[BAPORTO

'C

FACULDADE DE CIENCIAS
UNIVERSIDADE DO PORTO

OS

FCUP
INESCTEC
2021

OLYOJI

suoneoijddy aoedg 1o} Jase] 1aqi4 Jamod ybiH

elepy

sejsa4 oebi3uO oysnbny opueulaq

3

[BAPORTO

F FACULDADE DE CIENCIAS
UNIVERSIDADE DO PORTO

ASSOCIATE LABORATORY
PORTUGAL

High Power Fiber
Laser for Space
Applications

Fernando Augusto Ortigao Festas Maia

Dissertacao de Mestrado em Engenharia Fisica apresentada a
Faculdade de Ciéncias da Universidade do Porto

2021



High Power Fiber Laser
for Space Applications

Fernando Augusto Ortigao Festas Maia

Mestrado Integrado em Engenharia Fisica

Departamento de Fisica e Astronomia da Faculdade de Ciéncias da
Universidade do Porto

2021

Orientador
Orlando Frazao, Investigador e Docente, FCUP & INESCTEC






D)) INESC

ASSOCIATE LABORATORY
PORTUGAL

[BAPORTO

FACULDADE DE CIENCIAS

F( { UNIVERSIDADE DO PORTO

Todas as corre¢cdes determinadas
pelo jari, e s6 essas, foram efetuadas.

O Presidente do Juri,

Porto, / /







UNIVERSIDADE DO PORTO

MASTERS THESIS

High Power Fiber Laser for Space
Applications

Author: Supervisor:

Fernando MA1A Orlando FRAZAO

A thesis submitted in fulfilment of the requirements

for the degree of MSc. Engineering Physics

at the

Faculdade de Ciéncias da Universidade do Porto

Departamento de Fisica e Astronomia

November 15, 2021


mailto:up201603544@fc.up.pt
mailto:orlando.frazao@inesctec.pt




“You know it has its own space
The horizon echoes the striking blast
But once the limit you cross

Free you'll be from present and past ”

written by Sofia Beco






Acknowledgements

During the process of writing this master thesis, I received a lot of support and assis-
tance.

First, I would like to thank my supervisor, Professor Orlando Frazdo, whose expertise
was invaluable in formulating the research questions and methodology. Your insightful
feedback pushed me to sharpen my thinking and brought my work to a higher level.

I also would like to thank Paulo Robalinho for his dedicated work in helping me de-
velop the laser system. Obviously, this complex system could not be installed without his
countless effort. During this dissertation, I always benefited from numerous stimulating
discussions with him.

I wish to thank all people that are in WiPTherm Project, for giving their best every day
towards an innovative solution.

A special thank you to INESCTEC for giving me the opportunity to feel what it’s like
to be a researcher.

Ialso would like to thank Paulo Marques and Jodo Viana Lopes who gave me the boost
I needed for my simulations.

I would like to thank my parents and my sister for their endless love and constant
support. You were always there for me, always put me as a priority. I am lucky to be part
of this family and I hope one day I can give back to you.

Thank you Phase Transition, for being unique human beings and for giving me the
opportunity of channelling musical inspiration. It is a privilege to be part of such a super
musical group. Life is indeed wonderful with friends like you.

Last but definitely not least, thank you Sofia for being by my side since I started study-
ing Engineering Physics. You were always able to put things in perspective and provide

inspiration when all the things seemed too much to handle.






UNIVERSIDADE DO PORTO

Abstract
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High Power Fiber Laser for Space Applications

by Fernando MAIA

In the work leading to this dissertation, we built and tested a setup that allows the
generation of a continuous-wave double-clad fiber laser source with its principal peak of
the spectrum at 1566 nm and with a maximum output power of 15 W. By measuring the
output laser power as a function of the input pump power, we get a slope efficiency of
19%. The special fiber was created in the University of Limoges, in XLIM, by Raphaél
Jamier, Baptiste Leconte et al.

We also studied a Gaussian beam profile throughout its propagation in free space.
Using the angular spectrum method combined with random phase Von Karman phase
screens, it was possible to simulate Gaussian beam propagation at 1550 nm under tur-
bulent conditions, and conclude that after a propagation of 7 km, the beam deflects on
average 23.69 mm.

This work is supported by funding from the European Union’s Horizon 2020 research
and innovation program under grant agreement No 863307, Ref. H2020-FETOPEN-2018-
2019-2020-01 .
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Resumo
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Laser de alta poténcia em fibra para aplicacdes espaciais

por Fernando MAIA

No trabalho conducente a esta dissertagdo, construimos uma fonte laser continua em
fibra de duplo revestimento com o seu pico principal a 1566 nm e com uma poténcia
méxima de saida de 15W, com uma arquitetura mista. Ao medir a poténcia de saida
do laser em fungdo da poténcia de entrada do laser de bombeamento, obtivemos uma
eficiéncia de 19%. A fibra especial foi criada na Universidade de Limoges, no XLIM, por
Raphaél Jamier, Baptiste Leconte e colaboradores.

E também estudado o perfil de um feixe Gaussiano ao longo da sua propagagdo no
espaco livre. Usando o método espetral angular combinado com mascaras de fase de Von
Karman aleatérias, foi possivel simular a propagacgdo do feixe Gaussiano a 1550 nm em
condig¢des de turbuléncia, e concluir que apés uma propagagdo de 7 km, o feixe deflecte
em média 23.69 mm.

Este trabalho é apoiado pelo financiamento do programa de investigacdo e inovacao
Horizon 2020 da Unido Europeia ao abrigo do acordo de subvengdo n.° 863307, Ref.
H2020-FETOPEN-2018-2019-2020-01
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Chapter 1

Introduction

1.1 Context and Motivation

Over the past sixteen years, fiber lasers have been a prosperous technology due to their
recent progress. The advances of nonlinear optics, quantum optics and high-power optics
led to a total revolution in telecommunications, medicine, spectroscopy and weaponry.
Additionally, lasers are now being considered for wireless power transmission, propul-
sion, and space exploration. The fast increase of the commercial business of fiber lasers
was worth over 2.17 billion dollars in 2020 and now in 2021, it is expected to reach 2.36
billion dollars at a compound annual growth rate (CAGR) of 8.8%, which is the maxi-
mum value among other lasers technologies [1]. With the recovering from covid-19, it is
expected that fiber laser market reaches 3.4 billion dollars by 2025 at a CAGR of 9.6%.

Cubesats are also shifting the engineering paradigm and space exploration in the last
years, in various areas such as multimedia communications, data distribution, telephone
and television, transportation and logistics, weather information and climatic research,
navigation, safety, security, and rescue. This field is identified as an imminent and promis-
ing technological market. The predictions say market size is expected to grow from 2.3
billion dollars in 2021 to 5.7 billion by 2026, with a CAGR of 20.4% between 2021 and 2026
[2]. The energy demand in this market segment has also increased dramatically due to the
huge progress in CubeSat technologies, requiring larger deployable solar arrays, lower
power electronics, efficient energy storage systems and further energy transfer/harvest-
ing systems.

For all the above mentioned, WiPTherm was born. It consists of a European project
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that aims to design, implement and develop an inventive Wireless Energy Transfer sys-
tem, capable of charging the energy storage system used in CubeSat technologies. The
technology consists of a clean solution for energy transfer. The energy harvesting system
comprises dozens of microarrays of 2D thermoelectric generators, resulting in a photo-
thermoelectric plasmonic (HPTP) system that has the ability to convert photons’ energy
into electrical energy, via thermal gradient [3]. The wireless thermal stimulation will be
performed through a large-range high-power laser beam capable of operating at large

distances. A scheme of the full system can be perceived in figure 1.1.

) . Clean, safe and
Innovative Wireless

Energy long distance

energy delivery

—

Transfer system Long distance
Flexible arrays of ~ wireless power
photo- o | 2 | transmission

thermoelectric I - O

plasmonic devices

Usage of a laser to maximize the

efficiency of power conversion

FIGURE 1.1: Concept of WiPTherm project [4].

The main mission at our institute, INESCTEC, is to develop the high-power laser sys-
tem, capable of operating at large distances, and the optical system that will shape the
beam so it will meet the requirements when arriving at the CubeSat. This dissertation
work is inside the Work Package 4 in figure 1.2 and the development of this high power

fiber laser is taking place at INESCTEC.

/ WP1: Project and Coordinati \\

WP2: Requirements and Specifications of the technologies

| — )

WP3: Development of the :
: P . WP4: Development of WPS.' LI G E "
Hybrid Photo-Thermoelectric 5 electronics controls of the Hybrid-
; the Laser Device )
Plasmonic Converter Photo Thermoplasmonic Generators

013B21UNWIWOY) PUB UOIRUIWASSIA ‘§dM

N
\\;é> WP6: Integration of the Hybrid Photo-Thermoelectric Plasmonic Converter into the CubeSat <::j>
Structure
\ ! J
I
N2

?

FIGURE 1.2: WiPTherm project Work Packages description [4].
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1.2 Objectives

The aims of this thesis are the study and compilation of the fundamental concepts and
state of the art relevant for the development of the high power fiber laser, as well as
performing a preliminary work that motivates the topic such as simulation of turbulent
atmospheric propagation and beam expansion calculation.

The dissertation final goal is to size and integrate optical components harmoniously
to obtain a fiber laser that accomplishes high continuous-wave (CW) output power. It is
also important that the final source is stable, with a monomode emission, and with an
optical output power exceeding 15 W. The optical components of the final setup should

be tuned so it is produced a collimated output beam.
1.3 Document Structure

The chapters are organized as follows:

e Chapter 1 - This first chapter introduces the context and motivation for this disser-

tation;

Chapter 2 - In this chapter, the fundamental knowledge about lasers and some ap-

plications is exposed;

Chapter 3 - Here is a summary of the most relevant prior art and approaches to fiber

lasers and high-power lasers.

Chapter 4 - It is detailed the preliminary work on the expansion of the beam for 1 m,

1 km and 500 km and its turbulent atmospheric propagation

Chapter 5 - The fiber laser design and its characterisation are presented.

1.4 Outputs

During this thesis, one poster was presented at the international conference Optics and
Photonics for Scientific Progress (OPSP) at the University of Kent in the UK. Another
poster was presented in the Doctoral Congress in Engineering in the Faculty of Engineer-
ing of the University of Porto while being a junior collaborator at INESCTEC. Two oral

presentations took place: one at IJUP, a conference for young researchers of the University
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of Porto; and another at the Faculty of Sciences of the University of Porto for Physics and
Engineering Physics students.

Here are the references of the respective articles:

1. Fernando Maia, Paulo Robalinho e Orlando Frazdo, Simulations of atmospheric
propagation under turbulent conditions and high power fiber laser, OPSP- Optical

Conference for Scientific Progress, University of Kent, April, 2021.

2. Fernando Maia, Paulo Robalinho e Orlando Frazado, Simulating the propagation of a
laser through turbulent atmosphere, DCE- Doctoral Congress in Engineering, fourth

edition, FEUP - Faculty of Engineering of the University of Porto, June, 2021.

3. Fernando Maia, Paulo Robalinho e Orlando Frazdao, High Power Fiber Laser for

Space Applications, IJUP- Encontro Investigagdo Jovem, 14" edi¢do, May, 2021.



Chapter 2

Lasers’ Fundamentals

2.1 Introduction

It all began in 1863 when Maxwell invoked the four commandments that govern Electro-

dynamics [5], which are present in equation 2.1".

V-D=p

V-B=0 "1

VxE=-2 -
- ot

VxH=J+%

These four equations are known as Maxwell’s equations, and they summarize the
entire theoretical content of Classical Electrodynamics.

In free space, these equations simplify setting p = 0 and J = 0. Hence the result is a
set of coupled partial differential equations of first order for E and B. One can decouple,
for example, the E part [6], and applying the operation V x (V x E) one obtains:

0’E

d
- g(v xB) = ~Hofo 5y (2.2)

and we get the expression of equation 2.3 where c is the velocity of the wave in vacuum

1
VE€oHo

c= . This equation is known as the wave equation for the E field.

’E 1 9°E
i 2.3
dz2 % ot? (23)
On the other hand, when a wave propagates inside a non magnetic medium with no

free charges, p # 0, the equation 2.3 needs to be modified. The wave equation is very

“the bold letters represent vectors.
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similar to the wave equation in free space, but it has an additional term, that can be seen
in equation 2.4.

’E 1 9°E 0’P 0%r
02 car ~ Mogm = NI

(2.4)

The term on the rightmost side tells us a very important thing: light can be produced
by accelerated charges! The most known forms of sources of light are: the synchrotron
radiation (light emitted by charged particles), molecular, atomic or nuclear transitions and
particle-antiparticle annihilation (e.g. electron-positron interaction, which generates two
photons of gamma radiation) [5].

Most of the light produced in the Universe comes from atomic and molecular vibra-
tions. For example, electrons oscillate around nuclei at “high” frequency: ~ 10! to ~ 107
cycles per second (Hz); molecule nuclei vibrate relative to each other with a “intermedi-
ate” frequency: ~ 10!! to ~ 103 Hz; rotation of the molecules’ nuclei at “low” frequency:
~ 10° to ~ 10" Hz.

Our knowledge of nature largely comes from information that reaches us in the form
of electromagnetic radiation. This radiation extends over the entire spectrum. A repre-

sentation of the light spectrum can be seen in figure 2.1. It can be noted that the energy of

a wave depends on its wavelength (or frequency).

Visible spec

Gamma ray X-ray uv Infrared Microwave Radio
T T T T T T T T
0.001nm 0.1nm 10nm 1000nm 0.1mm lem im 100m
- Increasing energy
Increasing wavelength =

FIGURE 2.1: Scheme of the electromagnetic spectrum [7].

To discover the laser it was necessary to understand the fundamental physical pro-

cesses responsible for the emission of this radiation.
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2.2 Laser Technology

2.21 Working principles

LASER is an acronym for Light Amplification by Stimulated Emission of Radiation and
now it is also a word. To explore this topic, we will go back to 1917 and meet a unique
scientist called Albert Einstein. He needs no introduction, but interestingly one of the
most elegant and modest works he did was the foundation of the LASER’s theory: the
”Zur Quantentheorie der Strahlung”, or in English “On the quantum theory of radiation”
[8].

To understand the three fundamental processes in that paper, firstly one will consider
an atom (or molecule) with two levels of energy, the fundamental (1) and an excited one
(2), with respective energies E1 and E;, where E; < E;. Because E; < E; the atom tends
to decay to level 1. The energy released by the atom corresponds to the difference of
energy E, — Ej. If this energy is released in the form of an EM wave, the process is called
Spontaneous (or radiative) Emission. The frequency associated with this process is given

by:

(E2 — Eq)

- (2.5)

Uy =

This energy can also be expressed as a non-radiative decay. For instance, the de-
cay can occur in an internal/kinetic energy transfer process to the surrounding atoms
or molecules.

Now, one can consider an atom initially in level 2 and an EM wave with frequency
v = vg (equal to the spontaneous emission) reaching on it. There is a finite probability
that the incident wave forces the transition from level 2 to level 1 [9] and in this case,
the energy E, — E; is emitted in the form of an EM wave that adds (coherently) to the
initial wave, and so there is light amplification. To this process, Einstein called Stimulated
Emission. The Absorption happens when an incident EM wave has at least frequency
v = vg: there is a finite probability of the atom jumping from level 1 to level 2.

In figure 2.2 one can see the illustration of these three processes. The sub-figure (a)
shows the decay of the excited level 2 to level 1 with an energy release of hv = E; — Ej,
the so-called spontaneous emission. Sub-figure (b) shows us that an incident photon can

cause a transition from level 2 to level 1 emitting an EM wave that sums to the initial
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wave, the process called stimulated emission. Last but not least, sub-figure (c) shows the

level rise from level 1 to level 2 with the absorption of hv = E; — Ej.

Ea Ea

w AN - hv

(@) (b) ©

FIGURE 2.2: Schematic illustration of the three processes: (a) spontaneous emission, (b)
stimulated emission, (c) absorption.

Usually, absorption occurs because the atoms are in the fundamental state. If more
atoms live in the excited state, compared to the fundamental state, we can have amplifi-
cation instead of absorption, and that is called population inversion.

A system of 2 levels follows the Boltzmann distribution equation:

N> (E-E/T
N, e (2.6)

where Nj is the population of level 1 (atoms or molecules per unit volume) and N,
is the population of level 2. In thermal equilibrium, inversion is impossible. Only when
N, > Nj, the material act as an amplifier. Einstein showed us that “when light strikes a
set of atoms, stimulated emission and absorption are equally likely” [8]. It is immediately
evident that such a system of 2 levels would not work (at least in the steady-state). When
the condition N, = Nj is reached, the stimulated emission will compensate the absorption

and vice versa, reaching the two level saturation.
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FIGURE 2.3: Scheme of a 3 level laser.

Consequently, it is needed at least a 3 level system, presented in figure 2.3. The
medium is pumped and the atoms are raised from the ground level 1 to level 3, and
then quickly decay (non-radiatively) to level 2. The population inversion is now achieved
between levels 2 and 1 and we now have light amplification by stimulated emission of
radiation (LASER).

To build a laser system, one needs an active medium where amplification can take
place. To pump the active medium and achieve the population inversion one also needs
a source of energy, and that can be a lamp, a laser or an electrical power supply. In figure

2.4 it is presented a simple laser scheme.

Active medium

—_— —_—
— =2

R =100% E. R <100%
nergy

FIGURE 2.4: Laser cavity scheme.

The active medium is placed between two mirrors, one with a reflectivity of 100% and
another one with a reflectivity somewhere between 99% and 100%. The main idea is to
have a beam bouncing back and forth between the two mirrors and being amplified in
the active medium (a resonant cavity). The output of the laser is the mirror with lower

reflectivity.
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2.2.2 Groundbreaking work using lasers

In 1955, James P. Gordon and H. J. Zeiger and Charles H. Townes achieved a MASER
(microwave amplification by stimulated emission of radiation) oscillation with a system
using vapour [10], producing extremely monochromatic and coherent light, reaching fre-
quencies in the gigahertz order. Three years later, A.L.Schawlow and Townes showed (in
theory) that by using a resonant cavity, having many resonant modes, maser oscillation
at the infrared and optical region wavelengths can be achieved by pumping an atomic
potassium gas with reasonable amounts of incoherent light [11]. The work of Charles H.
Townes, Nicolay G. Basov and Aleksandr M. Prokhorov was worth a Nobel prize in 1964
”for fundamental work in the field of quantum electronics, which has led to the construc-
tion of oscillators and amplifiers based on the maser-laser principle” [12].

Theodore Maiman, in 1960, produced a short pulse of coherent light from his device
[13]. In figure 2.5 one can see how the first laser was built: a quartz flash lamp is pumped
with an electrical discharge from the power supply. Then, the flash produced in the quartz
lamp pumps the ruby crystal and the cavity produces a pulse of laser light, this time a

visible one with A ~ 694 nm.

100% reflectivity
Quartz flash mirror Power
lamp

Switch

Laser Beam

95% reflecting polished aluminum
mirror reflecting cylinder

FIGURE 2.5: First working laser - by Theodore Maiman [14].

Maiman’s humble device literally changed the world. Other variety of lasers appeared
over the years, such as the carbon-dioxide laser [15], the ion laser [16] and the helium-

neon laser [17, 18], dye laser [19], the free-electron laser [20], metal-vapour laser [21], the
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semiconductor laser [22] and the excimer laser [23, 24].

Laser light technology, characterized by a well directional, coherent and intense light
beam, led to several Nobel prizes: the previously mentioned discovery of the Maser by
Charles H. Townes, Nicolay G. Basov and Aleksandr M. Prokhorov [12], in 1964; the
invention of Holography by Denis Gabor [25], in 1971; the development of laser spec-
troscopy by Nicolaas Bloembergen and Arthur Leonard Schawlow [26], in 1981; the in-
vention of the hydrogen maser as an atomic clock by Norman F. Ramsey [27], in 1989; the
development of methods to cool and trap atoms with laser light by Steven Chu, Claude
Cohen-Tannoudji and William D. Phillips [28], in 1997; the hetero-junction semiconductor
devices (semiconductor lasers) by Zhores I. Alferov and Herbert Kroemer [29], in 2000;
the discovery of the “fifth state of matter”, the Bose-Einstein condensate by Eric A. Cor-
nell, Wolfgang Ketterle and Carl E. Wieman [30], in 2001; the development of laser-based
precision spectroscopy by John L. Hall and Theodor W. Hansch and the contribution to
the quantum theory of optical coherence by Roy J. Glauber [31], in 2005; the discovery of
the blackbody form and anisotropy of the cosmic microwave background radiation using
the masers from the COBE satellite by John C. Mather and George F. Smoot [32], in 2006;
the achievements concerning the transmission of light in fibers for optical communica-
tion by Charles Kuen Kao, in 2009; and last but not least, Arthur Ashkin was awarded
for the optical tweezers and their application to biological systems, and Gérard Mourou
and Donna Strickland “for their method of generating high-intensity, ultra-short optical
pulses.”, the chirped pulse amplification [33], in 2018.

The list of laser applications keeps growing. In medicine, lasers are used to perform
surgery, for example, eye surgery with a femtosecond laser, and they are also used to
diagnose diseases (optical coherence tomography [34], laser microscopy [35], isotope pro-
duction [36], along with others). Regarding the heavy industry, lasers are revolutionizing
the paradigms of welding, cutting, marking, cleaning, and micro-machining [37]. Sensors
and weaponry in the defence context are also areas where lasers play an important role.
In the entertainment/information technology world, the presence of lasers is abundant.
They are present on CD technology, DVD, Blu-ray, barcode readers, and others. Lasers
are also used for communications (communication between satellites, fiber optics, inter-
chip communication). In all research areas of the natural sciences and medicine, lasers
are widely used, and in particular, in a very special area called extreme physics: particle

acceleration [38], X-ray production [39], inertial confinement fusion (ICF) [40], and others.
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Laser technology is also used in extreme physics: high-precision frequency measurements
[41], optical clocks (as mentioned before), etc. These are just some of the numerous appli-

cations of lasers that exist today.

2.2.3 Fiber lasers - an introduction

Fiber lasers are generally lasers that use optical fibers as the gain medium. Usually, the ac-
tive medium is a fiber doped with rare-earth ions such as neodymium (Nd°"), ytterbium
(Yb3'), erbium (Er*T), thulium (Tm*"), among others [42]. There is then one or more
pumping lasers that will supply enough energy to the active medium to have population
inversion. These pumping lasers are mostly diode lasers.

Recalling the picture in the figure 2.4, we already have the pumping (energy), but the
cavity (resonator) is missing. There are several possibilities. For commercial lasers, it is
common to use Bragg fiber gratings instead of mirrors, made directly on the doped fiber
[42]. These gratings are a periodic variation of the refractive index in the core of an optical

fiber.

Incident Transmitted
spectrum spectrum

Periodicity

A

2 )

Reflected ;Y_)

spectrum Fiber Bragg Grating

|

S

FIGURE 2.6: Fiber grating scheme [43].

In figure 2.6 one can see a Fiber Bragg Grating (FBG), and if a broadband spectrum
enters the fiber, the grating will reflect in a specific wavelength. With a sufficient number

of periodic perturbations in the fiber, the reflection can be very optimised for a particular
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wavelength A = 2n,¢¢ A, where 7,y is the effective refractive index of light in the fiber
and A is the grating period. These FBGs can be arranged as a set of two, one at each end
of the active medium (doped fiber), so that there is a cavity in the centre, as shown in the
figure 2.7.

doped

pump fiber output
— STTTETTTe——— . . —

FBG FBG

FIGURE 2.7: Fiber grating cavity scheme [44].

Most fiber lasers are pumped with one or more diode lasers [45]. This pump light
can be inserted right into the core, or into the cladding. In figure 2.8, one can see a setup
of a cavity composed of a doped fiber, two dichroic mirrors (that only reflects the laser
wavelength), two lenses to focus the beam inside the fiber and to collimate the beam
after the fiber. Because of the beam large area, the intensity on the mirror is reduced and
the surface may have a smooth reflection, without being damaged. This setup is highly

sensitive, very susceptible to misalignment that can cause losses.

dichroic  pump doped dichroic
mirror light fiber laser mirror

.FI A I
= | | | ; j ‘ | =
lens lens

FIGURE 2.8: Simple fiber laser scheme [46].

In this chapter, we have just flown over some of the most important principles of
lasers, such as stimulated emission, absorption and spontaneous emission. We also had
the opportunity to see how a 3-level system works. We also analysed the structure of a
typical laser cavity. Numerous examples of laser applications and innovative work were
presented. And, last but not least, we analysed the case of fiber lasers, seeing their basic

working mechanisms. In the next chapter, a brief review of fiber lasers is presented.






Chapter 3

Fiber Lasers - A Brief Review

3.1 A Brief Review

It all began with the discovery already mentioned in the previous chapter: in 1960, Theodore
Maiman invented and constructed the very first laser, a ruby laser [13]. Four years of
development later, the first fiber laser appeared [47]. It was a neodymium-doped silica
fiber cladding-pumped by a flash tube with an emission around 1.06 um. Subsequently,
different doping elements popped up such Erbium at 1.5 ym [48], Ytterbium centered at
1 pum [49], Thulium at 2 ym [50], Dysprosium 3 um [51], Praseodymium centered around
491 nm and 635 nm [52] and also Holmium at 2.1 ym [53]. From all of these dopants,
Erbium allowed the fiber technology to revolutionize the area of optical telecommunica-
tions: on one hand, the low losses at 1.5 um led to large distances data transference; on
the other hand, the large gain band (AA ~ 100 nm) grants wavelength multiplexing - am-
plification of multiple data channels with high data rates without detrimental distortions
due to gain narrowing [54].

At the dawn of the laser era, fiber’s doped cores were pumped, so the pump and the
amplified signal travelled together inside it. However, there were some limitations: to
keep a transverse single-mode laser emission it was necessary small values of core size
and Numerical Aperture (N A), forcing a single-mode pumping diode to be used. Despite
the progress made in recent years, single-mode semiconductor diodes only provide up to
few watts thus limiting the output powers of fiber laser sources. To overcome this limita-
tion, Snitzer et al. developed an elegant concept of double-clad fiber [55], supported on

the original idea of Maurer, in 1974 [56]. In a double-clad fiber, the signal is guided inside

15
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the core while the pump propagates through an inner cladding with higher dimensions

and NA. In figure 3.1 one can see a schematic representation of a double-clad laser.

Pump diode laser
High power,

Low brightness
Highly multi-mode

Second cladding
Pump confinement

First cladding .
Signal confinement .
Pump waveguiding RE doped core
Signal generation, " Emitted signal
amplification and High power,
waveguiding High brightness
Single-mode

FIGURE 3.1: Schematic representation of a double-clad fiber [57].

The inner cladding high NA number can be assured by doping it with fluorine. The
outer cladding can even be air (air cladding), thus the low index. The refractive index of
the outer cladding is far lower than the one of the inner cladding, whose index is itself
lower than the core [57]. A few hundred micrometers is a typical dimension for the inner
cladding and its NA can fluctuate between 0.2 and 0.9 depending on the outer cladding’s
proprieties. Due to their higher dimensions and since N A is proportional to the sine of the
angle of acceptance of the guided light, double-clad fibers allow efficient coupling of light
provided by high power multi-mode pumping diodes delivering up to a few hundred
watts and even kilowatts. Therefore, double-clad fiber lasers convert the power of multi-
mode pump diode lasers into a single transverse mode emission. This double-clad fiber
geometry technology paved the way for the research of high power laser sources, now
largely used over the world for high power applications.

With power scaling, other nonlinear effects such as stimulated Raman scattering and
stimulated Brillouin scattering began to limit fiber technology. To overcome this second
limitation, the solution had been to increase the core size leading to Large Mode Area
(LMA) fibers [58]. Applying a bending radius [59], selective signal launching [60], gain
filtering [61] and other as well as fiber structures such as depressed-index core [62], ta-

pered fiber [63] and photonic crystal fibers [64] were studied and developed to reach the
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highest core dimensions possible while maintaining a transverse single-mode emission
allowing high energies and high peak powers. At the moment, with CPA, it is possible
to make a 38 GW peak power source with a core diameter of 105 um for an active micro-
structured fiber [65]. As a comparison, core diameters of telecom fibers barely exceed
9 um.

Nowadays, the highest average output power fiber lasers are doped with Ytterbium
[66]. These ions in a silica host possess an emission cross-section centered around 1030
nm and spanning from 980 to 1100 nm [67], as well as an absorption cross-section max-
imum around 915 nm and 976 nm. Over the last decade, developments have been ex-
tensively made on high-power semiconductor diodes emitting at these wavelengths and
now kW-class diodes are commercially available. Furthermore, due to the lifetime of the
metastable state of 1 ms and a quasi-two-level energy scheme, high doping concentra-
tions are allowed, leading to short fiber lengths due to high pump absorption [68]. The
Ytterbium ion has low quantum defects, so efficiencies can reach the value of 90% [69].
Currently, the most powerful Yb-doped fiber laser source is commercialized for industrial
applications, providing an average output power up to 100 kW with an efficiency of 35%
but, unfortunately, it is multimode, which means that the emitted beam is highly diver-
gent and its brightness is not optimal [70]. IPG Photonics, the same company of these
100 kW multi-mode fiber laser also offers a transverse single-mode version able to deliver

10 kW of average power.

3.1.1 Atmospherical considerations

Even though Yb-doped fibers have attractive features due to their performances, in the
context of this thesis these may not be the best, considering the propagation losses due to
atmospheric transmission. The ultimate goal is to reproduce the same results at 500 km
from Earth ground, and the Cubesat would be in orbit. One can think of some obstacles
to the realization: the propagation losses and profile distortion due to atmospheric trans-
mission are almost negligible at 850 m but at 500 km they must be taken into account. For
this reason, it is necessary to choose an adequate wavelength emission. In a first sim-
ple approach, it is studied the atmospheric transmittance of the light coming from the
sun. Since the sun can be considered a black body;, its spectral radiance can be easily de-

termined from its temperature. After analyzing sunlight transmitted to Earth’s ground,
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it becomes possible to deduct the atmospheric transmittance as a function of the wave-
length. A typical curve of the atmospheric transmittance was realized by J. A. Shaw et al.
using Modtran5 software [71]. Analysing the data from it and in particular the region near
1 um, it follows that this same region is not ideal, so the use of Yb-doped fiber can’t be
used for the project. Another interesting window would be, for instance, around 3.5 um,
but there’s a lack of laser sources in this wavelength. This reduces the possibilities to two
intervals, one around 1.6 ym and the other around 2 pm, since they seem to have the high-
est transmittance through the atmosphere and match well with emission cross-sections of
two rare-earth dopants: Erbium and Thulium respectively.

Thulium’s popularity has grown in recent years due to its emission band, from 1.7 ym
to 2.1 ym, which is quite interesting to generate new wavelengths in the middle infrared
region by non-linear conversion [72]. Generally pumped at 790 nm, the quantum defect
should limit the efficiency at a maximum of 40% when emitting at 2 ym but thanks to
the cross-relaxation, process implying energy transfers between ions in the silica host, it
becomes possible to reach efficiencies as high as 75% [73]. However, fiber and optical
components around 2 pm are scarce. For this reason, erbium-doped fibers were chosen in
the first approach for the application in the WiPTherm project.

There is a large commercial availability of optical and fiber components around 1.5 ym
as well as a real technological maturity of erbium-doped fibers owing to their extensive
development for optical telecommunication making their integration within simple all-

fibered laser architectures easily achievable.
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FIGURE 3.2: Typical absorption and emission spectra of Erbium ions [74].
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The downside of Erbium-doped fibers is the fact that they do not support high rates
of Er ions doping due to the quenching phenomenon which strongly reduces efficiency
by increasing losses on the signal in the fiber core [75]. In figure 3.2, one can see that the
absorption of Erbium ion is centered around 980 nm and 1500 nm, while emission occurs
between 1.5 and 1.7 ym. Pumping around 980 nm will highlight the quantum defects, lim-
iting the output. Added to that, the absorption cross-section around 980 nm is pretty low,
so it is required a significant Er-doped fiber length to correctly absorb the pump power.
Nevertheless, efficient (~ 40%) and high power laser sources (> 70W) had been real-
ized with Erbium-doped fiber [76] pumped at 976 nm. To increase the efficiency and/or
shorten the fiber length, co-doping Erbium with Yb ions had also been studied.

In addition to greatly increasing pump absorption at 976 nm, the co-doping implies an
energy transfer from Yb ions to Er ones leading to an increase of lifetime in Er:Yb doped
fibers [77]. Output powers higher than 150 W were demonstrated with Er:Yb doped fiber
laser sources [78, 79]. One aspect that one must consider when increasing pump power is
the amplified spontaneous emission (ASE) around 1030 nm due to Yb ions, which limits
power scaling. ASE appearance can however be mitigated [80, 81]. Another solution to
significantly increase output average powers and efficiency is the in-band pumping (also
named resonant pumping), which consists in pumping at a wavelength where ground
state absorption exists (for Erbium these wavelengths are 1.48 ym and 1.53 um, seen in fig

3.2).

3.2 Concluding Remarks

Regarding this brief review, let us resume the laser source requirements for this disser-
tation. The objective will be to realize an efficient Erbium-doped fiber laser source po-
tentially able to deliver more than 15 W of average output power in continuous-wave
operation. The laser emission has to be centered around 1.5 ym to 1.6 um bearing in mind
the atmospheric transmission and diffraction-limited (single-mode) to minimize beam di-
vergence. Since only continuous-wave operation is required, a complex LMA structure
is not required. The fiber will be realized by the University of Limoges group with RE-
PUSIL sintering powder technology [82], which is particularly well mastered in their lab
[83, 84]. Finally, one must consider the proper setup for the fiber laser depending on

the way we want to design CW signal emission either in a simple all-fiber architecture
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with Fiber Bragg gratings acting as end mirror and output coupler, or in a more complex

Master Oscillator Power Amplifier (MOPA) architecture.



Chapter 4

Beam Propagation Analysis

4.1 Natural divergence of a Gaussian beam

4.1.1 Theoretical principles of divergence

In paraxial approximation, if one wants to know a profile at one plane u(x, y, z), knowing
the previous profile u(x1,y1,z1), we do a superposition of all individual wavelets emitted

from plane z;, which is the same of evaluating the integral in equation 4.1 [85].

1 1A (x%—i—y%) +D <x2+y2) —2x1x — 2y
u(x,y,z) = B //u (x1,y1,21) exp —jk 5 dx1dy;

(4.1)
Equation 4.1 considers wave propagation, within the paraxial approximation, through
a general optical system described by the ABCD matrix [86]. It is a result of the famous
Huygens-Fresnel-Kirchoff integral in the so-called Fresnel approximation. The field at
the new plane is obtained by the superposition of the individual wavelets emitted from a
plane and transmitted through this system.
If one consider Gaussian beam propagation u(x,y,z) « exp —jk [(xz + y2> / 26]] we
will get the equation 4.2.

_Ap+B

= = 4.2
q CE]l + D (42)

The equation 4.2 is able to compute g parameter in z plane knowing the ABCD matriz

inherent to the propagation medium and the q; parameter in z; plane [85]. One can take

21
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a closer look at the g parameter: % =%—j niwz . The real part corresponds to the radius of

curvature of the wave and the imaginary part is related to the beam waist w.

In free space propagation, A = D = 1 and B = z, and from equation 4.2 we get:
q=dq+z (4.3)

Assuming that we have a plane wave, R = oo, at the waistz = 0:

(/1) = = (A/meh) (4.4)

where wy is the spot size at z = 0.
Manipulating equation 4.2 and 4.4 it is found equation 4.5 predicts the value of a Gaus-

sian beam waist wy at a plane z, knowing the initial waist wy [85].

2
wi(z) = w5 |1+ ( /\22> (4.5)

Twg
This waist w; used represents the distance to the z axis for which the value of the

electric field on that same axis falls to 1/¢, and therefore the diameter is 2w.

4.1.2 Waist prediction

We used equation 4.5 to study the behaviour of the waist. We are interested in the ex-
pansion for our lab experiment, a propagation of 1 m, and also interested in the project
prototype for 1 km. Furthermore, we are curious about the ultimate goal propagation of
500 km, an orbital distance.

In figure 4.1 (a), one can see the final waist of the beam, wy, as a function of wy for a
1 m propagation. For different initial waists wy we get different values of the final waist
wy and it was possible to detect a minimum for w;. In the subfigure (b) is represented
the pairs wp and the correspondent minimized w;, function of the distance. The values of
the final waist w; are the minimum possible considering natural divergence. If we trace
a vertical line we can found the minimizer <= minimum pair wy <= wj, for a certain

propagation distance.
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Model for 1 m
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FIGURE 4.1: Model for 1 m: (a) minimization of wy, (b) w,,;, function of the distance.

Figure 4.2 is analogous to figure 4.1, but now the analysis is done for a propagation
distance is 1 km instead of 1 m. In (a) one can see the final waist w; as a function of wy
for 1 km propagation and, in the subfigure (b) is presented an extension of (b) from figure
4.1. One can see that for 1 km propagation, the smallest waist that can be achieved is one

order of magnitude bigger than the minimum waist for 1 m propagation.
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FIGURE 4.2: Model for 1 km: (a) minimization of wy, (b) w,,;, function of the distance.

In (a) of figure 4.3 one can see again w; function of wy but this time for 500 km, which
is the typical altitude for CubeSats. As we can conclude, it is needed an initial waist of
0.496 m to minimize the final waist! So the optical components must be relatively big to
achieve w1 = 0.702 m at the end of the 500km propagation. Typically, we need to have

a diameter of the optical components much larger than 2w to harness the full Gaussian
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beam, i.e. about 6w will be the minimum, which means we should have a size of about 3
meters for the optical components of a ground station. Having a final waist w; = 0.702 m
is a fact that needs to be taken into account when we have a target of an effective area of

0.3 m x 0.4 m. Subfigure (b) of figure 4.3 is an extension of (b) of figure 4.1 and 4.2.
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FIGURE 4.3: Model for 500 km: (a) minimization of w1y, (b) w,,;, function of the distance.

Considering equation 4.5 for z = 1 km, figure 4.2 and the size of a 1U CubeSat (10cm x
10cm x 10cm), one can analyse the transverse section of the beam as function of the prop-
agated distance in a scaled model, presented in figure 4.4. The blue lines were drawn
considering the minimizer waist placed at z = 0. One can see that at z = 1 km, the beam
covers the 2D array of thermoelectric generators. In this case, we get a spot size in the
plasmonic photothermoelectric system that allows high energy transfer efficiency.
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FIGURE 4.4: Model for 1 km with scaled cross-sectional dimensions, of CubeSat and laser
beam.

Because the final prototype of the WiPTherm project is for 1 km, we took a closer look

at the propagation for that parameter. In figure 4.5 one can see different waist possibilities,



4. BEAM PROPAGATION ANALYSIS 25

considering the 1 km propagation. In this case, and depending on what CubeSat module

we will deal with, we can always choose the desired final waist between the limits of

figure 4.2.
Models for 1 m with different initial waists
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FIGURE 4.5: Visualization of waist over 1 km for different values of wy: (a) zoom of a

region from main plot, (b) main plot.

To sum up this study of equation 4.5, table 4.1 appears.

z wo w1
1m 099 mm | 1.40 mm
1km | 2221 mm | 31.41 mm

500 km | 0.496 m 0.702 m

TABLE 4.1: Minimum waist w; and minimizing waist wy for a propagation distance of
z=1m,1 km, and 500 km.

500 km is the typical orbit for Cubesats, and these results show us that the minimum

waist that we can achieve is 0.702 m.

4.2 Analysis of light propagation under turbulent atmospheric

conditions

In this section, it is presented the method used to propagate a 2D beam profile from one
plane to another: the angular spectrum method. It is also discussed how to model turbu-

lence, and in particular, results are presented for distinct propagation distances with the

Von Karman turbulence phase screen.
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4.2.1 Angular Spectrum Method

The goal was to have a numerical algorithm capable of evaluating a 2D beam profile at
a given distance z = zg, knowing its 2D profile at z = 0. For this purpose, we used the
Angular Spectrum Method.

The first part of the method consists in decomposing a plane source U(x,y,0) into a
summation of 2D plane waves 2™ (f**+/s¥) characterized by the spatial frequencies f, and

fy- That summation is exactly the integral:

(x,9,0 / U fx, 2ﬂi(fxx+fvy)dfxdfy (4.6)

where Uj is the weight corresponding to the 2D plane wave e2™/(fex+fy),
Uy ( frr fy> is called the ”Angular Spectrum” [87] of U(x,y,0) and can be found by

calculating the Fourier Transform of U(x, y,0):
uO fx/fy 2 /LI X, y, ZNi(fxx+fyy)dxdy (4.7)

The second part of the method propagates each plane wave to the z = zp plane, sepa-

rately. To do so, we can compare e>™(x**/i¥) to a 3D plane wave:

ok T pkxxthyy+kaz) (4.8)

where HEH =k = /K + K +k2 = F. The formulation e2mi(fx+fa¥) describes eF7 in

the z = zg plane, so k,, = 27 fy, , and

k. —i\/<2;[> Kk -R (4.9)

The last step is to add all the propagated planes waves to find U(x,y,z = z¢). Taking

into consideration equations 4.6, 4.7 and 4.9 one can write the equation 4.10.

27rz<fxx+fyy+zo (]) —f2— fy)

U (x,v,2) / Uo (fofy) e df.df, (4.10)

Equation 4.10 can be interpreted: if we want to propagate a beam profile from one
plane to another, we have to add an extra phase term, which is the component k, of vector
k. One can look at 4.10 from a different perspective, and note that the integrals are exactly

Fourier Transforms. So we can rewrite the same equation as:
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U (x,y,z0) = F ! {f{U(x, Y, 0)}(for fy) VR ff} (x,y) (4.11)
Consequently, the method is summarized in the following 3 steps:
1. Sample the plane z = 0 and take its 2D Fast Fourier Transform (FFT);
2. Multiply each point of the 2D-FFT by a propagation term;

3. Take the 2D Inverse Fast Fourier Transform (IFFT) of that plane.

4.2.2 Atmospheric Turbulence

One of the effects that causes issues when we want to propagate a Gaussian beam through
the atmosphere is turbulence. The concept of turbulence consists of a variation of the spa-
tial refractive index n caused, mainly, by local fluctuations of pressure and temperature.
These variations can cause amplitude and phase oscillations on the propagated beam pro-

file, worsening its quality.

FIGURE 4.6: The Starry Night by Vincent van Gogh (1889 painting) [88].
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It is interesting to think about how to study and relate environmental parameters to
turbulence effects in a laser beam [89]. The study of turbulence is separated in three dif-
ferent regions: strong, intermediate and weak. The regions of intermediate and strong
turbulence are less studied than the weak ones. The study of these particular regions is
very important and useful for the development of optical technology such as laser com-
munication, imaging systems, remote detection and sensing, and, in our case, energy
transfer. In an inspirational tone, one can analyse one of the famous Vicent Van Gogh'’s
paintings in figure 4.6, The Starry Night, where the swirls represent wind and turbulence,
Van Gogh’s understanding of the cosmos as a living dynamic place [90].

Research groups modelled turbulence with spectral methods and random phase screens
[91-94]. There are several models to emulate turbulence, such as the Tatarski [95], Kol-
mogorov [96], Von Karman [97], and Modified Von Karman Spectra (MVKS) [98]. One can
compare these different models used to emulate turbulence in figure 4.7, where is plotted
the power spectral density (PSD) of the refractive index of the medium divided by the

structure parameter of the medium C2 vs the spatial frequency.
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FIGURE 4.7: Common models for atmospheric power spectra [99].

An example of a turbulence model is the modified Von Karman spectrum. Its form is

given by [98]:
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exp (&)
@, (k) = 0.033C;———"4,0 < k < o0 (4.12)
(k2 +K2) ¢
2

where the structure parameter of the medium is C; , k,, = 5.92/1, is an equivalent
wavenumber related to the inner scale and represents the characteristic dimension of the
smallest turbulent eddies, k, = 27t/ L, is the wavenumber related to the outer scale and it
expresses the characteristic dimension of the largest turbulent eddies, and k is wavenum-
ber for the propagation inside the medium without any turbulence. Note that in equation
4.12, &, (k) is called the PSD. If we consider the term exp(— %) always equal to 1, we get
the original Von Karman PSD model.

The outer scale parameter Ly, near the ground, is approximately /1/2 , where & is the
height above ground. Typical numbers quoted for Ly vary between 1 and 100m, depend-
ing on atmospheric conditions and the geometry of the specific experiment [100]. For K
larger than some critical wavenumber k,, the shape of PSD is determined by the physical
laws that govern the breakup of large turbulent eddies into smaller ones. Then, PSD can
be predicted from physical laws governing turbulent flow [101].

As previously specified, phase screens aim to simulate random phase perturbations
resulting from random index fluctuations in extended atmospheric turbulence and, in lit-
erature, one can find the numerical ranges for the structure parameter C% defining strong,

intermediate and weak turbulence [102]:

C2>10"“m2/3 strong
1071 < C2 <107 m~2/3  intermediate (4.13)
C2 <1077 m2/3 weak

The above-presented values of the structure parameter are necessary to define the tur-
bulence regime. It should be noted that the parameter C2 varies as a function of altitude,
location, and time of day. This parameter has been studied over the years and it was ex-
tensively measured as a function of altitude above the earth [103-116]. This parameter
is the structure constant of the refractive index fluctuations and it serves as a measure
of the strength of these fluctuations. Several models were achieved with data measure-
ments, however, they have a strong dependence on the geographical location and other
conditions such as weather conditions and seasons of the year.

The SLC-Day model tries to segment the atmosphere into layers with different C2,

considering equation 4.13, and it is given by [117]:
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(

0 Om<h<19m
4.008 x 10713~ 1.054 19m < h <230m
C2(h) = { 1.300 x 1015 230 m < h < 850 m (4.14)

6.352 x 107K 2966 850 m < h < 7000 m
6.209 x 107161706229 7000 m < h < 20,000 m

so C2 is now function of the altitude h. This model agrees with experimental data from
atmospherical ascending balloons [118].
Regarding this C2 parameter, one can relate it with the so-called Fried parameter ry :
472

3/5
=0.185 | — 4.15
o [kzLC%] (4.15)

where k is the unbounded wave number, and L is the propagation distance. The Fried
parameter characterizes the phase fluctuations of the specific phase screen utilized to
model the random phase distribution. It also describes the transverse coherence length,
the inner and outer scales that control the total aberration perceived by the propagating
beam.

For the generation of a random phase screen, we used AOtools [119], an open-source
Python package focused on providing tools for adaptive optics users and researchers.
It contains “tools for adaptive optics processing, including analyzing data in the pupil
plane, images and point spread functions in the focal plane, wavefront sensors, modelling
of atmospheric turbulence, physical optical propagation of wavefronts, and conversion
between frequently used adaptive optics and astronomical units” [119].

AOtools utilizes an interesting method for simulating infinitely long and nonstation-
ary phase screens with optimized memory storage [120]. AOtools also provides function-
alities to create finite Kolmogorov and Von Karman turbulence phase screens. We decided

to use this package to generate our phase screens.
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FIGURE 4.8: Example of a phase screen generated with a function from AOtools.

The library also includes methods to create infinite Kolmogorov and Von Karman
phase screens using the methods described by Assémat and Wilson [120]. One can see in
figure 4.8 an example of the generation of an infinite phase screen [120, 121] using the "in-
finitephasescreen.PhaseScreenVonKarman” AOtools” function. The scale represents the

absolute value of the phase.

4.2.3 Simulation’s algorithm

In figure 4.9, a flow chart will describe how the developed code runs the method. The code
starts by defining the initial conditions. First, we create a Gaussian beam profile with a
waist wy in a grid with N x N pixels. This N parameter must be a power of 2 because it
allows us to perform the 2D FFT scaling with O(N x log(N)), instead of O(N?). This is
a great improvement when we talk about speed: considering an initial plane N x N with
N = 213, it takes much less running time (almost half) than the N = 213 — 1. After creating

the Gaussian beam profile, one needs to choose the dimensions of the problem, such as
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the wavelength (in our case 1550 nm), the number of phase screens, the spacing between
them, and also the propagation size. Then, we evaluate the intensity integral to compare
it to the final one. Therefore, we use the Angular Spectrum method, which starts by
calculating the spatial frequencies f, and f, and the FFT of the input complex amplitude
profile. If we are dealing with a problem with turbulence, the algorithm generates a Von
Karman Phase Screen with AOTools and multiplies it by the initial spectrum; if we are
dealing with a problem where turbulence is insignificant, one can skip the previous step
and multiply directly the initial spectrum by the free propagation term. If we want to pass
the beam through another PS and propagate it again we can generate another random PS
and multiply by another free propagation (FP) term, as many times as we like, and even
with different Phase Screens and different propagation distances. Following all those
steps, the IFFT is then calculated to get the final beam profile. At this point, the analysis

stage appears and one can study the final beam profile and compare it to the initial one.
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FIGURE 4.9: Flow chart of the developed code.
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A scheme of the code can be seen in figure 4.10. The original beam is converted into
its 2D FFT and then it can propagate freely until the first random PS, then again do its free
propagation and find a second PS, and it can do this as many times as we want. In the
end, we take the 2D IFFT to get the final beam profile. The phase screens in figure 4.10
were generated using the Von Karman Spectra (VKS) with AOTools.

Original beam Distorted beam
Phase screen | Phase screen 2 Phase screen N

FIGURE 4.10: Turbulent atmospheric propagation simulation scheme.

4.3 Simulation results

4.3.1 Preliminary results

To test the algorithm, some initial tests were done. In the first one, we had the objective
of confirming the free propagation of the Gaussian Beam. So we created a 2D Gaussian

profile simply by calculating:

Gaussian profile = X e 27 (4.16)

1
2102
with o = 0.005 m. The generated profile can be seen in figure 4.11.

The beam profile from figure 4.11 was propagated with the Angular Spectrum Method
through 1 km, considering A = 1550 nm. The result is shown in figure 4.12. One can see

that the beam has expanded.
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FIGURE 4.11: Initial Gaussian beam.
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FIGURE 4.12: 1 km free propagation of the initial Gaussian beam.
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If we take into consideration equation 4.5, and evaluating the beam waist in the nu-
merical 2D grid (a bisection method over the x axis to find 1/¢? intensity point), we get
an error of 0.34%. This happens because of the discretization of the source plane (grid).
Nevertheless, the results are good enough to say that the algorithm is running as it should
and we can therefore start to add some turbulence.

After checking the angular spectrum method, we wanted to test the propagation of the
initial Gaussian beam through 1 km and through a Von Karman PS placed in the middle
of the propagation distance (500m). The result, for a Von Karman PS generated with the
parameters ro = 18.99 m, Ly = 8 m, and the size of each pixel upscaled by a factor of 30,

is shown in figure 4.13. One can see that the shape of the beam is changed.

1 km propagation - weak turbulence
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FIGURE 4.13: 1km propagation of the initial Gaussian beam with turbulence, vy =
18.99 m

To have a comparison term, we did the same simulation but only changed the r( value
to ro = 1 m. Figure 4.14 shows this result, and the expected extra turbulence caused the
seen effect. The Gaussian beam is distorted and the spot has now a different shape. The
maximum intensity point is shifted ~ 3 cm.

These results show us that, with the algorithm and with intense PS, the beam can

be distorted and achieve some peculiar profiles under turbulent propagation conditions.
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In the next subsection, we show the study of the beam turbulent propagation using the
SLC-Day model [117] that tries to segment the atmosphere into layers with different C2,

considering equation 4.14.

1 km propagation - intermediate turbulence
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FIGURE 4.14: 1km turbulent propagation of the initial Gaussian beam with turbulence,
ro=1m

4.3.2 Results using the atmospheric layer model

In this subsection we will present some results using the atmospheric layer model to con-
trol the C2 parameter. This model is presented in the equation 4.14.

To study the propagation of a 1550 nm Gaussian beam of light through 7 km of atmo-
sphere we considered the scheme in figure 4.15. We start with a free propagation of 19 m.
Then the beam passes through a random PS* placed at 19" m, generated with the VKS
and the C2(h) parameter was calculated in the middle of the distance between the first PS
and the second one at h = 2420 1. After that, the beam freely propagates to the mark

of 230 m. There, it is affected by the random PS placed at 230" m, again, generated with
the VKS with the parameter C2(h) calculated in the middle of the distance between the

*all the generated phase screens were calculated using the AOTools function “turbu-
lence.phasescreen.ft_phase_screen”, and the source code is present in Appendix A
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second PS and the third PS (h = 280 1) The beam propagates in free space to 850 m
where it finds another random PS, generated with a C2(h) parameter evaluated in the
middle of the distance between the third PS and the fourth one, at h = 804200 3, The
final phase screen is placed at 2000" m, and it was generated with a C2(h) calculated at
h = 2000700 3y So the beam propagates until there, suffers the turbulence effect, and

then propagates again in free space to the 7000 m final mark.

) i) i) i)
3 =3 =3 B
3 =3 =3 =3
=8 =8 =8 o
=] =] =] =]
3 35 35 3
Initial Gaussian = = = = Final Beam
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' 3 I I i '
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2000 m » i
7000 m >

FIGURE 4.15: Simulation scheme for 7000 m propagation

We simulated exactly the propagation as described above. We took snapshots just
before each PS: before 19 m, 230 m, 850 m and 2000 m, and finally we took the final image
at h = 7000 m. The result for 19 m propagation is in figure 4.16. Here one can see that the

beam keeps its Gaussian shape.
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FIGURE 4.16: Beam profile after 19 m of free propagation.

After that, the beam finds the PS of figure 4.17.

19 m turbulent phase screen
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FIGURE 4.17: Turbulent Phase Screen placed at 197 m.

Then, the beam propagates until 230 m and the result is shown in figure 4.18. One can

see that the beam has now an irregular shape and not a perfectly Gaussian one.
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230 m propagated gaussian
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FIGURE 4.18: Beam profile after 230 m.

Once again, the beam reaches a turbulent PS placed at i = 230 m that can be inspected

in figure 4.19.
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FIGURE 4.19: Turbulent Phase Screen placed at 230" m.

Now, it is time to analyse the result for & = 850 m in figure 4.20. We start to notice a

small deviation of the beam to the center (going to positive values of x and y). The shape
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is more irregular, and of course, we can notice the beam expansion.
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FIGURE 4.20: Beam profile after 850 m.

At h = 850 m, the beam interacts with the PS that can be checked in figure 4.21.
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FIGURE 4.21: Turbulent Phase Screen placed at 850" m.

The result of the propagation through 2000 m is visible in figure 4.22. This figure

reaffirms and emphasises the conclusions taken in figure 4.20.
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2000 m propagated gaussian
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FIGURE 4.22: Beam profile after 2000 m.

Once again, the beam passes through a random PS located at 2000 m (figure 4.23).
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FIGURE 4.23: Turbulent Phase Screen placed at 2000" m.

Finally, the beam propagates until it reaches 7000 m and now we are in the condition

of plotting the final beam profile on figure 4.24. The x and y axes scales were not changed
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because we were interested to investigate the center deviation of the beam. In this case,

the beam has a deviation of ~ 3.5 cm.
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FIGURE 4.24: Beam profile after 7000 m.

At this moment, we were interested to analyse the beam propagation through 7000 m,
but this time considering different phase screens (turbulence). We repeated the simulation
from the beginning, but we changed all the random seeds used for the phase screens
generation. The result for the second simulation can be seen in figure 4.25. One can notice

that the beam suffered a deflection of ~ 5.3 ¢m in a different direction.
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7000 m turbulent phase screen
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FIGURE 4.25: Beam profile after 7000 m with different random PS.

To get a better understanding of the beam deviation, we did 1000 simulations just like
these, where we changed all the random PS seeds, and consequently, all the simulations
have different conditions. The centers’ representation of all 1000 simulations are shown
in figure 4.26. The right colour bar shows the relative deviation to the center. One can see
that the concentration is very high near the center and it starts to fade as we move away

from it.
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1000 centers of Gaussian beams propagated through
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FIGURE 4.26: 1000 different centers of Gaussian beams after propagating 7 km of turbu-
lent atmosphere.

The translation of the above figure is the histogram present in figure 4.27. One can
see the distribution of the beam deviation relative to the center after the original Gaussian
beams propagates 7000 m. Observing the histogram, we can say that the beam is not likely

to deviate more than 6 cm.
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FIGURE 4.27: Histogram of the center of the beam deviation after 7 km of turbulent at-
mosphere with respective fit.
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Analysing the histogram of figure 4.27, it seems like the distribution does not follow a
normal behaviour. Because of this fact, we tried to fit our data with the following expres-

sion:

F(x) :A-xz-\/z/w-exp(—z((x—xc)/w)z) (4.17)

using the scaled Levenberg-Marquardt algorithm with a tolerance of 0.0001, obtaining

a R? = 0.93. The orange curve in figure 4.27 represents this fit, and one can see that

it is trying really hard to fit the data. It would be possible, looking at equation 4.17, to

refine/add some parameters to force the fit, but we choose this function keeping in mind
the problem of over-fitting.

Figure 4.27 also tells us that the probability of the beam being deflected 2 cm is very

high. Hence, we were curious about the mean and standard deviation of this variable and

in table 4.2 we can see the results for both values. The mean value is ¥ ~ 2.369 cm and the

standard deviation is ¢ ~ 1.298 cm.

Parameter Value(cm)
Mean (%) 2.369 cm
Standard Deviation (¢) | 1.298 cm

TABLE 4.2: Mean and standard deviation of 1000 samples of the beam deflection after
propagating 7 km in turbulent atmosphere.

4.4 Final remarks and future work

The numerical results for the beam expansion tell us that it is possible to achieve a min-
imum waist of 0.702 m after a propagation of a regular 500 kin CubeSat orbit. Since 3U
CubeSats have foldable thermometric panels with total dimensions of 40 x 30 cm, with a
simple calculation one can perceive that only ~ 8% of the beam area would be used in
the transmission of energy to orbiting CubeSats. For the 1 km test, a 1U CubeSat will be
used with a thermo-electric panel with dimensions of 10 x 10 cm, and for this propagation
distance, the beam profile perfectly matches the target.

The turbulence atmospheric propagation simulation showed us that for 7 km propa-

gation, altitude above the most turbulent region, the beam deflects on average ~ 2.369 cm
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with a standard deviation o ~ 1.298 cm. This is a very important result for aiming pur-
poses. In a future work, it would be interesting to measure the temporal or spatial fluc-
tuations in the irradiance of the beam profile caused by the phase screens; it would also
be intriguing to demystify the dependence of the number of phase screens on the beam
profile; it would be attractive to study turbulence using different prediction models for

beam attenuation through the atmosphere.






Chapter 5

High-Power Fiber Laser

5.1 Experimental Setup

High average power and transverse single-mode propagation are two key parameters for
the final objectives of the thesis. In the state of art, the main advantages of double-clad
laser/fiber are mentioned. The double-clad step-index fiber design was selected due to
the possibility of reaching high average power, thanks to the combination of the high
numerical aperture of the inner cladding and the use of high-power pump laser diodes.
The low numerical aperture of the fiber core permits maintaining a transverse single-
mode propagation.

The composition of the two high-index silica-doped materials had to be carefully de-
termined to integrate the fiber system: one doped with Erbium and Aluminium, corre-
sponding to the future fiber core, and the other one only doped with Aluminium corre-
sponding to the future fiber cladding. The maximum Erbium ion concentration seems to
be ideal to maximize the pump absorption, minimizing the fiber length required to realize
the laser source.

When active ions are too close in the host, they tend to form clusters allowing energy
transfer between them, which can seriously degrade the gain and power efficiency by
processes which are called quenching. To circumvent this issue, the group of the Uni-
versité of Limoges used an Aluminium co-doping which has the property of helping the
solubilization of rare-earth ions in the silica host, thus limiting the clustering effect. How-
ever, it is only possible to a certain extent because when the Aluminium concentration
becomes too important, crystallization starts to occur. In addition, once the composition

of the future fiber core has been chosen, it is necessary to find the adequate composition

49
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for the future fiber cladding in order to obtain a single-mode propagation while keeping
fiber flexibility, i.e. the possibility to use the fiber with a bending radius lower than 15 cm.

In figure 5.1, one can see the chosen fiber design, created by the Université of Limo-
ges for the WipTherm project. This fiber design has an external coating made of high-
index polymer to ensure mechanical stiffness. To ensures pump light guidance, high
NA air-cladding (with D = 160 um) was incorporated, which has a better thermal re-
silience compared to low-index polymers and it also allows high pump power handling.
The background cladding is characterized by high-index, and 8 fluorine-doped inclusions
have been added to enhance pump absorption by virtually increasing the core-to-clad ra-
tio and suppressing non absorbed whispering gallery cladding modes. Last but not least,
the fiber has a 25 ym Erbium-doped core. Large core diameters are twofold: first not only
to enhance the signal but also to decrease fiber length through an increase in the cladding

absorption for the pump light [45].

Fluorine- doped silica
inclusions

Air-cladding layer

Erbium doped
core

High-index
cladding

FIGURE 5.1: Sectional cut of the fiber.

At the University of Limoges, the optical refractive index profile (RIP) along the fiber’s
length was studied, with sub-micron spatial resolution, after producing the fiber. This
was only possible due to the IFA-100 Interferometric Fiber Analyser, and the profile can

be visualized in figure 5.2.
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Refractive index profile with IFA100
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FIGURE 5.2: Refractive index profile of the developed fiber analysed at 633 nm with IFA-
100. The right bar represents the differential values of the refractive index.

This type of profile is very particular and allow us to minimize the skew rays, maxi-
mizing the meridional rays and thus maximizes the pump absorption inside the core. The
pump absorption is not only enhanced by this circular symmetry breaking but also due

to the virtual increase of the core-to-clad ratio.

Pump Spectrum

971 973 975 977 979 981
Wavelength(nm)

FIGURE 5.3: Laser pump spectrum provided by the manufacturer datasheet. Vertical axis
will represent optical intensity.
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For our laser setup, our pump laser is a wavelength-stabilized laser centered at 976 nm,
with a maximum output power of 140 W; it is a high brightness fiber coupled diode laser
from BWT [122]. The spectrum of this pump laser can be seen in figure 5.3 and the curve

of power as a function of the supplied current in figure 5.4.

Pump Power function of the supplied current
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FIGURE 5.4: Pump power as a function of the supplied current, from the data sheet 5.4.

The conceived laser setup can be seen in figure 5.5. It is a setup similar to the one that
Zhou et al. designed [123], but upgraded and applied to our work. Firstly, the pump laser
light exits the fiber and expands. One can collimate it with the aspheric lens L; placed at
its focal length from the fiber. The beam now propagates until it reaches L, the aspheric
lens with an anti-reflective coating to the 1050 — 1620 nm wavelengths, and it is injected
into the fiber. Stimulated emission occurs and both the laser light and the residual pump
light exit the fiber, expanding. The laser light is now collimated with the aspheric lens
L3 and it is reflected in the short pass dichroic mirror M2 (with reflectivity, from 1500nm
to 1650nm, higher than 99%), while the residual pump is transmitted in M2 (98.48% of

transmission), falling into a beam trap. The laser light is now re-injected in the fiber and
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follows the same path, but in the opposite direction (in figure 5.5, from right to left),
reaching the dichroic mirror M1 where it will be reflected. The output can be measured
with a power meter. It is possible to add a wedge to divide the beam and analyse it with

a Short Wave Infra-Red (SWIR) camera.

SWIR camera

Laser output
L
Laser Diode 140W @ T

Residual Pump
Power

976nm l l
L=11.5m
M1 Bending radius = 15 cm M2
HR@1500nm HR@1500nm
HT@976nm HT@976nm

FIGURE 5.5: Experimental setup of the High Power Fiber Laser

Something to note is the fact that this laser has no resonant cavity, no photon at the
output passes more than twice in the active medium, and so feedback does not exist.
Although the output has some coherence, and narrow spectrum, it does not have the

spectral selectivity normally associated with a laser.

5.2 Results and discussion

After a careful and precise alignment, we could take the astonishing picture of figure
5.6. One can see all the fiber illuminated with the characteristic green colour of erbium.
One fun fact is that the camera also captured the near-infrared light, expressed in purple,

which is invisible to the human eye.
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FIGURE 5.6: Picture from the real setup.

The output laser power was plotted as a function of the pump power in figure 5.7. We
can clearly see a regular laser behaviour for relatively low power (pump power lower than
55 W): laser pump power is zero until the system has enough energy to have population
inversion; after that, the number of the output photons (or laser power) must depend lin-
early on the pump power. When we reach high pump power (> 70 W), the experimental

data starts to deflect from our trend line, thus limiting the output.
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FIGURE 5.7: Output Laser Power as a function of the pump power.
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We fitted the orange portion of the data with a linear regression model y = mx + b and
the parameters can be seen in table 5.1. The slope is precisely the laser efficiency, which is
~~ 19%. If one wants to find the threshold of the laser, one can discover the solution (zero)
for the equation of the trend line and realize that the threshold for this system happens
when the pump power is equal to (2.8 £0.1) W.

m 0.1900
Am | 0.0008

b | —053W
Ab | 0.02W
R? 0.9996

TABLE 5.1: Linear regression parameters for orange portion of the data of figure 5.7

Following, it was coupled an Optical Spectrum Analyzer (OSA) to the output of the
laser, conveniently attenuated. The main goal was to characterize the spectrum of the
final laser source. The results for this analysis can be seen in figure 5.8. The source has its

main peak at A = 1566 nm with AA = 1.39 nm and a secondary one around 1563.5 nm.
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FIGURE 5.8: Spectrum of the Output Laser.

This result is very particular. One can see two peeks of emission. The shift in wave-

length for the maximum intensity peak (shifted to 1565 nm) is typical from the in-band
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pump, and as we increase the length of the fiber, this shift effect will stand out more and

more as we increase the fiber length.

5.3 Final remarks

We achieved interesting and promising results, regarding this first prototype of the high
power fiber laser.

We were able to produce a source around 1566 nm, with a slope efficiency of ~ 19%,
and maximum output power of 15 W. Since we have a pump efficiency of ~ 45.15%
converting electrical energy into light energy, our efficiency of the full process is ~ 8.6%.

The next step would be to do a fine alignment to the laser system to measure the M.
This is important because we want to ensure that the laser beam meets all the require-
ments when it reaches the CubeSat.

It could be also interesting to introduce a second pump laser with a combiner, this
way we could analyse the behaviour of the fiber to a higher power (200 W), and probably
expecting the burning of the fiber at some point, or not. Depending on these results, we
could propose another setup for the main laser, such as two-sided pumped fiber, allowing
pumping with higher power and more uniform power distribution along the fiber. If the
non-linear effects start to be very significant, an architecture like MOPA can be considered,
i.e. having several amplification stations with short fibers so that these non-linear effects
are minimised.

It is also an objective of the WipTherm project to test this laser with the thermoelectric
devices of IFIMUP institute and measure energy efficiencies. The final step would be an

energy transfer of 1 km, between our laser source and a CubeSat.



Chapter 6

Conclusion and Future Work

During this dissertation, we have successfully developed an algorithm capable of simu-
lating atmospheric beam propagation under turbulent conditions and also a 15 W high
power fiber laser prototype at 1566 nm in a hybrid configuration.

The algorithm, developed in Python, used to study the propagation of a Gaussian
beam through a 7 km turbulent atmosphere predicted a beam deflection of 2.4 cm approx-
imately, using the SLC-Day model for the C2 and with 4 different and random phase
screens generated with AOtools. Numerical results also showed us that for a typical
CubeSat orbit (500 km), the minimum waist size that can be achieved corresponds to
0.702 m if one has an initial waist of 0.496 m. The value of the final waist 0.702 m is un-
enthusiastic because the CubeSat effective area is smaller- only 8% of the area would be
used.

Throughout this thesis, we were also able to develop a 1566 nm CW high-power er-
bium double-clad fiber laser source capable of operating at a maximum optical power of
15 W, using a hybrid setup. This laser achieved an efficiency of 19%, and has a threshold
when the pump optical power is equal to (2.8 & 0.1)W. The pump laser is a BWT high
power high brightness fiber-coupled diode laser from the wavelength-stabilized series at
976 nm with a maximum output power of 140 W. Better understanding and improve-
ments on the laser will be done during this year and next year in the framework of the
WipTherm project.

In future work, we would be interested in:

e demystifying the changes in the beam profile with the number of phase screens;
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measuring the spatial or temporal fluctuations in the irradiance of the beam profile

caused by the phase screens;

measuring the M? parameter so we could study how to shape the beam to match

the project requirements;

using a second pump laser with a combiner, and analyse the behaviour on a higher

power regime (200 W);
characterizing other types of fiber;
inspect the use of FBGs instead of mirrors;

trying a different setup such as two-sided pumped fiber, allowing pumping with
higher power and with a more uniform power distribution along the fiber. If the
non-linear effects start to be very significant, an architecture like MOPA can be con-
sidered, i.e. having several amplification stations with short fibers so that these

non-linear effects are minimised.

A prototype for the WipTherm project would be the final step: a laser transferring

energy to a CubeSat separated by a distance of 1 km.

This work was supported by funding from the European Union’s Horizon 2020 re-

search and innovation program under grant agreement No 863307, Ref. H2020-FETOPEN-
2018-2019-2020-01 .



1 def ft_phase_screen(rO, N, delta, LO, 10, FFT=None, seed=None):
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Appendix A

Used AOTools functions

During this thesis, it was used widely used the “turbulence.phasescreen.ft_phase_screen’

function from the python package AOTools. Below the source code is shown.

Creates a random phase screen with Von Karmen statistics.

(Schmidt 2010)

Parameters:

r0 (float): rO parameter of scrn in metres
N (int): Size of phase scrn in pxls
delta (float): size in Metres of each pxl

LO (float): Size of outer-scale in metres

10 (float): inner scale in metres

Returns:

ndarray: numpy array representing phase screen

delta = float(delta)

r0 = float(r0)
LO = float(LO)
10 = float(10)

R = random.SystemRandom(time.time())
if seed is None:

seed = int(R.random()*100000)
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numpy . random. seed (seed)

del_f = 1./(N*xdelta)

fx = numpy.arange(-N/2., N/2.) * del_f

(fx, fy) = numpy.meshgrid(fx,fx)
f = numpy.sqrt(fx*x*2. + fy**2.)

fm

5.92/10/ (2*numpy . pi)
1./L0

f0

PSD_phi = (0.023*r0**(-5./3.) * numpy.exp(-1*((f/fm)**2)) / (((f*x*2) + (fO
*x2) ) **(11./6)))

PSD_phi [int (N/2), int(N/2)] = O

cn = ((numpy.random.normal(size=(N, N))+1j * numpy.random.normal (size=(N, N))

) * numpy.sqrt(PSD_phi)*del_f)

phs = ift2(cn, 1, FFT).real

return phs
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