the laser frequency is
above or below the frequency of the nearest comb mode. By stabilizing the beat frequency
the laser can be locked. Optical frequency combs allow tuning the laser frequency with-
out changing the locking system, and therefore, they are often used with wide-bandwidth
lasers [58].

4.3 Frequency actuator components

The frequency locking method is selected based on the application and the available
reference frequency sources. However, in all methods, the laser cavity has to have fre-
guency actuator components which are modulated through the feedback loop. No matter
how good and accurate the frequency locking method is, if the frequency actuator com-
ponents in the cavity do not enable efficient high-speed modulation, the frequency of the
laser cannot be stabilized. Thus, optimizing the modulation properties of the frequency
actuator components is crucial before the frequency locking mechanism can be improved.

In order to establish fast frequency modulation, the employed frequency actuator com-
ponents should have as wide resonance-free bandwidth as possible. The resonance-
free bandwidth means the frequency range in which the components do not exhibit reso-
nances. When the resonance frequency of the frequency actuator component is reached,
the component introduces a phase shift to the modulated signal and the frequency locking
mechanism does not work anymore. Thus, the wider the modulation bandwidth of the fre-
quency actuator is, the wider the frequency range from which the frequency fluctuations
can be compensated is.

One common method to adjust the cavity length is to use a piezoelectric actuator (PZTs)
[52]. Electro-optic modulators (EOMs) can be also used to reduce the noise further [53].
In addition to the modulation bandwidths of the frequency modulation components, the
modulation depth of them is also an important characteristic. The modulation depth de-
scribes, how much voltage/electricity has to be applied to change the frequency. Next,
the operation principles of the frequency modulation components are discussed in more
detail.

4.4 Piezoelectric actuators

Piezoelectric actuators owe their properties to the piezoelectric effect. They are made out
of ceramics which exhibit piezoelectricity. As described in [60], piezoelectricity means that
the crystal structure will distort if an external voltage is applied. The changes in structure
lead also macroscopic changes in the piezoelectric device and it will either expand or
contract depending on the direction of the applied voltage. In other words, applied exter-
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nal voltage will change the dimensions of the system. This allows adjusting the width of
the ceramic by modulating the voltage through it. The ceramics used for these purposes
are called piezoelectric transducers or actuators. One of the most common material for
piezoelectric actuator is a perovskite containing lead, zirconium, and titanium from which
the shortcut PZT comes.

By mounting the end mirror of the cavity on a piezoelectric actuator the fluctuations of the
cavity length can be compensated. The PZT is controlled by a feedback loop and suffi-
cient voltage is applied to reverse the changes in the cavity length. Naturally, the broader
the feedback bandwidth of PZT is the more fluctuations can be compensated and a more
stable output frequency is obtained. Usually, as reviewed more in detail in [52], [53],
the limiting factor of the modulation bandwidth does not rise from the self-resonance of
PZT but the mechanical environment of the actuator. The self-resonance of PZT de-
pends on the dimensions of the PZT and it is in the range of hundreds of kHz. However,
usually, the system of PZT, mirror, and mirror mount has the first resonance as early as
around 10kHz. The reason for the remarkably narrower bandwidth of the practical ap-
plication rises from acoustic vibrations. The coupling between mirror mount components
and acoustic vibrations restricts the modulation band of PZT. When the resonance fre-
quency of the PZT system is hit, PZT cannot compensate for the drift of the cavity length
anymore. And after the resonance frequency of the PZT is reached, the frequency lock
mechanism cannot work anymore i.e. the PZT is useless at frequencies higher than the
resonance frequency. Therefore, it is crucial to study the acoustic vibrations of the PZT-
mirror-mount system even though the coupling between different mirror mount elements
makes it a complicated problem.

Damping of the low-frequency resonances can be made by careful design of the mirror-
mount system. For example, Chadi et al. in 2013 introduced a side-clamping method
that pushed the first resonance frequency up to 120kHz [61] and Goldovsky et al. in
2016 designed a mirror mount damped with soft materials which gave wider than 200 kHz
modulation bandwidth [52]. In general, the dimensions, as well as the weight of the sys-
tem, symmetries, and used materials, play an important role in designing a PZT system
with a broad modulation band [53].

4.5 Electro-optic modulators

Together with PZTs, electro-optic modulators (EOMs) are used to stabilize the frequency.
Instead of piezoelectric effect, even though it still exists in electro-optical materials, prop-
erties of electro-optic modulators rely on the Pockels effect. In Pockels effect, electro-
optically active non-centrosymmetrical crystals reorientate their electronic structure as a
response for an applied electrical field [62]. As a result, the refractive index of the EOM
changes. By changing the refractive index of EOM, the effective cavity length can be ad-
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justed i.e. lasing properties: frequency, amplitude or phase, can be modulated. In EOMs,
electro-magnetic waves induce the development of the refractive index, and therefore
high-speed modulation with wide bandwidth (up to GHz range) can be reached [63]. In
many applications, such as optical communication, optical integrated circuits, and quan-
tum photonics [64], high-speed modulation of frequency (or phase) is in urgent giving a
great motive for a research of the electro-optical materials. Photonic crystals, which have
a large Pockels effect coefficient, such as lithium niobate (LINbO3) and barium titanite
(BaTiO3), are the most common electro-optical materials for EOMs [63].

With different EOM designs the phase, polarization, amplitude or intensity can be modu-
lated [65]. EOM can be placed either inside the laser cavity when it is called intracavity
EOM or outside the laser cavity. Both configurations have advantages and disadvantages.
For example, intracavity EOM allows more compact setups but at the same time increases
the complexity of the laser cavity. First intracavity EOM was reported by Hudson et.al in
2005 [66].

4.6 Combining a piezo actuator with an EOM

For minimizing frequency fluctuations and the compressing the linewidth of the laser, com-
bining piezoelectric actuators and electro-optic modulators efficiently is essential. Since
the band width of well-designed PZT can reach tens or hundreds kHz at the maximum
and bandwidth of EOM is in range of GHz, both have important role in the frequency
stabilization. PZT can reduce low-frequency noises which EOM only by itself cannot ad-
dress and EOM can compensate higher frequencies outside the PZT's resonance-free
band [53]. As a result, the linewidth of the laser can be reduced down to kHz and Hz
level.

Frequency actuation is a critical part of this work. To reach the linewidths of sub-kHz
range, careful study of piezo actuators and EOMs is required. Widening the resonance-
free band of PZT has to be made considering the design rules introduced in [53] and in
[52]. When it comes to the intracavity EOM, the modulation band is not the problem -
intracavity EOMs have typically modulation band in MHz or higher range. However, the
modulation depth of EOM have to be optimized. Thus, it is important to pay close attention
to the selection of the material for EOM. The material should be birefringent as well as
electro-optically active [63].
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5. LASER CHARACTERIZATION SETUP

In this chapter, the experimental methods for characterizing the laser are introduced. All
measurements were done in the lab in a cleanroom environment.

5.1 Building the laser

The first, and most important, part of this work was constructing the laser. A VECSEL
system for high-power infrared laser was carefully designed and then assembled in the
lab. The i-cavity configuration was selected because it minimizes the mirror losses and,
thus, is convenient for high-power operation. The cavity configuration is similar to cavity
in [67]. The schematic figure from the final laser cavity is presented in Figure 5.1.

Pump laser

i ——

BRF  Etalon-  Gain mirror
DS EOM

Figure 5.1. I-cavity configuration of designed high-power VECSEL. The VECSEL is
pumped with 808 nm pump laser and the cavity consists of the gain material, etalon-
EOM, BRF, PZT (not shown in the illustration), and OC.

The gain mirror was mounted in a suitable heat sink to maximize the heat flow away
from the gain region. The gain chip was pumped with an 808 nm pump laser and the
pump laser beam was focused on the gain chip with pump optics. In the VECSEL cauvity,
intracavity elements were inserted to adjust the lasing properties of the gain chip. A bire-
fringent filter (BRF) was placed in the cavity at Brewster’'s angle to select the polarization
of the emitted radiation. The BRF also narrows the spectrum of emitted light and provides
the opportunity to tune the wavelength. The intracavity element labeled "etalon-EOM" is a
single element with two functionalities. Etalon establishes the single-frequency operation
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by reducing the emitted spectrum further, and the EOM was used to obtain the frequency-
stable operation. The temperatures of BRF and etalon-EOM were controlled to stabilize
the cavity. An output coupling mirror (OC) was glued on top of the piezoelectric actuator
in order to compensate for low-frequency fluctuations, and the EOM was used to reduce
the noise further. The intracavity elements and their functionality are collected in Table
5.1.

Table 5.1. The intracavity elements of the VECSEL and their functionality.

Intracavity element Functionality
BRF fixing of the polarization, wavelength tuning
Etalon single-frequency operation
PZT compensation of the drift in the cavity length
EOM further reducing frequency fluctuations

The etalon-EOM is a novel innovation in the VECSEL design and Vexlum has applied for a
patent for it. By combining two functionalities in one intracavity element the cavity configu-
ration can be simplified and losses reduced. On the other hand, the described intracavity
element needs a material which allows both the establishment of single-frequency oper-
ation and the opportunity to modify the refractive index through the Pockels effect. At the
same time, the component should have a compact size to fit in the cavity. Thus, many
aspects have to be considered when designing this kind of new intracavity element.

The final configuration of the laser cavity was decided after a few iterations of the cavity
design. In the end, the best characteristics of every trial could be combined. In Figure
5.2, the picture of the finalized laser head is presented.
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Figure 5.2. The finalized laser head ready for shipping.

The finished laser was shipped to the another partner of the PASQuanS2 project. Next the
laser will be frequency locked and then, eventually, it can be used for controlling trapped
and cooled Rydberg atoms.
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5.2 Measurement setup

The final laser was characterized with the measurement scheme showed in Figure 5.3.

Wavemeter
Powermeter
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Figure 5.3. Measurement setup for the laser characterization. The powermeter detected
the output power, the wavemeter measured wavelength of single-frequency operation
and the Fabry-Pérot interferometer was employed to double-check the single-frequency
operation.

The output beam from the laser was guided to the powermeter with a planar 2.5 % output
coupling mirror. Thus, 97.5 % of the output power was measured with the powerme-
ter, and the remaining 2.5 % was used for characterization. The accuracy of the output
power detection was 3 %. In the analysis beam path, the beamsplitter was used to
split the beam into two parts. One part was guided to the wavemeter and another to the
Fabry-Pérot interferometer. A wavemeter is a device for accurate wavelength determi-
nation. Different variants, such as scanning wavemeters and statistic wavemeters, are
available. However, every device contains an interferometer, and the measurement of
the wavelength is based on the interference between the laser beam and a reference
laser source [68]. The absolute accuracy of the used wavemeter was 200 MHz cor-
responding to around  0.63pm. The wavemeter also displays the interference pattern
from which the single-frequency operation can be verified. Fabry-Pérot interferometer
consists of two high-reflectivity mirrors and between them, a standing wave resonator is
formed [69]. Transmission through the Fabry-Pérot interferometer has sharp resonance
peaks which can reveal whether a single or multiple frequencies are present. Thus, with
the Fabry-Pérot interferometer, the single-frequency operation can be verified.
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5.3 Relative Intensity Noise (RIN)

Relative intensity noise is defined as the ratio between the noise of the optical intensity,
i.e. power, and the averaged value of the power [70]. RIN describes the instability of the
output power, and thus it is an important character of the laser.

RIN measurements were done with the measurement setup shown in Figure 5.3 except
that the wavemeter was replaced by a photodetector. With the photodetector, intensity
fluctuations could be captured.

In RIN measurements, in addition to measuring the laser RIN, it is important to know the
background level and the fundamental limit of the optical intensity noise, called a shot
noise. The shot noise rises from the discreteness of the photons and it is not possible to
obtain less noisy signal than the shot noise level [71]. The shot noise level for laser beam
can be calculated via

2h
Ssn = ?’ (51)
in which Sg, means the shot noise, h refers to Plank’s constant, is the frequency of the

laser beam and P is is the average power which reaches the photodetector.

5.4 Characterization of the modulation bandwidth and depth

Frequency actuation measurements were done in two parts: Before the PZT-mirror-mount
system could be inserted into the laser cavity, its resonance-free bandwidth had to be ver-
ified to be wide enough. The first characterization of the PZT-mirror-mount system was
done with the Michelson interferometer. The setup had a limited stability but it gave valu-
able information from the first resonance of the PZT system. Then the final characteriza-
tion of the frequency modulation performances of the PZT as well as the EOM was made
with components already inserted in the laser cavity. In the measurements, the VECSEL
cavity was used as a frequency discriminator. In addition to the modulation bandwidths,
the modulation depth of the PZT and EOM was measured.

5.4.1 Michelson interferometer

In principle, a Michelson interferometer is as simple as a system with two separated
arms, a beamsplitter, and a detector. The schematics of the Michelson interferometer is
sketched in Figure 5.4.
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Figure 5.4. A schematic illustration of Michelson interferometer.

In the interferometer, the upcoming laser beam is split into two parts: one part travels
back and forth in the first arm of the interferometer and another one goes in the second
arm. The length of the first arm is fixed but in the second arm, the position of the end mir-
ror can be varied. Thus, the beams do not necessarily travel the same distance. Then the
beams are combined again, and depending on the difference in their beam path length
the interference pattern is created. Then the detector captures the interference signal.
Michelson interferometer has various applications, not only in the field of spectral mea-
surements but also in the distance measurements and Optical Coherence Tomography
[72].

In this work, a PZT-mirror-mount system was inserted in the second arm of the Michel-
son interferometer and the interference pattern was detected with a photodetector. The
piezo actuator was connected to a loop with a network analyzer and the photodetec-
tor. In the measurements, the piezo actuator was modulated with a modulation signal
which had a frequency sweep from 1 kHz to 100 kHz. Then the measured signal from the
photodetector was compared to the modulation signal. The resonance frequency of the
piezo-mirror-mount system was at the point at which the PZT could not follow the modu-
lation signal anymore and introduced a phase shift to the photodetected signal. The PZT
system could be inserted into the interferometer easily and thus, the first characterization
of PZT's modulation properties was made with this setup. However, the stability of the
interferometer was limited which caused noise to the measurements.
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5.4.2 The resonance-free band of the final laser

The final frequency actuation characterization of PZT and EOM was carried out by using
the cavity as a frequency discriminator. The setup for modulation bandwidth measure-
ments is illustrated in Figure 5.5.

Figure 5.5. Measurement setup for the modulation bandwidth characterization. The fre-
quency actuator was modulated through the network analyzer and the output signal was
detected with the photodetector. The Fabry-Pérot interferometer was used to determine
the modulation depth.

The setup for modulation bandwidth measurements was very similar to the laser char-
acterization setup. However, this time the frequency actuator element of the cavity (PZT
or EOM) was connected to the network analyzer and modulated through it. And instead
of the wavelength and output power, the interest of the measurements laid in the inten-
sity fluctuations of modulated signal which were captured with the photodetector. The
idea behind bandwidth characterization is similar to the principle of the piezo actuator
tests. The PZT or the EOM was connected to a network analyzer and then modulated
with a modulation signal with a sweep frequency. Then the measured output signal was
compared to the original modulation signal. However, now, no Michelson interferometer
was applied but the cavity itself acted as an interferometer. The good lasing properties
of the VECSEL cavity, such as stability and low-noise, provided more accuracy to the
measurements.
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