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RÉSUMÉ 

Les lasers monofréquences jouent un rôle fondamental dans diverses applications en passant par la 

métrologie, les senseurs et les télécommunications. Depuis quelques années, ils jouent un rôle 

crucial dans la nouvelle génération d’horloges atomiques, les horloges optiques. Celles-ci 

promettent de belles avancées scientifiques tant fondamentales, e.g., quantique, unité de base SI, 

qu’appliquées, e.g., satellites, métrologie, en particulier celles basées sur l’atome de strontium 

(Sr87). Les horloges optiques actuelles nécessitent des systèmes encombrants basés sur de l’optique 

en espace libre. Une réduction de la taille et une augmentation de la fiabilité sont souhaitables pour 

accroître leur accessibilité et leur utilisation dans de nouvelles installations telles que dans l’espace. 

Les lasers fibrés monofréquences offrent les avantages souhaités, mais les spécifications du laser 

pour l’horloge de Sr87 posent plusieurs défis de conception dans la fibre optique. Les principaux 

défis proviennent de la haute puissance requise à la longueur d’onde du réseau optique à 813 nm, 

ainsi que du besoin d’utiliser une fibre à maintien de polarisation pour tout le système, 

particulièrement dans la fibre de gain.  

Dans cette étude, nous proposons un nouveau montage pour un laser monofréquence à polarisation 

linéaire unique basé sur un réseau de Bragg à rétroaction répartie dans de la fibre dopée au Thulium 

(Tm) à maintien de polarisation avec un réseau de Bragg externe. Ce dernier est discriminatif en 

polarisation et permet ainsi une opération à polarisation unique du laser lorsqu’en phase. 

Contrairement aux lasers à cavités courtes, notre laser permet une plus grande longueur de fibre 

active et ne requiert pas d’épisseuses de pointes. Le laser développé qui émet à 1742 nm s’insèrera 

avec un laser 1530 nm dans un système combinant MOPA (Master optical power amplifier) et 

effets non-linéaires pour générer la longueur d’onde du réseau optique requise à 813.420 nm.  

L’étude démontre tout d’abord la faisabilité du laser à rétroaction répartie dans la fibre dopée au 

Tm. Des simulations du plan de conception montrent les paramètres clés à contrôler pour le bon 

fonctionnement du laser soit la longueur de la cavité externe, la phase, la température puis l’accord 

en longueur d’onde. Enfin, l’étude démontre la robustesse de son opération monofréquence à 

polarisation unique face aux perturbations de phase et de température testé sur une plage de 11 

GHz. Une puissance de sortie au-dessus de la puissance minimum requise de 1 mW est observée. 
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ABSTRACT 

Single frequency lasers are essential in diverse applications such as metrology, sensors, and 

telecommunications. In recent years, they have played a key role in the development of new atomic 

clocks, optical clocks. These systems show great promise for fundamental scientific breakthroughs, 

e.g., quantum, SI units’ definition as well as for applications, e.g., satellites, metrology, in particular  

optical clocks based on Sr87. Current optical clocks require bulky systems based on free space 

optics. Improvements  in compactness and reliability are desired to increase their accessibility and 

broaden their environment usage such as in space. Single frequency fiber lasers offer such 

advantages. However, the laser specification requirements for Sr87 atomic clock lead to multiple 

design challenges. They mainly arise from the high power required at the optical lattice wavelength 

of 813 nm and from the use of polarization maintaining fiber, including the gain fiber. 

In this work, we propose a new design for a single frequency (SF) single linear polarization (SP) 

laser based on a distributed feedback (DFB) laser in thulium (Tm) fiber with an external fiber Bragg 

grating (FBG). This external FBG discriminates in wavelength thus allowing single polarization 

laser operation when in phase. Unlike short-cavity lasers, our developed laser enables usage of a 

longer active fiber and does not require cutting-edge splicing equipment. The laser emits at λ = 

1742 nm and will be integrated in a MOPA system with a 1530 nm laser. Their combined usage 

with non-linear optics will achieve the required optical lattice wavelength of 813.420 nm. 

This work demonstrates the feasibility of a DFB laser in polarization maintaining Tm fiber. 

Simulations based on the proposed design then highlight key parameters for robust single 

polarization single frequency laser operation. These parameters are the external cavity length, the 

phase, the temperature uniformity, and the wavelength tuning. Finally, we demonstrate robust 

SPSF operation under strain and temperature tuning and a desired output power of >1 mW output 

power. 
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1 

 INTRODUCTION 

1.1 Context – Single Frequency Fiber Lasers 

The discovery of lasers in 1960 by Theodore H. Maiman [1] was a great scientific breakthrough of 

the 20th century. Lasers provide light with highly sought-after properties such as spatial and 

temporal coherence. This new technology was then combined with fiber optics achieving the first 

demonstration of a fiber laser by Koester and Snitzer in 1964 [2]. The combination of the laser 

properties and the fiber optics benefits such as heat dissipation, electromagnetic radiation shielding, 

beam quality, and the lack of alignment requirement [3] have enabled fiber lasers to achieve a wide 

range of emission wavelengths. This range covers wavelengths as low as ultraviolet (UV) [4] up 

to the mid-infrared spectral region [5]. The single frequency (SF) fiber laser is a well-established 

category of various lasers which offer an increased temporal coherence. Such lasers are also known 

as narrow-linewidth fiber lasers and usually operate with linewidths in the MHz to kHz range [3]; 

ultranarrow fiber lasers with linewidths in the Hz range have also been demonstrated [6]. This 

property is desired for multiple applications including spectroscopy, metrology, light detection and 

ranging (LIDAR), and nonlinear frequency conversion [3, 7]. Over the past decade, optical clocks 

have emerged as a cornerstone tool for metrology applications of time measurement, which has led 

to an increase in demand for single frequency lasers [8-10]. Optical clocks setups are complex and 

include the usage of multiple SF lasers for atomic excitation and noise reduction. One of the 

subsystems used for noise reduction is the optical lattice [10, 11]. In their current state, optical 

lattice setups remain bulky, just like others optical clocks systems, which hinders their application 

and accessibility. SF laser sources based on fiber optics technology present a high potential to bring 

optical lattice systems towards a more compact design while preserving their required 

specifications. However, the selection of an SF laser from their multiple existing designs needs to 

take into consideration the optical lattice specifications. A state-of-the-art on SF fiber lasers is 

presented in section 2.4. Once a design is selected, the laser characterization is a critical step before 

integration for the understanding of its benefits and limitations. The focus of this work is placed 

on the selection, fabrication, understanding and characterization of a novel distributed feedback 

(DFB) SF fiber laser. In the following section we present an overview on optical clocks and its 

subsystem, the optical lattice. Their introduction will lead to the specification’s requirement crucial 

to the SF fiber laser design and the associated challenges.  
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1.2 Unveiling the Mysteries of Time 

Time is at the core of the scientific world as one of the fundamental quantities. For centuries, the 

fundamental unit of time has been regarded as invariant, a fixed measurement completely 

independent of other phenomena. However, scientific breakthroughs beginning with the general 

theory of relativity in the early 20th century challenged and changed how we perceive time. At the 

centre of this breakthrough are atomic clocks – utilizing the natural electronic transitions states in 

atoms to measure frequency, and hence time. These devices have revolutionized the way we 

measure time [9]. This impacts other fundamental quantities that rely on time for their own 

definition as published by the Bureau International des Poids et Mesures (BIPM) [12], schematized 

in Figure 1-1 and thus also impacts our understanding of core physics phenomena such as gravity, 

force, temperature, quantum mechanics, electric and magnetic fields to name but a few. Their usage 

is also found in the booming space industry - providing satellites the accuracy needed to fulfil their 

increasing specification requirements [8].  

 

Figure 1-1 SI units interdependence with their respective symbol from BIPM SI units 9th edition 

report. © 2016 E. Pisanty [12], reproduced with permission. 

Researches from the European Space Agency [8] to NASA [13] show increase interest in 

developing the technology for space applications and space research. Finally, they could play an 
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important role in the current climate change crisis - providing unprecedented precision for 

environmental monitoring, for example of melting ice sheets and increasing ocean levels [14]. 

The new generation of atomic clocks known as optical clocks, rely on optical frequencies of 

electron band transitions rather than the radio frequencies currently used by standard atomic clocks 

to measure time. The new generation has an uncertainty reduced by 4-5 orders of magnitude 

compared to their radio waves counterpart [9]. Such precise and accurate measurements are easily 

susceptible to noise effects known as light shift which broadens their transition frequency. The 

light shift comes from: the AC Stark shift effect where oscillating electromagnetic waves split the 

transition states, from the Doppler shift, and from the recoil shift [15]. Optical lattices are one of 

many systems required for noise reduction. Like a lattice structure found in solid state matter, the 

atoms are trapped in place using standing waves generated by laser interference, reducing atomic 

noise [16]. Another critical system combined with optical lattices for noise reduction is laser 

cooling [11]. Once combined, these systems create the conditions for atoms to reach the Lamb-

Dicke regime where the temperature of atoms reach micro-kelvins (𝜇𝐾) [17, 18] – mitigating light 

shift effects (noise). Figure 1-2 shows a simplified representation of an optical lattice. 

 

Figure 1-2 Optical lattice diminishes electronic gap transition noise by confining the atoms in 

periodically generated potential wells. This method enables more precise atomic clocks based on 

neutral atoms with optical transitions. 
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1.3  Long Term Motivation – Strontium Optical Clock & Lattice 

Magic Wavelength 

Current and past research have looked at multiple atom candidates to use in atomic clocks - from 

ions to neutral atoms and their stable isotopes such as Al+, Yb+, Mg, Ca , Sr 87,88 to name but a few 

[10]. Optical clock systems using ions have the advantage that their oscillation frequency and 

optical transition frequency do not overlap, thus the clock signal has less potential noise [10, 11]. 

The advances in optical lattices confinement have opened the door for neutral atoms such as 

strontium (Sr87) to be utilized in optical clock systems. The interest for neutral atoms in optical 

clock systems comparatively to their ion based counterparts lies in their much lower reactivity 

enabling the use of large number of atoms which increases the signal-to-noise ratio [15]. Alkaline-

earth atoms have been selected as promising candidates due to their simple atomic structure [15].  

Systems based on the alkaline-earth strontium show great promise due to its availability and the 

accessibility on the market of laser sources with the corresponding wavelengths to trap, cool and 

pump the Sr87 atoms [11, 15].  

So far, we have discussed the benefits of optical clocks versus standard atomic clocks, the 

importance of optical lattice, the benefits from neutral atoms in a clock system and the promising 

usage of Sr87 as the neutral atom. These lay the required basis for the development motivation of 

our fiber laser. One of the remaining optical clock concepts before laying the specifications 

requirement of our laser is the choice of the optical lattice wavelength known as the magic 

wavelength (MWL) [16]. The magic wavelength is selected as to confine the atoms in a ground 

state where their fundamental oscillations match the clock state oscillations – the excited state 

natural oscillation [19]. Thus, reducing the broadening from noise. The optimal wavelength was 

demonstrated for Sr87 atoms by Takamoto M. and al. with a wavelength of 813.420(7) nm [16] 

with a wavelength stability under 1 pm. Optical lattices are virtual potential wells generated by 

combining light beams to produce static electromagnetic wave structures in a 2-D or 3-D pattern. 

These structures have a specific wavelength known as the magic wavelength that reduces the 

radiation noise from and to the ground state oscillations by matching it to the excited state.  
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1.4 The Ideal Optical Lattice Light Source: Fibered, Coherent, 

Single-frequency, High Power, and Single Polarization  

Now equipped with a basic understanding of optical lattice we can discuss the required properties 

the light source generating the lattice must possess. First, this generation process requires coherent 

light interference which is obtained via the interaction of two or more coherent light sources with 

the same polarization [20] - giving us the first two specifications of the light source. Second, the 

structure formed from interference needs to be periodic, meaning that the resulting field must 

maintain a uniform wavelength – each trapped atom must experience the same potential 

confinement. The interference of two monochromatic beams of frequency 𝜔଴, e.g., in a Mach-

Zehnder interferometer, results in a static interference pattern with the same frequency 𝜔଴ [21]. 

This leads to the third specification, monochromaticity. Single-frequency lasers can reach kHz-

MHz linewidths and possess a long coherence length making them ideal candidates for generating 

optical lattices. Section 1.3 introduced the critical role of the MWL in atom confinement noise 

reduction. Although the wavelength is the predominant parameter, the broadening of  each state is 

a function of the atomic polarizability 𝛼௞(𝜔, 𝒆). The polarizability 𝛼 of the atomic state |𝑘⟩ 

depends on the frequency 𝜔 (MWL) and the polarization vector 𝒆 . This polarization dependence 

comes from the dipole nature of atoms. Although neutral in charge, atoms can carry a dipole due 

to the uneven distribution of electrons around the nuclei – thus their confinement response varies 

with the polarization vector. Minimizing the  light shift noise between the ground and clock state 

consequently comes from minimizing the polarizability difference Δ𝛼(𝜔, 𝒆) between both states 

[16, 19] further increasing the polarization requirement. The fourth requirements for the laser can 

be extracted from the polarization dependence. The laser needs to be polarized and given the atomic 

polarizability of strontium at precisely 813.420(7) nm, for large atomic numbers it requires an 

output power of a few watts [22].  

Multiple designs for lasers with an output wavelength of 813.420(7) nm are plausible such as 

semiconductor lasers, crystal lasers and fiber lasers. A state-of-the-art review on 813 nm sources 

for Sr87 MWL generation is presented in section 2.5. Optical clocks and optical lattices are a vast 

subject with important details outside the scope of this thesis – for a more in-depth explanation we 

refer the reader to [10].  
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1.5 Research Objectives 

1.5.1 Research Partner – MPB Communications Inc. 

This research was funded and done in partnership with MPB Communications Inc. MPB 

Communications (MPBC) is an international leading supplier and innovator for fiber lasers, fiber 

amplifiers and amplifier sub-systems located on the island of Montreal, Quebec. Committed to 

continuous R&D, MPB aims to maintain a leadership role in the ever-changing photonics and high 

technology market. 

1.5.2 Objectives 

The research objective presented in this thesis is the development of a narrow linewidth single 

mode linearly polarized DFB laser operating at 1742 nm in a thulium doped polarization 

maintaining (PM) fiber. This thulium doped fiber (TDF) laser is critical in the development of a 

fully fibered high power 813 nm SF laser. The MWL laser is an integration system combination 

with the TDF laser, and an erbium doped fiber (EDF) laser using non-linear wave mixing. This 

system is to be integrated by MPB. The high-power specification for the optical lattice application 

is achieved by the integration system, in a MOPA configuration; the MOPA design requires a 

minimal output power specification of 1 mW from the DFB laser. The main objective can be 

divided into smaller secondary objectives. (1) Conceive an operational PS DFB laser in PM TDF. 

(2) Simulate the single polarization (SP) design spectral responses from the external cavity length, 

phase relation and temperature; dual polarization lasing is expected in PM fiber but undesired for 

MWL applications, with more details in section 2.2.1. (3) Develop and conceive the fiber design 

to achieve SP laser operation (4) Demonstrate the selected SP design robustness. (5) Demonstrate 

stable SP single frequency (SF) laser operation, i.e., <1 pm fluctuation with a minimum output 

power of 1 mW. 

1.5.3 Achievement 

To the best of our knowledge this research has achieved a previously undemonstrated single-

polarization single-frequency design based on a phase-shift DFB laser in PM fiber with an external 

non-PM FBG reflector. With robust SP operation, an 8 MHz linewidth or 81 fm and a stability 
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under 0.3 pm at 1742 nm, this source makes a great additional tool in SPSF fiber laser designs and 

enables fully fibered polarization selectivity. The laser is pumped at 1575 nm using a CW Er:Yb 

laser. It achieves 1.5 mW output power for 460 mW pump power and maintains SPSF operation 

while temperature or strain tuned over 11 GHz. 

1.6 Thesis Outline 

This thesis is divided into 6 chapters. Chapter 2 provides scientific background relevant to the 

thesis with 5 main themes: fiber Bragg gratings, thulium doped fiber, DFB lasers, a state-of-the-art 

review on SPSF operation in fiber lasers and lastly an overview on other 813 nm generation 

sources. Chapter 3 presents the experimental methodology tied to the realization of the research 

objectives. The experimental approach is explained with the appropriate measurement methods and 

presents the characterization equipment used. Chapter 4 presents the experimental results starting 

with the ones tied to the PS DFB grating conception, followed by simulations of the SPSF design 

and then an in-depth characterization of our laser operating in a SPSF regime. In Chapter 5 the 

laser characterization results, and the challenges overcome are discussed and put in perspective to 

the state-of-the-art presented in Chapter 2. The objectives are also revisited with future 

improvements. Finally, Chapter 6 concludes the thesis with a global portrait on the work and 

objectives. 
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 LITERATURE REVIEW 

2.1 Fiber Bragg Gratings (FBGs) 

Discovered inadvertently in 1978 by Hill et al. [23],  FBGs are now an indispensable part of optical 

fiber technologies. Their applications range from communication systems, sensing applications 

and, more importantly to this thesis, to fully fibered lasers [24]. They enable the creation of a 

resonant cavity, critical to lasers – acting as wavelength selective reflective mirrors within the fiber 

waveguide. Their properties have been carefully studied over the years and their spectral response 

can be simulated using the transfer matrix method [25], employed by simulation tools in this 

section.  

2.1.1 Principle of operation 

FBGs are periodic diffractive structures over a fix length within the fiber core. These diffractive 

structures known as gratings are induced by a modulated variation of the refractive index (RI) in 

the waveguide. Using the principle of momentum conservation from an incident light arriving 

perpendicularly to the grating structure in optical fiber and reflected into the core [26, 27], one can 

obtain equation (2.1):  

 −𝛽௥ = 𝛽௜ − 𝛽௚ (2.1) 

Where 𝛽௥, 𝛽௜ and 𝛽௚ are the propagation constant of the reflected light, incident light and periodic 

grating respectively, in a lossless medium. The reflected light has a negative sign due to its 

backward propagation relative to its incident counterpart. The negative sign of the FBG 

propagation constant can be understood as the loss of momentum encountered by the incident light 

and transferred back to the reflected light when interacting with the inscribed grating. The 

propagation constants are defined such as: 

 
𝛽௜,௥ =

2𝜋𝑛௘௙௙

𝜆
 𝑎𝑛𝑑 𝛽௚ =

2𝜋

Λ
 

(2.2) 
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Where 𝑛௘௙௙ is the effective refractive index, 𝜆 is the vacuum wavelength of incident and reflected 

light and Λ is the grating period. Inserting equation (2.2) in equation (2.1) one obtains the Bragg 

condition equation: 

𝑚𝜆஻ = 2𝑛௘௙௙Λ (2.3) 

Where 𝜆஻ is the central phase matching wavelength known as the Bragg wavelength and 𝑚 is the 

Bragg order of diffraction, typically 𝑚 = 1 [24]. A schematic of the FBG operating principle is 

presented in Figure 2-1. 

 

 

Figure 2-1 Fiber Bragg grating schematic. An input spectrum propagates in the fiber core. As the 

input encounters the RI variations at Λ intervals the Bragg mode, centered at  λB, respecting the 

phase matching condition is reflected over the length of the grating while non-resonant modes are 

guided through without perturbation. © 2022 A. Roberge [28], reproduced with permission 

2.1.2 Photosensitivity 

In specific controlled conditions, irradiated fiber can have its refractive index changed 

permanently. This process known as photosensitivity is responsible for the creation of  fiber Bragg 

gratings. A simplified model to explain this process can be obtained using the Kramers-Kronig 

relation shown in equation (2.4). This equation links the real part of a complex number, the RI 

index in this case, to its imaginary part [26, 29]: 
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Δ𝑛(𝜆) =
1

(2𝜋)ଶ
න

Δ𝛼(𝜆ᇱ)𝜆ଶ

(𝜆ଶ − 𝜆ᇱଶ )
𝑑𝜆′

ఒభ

ఒమ

 

(2.4) 

Where Δ𝑛 is the refractive index change, 𝜆 is the wavelength at which the refractive index change 

occurs, Δ𝛼 is the absorption coefficient variation - linked to the RI imaginary part, 𝜆′ is the source 

wavelength used for RI modulation. Finally, 𝜆ଶ < 𝜆′ < 𝜆ଵis the spectrum relative to the absorption 

change. A typical wavelength 𝜆ᇱ used in FBG inscription is UV light. In this electromagnetic 

region, the induced change in the absorption, or imaginary part of the refractive index affects its 

real part in the IR spectrum [26, 29]. 

Photosensitivity mechanism is complex and depends on both the irradiation conditions and fiber 

composition this includes wavelength, intensity, total dosage, impurities, mechanical structure, and 

dopants for the fiber composition to name but a few [23, 27].  

A key element in the inscription of FBGs abundantly used is fiber dopants to enhance UV 

photosensitivity – one preeminent dopant being Germanium [24]. Introduced by modified chemical 

vapor deposition during the preform fabrication process, these dopants create defects in the lattice 

structure of glass. Once exposed to specific UV light absorption bands, 213 nm or 280 nm for 

example, for standard SiO2 Ge co-doped fiber, it leads to the creation of new defects by a single 

photon process which increases the absorption and thus the refractive index modulation. These 

defects are known as color centers. The RI change induced by this UV-light process leads to Type 

I gratings. A higher energy process from a multi-photon absorption is also possible, it has the Type 

II denomination  and usually requires pulsed lasers [24, 29]. 

In addition to Ge doping, another method to enhance Type I fiber photosensitivity consists of 

having hydrogen present in the fiber core before writing. This is done by loading the fiber with 

deuterium or hydrogen atoms in pressured chambers via diffusion. Once loaded, fibers must be 

kept at low temperature to reduce outer diffusion at ambient pressure. This process increases the 

probability of new color center defects at the cost of increased absorption near ~1.4 𝜇𝑚 for 

hydrogen and ~1.9 𝜇𝑚 for deuterium due to newly formed bonds with hydrogen. [27] 
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2.1.3  Annealing 

Just like for a metal, annealing glass consists of heating the material and letting it cool down in a 

controlled environment. The annealing process of fiber following the inscription of Type I grating 

plays two essential roles. First, it unloads the deuterium or hydrogen left in the fiber core. When 

splicing fiber, the heat generated through fusing causes the gas to expand and greatly disables the 

ability to properly splice fibers and can damage the splicing machine over time. When done at 

room temperature and atmospheric pressure unloading the fiber gas can take weeks before being 

able to properly splice the fiber. This unloading also needs to be considered for the Bragg 

wavelength as it reduces the glass density and thus reduces 𝑛௘௙௙. This translates into a  shift of the 

Bragg wavelength to lower wavelength values. Second, Type I gratings are more susceptible to 

have a decay in time of their refractive index. This is especially true at higher temperatures where 

the decay is amplified. Annealing the grating makes the induced refractive index more robust to 

further decays [24].  

2.1.4 Fabrication methods 

Fiber Bragg grating fabrication can be categorized into two main categories related to the 

photosensitivity process involved. The first category uses the one photon absorption process - 

creating additional defects in the glass - color centers. The second fabrication method uses the 

multi-photon absorption process. The following section presents both fabrication methods related 

to each photosensitivity process. 

2.1.4.1 Single photon – UV writing 

The one photon process method requires a high enough energy photon which can interact with the 

fiber core to create color centers. This is typically performed using emission bands in the UV 

regime and relies on an interference pattern projection on the fiber core to obtain the desired grating 

period [26]. This method requires the fiber to be stripped of its protective coating due to its high 

absorption in the UV regime.  

 Figure 2-2 presents a schematic of the writing setup used for DFB gratings inscription – a modified 

Talbot interferometer. A phase mask is placed with normal incidence to the UV light. The ±1 

orders of diffraction are aligned with phase modulators [29]. The sawtooth wave from the 
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modulators is synchronized with the moving fiber on air-bearing stage for continuous writing. 

Mirrors redirect the modulated light on the fiber core to form an interference fringe pattern.   

 

Figure 2-2 Fiber Bragg writing station – modified Talbot interferometer schematic. © 2018 S. 

Loranger [27], reproduced with permission. 

Phase masks are made from silica wafers via micro-fabrication process and are a common robust 

tool in FBG writing to obtain diffraction orders. Their diffracted light can be used directly to write 

gratings or recombined using mirrors, the configuration used in the current thesis to write FBGs. 

This setup offers high versatility enabling the Bragg wavelength to be independent of the phase 

mask period [24]. The corresponding Bragg wavelength is given by [27]:  

 
𝜆஻ =

2𝑛௘௙௙𝜈

𝑓
 

(2.5) 

Where 𝜈 is the fiber translation speed and 𝑓 the sawtooth wave function frequency. In more basic 

FBG writing stations utilizing phase masks, the Bragg wavelength 𝜆஻ is proportional to the phase 

mask slit period Λ௉ெ which limits the versatility of the desired reflected central wavelength and 

could require multiple phase mask interchanged to achieve a broad selection of wavelengths [30]. 

Whereas equation (2.5) displays the versatility of the setup effectively removing the phase mask 

periodicity dependence.  



13 

 

Typical FBG writing phase mask setups are physically limited to ~10 cm FBG in length [31]. One 

of the main challenges of such long FBGs is to maintain good modulation uniformity throughout 

the length of their writing process. Multiple setups can achieve longer writing but are often 

unpractical [29]. The current writing setup used for this thesis work was initially reported by M. 

Gagné et al. [31] reaching FBGs up to 1 m long in SMF-28 fiber. Work by S. Loranger et al. [32] 

improved the setup achieving the same writing length in specialty fiber with a mapping and 

correction of the RI leading to more robust complex structures such as DFB gratings. 

2.1.4.2 Multi-photon – Femtosecond writing 

The other process for FBG inscription involves a multi-photon absorption. Due to the multi-photon 

absorption process where the band gap energy is achieved from the sum of multiple photons energy, 

a pulsed laser is typically used in FBG inscription - more specifically IR femtosecond lasers. This  

offers the possibility for inscription through the polymer protective coating contrary to single 

photon UV writing [33].The RI modulation from this process is not solely due to the creation of 

color center, as such the need to load the fiber with deuterium or hydrogen is irrelevant. The multi-

photon process high energy burst densifies the fiber core from new atomic bonds and also leads to 

the creation of color centers in material [24]. There exist multiple schemes for femtosecond laser 

inscriptions such as point-by-point, plane-by-plane and line-by-line writing. Their respective 

advantages and disadvantages go beyond the scope of this thesis; however, a common characteristic 

for all femtosecond writing is the high alignment precision requirement with the fiber core 

comparatively to the interference projection for UV writing. This makes the inscription of longer 

FBGs more challenging [33].  

2.1.5 Refractive index modulation 

The effective refractive index over the propagation axis z from the induced RI modulation can be 

modeled as [27]: 

 
n(z) = n଴ + Δ𝑛തതതത(𝑧) ൭1 + 𝑣(𝑧)cos ቆ 

2𝜋𝑧

Λ
+ 𝜙(𝑧)ቇ൱ 

(2.6) 
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Where 𝑛଴ is the effective RI of the mode pre-inscription, Δ𝑛തതതത(𝑧) is the average component of the 

modulated RI, the product Δ𝑛തതതത(𝑧)𝑣 =  Δ𝑛(𝑧) is the modulated RI amplitude, Λ is the grating period 

and 𝜙(𝑧) any other phase variation over the grating length, such as a phase shift. Lastly, 𝑣(𝑧) is 

the modulation visibility (0 ≤ 𝑣 ≤ 1) and is associated with the FBG writing process known as 

apodization. Figure 2-3 presents a schematic of the different parameters [27]. 

 

Figure 2-3 Refractive index modulation schematic for a uniform FBG. 

2.1.6 Apodization 

The visibility 𝑣(𝑧) in equation (2.6) is utilized during the inscription for apodizing the grating. An 

explanation for apodization is to consider the following: the Fourier transform of a rectangular 

shape such as the RI modulation profile in Figure 2-3, is a sinus cardinal profile in the spectral 

domain. This leads to side  lobes in the reflection spectrum of the grating, undesired for SF laser 

applications as seen in Figure 2-4 a). They can be reduced or eliminated with a proper choice of 

the visibility function for the RI modulation to impact its spectral domain, this process is called 

apodization. We observe its effect in Figure 2-4 b) where the simulated apodized grating side lobes 

have over ~30 dB attenuation comparatively to the non-apodized grating. Typical apodization 

functions include Gaussian, cosine and tanh [34].  
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Figure 2-4 Simulated FBGs reflection spectra a) 0% apodization b) 100% apodization. Gratings 

parameters: length 5 cm,  κac = 80 m-1, cosine apodization and central wavelength 1746 nm. 

  

a) 

b) 
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2.1.7   Grating reflectivity and strength  

The number of photons coupled in the counterpropagating direction of the incident light is known 

as the grating strength – its reflectivity. The reflectivity is a function of two parameters: the grating 

RI modulation and the grating length [24], and is given by the following equation: 

 𝑅 = tanhଶ(𝜅௔௖𝐿) (2.7) 

Where R is the reflectivity at the grating central wavelength, 𝜅௔௖ is the ac coupling constant, 

proportional to the RI modulation Δ𝑛, and L is the grating length. The product κL is known as the 

grating strength. From equation (2.7), we can see how a higher refractive index modulation will 

increase the grating reflectivity due to 𝜅௔௖ ∝ Δ𝑛; more photons are coupled in the counter-

propagating mode. Similarly, a longer grating will enable more photons to couple in the counter-

propagating mode leading in both cases in an increased reflectivity. 

2.2 Thulium Doper Fiber  

Like other rare earth elements such as erbium, ytterbium or neodymium, thulium ions are 

commonly used to dope glass fiber cores for fiber lasers and fiber amplifiers applications. The ions 

enable stimulated emission where absorbed pump light is re-emitted at a lower energy. The main 

gain bandwidth from thulium ions in silica (Tm3+) ranges from 1.7 µm to 2.1 µm peaking near 1.85 

µm; a continuation of the highly used erbium ions with a bandwidth ranging from 1.52 µm to 1.61 

µm [35]. Thulium doped fiber (TDF) gain bandwidth has opened multiple fiber-based applications 

from the medical field due to high water absorption near the 2 µm region [36], to near-infrared 

spectroscopy [37] and many others as this new bandwidth enables new wavelengths through 

frequency mixing previously unattainable.  

The new  frequency reach is highlighted in this research via its optical clock application for a high 

power fully fibered single frequency linearly polarized source for a Sr87 optical lattice generation. 

The required SF laser wavelength of 813 nm can be achieved with a sum frequency generation 

process of 1535 nm and 1730 nm laser, both achievable with erbium doped fiber and and TDF 

respectively. Figure 2-5 presents TDF main ground state absorption and emission energy levels 

with their respective central wavelengths [35, 38]. Figure 2-5 shows TDF has three potential 
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wavelengths for pumping. The 1210 nm absorption band encompasses 1064 nm, this is highly 

relevant as ytterbium fiber lasers are well known and available at 1064 nm capable of reaching 

high power outputs [35]. However, this absorption band is prone to undesired excited state pump 

absorption due to upconversion resonance. This upconversion is a three photons absorption process 

starting from the ground state (Figure 2-5 in orange). This leads to a blue light emission from 

radiative transition between the 1G4 state to the 3H6 ground state.  

 

Figure 2-5 Thulium energy level in fiber glass. Absorption levels in dashed lines and emission 

levels in straight lines with their respective central wavelength, and orange line: 3 photons 

absorption process. Inspired from [35]. 

Another option is pumping in the 790 nm band. This band can be achieved by Ti:Sapph lasers and 

semiconductor laser diodes such as InGaAs. Semiconductor laser diodes (LDs) are usually 

preferred over their Ti:Sapph lasers counterparts in this band as they provide a fully fibered pump 

and are less complex system. This absorption band cannot achieve direct resonance with the 1G4 

state. However, combined with other energy transfer mechanisms present in rare-earth doped fiber 

such as energy transfer from ion clusters, the undesired upconversion to the 1G4 state can occur. 

The last absorption band is the 1640 nm centered band, which encompasses the L-band (~ 1565 

nm – 1625 nm) generated with erbium doped fiber (EDF) lasers where high power is achievable in 

a double cladding or MOPA configuration. Figure 2-6 presents the a broad absorption spectrum in 
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a thulium aluminum co-doped fiber [35]. The 790 nm band has the highest absorption, while 1200 

nm and 1640 nm bands have similar peak absorption, but the latter has a much broader band.  

 

Figure 2-6 Absorption spectrum of thulium and aluminium co-doped fiber. © 2006 S. Agger [35], 

reproduced with permission. 

The lower energy end tail of the L-band reduces excited state absorption, as such it is desirable to 

increase the pumping wavelength in the L-band. Furthermore, as seen in Figure 2-7, TDF 

absorption is also increased deeper in the L-band. However, a trade off is required as EDF imposes 

gain limitations at longer wavelengths of the L-band [39].  Finally, TDF absorption band overlaps 

with the 3F4 - 3H6 signal emission band, where the ground state absorption at 1735 nm was measured 

to be 0.4 dB/cm [38]. This favors lasing at longer wavelengths near 1.9 μm over 1.7 μm emission. 
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Figure 2-7 Thulium doped fiber absorption spectrum near 1.65 µm. Inspired from [39]. 

However, unlike EDF and YDF whose main emission band’s quantum efficiency is close to 100%, 

TDF quantum efficiency for the 3F4 state is closer to 10% and even lower for other transition 

emissions [40]. The quantum efficiency η of fluorescence for an atomic state is defined by: 

 
𝜂 =

𝑁𝑏.  𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑒𝑚𝑖𝑡𝑡𝑒𝑑 𝑣𝑖𝑎 𝑓𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒

𝑁𝑏. 𝑜𝑓 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑
 

(2.8) 

Ideally the decay from the excited state is purely from spontaneous emission, however quenching 

effects such as clustering and non-radiative decay can reduce its lifetime and thus the number of 

photons emitted via fluorescence from the 3F4 state the population. To achieve the population 

inversion threshold the laser requires more pump power. With the quantum efficiency of 

fluorescence proportional to the excited state lifetime this negatively affects Tm sources by 

significantly increasing their lasing threshold. 

Increasing Tm ion concentration can increase gain and quantum efficiency but also the tendency 

for ions to form cluster which reduces the quantum efficiency. Co-doping TDF with aluminum has 

shown to increase the quantum efficiency by reducing the formation of ion clusters, enabling a 

higher quantum efficiency in TDF capable of reaching 40% [41]. Co-dopants in rare-earth doped 

fiber can reduce cluster formations and it has been shown that Tm fiber co-dopants concentration 
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can shift its emission peaks to favorize shorter wavelengths, with germanium, and longer 

wavelength, with aluminium [38]. These co-dopants can also lead to more efficient sources outside 

of the 1.7 μm - 2 μm band in TDF (see section 2.5). 

2.2.1 Polarization maintaining fiber 

Maintaining light polarized as it propagates through the fiber is a required specification of the fiber 

laser design from the polarization dependence of the optical lattice. In fiber this can be achieved 

by inducing a strong birefringence using a bow-tie or panda fiber design. These fibers are known 

as polarization maintaining (PM) fiber and are an attractive tool to maintain a linearly polarized 

propagating light. Panda fiber has two cylindrical rods parallel to the fiber core axis which induce 

a strong birefringence forcing the guided modes to propagate as two orthogonal polarization modes 

[42], see Figure 2-8. Bow-tie fiber functions similarly, but the rods’ structure shape is a trapezoidal 

prism instead. One main challenge arises when designing a SF laser with PM fiber. The modes in 

each axes experience a different effective refractive index. Recalling equation (2.3) which dictates 

the resonant wavelength, we have 𝜆஻ = 2𝑛௘௙௙Λ. The induced birefringence is characterized by a 

refractive index difference Δn. The PM TDF selected in this research has a birefringence 

specification Δn>2×10-4. Hence, FBG inscription for a constant step Λ in PM fiber leads to two 

resonant wavelength peaks separated by ΔλB > 0.24 nm for a central wavelength of 1742 nm. The 

shorter wavelength peak is the fast axis while the longer wavelength peak is the slow axis – these 

denominations are from the electromagnetic (EM) wave speed propagation in the waveguide relate 

to their respective effective refractive index as EM wave velocity v = c/n. This birefringence is 

undesirable for SF operation, as the laser then operates in a dual polarization regime or multimode 
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regime. Section 2.4 presents a state-of-the-art on fiber designs for single polarization single 

frequency laser operation (SPSF).  

 

Figure 2-8 Panda fiber transverse view schematic. The stress rods induce a strong birefringence 

resulting in two propagating linear polarizations, blue: fast axis and red: slow axis. 

2.3 Distributed-Feedback Lasers 

Distributed feedback lasers play key roles in single frequency laser applications. First developed 

in semiconductor lasers and subsequently in optical fiber, both technologies rely on the same 

fundamental principle:  wavelength discrimination for the longitudinal modes is distributed over 

the cavity length added to the laser feedback, hence the name distributed-feedback laser [43]. This 

discrimination is the fundamental tool leading to single frequency operation with linewidths 

typically in MHz range for semiconductor DFBs and in MHz down to kHz range for their fibered 

counterpart [7]. Although limited in output power, there have been multiple reports of DFB lasers 

amplified in a MOPA configuration with PM thulium fiber [44, 45]. One instance reaching 

hundreds of watts in power while preserving the SF operation and MHz linewidth properties with 

a 2 μm DFB LD seed [45]. The following section presents concepts on PS-DFB fiber laser 

fundamental to the thesis understanding. Other SF laser mechanisms are also briefly presented such 

as DFB semiconductor laser and short cavity lasers (DBR lasers).  
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2.3.1 Fibered DFB Lasers 

Inherently, fiber lasers provide great advantages thus inherited by fibered DFB lasers. They offer 

robust operation, compact designs, great beam quality and a low system maintenance without 

alignment requirement [7]. They also present several advantages over their semiconductor (SC) 

counterparts, see section 2.3.5, such as better stability, narrower linewidth, and better reliability 

[46]. DFB fiber lasers can be categorized into two main branches distinguished by their gain 

mechanism. For the first branch, the gain is provided by rare-earth dopants such as erbium, 

ytterbium, and thulium to name but a few. For the second branch, the gain is provided by non-

linear processes such as stimulated Raman scattering. SRS is a non-linear process where vibrational 

energies from polar molecules are re-emitted at fixed frequency shifts of lower energy. Although 

interesting with their wide lasing wavelength selection theoretically not limited by rare-earth 

emission spectra, SRS silica-based fiber lasers offer poor gain comparatively to their rare-earths 

counterpart and are more susceptible to undesired non-linear effects [47]. For high power, rare-

earth based fiber lasers have a reduced design complexity since the same rare-earth doped fiber can 

be used for its amplification.  The main parameter affecting lasing threshold in DFB fiber laser has 

been demonstrated to be the grating strength [48] – the laser cavity threshold increases 

exponentially with a reduction in its strength. Better phase control allows lengths up to tens of cm 

[48] to be possible. Thus, DFB lasers can operate at a lower lasing threshold with a constant RI 

modulation. A reduced threshold is desired as it lowers the pump power required and hence also 

reduces the heat impact in the cavity from the quantum defect as well as reducing power 

consumption. 

The first successful lasing wavelength near ~1.7 𝜇𝑚 in TDF using a phase-shifted DFB laser design 

was achieved in 2004 by Søren Agger with a laser operating at 1735 nm [38]. The grating length 

was 4.7 cm with a κ ≈ 220 m-1 giving a grating strength (κL) ≈ 11 . Operating in a single-polarization 

single-frequency regime, the DFB cavity with 600 mW pump power at a wavelength of 790 nm 

from a Ti:Sapph laser reported a maximum output lasing power of 1 mW. 

2.3.2 Structure  

A typical fiber lasers structure is comprised of a fiber gain media with resonant reflectors, i.e., 

FBGs, at both of its end. In its simplest form a distributed-feedback mechanism can be achieved in 
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fiber by inscribing a single uniform FBG in the gain media. In this configuration the feedback 

mechanism leads to two main resonant modes. The highest Q-factors modes are located at the edges 

of the stop band [25, 27] as seen in Figure 2-9 a), negating SF operation. This multimode operation 

is overcome by introducing a 𝜋-phase shift during the inscription process [27, 49]. We also observe 

lower side lobes due to the square shape  This new configuration introduces a transmission peak 

within the bandgap of a few GHz – the high Q-factor modes change from lateral to a single central 

mode enabling single frequency operation as seen in Figure 2-9 b).  
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Figure 2-9 Reflection spectra for simulated fiber DFB gratings a) without a phase shift and b) 

with a π-phase shift at 55% grating length. Red circles highlight the favorize lasing mode(s). 

Grating parameters: length 10 cm,  κac = 64 m-1, 70% cosine apodization and central wavelength 

1746 nm. 

  

a) 

b) 



25 

 

2.3.3 Q-factor 

The quality factor is commonly used to characterize the quality of an optical resonator. It is defined 

by the ratio [21]: 

 
𝑄 = 2𝜋

𝑠𝑡𝑜𝑟𝑒𝑑 𝑒𝑛𝑒𝑟𝑔𝑦

𝑒𝑛𝑒𝑟𝑔𝑦 𝑙𝑜𝑠𝑠 𝑝𝑒𝑟 𝑐𝑦𝑐𝑙𝑒
=

𝑬

𝑬𝑐𝛼௥
 

(2.9) 

Where E is the cavity stored energy, c𝛼௥E is the energy lost rate per unit time with 𝑐 the speed of 

light and 𝛼௥ is the total loss defined as: 

 
𝛼௥ = 𝛼௦ +

1

2𝑛𝐿
𝑙𝑛 ൬

1

𝑅ଵ𝑅ଶ
൰ 

(2.10) 

Where 𝛼௦is the coefficient associated to absorption and background losses from the medium, n is 

the refractive index, 𝐿 the cavity length and 𝑅ଵ,ଶ the reflectivity of mirror 1 and 2 respectively. 

Equation (2.9) can be rewritten for a cycle of the optical field (𝑐𝑬𝛼௥/𝜈଴) [21] and it then becomes: 

 
𝑄 =

2𝜋𝜈଴

𝑐𝛼௥
=

𝜈଴

𝛿𝜈
 

(2.11) 

Where 𝜈଴ is a resonant mode frequency of the cavity and 𝛿𝜈 its full width at half maximum 

(FWHM). From equation (2.11) we can observe how the Q factor is dependent on the total 

resonator losses – smaller losses will result in a higher Q factor whether the smaller losses be from 

the medium via 𝛼௦, or via the cavity mirrors 𝑅ଵ,ଶ, see equation (2.10). The Q-factor can also be 

defined as a function of the cavity photon lifetime 𝜏௣ [21, 50] with: 

 𝑄 = 2𝜋𝜈଴𝜏௣ (2.12) 

From equation (2.12) we see how the Q-factor is proportional to the photon lifetime in the cavity, 

this is in agreement with equation (2.11); loss reduction increases the cavity lifetime of photons 

increasing the quality factor just like an increase in the resonator length L. Thus, the Q-factor 

dictates which modes are favored within the cavity as well as the laser linewidth. 
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2.3.4 Phase shift grating 

Fiber Bragg gratings with phase shift(s) have been studied since the mid 90’s for their transmission 

peak within the FBG stop band in applications ranging from demultiplexers [51], sensors [52] and 

SF lasers [38, 48, 53]. The phase-shift can be permanently inscribed in the grating structure during 

the writing process [54] or temporarily induced with a mechanical stress [55] or a temperature 

variation [56]. The application for a robust, compact, and fully fibered DFB laser in this research 

project led to the selection of a permanent phase shift inscription method. The permanent phase 

shift in the TDF grating can be modeled for a localized phase shift as: 

𝜙(𝑧) =  
0            𝑧 < 𝑧௦௛௜௙௧

𝜙௦௛௜௙௧   𝑧 ≥ 𝑧௦௛௜௙
  

Where 𝜙(𝑧) is the phase variation along the grating length from equation (2.6), 𝜙௦௛௜௙௧ is the phase 

shift value and 𝑧௦௛௜௙௧ is the phase shift position in the grating.  

The phase 𝜙 of a propagating E.M wave is given by: 

 
𝜙 =

2𝜋𝑛𝐿

𝜆
 

(2.13) 

Where nL product is the optical path (O.P.) comprised of the refractive index n and L is the length 

traveled, and λ is the wavelength. 

To better understand the effect of the phase shift in the grating let us consider its effect on the RI 

modulation. The refractive index modulation completing a full phase cycle of 2π is equivalent to a 

period length equal to Λ, the RI period length from equation (2.3) selected from the Bragg 

condition. Adding a phase shift with a value of π, or phase of half a period, is thus equivalent to a 

period increase of Λ/2. The same methodology can be applied for different phase shift values. The 

modified period length creates a discontinuity in the uniform grating resulting in a resonant 

transmission peak within the FBG stop band as observed in Figure 2-9.  

Once a phase-shift is inserted in the DFB grating, the structure can be modeled as two uniform 

FBGs separated by the half-period discontinuity. With a PS at the center of a grating of length L, 

such as 𝑧௦௛௜௙௧ =  0.5𝐿, then the left-hand side and right-hand side gratings, relative to the phase-

shift, have the same reflectivity but have a phase difference of π. This configuration maximizes the 
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Q-factor of the cavity leading to the smallest lasing threshold  [57-59]. Thus, when 𝑧௦௛௜௙௧ < 0.5𝐿 

it reduces the reflectivity of the left-hand side FBG creating an output coupler at the expense of a 

higher threshold from the Q-factor reduction - and when 𝑧௦௛௜௙௧ > 0.5𝐿 the same occurs for the 

right-hand side FBG. [57-59]. The effect of the phase-shift value on the FBG spectra is observed 

in Figure 2-10 for two FBGs spectra simulated with two distinct phase-shift values. The 

transmission resonance shifts within the stop band from smaller wavelengths to longer wavelengths 

as the magnitude of the PS increases. 

 

 

b) 

a) 



28 

 

Figure 2-10 Effect of the phase-shift value on a DFB grating transmission and reflection 

spectrum for a) a PS of 0.5π and b) a PS of 1.5π both centered at 1746 nm. The transmission 

wavelength resonance shifts towards higher wavelengths as the magnitude of the PS increases. 

  

The phase shift where the transmission peak is centered within the DFB stop band maximizes the 

Q-factor and minimizes the lasing threshold. This is achieved with a phase shift value of π. 

Whereas, as seen from Figure 2-10, higher or lower PS values shift the transmission resonance to 

longer or shorter wavelengths respectively leading to a lower Q-factor. 

Once pumped, high intensity in the phase shift region leads to important heating phenomena. The 

quantum defect induces non-uniform heat from absorption  maxed in the phase shift region which 

negatively impacts the typical PS DFB laser performances [59].The increased temperature in the 

phase shift region expands the optical cavity which alters the Λ/2 phase shift required for a single 

resonant mode potentially enabling other resonant modes to appear. Furthermore, the temperature 

gradient lowers the Q-factor as the FBG becomes off-tuned with the resonant wavelength over its 

full length. Lastly, high pump powers can potentially lead to a phase detuning from possible non-

linear effects, if the power is large enough. This detuning from the optical Kerr effect could push 

the lasing mode closer to the stop band edge, which in turn makes it more likely for other under-

threshold modes to lase at higher pump powers. However, it has been shown by S. Loranger [59] 

to be insignificant when compared to the effects of heating from quantum defect and absorption. 

This further re-enforces selection of the pump wavelength near the 1.6 μm band versus the 0.8 μm 

band to reduce the impact of the quantum defect in the PS region. 

2.3.5 Semiconductor DFB lasers  

Semiconductors DFB lasers are small devices with large wavelength emission range from near UV 

~400 𝑛𝑚 to short-wave infrared ~2 𝑢𝑚. The most common SC laser structure is known as double 

hetero-junction which is comprised of two doped semiconductors at the device extremities, one p-

type and one n-type. Each doped layer is typically in the tens of 𝜇𝑚 and in between the p-n junction 

is an even smaller intrinsic (undoped) semiconductor layer typically < 1𝜇𝑚 in size which acts as 

the gain media, see Figure 2-11. Selecting a semiconductor with lower refractive index and higher 
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band gap for the extremity layers reduces the lasing threshold comparatively to a p-n homojunction 

semiconductors. The lower RI enables a tighter confinement of the longitudinal mode in the active 

region while the higher band gap confines the p and n dopants in the active region when pumped 

[43]. When a certain forward bias voltage is applied typically expressed in its current form, the 

threshold current, the holes and electrons from each external layer can recombine in the active layer 

leading to emission. Polishing the edges enables the selection of the direction of the output signal. 

 

Figure 2-11 Hetero-junction semiconductor laser structure schematic. The p and n-type layers 

have a lower refractive index than the active region. This enhances the modal confinement in the 

gain region and lowers the threshold current operation.  

Common semiconductors in a hetero-junction structure include InGaAs, InAsP, GaAsP to name 

but a few. The semiconductor composition and atomic ratios enable a wide selection of wavelength 

emissions. A PS DFB structure can also be introduced in their built for SF operation by an etching 

process. However, SC lasers are highly susceptible to temperature, making them inherently more 

susceptible to noise and thus they have a higher linewidth limitation over their fully fibered 

counterpart with linewidths in the MHz. These devices are also prone to undesirable leakage 

current which is electron-hole recombination outside the gain media, hence not participating in the 

lasing process. This leakage is made more important as the device operation lifetime progresses. 

[43] 
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2.3.6 Short-cavity fiber lasers (DBR)   

We previously discussed how the DFB fiber resonator lasing modes can be narrowed from 2 modes 

to 1 mode with the introduction of a π-PS. Another design for longitudinal mode discrimination in   

fiber are the small cavity fiber lasers, also known as DBR fiber lasers, basically a Fabry-Perot (FP) 

cavity with a rare-earth doped fiber as the gain medium in-between resonators. Focusing on the 

cavity section of the laser, one simple design consists of one FBG spliced at each end of the active 

fiber effectively creating the resonant cavity. As shown in Figure 2-12 where one FBG acts a pure 

reflector, denoted high reflector (HR), while a lower reflection FBG acts as an output coupler (OC) 

allowing preferential signal output 

 

Figure 2-12 Basic short cavity laser design schematic. The gain fiber typically doped with rare-

earth is a few cm in length. A small enough cavity with high longitudinal mode discrimination 

leads to SF operation. The OC FBG enables preferential output. 

There are multiple variations possible for this design such as writing one of the gratings in the gain 

fiber, reducing loss by eliminating one splice point. Their common design remains the same and is 

based on the discrimination of longitudinal modes within the gain media – relying on high free 

spectral range (FSR) to ensure SF operation. The free spectral range of a resonator is given by the 

following equation: 

 𝐹𝑆𝑅 =
𝑐

2𝑛௚𝐿
 (2.14) 

Where c is the speed of light, ng is the group index and L is the cavity length. From equation (2.14) 

we observe how a better longitudinal discrimination (high FSR) can occur when L is reduced. 

Hence, the need for a short cavity length in this design, up to a few centimeters at most. While a 



31 

 

PS-DFB laser length is limited by the RI modulation uniformity over its length, up to tens of cm, 

DBR fiber laser length is limited by their FSR, up to a few cm. The requirement for a short cavity 

reduces the available gain [3] and the potential modes in the active region make them susceptible 

to instability from mode hopping. Jihong Geng et al. demonstrate a non-PM Tm based SF short 

cavity fiber laser with a 1.95 μm emission wavelength resulting in a kHz linewidth [60]. Their DBR 

laser was tested with two fiber lengths of 6 cm and 2 cm. The 6 cm cavity yields at minimum 4X 

the output power compared to its 2 cm counterpart for the same pump power. However, they 

observed mode hopping at the longer cavity length while none was observed in the 2 cm cavity 

length. 

2.4 Single Frequency Single Polarization Designs 

Section 2.2.1 introduced the intrinsic cause of undesired dual polarization operation in PM fiber 

lasers for single frequency operation. This section presents designs to eliminate the dual 

polarization for single polarization single frequency (SPSF) operation in a PM fiber laser with a 

focus on fully fibers design as to preserve the inherent qualities from a fiber system previously 

presented. Regardless of the design, the common principle behind single polarization operation is 

the same; manipulation of the polarization dependence of critical factors for laser operation 

behavior such as reflectivity, loss, gain and birefringence to name but a few [61]. 

2.4.1 Stress induced single polarization 

One method consists of applying stress on the fiber, often the phase shift region. Controlled stress 

SP operation have been attributed to polarization discrimination or enhancement of multiple 

parameters in PM or non-PM fiber. The mechanisms for discrimination of a polarization can 

include, creating leaky modes by modifying the waveguide shape, or increasing modal loss by 

bending [62] ; another demonstrated mechanism consists of writing PS DFB gratings in PM fiber 

with a non-π phase shift value. Then by applying a perpendicular pressure, this increased the 

birefringence by 1 order of magnitude leading to a new PS value closer to π for one of the 

polarizations enabling SP operation [61]. This mechanism utilizes the Q-factor dependence of the 

phase-shift value, as previously discussed in section 2.3.4, to favorize one polarization lasing. 

Although functional, generally low cost, simple and relatively quick to implement; stress induced 
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methods compromise the fiber mechanical structure and are difficult to reproduce especially in a 

manufacturing environment. 

2.4.2 Thermally induced single polarization 

First demonstrated by Babin et al. in 2006, this method was achieved with a 4.5 cm non-PM Yb 

fiber in a PS DFB configuration. SPSF operation achieves 1.5 mW output power and 10 MHz 

linewidth [63]. At low pump power the DFB operates in a dual polarization regime, and the modes 

are separated by 260 MHz, or ~0.9 pm at the signal wavelength of 1 μm (low birefringence). The 

method consists of polarization loss discrimination due to the non-uniform heat generated from 

absorption as the pump power increases until SP is achieved. Although simple in its approach, this 

method as several limitations. The pump power required to break the dual polarization condition 

is not arbitrary and can vary greatly depending on the fiber non-uniformity, pump power absorption 

and birefringence. Most of the absorption and thus heat is generated near the phase shift region, 

hence a cavity chirp is induced with increasing pump powers reducing the cavity efficiency. Lastly, 

this method cannot reliably select the slow axis or fast axis polarization for its SP operation regime.  

2.4.3 Self-injection 

The self-injection method relies on favorizing the gain for a specific polarization by reinjecting the 

desired polarization signal in the PS DFB grating. This process breaks the gain equilibrium and 

collapses the discriminated polarization when sufficient favorized signal is reinjected. The design 

relies on rare-earth fiber laser properties of emitting signal in both co-pumped and counter-pumped 

directions simultaneously. A fully fibered PM design is presented in Figure 2-13. The wavelength 

division multiplexer (WDM) splits the pump and signal wavelength, an optical isolator (ISO) and 

circulator prevent undesired back reflection in the cavity. The in-fiber polarizer selects the 

polarization to be favored in the PS DFB cavity and the circulator enables counter-pump signal 

output.   
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Figure 2-13 SPSF self-injection fully PM fibered design schematic. The polarizer selects the 

favored polarization to be reinjected, the WDM splits pump and signal wavelength, the ISO and 

circulator provides protection from back reflections, and the circulator enables SP output branch. 

Inspired from [64]. 

Yin et al. achieved single polarization single frequency operation (SPSF) in a 14 cm phase-shifted 

DFB erbium doped fiber laser using a self-injection design operating near 1.5 μm [64]. Their laser 

linewidth was 10 kHz with a reported wavelength stability under 10 pm. The laser maximum output 

power was 55 mW with 450 mW pump power. The self-injection design enables a fully PM fibered 

laser and robust SP operation it has also been demonstrated to reduce laser linewidth [64];1000 

times smaller linewidth was achieved with a DFB laser using an external fiber-ring cavity [65]. 

However, the components required can be expensive outside of the typical Yb and Eb wavelengths, 

and the amount of component reduces the laser compactness. More importantly, the self-injection 

design inherently leads to a couple cavity behavior between the reinjected and DFB generated 

signals where the phase relation leads to wavelength instability. This circular cavity design leads 

to a cavity length at least in the tens of centimeters order of magnitude due to the many fiber 

components it requires. If we consider a small distance of 5 cm between each component (25 cm 

total); then the FSR generated by such cavity can be approximated using equation (2.14) to 416 

MHz, or 4.21 pm at 1.74 μm signal wavelength. This small FSR distance can lead to mode hopping 

and thus unstable SPSF operation for the required Sr87 magic wavelength of  <1 pm variation. 
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2.4.4 FBG writing using linearly polarized light 

So far, the designs presented to achieve single polarization have been based on post-grating writing 

discrimination. The linearly polarized writing method relies on discrimination implemented during 

the writing process to achieve SP operation. Figure 2-14 presents the schematic of the SP process. 

The usage of a birefringent material (waveplate) on the writing light optical path can linearly 

polarized the writing light which is then aligned with the fiber core. In Figure 2-14, the refractive 

index modulation is more important for the plane parallel (y-axis) to the writing light than the 

perpendicular plane (x-axis) leading to loss discrimination. This method has been applied using 

both UV [38, 66] and femtosecond (fs) sources [67, 68]; with fs sources yielding the highest 

birefringence. However, the challenges for fs alignment are more important than UV alignment 

and poor phase control for length  > 10 cm using this method poses serious grating quality issues 

especially when writing DFB structures.  

 

Figure 2-14 Single polarization design using a linearly polarized inscription beam. The RI 

modulation is higher for the y-axis, parallel to the beam, than the perpendicular x-axis resulting in 

a reflectivity difference between the modes.   

The emergence of novel more robust fs phase control methods can potentially overcome this 

challenge [33], but core alignment constrains remain, and its complexity is increased in PM fiber 

due to the rods. 

Soren Agger et al. utilized the FBG writing method using linearly UV polarized light to achieve 

SP operation in the phase-shift region for their phase-shifted DFB cavity, section 2.3.1 [38]. Using 
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a fs source, this method was demonstrated in a non-PM Er: Yb co-doped fiber in a rare-earth short-

cavity (1.5 cm) configuration [68]. The inscription was directly written in the active fiber with a 

Ti:Sapph fs laser; the gratings were 8 mm long. Beam shaping led to polarization dependant loss 

discrimination. The SP operation was induced with birefringence measured led to a difference 

between orthogonal modes of 1.1 dB in reflectivity.  The linearly polarized writing method shows 

great potential for SPSF operation directly embedded within the cavity, but is limited by the 

alignment requirements, the writing phase control and requires highly photosensitive fiber or a 

slow writing process to induce strong birefringence. 

2.4.5 Fast and slow axis wavelength alignment 

Inherent to their designs, DBR fiber lasers have at least one splice point in the cavity. This 

introduces loss in the system; however, this splice points also enables a polarization selectivity 

within the cavity. Polarization maintaining fiber splicing requires high precision alignment splicers. 

Typically, this imagery alignment is done with a 0° angle difference between each fiber 

polarization axis, i.e., a continuation of the fiber structure [42]. Introducing a 90° difference leads 

to only one wavelength respecting the Bragg resonance condition for both FBGs forming the 

cavity, thus a single polarization operation. As seen in Figure 2-15, the left-hand side (LHS) fiber 

comprised of the high reflector grating is in a 90° angle with the right-hand side (RHS) comprised 

of the output coupler and active fiber is in a 0° angle. Thus, by matching the LHS grating fast axis 

wavelength to the RHS grating slow axis wavelength during the inscription process, only the 

selected wavelength is resonant with both FBGs Bragg condition [69].  
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Figure 2-15 Single polarization scheme in DBR lasers with PM fiber. It requires alignment of the 

fast axis wavelength in the LHS with the slow axis wavelength in the RHS and a 90° splice. Red 

line slow axis, blue line fast axis. 

This method is only applicable to short cavity laser designs and requires expensive specialized 

fiber splicers with end view mirrors for robust repeatability of the PM fiber rods angled alignment. 

Other applicable challenges when working with designs based of short-cavity Tm fiber near 1.7 

μm are presented in section 2.4.6. 

2.4.6 Non-PM reflector – DBR cavity 

Similarly to the design presented in section 2.4.5, the non-polarization maintaining (PM) reflector 

method allows only 1 of the two polarization wavelengths in the short-cavity structure, presented 

in Figure 2-16. The use of a non-PM fiber reflector bypasses the stress rods high precision 

alignment. In a low birefringence fiber, the inscription yields a single resonant Bragg wavelength; 

selection of its wavelength with the slow or fast axis from the PM grating with a small bandwidth 

enables it to resonate in the cavity while the unmatched wavelength is dumped with the residual 

pump power using an angle cleaved bare fiber.   
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Figure 2-16 Single polarization short-cavity laser design. The external FBG (Ext. FBG) is written 

in low birefringent fiber, e.g., SMF-28 and wavelength matched to a polarization axis. Writing 

one of the gratings directly in the active fiber reduces cavity losses from splicing. 

Most Tm lasers using a similar configuration operate near the 1.9 μm emission band [70-72]. 

Achieving the short-cavity design for a 1.7 μm TDF laser has a few notable challenges. Indeed, at 

this wavelength, TDF has a lower gain; the emission cross section is halved compared to 1.9 μm 

[73]. While the active fiber length can be increased for more gain, this SP design based on a short 

cavity is limited in length by its FSR for SF stability. Furthermore, the TDF 1.7 μm signal 

reabsorption is higher than its 1.9 μm counterpart, see Figure 2-7, increasing the population 

inversion requirement and thus the required pump power.  

The first SPSF Tm laser using a non-PM reflector design was recently accomplished by [74] with 

an operating wavelength of 1.73 μm. The design used a non-PM HR grating, reflectivity > 99.9%, 

spliced to a 10.6 μm core diameter TDF, and an OC PM grating, reflectivity 80%. The laser cavity 

was inserted into a temperature-controlled copper tube. The initial cavity length of 2 cm led to 

multimode operation throughout the 10°C to 45°C temperature operation. The cavity was reduced 

to 1.8 cm and stable SPSF operation was achieved from 16°C to 22.5°C. The maximum output 

power was 12 mW for 600 mW of absorbed pump power, while a lower 1.5 mW output at 1730 

nm was achieved with 350 mW of absorbed pump power at 1610 nm. The measured laser linewidth 

is 172 kHz at 20 dB limited by the self-heterodyne system resolution of 100 kHz.  
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Increasing the pump wavelength allows for a higher population inversion from the increased TDF 

absorption at longer wavelengths, see Figure 2-7, hence they were able to compensate for the low 

gain from a 1.8 cm cavity. However, their simulations showed that the minimal pump wavelength 

to obtain < 5 mW laser output power is ~ 1595 nm - when operating at a fixed pump power of 1 W 

with a 1.8 cm cavity. Additionally, under a pump wavelength of 1590 nm, the cavity does not lase 

- showcasing the high dependence on longer wavelength pumps. The low gain in Er for emissions 

>1600 nm and the increased excited state of absorption [75] complicates the generation of such 

sources versus shorter L-band wavelengths. Nonetheless, lasers operating over 1.6 μm, in a Er:Yb 

MOPA configuration [75] or with Ge:Bismuth (Ge:Bi) co-doped silica fibers [76] have seen an 

increased interest and their development opens the potential for more efficient Tm non-PM 

reflector-based DBR lasers. 

2.4.7 Non-PM reflector – DFB cavity  

Our proposed design is a phase-shifted DFB polarization maintaining (PM) fiber grating combined 

with an external FBG in non-PM fiber for polarization feedback discrimination, schematized in 

Figure 2-17. This external grating is wavelength matched with one of the polarizations; a small 

bandwidth ensures only one of the polarization modes is reflected. Hence, when sufficient signal 

from the matched polarization is returned, minimal FBG reflectivity, the cavity gain equilibrium is 

collapsed and the reinjected signal leads to single polarization (SP) operation. To the best of our 

knowledge the design presented in Figure 2-17 has not yet been demonstrated for SPSF operation. 

The active fiber length when using a DFB laser is much less restrictive than a DBR laser and major 

drawbacks occur closer to > 50 cm in length [48]. Development of longer wavelength pumps 

(>1600 nm) are expected to also increase our design performance for Tm fiber near 1700 nm 

emission. Nonetheless, the design enables better pump versatility, by allowing the more accessible 

lower L-band lasers to be used as pump sources. However, the introduction of  the external cavity 

leads to a coupled cavity with phenomena that need investigation before claiming robust SPSF 

operation related to research objectives (3), (4) and (5).  

The mode field diameter (MFD) mismatch is known to be the major factor in splice losses [77]. 

MFD is related to the EM wave intensity profile propagating in the waveguide. The proposed 

design requires 3 different types of fiber displayed in Figure 2-17 making it prone to MFD 
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mismatches and losses at splice point 1 and 2, (S1) and (S2) respectively. S1 reduces the laser 

efficiency and increases threshold by decreasing the effective pump power available in the active 

fiber. While in-cavity losses from S2 increase lasing threshold, equation (2.10). This is also 

applicable to the design in section 2.4.6. 

The external FBG generates a FP cavity of Lcavity length, Figure 2-17, with resonant modes 

separated by an FSR inversely proportional to its length, equation (2.14). The external FBG will 

be referred as FPFBG.  

 

Figure 2-17 Proposed design using a PS-DFB laser cavity for single polarization operation. The 

external grating is written in low birefringent fiber, e.g., SMF-28 and wavelength matched to a 

polarization. 

The FPFBG modes are modulated by the FBG spectral response as observed in [78, 79] and by 

extension the DFB grating. These modes within one polarization are detrimental to the SF 

operation. Like in short cavity lasers, they can lead to instability via mode hopping and multimode 

operation if they achieve threshold in the DFB cavity. Shortening the cavity length re-enforces SF 

operation - an increased free spectral range (FSR) reduces the number of modes in the active DFB 

grating.  

External cavity FBGs can potentially reduce lasing threshold with an increase in reflectivity due to 

higher signal feedback. This effectively enhances the generation of stimulated emission and 

reduces amplified spontaneous emissions (ASE) [79]. This is however not mode selective, which 
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can lead to multimode operation by reducing the lasing threshold for other side modes if the 

reflectivity is too high. 

The exte reflectivity leads to the next important consideration for SP operation. The reflectivity 

from the FPFBG depends on the phase relation between the DFB lasing mode and FPFBG modes. 

Resonance is a periodic behavior where its maximum occurs when in-phase, i.e., multiple integers 

of 2π, whilst no resonance occurs in anti-phase, i.e., multiple integers of π [21]. Hence, we can 

expect maximum signal feedback when in-phase and inversely in anti-phase no signal is returned 

in the cavity effectively creating losses for the aligned polarization and potentially collapsing its 

lasing. The reflectivity for other phases, partial resonance, has a periodic behavior in between the 

minima and maxima. This highlights the importance for preventing anti-phase behavior to achieve 

robust SP operation.  

Equation (2.13) dictates the phase relation to multiple variables that need to be considered for phase 

control. It shows the length traveled by light in a medium (O.P.) affects its resulting phase. This 

adds a requirement of controlled FPFBG length for reproducibility. To ensure constant FPFBG 

length, the gratings need to be written following the 3 fiber types splicing. The precise stages used 

for FBG writing can then control a specific minimal length, for multimode operation 

discrimination, with the required phase from the optical path. This re-enforces single polarization 

(SP) operation at room temperature and without strain, however, the refractive index and length 

have a temperature dependence from their respective thermal coefficient [24] which compromises 

SP operation; this enables FBG usage for strain and temperature sensing. A combination of 

phenomena such as: quantum defect, temperature non-uniformity in the phase shift region, laser 

temperature control and frequency tuning are expected to modify n and L during its operation. 

Discussed in section 2.3.4, DFB lasers are inherently prone to quantum defect which leads to phase 

detuning and non-uniformity heating. The quantum defect can also lead to chirp gratings and thus 

a lower cavity efficiency. Generally, the temperature control setup and/or method for fiber lasers 

should maximize the temperature uniformity, but this is far from trivial with DFB lasers due to the 

PS region.  

Reducing the negative impact from temperature on the laser performances becomes now highly 

relevant. The phase dependence to temperature is found by the temperature derivative of equation 
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(2.13). It has been shown that the dominant thermal effect is from the RI change [24], we then 

arrive to equation (2.15): 

 Δ𝜙

Δ𝑇
=

2𝜋

𝜆
ቈ
𝜕𝑛௚

𝜕𝑇
 𝐿቉ 

(2.15) 

Where Δ𝜙 is the phase change, Δ𝑇 is the temperature change, 𝜆 is the wavelength, 𝐿 is the length 

and 
డ௡೒

డ்
 the thermo-optic coefficient with units (RI/°C). The resulting equation is a linear relation 

between temperature and phase where the coefficient  
డ௡೒

డ்
  varies for each waveguide due to the RI 

dependence, adding a phase control challenge. Hence, equation (2.15)  further re-enforces the need 

for a small FPFBG length to reduce phase perturbations from temperature. 

2.5 Laser for Sr87 Based Optical Clocks  

In this section we present a brief overview of other 813 nm sources and their applicability to Sr87 

magic wavelength (MWL) generation. 

2.5.1 Ti:Sapphire lasers 

Among the first source used for strontium magic wavelength generation were Ti:Sapph lasers [16, 

80] [81]. Their availability, maximum gain, and laser efficiency near 800 combined with SPSF 

operation made them a good fit for a research setting. However, such systems are based on free 

space optic leading to poor reliability, and more importantly major challenges for a compact design 

and space friendly device. Other crystal-based lasers have been demonstrated for Sr87 atomic clock 

but suffer the same free space optic drawback [22]. 

2.5.2 Laser diodes 

Semiconductor lasers designs enable SPSF operation while offering a wide range of wavelength 

selection including the 813 nm MWL, e.g., InGaAs, GAsP and AlGaAs. Fiber lasers advantages 

over their semiconductor counterpart, section 2.3.1, partially explain the limitations of LD in MWL 

generation. The biggest challenge for laser diodes is their small output power limited to mW order 

of magnitude and the lack of simple signal amplification designs at 813 nm.  
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2.5.3 Ge:Bi co-doped fiber 

Ge:Bi co-doped fiber enables the generation of fiber lasers sources within the 1.6 μm – 1.8 μm 

region. This emission band could rely on frequency doubling to achieve 813 nm. Designs using 

this fiber have reached watts output powers near 1.7 μm. However,  current applications are limited 

to lengthy fiber sources and amplifiers due to the high background losses making the fiber 

unsuitable for SF designs. [76] 

2.5.4 TDF 3H4 - 3H6 transition 

From an energy level perspective, silica TDF can have radiative emission in the 800 nm region. 

This emission occurs between the 3H4 - 3H6 energy levels, Figure 2-5.  In practice, the 3H4 energy 

level cannot be attained using 1 photon pumping schemes and is thus associated to its absorption 

band. The following methods are based on upconversion to achieve population inversion in TDF 

to the 3H4 level for stimulated emission to the 3H6 ground state. 

2.5.4.1 Fluoride Tm doped fiber 

The high-phonon energy in silica-based fiber leads to poor upconversion performances. With a 

reduced phonon energy, fibers made from ZBLAN glass enable a higher upconversion efficiency 

by increasing the excited state lifetime. The 810 nm high power emission was demonstrated in [82] 

with 1 W of output power, while more recently a 813 nm high power SPSF for optical lattice 

applications was demonstrated in [83] with 2 W output power. Beside other issues encountered by 

the development of the latter laser such as photodarkening [84]; ZBLAN fibers are expensive to 

manufacture, hard to splice and have a low durability, strength compared to silica based fibers.  

2.5.4.2 Tm co-doped fiber 

The low efficiency to operate a silica based TDF at 800 nm is not limited to the high phonon silica 

energy. Indeed, as presented in section 2.2, a 1060 nm pump laser in silica TDF offers the required 

excited state absorption for upconversion. This upconversion is not limited to the 3H4 level as it is 

capable of exciting the ion to the upper 1G4 level, further reducing the efficiency in silica based 

TDF. Co-doping the fiber with Yb was demonstrated with a 980 nm pump, which reduces the 

unwanted excited state absorption to the 1G4 state. Like Ge:Bi co-doped fibers, the applications are 
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limited to long cavity lasers or amplifiers. While other co-dopants have also been studied such as 

Tm:Alumina [85] none possesses sufficient gain efficiency for the fiber length required in SF fiber 

designs. 

 

 EXPERIMENTAL METHODOLOGY 

The following chapter presents the methodology for the experimental manipulations performed 

during this research with their respective measurements, setup, and equipment. The chapter is 

divided into sections tied to the research objectives presented in section 1.5.2. The proposed design 

schematic for single polarization single frequency (SPSF)operation presented in Figure 2-17 is 

comprised of 3 fiber types: 1 non-PM fiber (green) for discriminating feedback, 1 PM Tm gain 

media fiber (red) and PM fiber (black) for controlled polarization propagation. For cost reduction 

and increased accessibility purposes the work in this thesis utilizes SMF-28 fiber components 

instead of PM fiber. This modification does not alter laser operation; the single polarization single 

SPSF laser challenges arise from the polarization maintaining thulium doped fiber (TDF) hence 

the methodology and results remain valid. 

3.1 Laser Conception 

The experimental methodology leading to objective (1), an operational TDF phase-shifted DFB 

laser is presented. This includes determining pump absorption, create a splice recipe to minimize 

splice losses, characterize TDF gain, characterize TDF absorption at pump and signal wavelength, 

and writing an operational PS DFB laser cavity. 

3.1.1 Pump absorption and splice loss 

Fiber splicing is inevitable when working with fiber systems. Common fiber splices recipes such 

as SMF-28 to SMF-28 are often included by default in splicing machines. The usage of multiple 

type of fibers requires a custom-made recipe for loss from mode field diameter (MFD) mismatch, 

and thus the need for splice loss minimization. Although critical in any fiber related research, the 

steps and science for creating a splice recipe go beyond the scope of this thesis. For more 
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information on the science of splicing procedures we refer the reader to [86]. The specifications of 

the PM TDF selected in the present work are presented in Table 3.1 

Table 3.1 PM Thulium Fiber Specifications 

 

The absorption coefficient data is given for the 790 nm and 1200 nm bands, no data for the L-band 

absorption is available. The MFDs for TDF and SMF can be calculated at 1742 nm with Marcuse’s 

equation [87] applicable to single-mode fibers. Resulting in TDF MFD = 5.6 μm and SMF-28 MFD 

= 10 μm, the MFD mismatch showcases the splice recipe optimization importance. 

The splices were performed with a Fujikura FSM-100P splicer. The setup for splice loss and pump 

absorption measurements is presented in Figure 3-1. The source is a JDSU low power tunable laser 

model SWS15101 and the power meter is a Thorlabs S144C low signal integration sphere power 

meter with a spectral range of [0.8 μm - 1.7 μm]. The insertion loss method [86] was used to 

measure splice loss at pump wavelength, 1575 nm. Once modified the new recipe is tested with the 

same method. The angle cleave prevents lost of power from back-reflection and unwanted signal 

feedback in the laser. An integrating sphere power meter ensures the detected light amount is 

constant. Only one splice recipe optimization is required, i.e., between SMF-28 and TDF.  

The same source is selected for fiber absorption. To prevent absorption saturation and amplified 

spontaneous emission (ASE) generation leading to a false absorption coefficient, the measurements 

are performed with a  low pump power laser at pump wavelength. A 50 cm length TDF is spliced 

to SMF-28 at S1 followed by an angle cleave, again to mitigate back reflection. The cut-back 

method [86] is used with the Tm bare fiber. The laser operates at 1575 nm with a 3.59 dBm power 

at P1. The fiber is left unstressed to reduce inadvertent mechanical losses.  

Parameter Specification Units
Absorption @793 nm >120 dB/m
Absorption @1180 nm >30 dB/m
Numerical Aperture 0.25 ± 0.02
Core Diameter 4.5 ±0.5 µm
Cladding Diameter 125 ±2 µm
Coating Diameter 245 ±15 µm
Proof test level 100 kpsi

Birefringence >2x10-4
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Figure 3-1 Tm fiber absorption and splice loss experimental setup. The tunable laser is operated 

at the pump wavelength of 1575 nm and at low power to prevent absorption saturation. 

3.1.2 TDF gain and absorption 

The gain fiber characterization setup is presented in Figure 3-2. The pump is an Er CW laser 

operating at 1575 nm from MPBC with an output power ranging from 90 mW to 1.3 W; output 

power characterized see Figure 3-3 . 

 

Figure 3-2 TDF characterization setup. 

The wavelength division multiplexers (WDMs) are made of SMF-28 fiber and separate the pump 

and signal wavelength. WDM1 pump port delivers the pump power to the common port. Its signal 

port (P1) is connected to an Optical Spectrum Analyzer (OSA) model Yokogawa AQ6375B with 

a spectral range of [1.2 μm – 2.4 μm] and maximal resolution of 0.05 nm. P1 and the OSA are 

connected using FC/APC connectors and a mating sleeve. WDM2 pump branch serves as residual 

pump (RP) dumping with an angle cleave to negate pump back reflection. A custom-made 

broadband source (BBS) from MPBC is connected to the signal port of WDM2 (P2) with FC/PC 

connectors and a mating sleeve. The BBS emission bandwidth is from 1.6 μm to 2 μm and the TDF 

length is 12.3 cm 
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Figure 3-3 Pump laser output power characterization 

The TDF gain spectrum can be experimentally obtained using the setup presented in Figure 3-2, 

where the broadband source signal is amplified by a TDF in a counter-pump configuration. TDF 

or SMF-28 is inserted between splice point 1 and 2 (S1, S2); SMF-28 is used to characterize 

reference value while preserving the setup insertion losses from the WDMs. 

 Thulium doped fiber net gain spectrum G [dB/cm] is obtained using equation (3.1): 

 
𝐺 =

1

𝐿
(𝑃௢௨௧ − 𝑃௜௡ − 𝑃஺ௌா  ) 

(3.1) 

Where L is the gain fiber length, Pout is the BBS amplified signal by the pumped TDF measured at 

P1. This measurement also includes the absorption losses from the TDF. Pin is the BBS reference 

signal, measured at P1 with SMF instead of TDF to preserve insertion losses. The BBS signal 

amplified has an added amplified spontaneous emission (ASE) component referred as PASE due to 

the pumped TDF. This component is subtracted from Pout. The ASE spectrum is obtained at P1 by 

only turning on the pump laser with the 12.3 cm of TDF. 

 The fiber absorption loss spectrum is obtained by subtracting Pin  to the BBS signal unpumped 

measured at P1and divided by the 12.3 cm length of TDF used in the setup. The resulting spectrum 

is our TDF absorption from the 3F4 – 3H6 emission band.  
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3.1.3 Phase-shifted DFB grating   

The phase-shifted (PS) DFB grating was inscribed using a 213 nm UV source with a Talbot 

interferometer and a phase mask presented in section 2.1.4.1- an in-depth setup and methodology 

can be found in [27]. The gratings inscription was done by my colleague Frederic Monet. The DFB 

grating specifications are listed in Table 3.2. The Bragg wavelengths are at room temperature, 

unstrained and at pump threshold with thermal compound measured with a 0.05 nm resolution 

OSA. The DFB was apodized at 40% of its length using a cosine function. 

Table 3.2 Phase-shifted DFB Grating Specifications  

  

The resulting grating strength is κL ≈ 6.4. The PS offset is 5 mm off the grating center. The DFB 

grating is annealed for 16 hours at 190°F to increase its RI modulation robustness to thermal effects  

[24]. Then the grating is spliced at S1 and S2, Figure 3-2, using the developed recipe. OSA spectra 

are taken at the DFB grating HR output (P2) and OC output (P1) to confirm lasing. The laser rests 

on an aluminium metallic plate with thermal paste to reduce unwanted heating effects. However, 

the thermal compounds viscosity can lead to non-uniform uncontrolled cavity strains with effects 

comparable to non-uniform heating. What is more, the thermal compound can increase the 

difficulty in measurement reproducibility and increase the chance of fiber breaking during the 

multiple required manipulations. Glycerol as been previously used in [56], instead of a paste based 

thermal compound, however glycerol is suitable for space applications. This highlights the need 

for a  lower viscosity thermal compound paste for an uniform strain.  

 

Parameter Specification Units

λB fast axis 1741.9 nm

λB slow axis 1742.4 nm

κ 64 m-1

L 100 mm
PS π rad

PS offset 5 mm
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3.2 Single Polarization Single Frequency (SPSF) Operation 

The experimental methodology leading to an SPSF laser is presented in this section. They 

encompass the methodology leading to the realisation of objectives (2), (3) , (4) and (5). This 

section methodology can be separated into 3 main parts: Simulation of the SPSF design, SP laser 

operation setup, and SPSF laser operation setup with a reduced external cavity length for robust 

SPSF operation under laser tuning and temperature control. 

3.2.1 SPSF simulations 

The design spectral response was simulated using an existing in-house program based on the 

transfer matrix method described in [25] developed by my colleague Anthony Roberge. The 

simulation highlights critical parameters to consider for the experimental setup: cavity length, 

phase shift value, and wavelength offset. The simulation is based on 3 main transfer matrixes. The 

first one is comprised of two uniform gratings with a phase-shift simulating the PS grating. The 

second one is comprised of a phase shift matrix simulating the external cavity. The last main 

transfer matrix is comprised of a uniform grating simulating the external FBG. The simulations are 

limited to spectral response results – a complete simulation would include DFB gain mechanisms 

[27, 35] and dynamic mode competition [88, 89] requiring much more complex simulations beyond 

the scope of this thesis. 

3.2.2 Characterization equipment  

3.2.2.1 Pump laser 

The pump is the 1575 nm Er source with a maximum pump power of 1.3 W with a bare fiber output 

from MPBC. We have discussed how longer wavelengths >1600 nm are more desirable for Tm 

pumping, however this increases the pump laser conception difficulty and potentially cost. 

3.2.2.2 Optical Spectrum Analyzer 

The OSA model utilized is an ANDO AQ6317B with a spectral range of [0.6 μm – 1.75 μm] and 

maximal resolution of 0.01 nm. OSAs rely on spectral density and generally diffraction gratings 

for their measurement [90], although others based on interferometers also exist. They allow a broad 
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spectral range with input powers up to ~20 dBm. However, their resolution limits their usage for 

SF laser measurements.  

3.2.2.3 Electrical Spectrum Analyzer 

The Electrical Spectrum Analyzer (ESA) model is a Keysight PXA-N9030A with a maximum 

frequency of 50 GHz. The ESA enables frequency beat measurements. Hence a great tool to study 

SF operation. The ESA maximum frequency for λ = 1742 nm limits its reading to a maximum Δλ 

= 0.5 nm, over that range the OSA is fully capable of providing the wavelength resolution required 

to observe any multimode operation. However, the ESA observes frequency beat, one could have 

SF operation, thus no frequency beat but have unstable SF operation such as from jitter or mode 

hopping. 

3.2.2.4 Fabry-Perot interferometer 

The Fabry-Perot interferometer (FPI) setup is comprised of a dual channel oscilloscope, a sawtooth 

voltage generation model SA201 and a FP cavity with an integrated PD. The FP model from 

Thorlabs is SA200-12B with a spectral range of [1.3 μm – 2 μm], an FSR of 1.5 GHz and a maximal 

resolution of 5.8 MHz. The FPI is an additional SF measurement tool relying on interferometry for 

its measurements. A piezoelectric material allows a maximal cavity sweep equal to its FSR, while 

the FWHM cavity modes dictate its resolution [90]. The FPI allows the measurement of single 

mode operation, mode hopping and stability. 

3.2.2.5 Power meter 

The power meter from OPHIR is a 3A model; a thermopile sensor with a spectral range of  [0.19 

μm – 20 μm] and a power range of [10 μW – 3 W]. There exists a multitude of photodetector (PD) 

equipment, but two of the most common are semiconductors or thermopile based. The 

semiconductor PD are limited by InGaAs responsivity which greatly decreases after ~1.6 μm, this 

range can be extended but is not as accessible and affordable. Hence, the selected power meter is 

a thermopile-based PD, less sensitive to wavelength by design. 
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3.2.3 External FBGs 

The proposed SPSF laser design requires the usage of an FPFBG, i.e., an external uniform grating 

at a distance L of the PS grating. The FPFBGs were written by my colleague Frederic Monet in 

SMF-28 fiber using the same setup from section 3.1.3. They are then annealed for 16 hours at 

190 °F to increase their RI modulation robustness to thermal effect. The FPFBGs used in the SP 

and SPSF manipulations are presented in Table 3.3 with their respective specifications and related 

experiment. None of the FPFBGs were apodized, and their length is 1 cm. 

Table 3.3 FPFBGs Specifications  

 

3.2.4 Thermoelectric coolers 

Two TECs jig were used throughout the SPSF operation methodology, both are schematized in 

Figure 3-4. Each TEC thermistor position for temperature feedback is presented (red cross). TEC 

a) is comprised of two metallic plates with fiber grooves and two independent TECs with a total 

length of 10 cm. TEC a) thermistors for temperature feedback are inserted inside the metallic plate. 

 

Figure 3-4 TEC setup used for a) SP operation methodology b) SPSF operation methodology, 

thermistor positions (red cross). 

FPFBG λB (nm) R (%) LCavity (cm) FSR (GHz)  Experiment
FPFBG1 1742.16 10 190 0.054 SP
FPFBG2 1742.16 52 190 0.054 SP
FPFBG3 1742.2 48 4.4 1.17 SPSF
FPFBG4 1742.26 48 3.2 3.21 SPSF

b) 

a) 
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TEC b) is comprised of a single 20 cm metallic plate without fiber grooves and two dependent 

TECs. Thermal paste is applied on both upper and lower surface of the TECs for an increase in 

heat transfer. A thermistor is placed under the center of the metallic plate within the thermal paste 

for temperature feedback. The Peltier elements for TEC b) have a larger dimension than TEC a) 

for increased temperature uniformity over its longer length. 

3.2.5 Single polarization (SP) 

The fibered setup to achieve SP operation is shown in Figure 3-5. An FPFBG is spliced to the right-

hand side (RHS) of the PS grating creating a cavity with a length Lcavity. At room temperature 

FPFBGs are not wavelength matched with one of the DFB grating polarization. Hence, the FPFBG 

rests in a metallic groove with integrated TECs for wavelength temperature tuning, in Figure 3-4 

a). FPFBG 1 and 2 were tested on this setup. The discriminating reflection favorizes gain for the 

reinjected polarization leading to SP operation, section 2.4.7. The WDM splits the pump and signal 

wavelength. The selected signal output is the backward signal (relative to the injected pump power) 

for an increased signal-pump extinction ratio. The forward output is spliced to the FPFBG and 

dumped with the residual pump at Port 3 (P3) on a beam dump using an FC/APC connector. An 

isolator (ISO) in the backward signal output prevents unwanted Fresnel reflection from the FC/PC 

connectors at Port 1 (P1) and Port 2 (P2).  

 

Figure 3-5 Laser single polarization operation setup 
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The backward signal is split by a – 3dB coupler (PC) where P1 and P2 are interchangeably 

connected to the characterization equipment. The PS grating rests on a metallic plate without 

thermal compound. Reflection spectra of the un-pumped laser can be obtained at P3 with a -3 dB 

coupler and supercontinuum source.  

3.2.6 Single polarization single frequency (SPSF) 

The fibered setup to achieve SPSF operation is shown in Figure 3-6. The setup utilizes the same 

setup as the SP operation with new elements. The FPFBGs used in this setup, i.e., FPFBG3 and 4 

are wavelength matched. Hence, the laser rests on a single metallic plate with two TECs driven by 

the same controller, Figure 3-4 b). Fiber holders mounted on micrometric translation stages on each 

end of the laser cavity enable frequency tuning by controlled strain.  

 

Figure 3-6 Laser single polarization single frequency setup 
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 RESULTS 

4.1 Building the Laser Cavity  

4.1.1 Pump absorption and splice loss 

 The data collected in section 3.1.1 is presented in Figure 4-1. With the data in its logarithmic form, 

the splice loss can be separated from the absorption loss. The splice loss measured is <0.1 dB or 

over 98% signal transmission and the absorption coefficient α measured is α = 0.6 dB/cm at 

1575 nm. Using Table 3.1. we thus have α(0.8 μm) = 1.2 dB/cm, α(1.2 µm) = 0.3 dB/cm and 

α(1.58 μm) = 0.6 dB/cm. This is in accordance with thulium doped fiber absorption behavior from 

Figure 2-6. The highest absorption is in the 800 nm band while the 1200 nm band and 1650 nm 

band have a similar absorption, with the 1200 nm band absorption dropping rapidly for close to 

peak wavelengths.  

 

Figure 4-1 TDF output small signal for multiple fiber lengths at pump wavelength (1575 nm). 

The splice recipe yields a transmission of 98% or 0.1dB loss, much higher than the 15% 

transmission yield using SMF-28 common recipe. We believe the transmission can be further 

improved with a non-PM fiber with a closer MFD to the Tm fiber than SMF-28, recalling the 

calculated MFD for TDF and SMF-28 of 5.6 μm and 10 μm respectively. Low splice losses 

measurement requires an improved loss measurement setup. This could be achieved by a proper 
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implementation of the loss estimation program available in the Fujikura FSM-100P splicer. The 

splice recipe was strained tested at 140 kpsi (0.14 Gpa) with 10 splices each tested 10 times to 

ensure robust mechanical integrity.  



55 

 

4.1.2 TDF gain and absorption characterization  

The purpose of thulium doped fiber (TDF) gain and absorption characterization is to ensure positive 

net gain near 1740 nm especially due to the expected high signal reabsorption for shorter Tm doped 

fiber emission wavelengths as seen in the literature review. The high signal reabsorption can also 

be shifted with co-dopants, thus characterizing the absorption is also important. Figure 4-2 presents 

the measured TDF absorption spectrum for its emission band. The absorption at the signal 

wavelength of 1742 nm is ≈ 0.4 dB/cm. This is in agreement with [38] where the measured 

absorption is 0.4 dB/cm at 1735 nm. The signal absorption peaks near 1640 nm and decreases with 

increasing wavelengths. This is also consistent with the TDF literature absorption spectrum (see 

Figure 2-7). 

 

Figure 4-2 TDF emission band absorption spectrum. 

Figure 4-3 a) presents the ASE at maximal pump power (1.3 W) for 12.3 cm of TDF. This 

highlights the emission peaking near 1800 nm and decreasing all for other wavelengths also 

consistent with the literature [35]. Hence, both these results confirm the challenges related for TDF 

generation near 1700 nm. Figure 4-3 b) shows the net gain spectrum of the TDF obtained via 

equation (3.1). The net gain near 1740 nm is positive with a value of 0.5 dB/cm thus enabling 

lasing. As a comparison Tm:Bi doped fiber for 813 nm direct generation has a gain 2 orders of 

magnitude smaller, greatly limiting its length and therefore, laser applications usage [76]. 
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Figure 4-3 TDF a) ASE spectrum with a 1575 nm pump and b) small signal net gain. 

4.2 Phase-Shifted DFB Grating 

Once the grating was inscribed in the PM TDF and inserted in the initial test bench, (see Figure 

3-2) it was pumped with the 1575 nm laser for multiple pump powers. The resulting spectra are 

presented in Figure 4-4 for a) high reflection (HR) output and b) output coupler (OC) output. 

 

Figure 4-4 Laser spectra for its a) HR output and b) OC output, at multiple pump powers. 

b) 

b) a) 

a) 
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The laser has a threshold pump power of 124 mW. Interestingly, we observe how only the fast axis 

lases at pump threshold whereas multimode operation from the polarization axes is observed at 

higher pump powers. This is attributed to one or more polarization dependent elements presented 

in section 2.4, especially stress induced [61, 62]. In other instances, when manipulating the fiber, 

the slow axis was observed to lase at low pump power and the fast axis did not lase. This highlights 

the sensitivity of the DFB and the necessity for a setup with robust repeatability – hard to achieve 

with the thermal compound paste. We also observe similar output power from the OC and HR 

outputs. This can be explained by both gratings having a high strength, which reduces small phase-

shift (PS) offset effects. Nonetheless both output powers have important differences when looking 

at their broad output spectrum shown at maximal pump power in  Figure 4-5. 

 

Figure 4-5 Laser broad spectra for its a) OC output and b) HR output, at maximal pump power. 

Along with the lasing peak around 1740 nm, we observe in both outputs TDF ASE from 1600 nm 

to 2000 nm and the pump at 1575 nm. The pump signal extinction ratio is 55 dB for the OC output 

while it’s only 5 dB at the HR output. Recalling from section 3.1.3, the HR output signal is co-

propagating (forward output) with the pump signal whilst the OC output is counter-propagating 

with the pump signal (backward output) leading to the high extinction ratios difference between 

ports. We also observe unwanted low signal near 1900 nm from the forward output with a high 

extinction ratio with the main signal; it’s not observed in the backward output. The short fiber 

length eliminates four wave mixing between the 1740 nm laser and 1575 nm pump as an 

explanation of the observed signal at 1900 nm. This signal could be due to the second order of 

a) b) 
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diffraction from the 950 nm laser residual pumping the 1575 nm erbium doped fiber laser. 

Considering our observations, the backward output is the selected port for the laser characterization 

due to its high signal to pump ratio and absence of unwanted lasing signals. 

Lastly in this setup and configuration the laser was put under stress with pressure applied 

perpendicularly to the active fiber to attempt SP operation. Figure 4-6 shows the resulting spectra, 

where the fast axis mode has collapsed confirming attainable SP operation under applied stress. 

Achieving the same SP operation mode however was not reliably done highlighting the 

manufacturing limitations. 

 

Figure 4-6  Laser SP operation spectra at multiple pump powers - stress induced. 

4.3 Simulations 

The following result section presents simulations spectra of the proposed SPSF design with a single 

varying parameter at a time. The spectral responses focus only on the DFB grating Bragg 

wavelength tuned to the FPFBG as the other DFB polarization does not interact with it. 

The cavity spectral response for the proposed SPSF design is presented in Figure 4-7 for multiple 

external cavity lengths. The selected apodization function is a cosine function applied to a 

percentage (%) of the total grating length L. The FSR of the external cavity modes can be seen 

within the DFB grating stop band. As we increase the external cavity length from a) 0.5 mm to c) 
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3.2 cm, we observe that the number of transmission modes within the DFB grating increases. As 

previously discussed, these modes can achieve lasing and lead to multimode operation, hence the 

importance of reducing their presence in the DFB grating using a shorter cavity. 

 

Figure 4-7 Simulated laser modes for multiple cavity lengths L: a) 0.5mm b) 1 cm, and c) 3.2 cm. 

The fixed simulations parameters are: phase detuning Δφ = 0.75π cm, DFB grating = 0.4L 

apodized, FPFBG = 0L apodized and R = 0.5, DFB grating and FPFBG centered at 1742 nm. 

Figure 4-8 presents the simulations with varying phase relations between the DFB grating and 

FPFBG. The FPFBG resonant modes within the stop band shift towards longer wavelengths as Δ𝜙 

increases, as expected from equation (2.13). Furthermore from Figure 4-8 a) to d), we observe the 

periodic behavior of the central peak transmission due to the phase relation change between the 

a) b) 

c) 
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DFB grating and external cavity. We observe in a) a behavior close to an in-phase relation between 

the gratings resonant mode - where it has the highest transmission displayed, whilst the closest 

anti-phase behavior observed between the mode is in c) and consequently has the lowest 

transmission. This demonstrates the importance of the initial phase which dictates the maximum 

central mode transmission as well as the necessity to reduce phase shifts during laser operation. 

 

Figure 4-8 Simulated laser modes for multiple phase detuning from the external cavity 

modes: a) Δφ = 0, b) Δφ = 0.5π, c) Δφ = π and d) Δφ = 1.75π. The fixed simulations 

parameters are: cavity length = 5 cm, DFB grating = 0.4L apodized, FPFBG = 0L apodized 

and R = 0.5, DFB grating and FPFBG centered at 1742 nm.  

a) b) 

c) d) 
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Equation (2.15) shows the relation between the phase and temperature. As the FPFBG length 

increases so does the phase sensitivity to temperature perturbations. This is highlighted in Table 

4.1, where the temperature variation required in Tm doped fiber to achieve a phase shift of π at λ 

= 1742 nm is shown. 

Table 4.1 Temperature variation required for a phase shift variation Δφ = π in TDF for λ = 

1742 nm. 

 

The longer the cavity length, the lower is the temperature variation required for the same phase 

shift. This result further demonstrates the importance of a small external cavity length. 

 In Figure 4-9 we now simulate the cavity for increasing wavelengths detuning between the FPFBG 

Bragg wavelength and the DFB grating Bragg wavelength. We can observe two important 

behaviors. First, for small Bragg wavelength detunings, Figure 4-9 a) and b), the wavelength 

detuning acts like a phase detuning; this is expected as wavelength and phase are related by 

equation (2.13). A second behavior occurs for higher Bragg wavelengths detuning. As it increases, 

the external FBG bandwidth overlaps less and less with the PS DFB grating bandwidth, Figure 4-9 

c) to d), reducing the number of lateral modes in the cavity and their transmission until they are 

completely unmatched, and the discrimination scheme is negated. The PS DFB laser will then 

operate in its typical dual polarization regime. 
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Figure 4-9 Simulated laser modes for multiple DFB grating central wavelength detunings from 

the FPFBG: a) ΔλB = 0 pm, b) ΔλB = 10 pm, c) ΔλB = 70 pm, and d) ΔλB = 150 pm. The fixed 

simulations parameters are:  cavity length= 5 cm, DFB grating = 0.4L apodized, FPFBG = 0L 

apodized and R = 0.5, and Δφ=0. 
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4.4 Single Polarization (SP) 

The following section presents results from the single polarization (SP) operation objective, related 

to the methodology in section 3.2.5. It aims to demonstrate the design SP operation functionality 

and limits. 

FPFBG1 was the first FPFBG introduced in the test bench. When temperature tuned to the DFB 

grating fast axis, the laser displayed preferential polarization output. However, single polarization 

operation was not achieved, and the DFB grating remained in a multimode regime. This is believed 

to be due to FPFBG1 low reflectivity of 10%. The limited favored signal feedback to the DFB laser 

is not enough to break the dual polarization gain equilibrium. Thus, a stronger external fiber Bragg 

grating (FBG) was introduced, FPFBG2 with a reflectivity R = 50% and a cavity length of 1.90 m. 

This lengthy external cavity has a small free spectral range (FSR) of 54 MHz or 54 fm. This leads 

to a large number of modes within the stop band and modal instability from mode hops which is 

not desired for robust SF operation. This section focuses on SP operation characterization, the 

modal instability will be discussed in the next section along with single frequency (SF) operation. 

The unpumped reflection spectrum for SP operation is shown in Figure 4-10 for both a) temperature 

untuned and b) temperature tuned wavelengths. 

 

Figure 4-10 Laser cavity unpumped reflection spectra obtained with a -3 dB coupler and a 

supercontinuum source injected at port 3 (P3). FPFBG2 (1) and DFB laser polarization modes, 

(2) fast axis, and (3) slow axis for a) room temperature of 23 °C, and b) TEC heated to 36 °C.  
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At room temperature 23 °C (see Figure 4-10 a)), FPFBG2 Bragg wavelength is not aligned to 

neither of the DFB grating Bragg wavelength polarizations and thus requires TEC heating (see 

Figure 4-10 b)), where the FPFBG and fast axis are temperature aligned and Bragg wavelength 

tuned at 36 °C. The measured FPFBG2 full width at half maximum is 0.11 nm. The laser was 

pumped at low pump power (Pp) near threshold in both configuration; the spectra results are shown 

in Figure 4-11 with their respective Fabry-Pero interferometer (FPI) readings. The FPI readings 

show multiple FSR scans, its FSR = 1.5 GHz. We observe single polarization operation when 

FPFBG2 is temperature tuned, whilst the expected dual polarization regime is seen when 

temperature untuned.  
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Figure 4-11 Laser spectra and FPI readings for 170 mW pump power for two different FPFBG2 

temperatures, 23 °C and 36 °C. a) OSA, FPFBG2 not temperature aligned, b) OSA, FPFBG2 

temperature aligned c) FPI, FPFBG2 not temperature aligned and d) FPI, FPGB1 temperature 

aligned. (1) fast axis, and (2) slow axis. 

With the FPFBG2 temperature tuned at 36°C, SP operation is maintained up to Pp = 800 mW, after 

which it becomes unstable. Additionally, we observed mode hopping on the FPI equal to the 

external cavity FSR. This is reflected by the unstable output power read by the FPI, which is a 

typical characteristic of mode hopping [24, 92]. The second polarization was not captured by the 

optical spectrum analyzer (OSA) in Figure 4-12 a) due to its instability and higher integration time. 

In Figure 4-12 b) we observe a second peak associated with the slow axis polarization (see Figure 

a) b) 

1 
2 

1 

c) d) 
1 

1 
2 2 

FPI FSR FPI FSR 
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4-11). The loss of single polarization at higher pump powers is due to detuning between Bragg 

wavelengths of the FPFBG and the DFB grating fast axis. The generated heat from quantum defect 

leads to a loss of Bragg wavelengths overlap where the SP feedback design can be unstable or in 

the worst case simply null. 

 

Figure 4-12  Laser spectra and FPI readings at 800 mW pump power. FPFBG2 temperature tuned 

at 36 °C a) OSA, FPFBG2 b) FP, FPFBG2. (1) fast axis, and (2) slow axis. 

The spectrum in Figure 4-12 a) seems to suggest there is another mode lasing also within the fast 

axis -40 pm off from the main lasing mode. Hence, electrical spectrum analyzer (ESA) spectra 

were also taken and are shown in Figure 4-13 a) for Pp= 170 mW b) and Pp= 800mW. We observe 

a frequency beat of 4 GHz or 40 pm at 1742 nm for Pp= 800 mW and no frequency beat for Pp = 

170 mW. The pump was then increased to maximum output power Pp= 1.3 W in both 

configurations, i.e., temperature tuned and untuned. The resulting spectra and FPI readings are 

presented in Figure 4-14. Multimode operation is now observed within both polarizations and is 

now visible on the FPI readings Figure 4-14 c) and d), unlike at Pp= 800 mW. This is due to the 

modes increase in power. The modes observed are again located at Δλ = -40 pm from the main 

central mode.  At this pump power the temperature difference between FPFBG2 and the DFB 

grating from the quantum defect is maximum. The second polarization is now observed on the 

OSA spectrum in Figure 4-14 a) and even for the temperature aligned configuration Figure 4-14 

b). 

a) b) 

FPI FSR 
1 1 

2 

1 
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Figure 4-13 Laser ESA spectra for FPFBG T= 36 °C at a) Pp= 170 mW, and b) Pp= 800 mW. 

Multimode operation could occur due to the external cavity modes within the DFB grating as seen 

from the simulations in section 4.3. However, the current modes observed do not correspond to the 

FSR of the FPFBG; its FSR is equal to 54 MHz or 54 fm at 1742 nm. Furthermore, the Bragg 

wavelengths overlap at maximum pump power is greatly reduced due to their temperature 

discrepancy so the impact of the FPFBG is supposed to be reduced if not negligible. This leads 

back to the phase-shifted DFB grating as the potential source of this extra unwanted mode. 

 

 

a) b) 
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Figure 4-14 Laser spectra and FFPI readings for 1.3 W pump power for two FPFBG2 

temperatures, 23 °C and 36 °C: a) OSA, FPFBG2 not temperature aligned b) OSA, FPFBG2 

temperature aligned c) FPI, FPFBG2 not temperature aligned, and d) FPI, FPGB1 temperature 

aligned. (1) fast axis main mode (2) slow axis main mode (3) fast axis 2nd mode, and (4) slow 

axis 2nd mode. 

The DFB cavity was simulated on its own without and overlapping FPFBG Bragg wavelength. The 

results are presented in Figure 4-15 a). We observe lateral modes 40 pm away from the central 

mode. At high pump power, Pp = 1.3 W, these higher threshold modes lase and become observable. 

These modes located at 40 pm are at the resolution limits of the OSA used to obtain Figure 4-4 

which has a resolution of 50 pm versus the current  OSA with a 10 pm resolution.  

FPI FSR 

FPI FSR 

1 2 3 1 
3 

2 

a) 

c) d) 

b) 

1 

2 

3 

3 

2 
4 

1 



69 

 

 

Figure 4-15 Simulated PS DFB laser reflection spectrum without an FPFBG. a) under test DFB 

grating simulated - 40% apodization (side modes are visible at 36 pm or ~0.04 nm from the main 

lasing mode) and b) simulated DFB grating with the same parameters - 70% apodization, without 

side lobes. 

Figure 4-15 a) shows the PS DFB grating spectrum with an apodization over 40% of the grating 

length, Figure 4-15 b) shows the same grating with a higher apodization of 70%. This removes the 

side lobes and re-enforces single mode operation, however as previously discussed the apodization 

process reduces the effective length of the grating. Thus, to maintain a similar grating strength (κL) 

the RI modulation needs to be increased to compensate with a higher κ. 

The laser output power for both configurations, Bragg wavelengths temperature tuned and untuned 

is presented in Figure 4-16. The values are taken at the DFB grating OC output (P2) and multiplied 

by 2 to consider the -3 dB coupler. We observe how the output power for the same pump power is 

higher for the temperature tuned configuration versus its untuned counterpart - this is highlighted 

in red for Pp = 700 mW where there is a 77% increase of the output power between both 

configurations. In single polarization (SP) operation, for the same pump power, the feedback signal 

allows the gain to be more efficiently utilized for the main dominant mode as noted in self-injected 

mechanisms [64, 65]. The readings displayed instability from mode hops, which is why the output 

power is not linear as shown in Figure 4-16, even if the data points correspond to averaged values 

a) b) 
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Figure 4-16 Laser output power, at P2, for FPFBG2 a) temperature unaligned and b) temperature 

aligned. The output power for Pp = 700 mW is circled in red. 

In the following results, the FPFBG temperature was increased to see if the non-uniform 

temperature Bragg wavelengths detuning induced by the increasing pump power could be 

corrected. This would confirm the detuning claim and test its limitations. Previously, SP operation 

was lost when the FPFBG was temperature tuned at 36 °C and operating at Pp = 800 mW. With 

FPFBG temperatures increased to 41.3 °C and 43.2 °C, SP operation was successfully achieved for 

a) 

b) 
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Pp = 800 mW and 900 mW respectively. The resulting OSA and FPI readings are shown in Figure 

4-17 for both temperatures. 

 

Figure 4-17 Laser spectrum and FPI readings. SP operation is achieved at higher pump powers 

with increased FPFBG2 temperatures to compensate for the heat induced Bragg wavelengths 

detuning. Pp = 800 mW, FPFBG2 T = 41.3 °C a) OSA b) FP, Pp = 900 mW, FPFBG2 T = 43.2 °C 

c) OSA d) FP. 

Interestingly, this shows that although the effects from quantum defect in the phase shift region are 

not removed, re-aligning the lasing mode to the external FBG can achieve SP operation regime. 

Nonetheless there are several potential limitations for this method due to the increasing pump 

power. As the pump power increases, temperature effects and high-power effects become more 

a) 

c) d) 

b) 
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important. This can include lasing for previously under threshold modes, non-linear effect 

generation from the high intensity in the PS region, and an increasing induced chirp. A chirped PS 

DFB leads to output power degradation as the effective length reduces reflectivity  translating into 

more cavity losses. This in turn also reduces the Q-factor and hence can increase the laser linewidth. 

Attempts to achieve SP at higher pump power were unsuccessful, probably due to a combination 

of the previously mentioned factors. Lastly, FPFBG2 cavity length was reduced from 1.90 m down 

to 0.7 m to remove mode hopping behavior. This was unsuccessful with 0.7 m; mode hops were 

still observed using the Fabry-Perot interferometer with values equal to the cavity FSR. 

We have demonstrated the proposed design SP operation functionality. The results confirm that 

quantum defect is highly detrimental to SP operation by detuning the FPFBG and PS DFB grating 

Bragg wavelengths. This can be compensated at higher pump powers by re-tuning the cavity. 

However, increasing the pump power exposes the laser to more undesired instability that can hinder 

SP operation. With such a lengthy cavity, robust SF operation is not possible as expected. SF 

operation confirmation and robust operation investigations are  presented in the following section. 

 

4.5 Single Polarization Single Frequency (SPSF) 

The following section presents results from the single polarization single frequency (SPSF) 

operation objective, related to the methodology in section 3.2.6. This section aims to demonstrate 

SPSF functionality and its robust operation. 

4.5.1 FPFBG3 

In the single polarization operation results, the consequences of phase resonance and reflectivity 

from the external FBG (FPFBG) and phase-shifted DFB Bragg wavelengths tuning were 

investigated by heating only the FPFBG. The PS DFB grating was isolated and thus remained 

unaffected by the TEC temperature due to the high cavity length. However, this high cavity length 

is undesired for SF operation. For SF operation, the FPFBG needs to be pre-emptively Bragg 

wavelength matched to the PS DFB grating, and as both PS DFB grating and FPFBG lay on the 

same metallic plate, the Bragg wavelength temperature tuning range is much more limited. 

FPFBG3 and 4 were tested in this configuration. FPFBG3 Bragg wavelength overlap with the DFB 
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grating is less than FPBG4 whose Bragg wavelength overlap with the PS DFB fast axis wavelength 

is more important. FPFBG3 was first inserted in the new setup and tested at multiple lengths to 

determine a minimal cavity length free of mode hops. The tested lengths are shown in Table 4.2, 

with the first mode-hop-free length being 8.8 cm. 

Table 4.2 External cavity lengths tested with FPFBG3 for mode-hop-free operation. 

 

The FSR for an 8.8 cm cavity is 1.17 GHz, the DFB grating stop band has a bandwidth of a few 

GHz (~ 6 GHz from the simulations in section 4.3). This 1.17 GHz FSR might prevent mode hops, 

but there are still several transmission modes within the grating main bandwidth. FPFBG3 cavity 

length was then reduced to 4.4 cm and the unpumped spectrum was taken at different plate 

temperatures. The results are shown in Figure 4-18 for three temperatures. As the plate is cooled 

from room temperature (Figure 4-18 a)) to -3.4 °C (Figure 4-18 b)) or -5.6 °C below room 

temperature (Figure 4-18 c)), we observe that both gratings shift towards lower wavelengths. 

However, the PS DFB grating central wavelength overlaps more and more with FPFBG3. This 

suggests that the thermo-optic coefficient for TDF is higher than for  SMF-28. To confirm this 

behavior the Bragg wavelength response to temperature of TDF and SMF-28 at λ = 1742 nm was 

measured. Leading to the following results:  
୼ఒ

୼்
= 16 pm/°C for TDF and  

୼ఒ

୼்
= 13 pm/°C for SMF-

28. This confirms both observations from Figure 4-18. First, TDF and SMF-28 do not have the 

same thermo-optic coefficient leading to a distinct response. This re-enforces the need to ensure 

temperature tuning of the laser does not break SPSF operation. Second, their thermo-optic 

coefficient values confirm that thulium doped fiber will experience a higher wavelength shift than 

SMF-28 for the same temperature variation. Then, according to the expected laser temperature 

operation, the FPFBG Bragg wavelength can be written with an offset to optimize its operation at 

the required temperature of operation or vise versa.  

LCavity (cm) FSR (MHz)  Mode Hops
75 137 yes
50 205 yes
15 684 yes
8.8 1170 no
4.4 2330 no
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Figure 4-18 Laser unpumped spectra at 3 different plate temperatures with FPFBG3. Plate a) 

room temperature, b) cooled by 3.4 °C, and c) cooled by 5.6 °C. (1) FPFBG3 and (2) PS DFB 

grating fast axis. 

The laser was then pumped, and its output power and regime of operation were observed at two 

plates temperatures. The results are shown in Figure 4-19 at a) room temperature and b) cooled by 

5.6 °C. There are a few observations to highlight, the first one being the non-linear laser output 

power. This can be attributed to two phenomena: the higher output power with higher pump power 

typical of lasers and the variation in phase relation from the quantum defect. The temperature 

increase in the DFB grating shifts its wavelength of operation whilst the FPFBG remains at constant 

temperature inducing a phase shift between both gratings’ modes. The effect of a phase shift leads 

to a change in transmission and a collapse of SP operation when the phase is in anti-phase. This 

also explains the change of polarization operation with increasing pump power from the quantum 

defect which generates heat. Lastly, we observe an important increase of output power for a 

a) b) 

c) 

1 

2 
2 

1 

1 and 2 



75 

 

constant pump power when cooling the laser. This is attributed to a better heat exchange between 

the DFB grating and the metallic plate. 

 

Figure 4-19 Laser output power with FPFBG3 at a) room temperature and b) cooled by -5.6 °C. 

The red line corresponds to the power requirement of 1 mW.  

This section demonstrates the different thermo-optic coefficients for SMF-28 and TDF at 1742 nm 

which impact the coupled-cavity phase relation. By quantifying the Bragg wavelength temperature 

shift, their Bragg wavelengths writing can be controlled to ensure good overlapping between one 

another by considering the desired Pp and temperature of operation. Finally, we determined a safety 

cavity length limit for mode-hop-free operation of 8.8 cm. 

a) 

b) 
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4.5.2 FPFBG4 

FPFBG4 was then inserted in the test bench. To reduce the phase variation sensitivity to 

temperature and further increase the FSR, FPFBG4 was spliced with a shorter cavity length, 

3.2 cm. The resulting FSR is 3.21 GHz. This further reduces the number of transmission modes 

within the cavity. Figure 4-20 shows the unpumped spectra for FPFGB4 focused on the FPFBG 

and PS DFB grating fast axis for the metallic plate a) at room temperature and b) cooled by  3.75 °C. 

At room temperature, we observe how the bandwidth overlap is higher than for FPFBG3 (see 

Figure 4-18). 

 

Figure 4-20 Laser unpumped spectra at 2 different plate temperatures with FPFBG4: plate a) at 

room temperature and b) cooled by 3.75 °C. (1) FPFBG4 and (2) PS DFB grating fast axis. 

 

 

 

 

 

Once inserted, we characterized the laser frequency shift induced by the cavity detuning from the 

quantum defect. The results are shown in Figure 4-21 a) at room temperature and b) cooled by 

a) b) 
1 and 2 1 and 2 
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3.75 °C. We observe in both instances the three different polarization operation regimes: dual 

polarization, fast axis single mode, slow axis single mode and their respective transitions.  

 

Figure 4-21 Laser frequency shift induced by Pp: a) at room temperature, and b) cooled by 

3.75 °C.  

The three polarization operation regimes are observed in Figure 4-21, but they were not observed 

using FPFBG3 at room temperature despite the same Pp range as in Figure 4-19 a). This can be 

explained by the different cavity length and Bragg wavelengths overlap, which changes the phase 

as seen from equation (2.13). The polarization regime changes once again for the whole Pp 

spectrum when the laser is cooled in  Figure 4-21 b), due to another initial phase shift but this time 

from temperature, i.e., the polarization regime associated to a Pp is different and the polarization 

a) 

b) 
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transitions occur at different Pp . Figure 4-22 zooms on the fast axis shift, we see how the frequency 

shift for the same Pp is higher for the laser at room temperature in a), compared to the cooled laser 

in b). The dual polarization regime shifts presented follow the fast axis shift. This is in agreement 

with the increase in power from cooling observed in Figure 4-19. A better heat dissipation from 

cooling reduces the induced chirp in the cavity. 

 

Figure 4-22 Laser frequency shift induced by Pp zoom on fast axis. a) room temperature, b) 

cooled by 3.75 °C.  

Similarly, to FPFBG3, the output power for the laser with FPFBG4 was characterized at room 

temperature as seen in Figure 4-23. The minimal output power requirement of 1 mW with a SPSF 

operation is achieved for a low Pp of 330 mW up to 650 mW. 

a) 

b) 
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Figure 4-23 Laser output power with FPFBG4. The red line corresponds to the power 

requirement of 1 mW. 

The spectrum was taken at multiple Pp, Figure 4-24 presents the laser spectra for Pp = 361 mW, 

and Pp = 586 mW where it operates in what seems to be in a single mode regime. Their respective 

output power is also displayed. 

 

Figure 4-24 Laser spectra at room temperature for a) Pp = 361 mW and b) Pp = 586 mW with 

their respective output power. 

Measurements with the FPI and ESA were taken to confirm SPSF operation. The FPI results are 

presented in Figure 4-25 for both pump powers with their respective FSR in a) and c) displaying 

a) b) 

𝑃୭୳୲ =  1.38 mW P୭୳୲ =  1.16 mW 
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SF operation. ESA measurements did not show any frequency beat. The SF peaks were zoomed in 

confirming SF operation and their FWHM measured. The results are presented in Figure 4-25 b) 

and d) for both Pp. The asymmetry of the peaks is attributed to the input signal alignment with the 

interferometer. The laser output port is connected to the FPI using a FC/PC adaptor which then 

couples in the FPI cavity. The FPI model does not offer integrated alignment tools and would thus 

require preinjection alignment tuning to eliminate the peak shape. The respective FWHM values 

measured are also presented with values close to 8 MHz or 81 fm at λ = 1742 nm. As expected with 

this cavity length (L=3.2 cm) no mode hopping was observed.  

 

Figure 4-25 Laser linewidth measurements at room temperature for c) Pp = 361 mW d) Pp = 

586 mW with their respective FSR a) and b). 



81 

 

The dynamic behavior of the single mode, its stability, was also observed using the FPI for both 

pump powers. The maximum peak drift is 30 MHz or 0.3 pm at λ = 1742 nm, which is compliant 

with the required stability of a maximal value of 1 pm for strontium 87 optical lattice application. 

So far, we have demonstrated the SPSF operation of the design with an output power over the 

required 1 mW. Furthermore, this output power was achieved at low pump power, an advantage 

for low power consumption. We have highlighted the role of the initial phase relation dependence 

with the cavity length (optical path) and with the laser operation temperature. The following last 

results demonstrate robust SPSF operation under temperature and strain tuning. 

With both TDF and SMF-28 having a different thermo-optic coefficient their Bragg wavelength 

temperature response varies one to another. Naturally, the same can be expected for the strain 

response since both fibers have a different fabrication process and components, e.g., stress rods. 

With strain being a common method for laser tuning this investigation is even more important. The 

laser strain is induced with a micrometric translation stage and fiber clamps at the laser extremities. 

The corresponding frequency shift is measured. Similarly, the metallic plate temperature over 

which rests the laser was changed and the frequency shift measured. The results are presented in 

Figure 4-26 a) for the temperature response and Figure 4-26 b) for the strain response. The SPSF 

operation was maintained throughout the tuning for both methods whether slowly varying or 

rapidly varying, demonstrating robust SPSF operation. For temperature, we previously observed 

the collapse of single polarization operation during the increase of pump power related to a 

frequency shift Δf = 2 GHz at room temperature whereas robust SP operation is shown during laser 

tuning over a Δf = 7 GHz. The response to temperature differs for both fibers, hence we could 

expect to see a collapse of SP operation. However, in the quantum defect shift case, the detuning 

is increased within the laser itself and the temperature difference between both gratings is more 

important.  

Previous calculations for TDF achieved a phase shift Δφ = π for a cavity length of 3.2 cm at ΔT = 

4 °C, see Table 4.1. The values are similar for SMF-28. This is a value within the temperature 

variation performed during the tuning, which means the laser has cycled through the phase and 

anti-phase regime while maintaining SPSF operation. This demonstrates robust SPSF operation, 

but further characterization would be required to better understand the mechanism and its 
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limitations. Indeed, this robustness might come from the phase inability to reach anti-phase 

behavior due to the initial phase. This initial phase is then modified by a minimal amount from the 

TEC ±0.1°C temperature variation resolution. Characterizing the initial phase range from which 

the laser can be temperature controlled while maintaining SPSF operation is a valuable information 

for a robust manufacturing process control.  

 

Figure 4-26 Laser tuning with FPFBG4 using a) temperature and b) strain at a constant Pp = 

330 mW. 

In this section we demonstrated robust SPSF operation for our laser whose required specifications 

for Sr87 optical lattice application were met: SPSF operation, 1 mW of output power minimum and 

noise under 1 pm. We further investigated the laser robustness determining the important role of 

a) 

b) 
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pump power and initial phase for the polarization regime response. Under temperature and strain 

tests, the laser remained SPSF and mode-hop-free. We highlighted potential limitations and future 

investigations to test for better understanding of the tuning and SPSF dynamic. 
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 DISCUSSION AND RECOMMENDATIONS 

Simulations of the proposed design highlighted the key parameters expected to influence the 

desired laser behavior. These limitations were first discussed in the literature review in Chapter 2, 

section 2.4.7. Solutions were identified, implemented, and demonstrated in the realization of a 

single polarization single frequency (SPSF) laser with the required specifications, while the 

limitations were expanded and quantified. In the following chapter the secondary objectives are 

presented with their respective results. The design limitations are discussed with the results and put 

into context with other state-of-the-art methods for SPSF operation in fiber lasers. As the state-of-

the-art, emphasis is placed on the discussion of three methods: FBG writing using linearly polarized 

light, the short-cavity polarization axis alignment, and the selective wavelength feedback with a 

non-polarization maintaining (PM) fiber. Finally, recommendations and future steps are also 

discussed throughout the chapter. 

5.1 Laser Fabrication 

The proposed design relies on three fiber types for its functionality: PM, PM TDF, and low 

birefringence fiber, and thus 2 custom splices. From the perspective of cost reduction and ease of 

access, this research shows how the requirements are reduced to 2 fiber types: PM TDF and SMF-

28 with MFDs of 5.6 μm and 10 μm respectively. The mode field diameter mismatch between both 

fibers was the first challenge encountered and is a limitation of the proposed design due to its high 

impact on waveguide losses [77, 87]. The pump to WDM splice ensures maximum power in the 

gain medium for increased laser efficiency and reduction of pump threshold. A poor TDF PM to 

low birefringent splice results in an increase in loss for the laser cavity, which reduces the Q-factor 

[21] and reduces the reflected signal power, required for SP operation. The FBG linearly polarized 

writing method eliminates the need for a splice point inside the cavity which is a major advantage 

over methods requiring an intra-cavity splice such as short-cavities and selective polarization 

feedback designs [38, 66]. The effect of a lower reflected signal was observed when FPFBG1 was 

introduced as the low birefringence fiber. We believed its low signal reflectivity R = 10% limited 

SP operation compared to FPFBG2 R = 50%. Pre-programmed splice recipes yielded poor results, 

with transmission losses of 85% which greatly incapacitated the laser operation. Nonetheless, this 

limitation was greatly improved with a custom developed splice resulting in over 98% signal 
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transmission. The waveguides junction losses could further be improved with a careful selection 

of a low birefringence fiber with a closer MFD match to the PM TDF. The mechanical integrity of 

the splice was also tested with strain tests withstanding up to 140 kpsi. This test is critical for laser 

strain tuning and FBG writing, where the fiber is placed on the stage with strain for position 

uniformity and for better writing control. 

The literature points toward high signal reabsorption for Tm doped fiber characterization near 1.7 

μm [39] and thus a lower signal emission at 1.7 μm versus at 1.9 μm signal [73]. The value obtained 

for the absorption coefficient characterization of the PM TDF in this work was quantified 0.4 

dB/cm near 1.74 μm. Amplified spontaneous emission and gain measurements show similar value, 

for 1.9 μm and 1.7 μm. The TDF selected for this research can thus be expected to face the same 

challenges when designing short cavities near 1.7 μm as the ones presented in the literature [74]. 

The fabrication of the phase-shifted (PS) DFB grating by my colleague Frederic Monet, and the 

implementation that followed resulted in an operational 1742 nm PS DFB laser in Tm PM fiber, 

achieving the goal set by objective (1). The DFB grating is 10 cm in length and was inscribed with 

a 1.5 mW 213 nm wavelength UV source. Other PS DFB 10 cm long gratings were written and 

achieved lasing. However, attempts to make shorter DFB gratings, 5 cm in length were 

unsuccessful. The RI modulation process is proportional to the incident light power [24]. The UV 

light power used to inscribe the gratings was increased up to 5 times the power used for the 10 cm 

gratings, thus achieving multiple grating strengths of lower and higher value than the DFB grating 

presented in this work. There could be several reasons why the 5 cm grating would not lase, 

possibly due to the fabrication process but which are beyond the scope of this thesis,  however it 

could also be related to the PM TDF. These results highlight the need for future investigations on 

exploring the limitations of inscription in the selected TDF PM fiber. These limitations could be 

from induced background loss or low total gain. If the gain is too small no significant amount of 

signal is detected outside the cavity due to the low output coupling from the DFBs’ high 

reflectivity. 

5.2 Single Polarization Single Frequency (SPSF) Operation 

The simulations results showed that the external cavity length Lcavity, the phase φ, and the 

wavelength detuning Δλ of the Bragg wavelengths are the main parameters affecting SPSF 
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operation. In doing so the realization of objective (2) was achieved. The phase relation between 

coupled cavities affects the laser output power. We observe a periodic behavior from the phase 

variation with localized maxima as we increased the pump power. This is, however, not purely 

periodic as the periodic behavior occurs in pair with the typical laser behavior of output power 

linearly proportional to the pump power. Quantum defect detunes both the cavity phase and its 

wavelength of operation from the external FBG (FPFBG). For small increments, Bragg wavelength 

detuning Δλ acts as a phase shift on the cavity behavior. As the wavelength detuning increases due 

to heating in the phase-shifted (PS) DFB grating from the quantum defect, the lack of overlap 

between the Bragg wavelengths of the DFB and the external FBG gratings then becomes the main 

single polarization (SP) operation limitation factor – observed at Pp = 800 mW for the FBG tuning 

temperature of 36 °C. The quantum defect was partially mitigated by retuning the FPFBG 

temperature to the new PS DFB redshift operation wavelength. This enables SP operation at high 

pump powers – SP operation achieved at Pp = 800 mW and Pp = 900 mW for FPFBG temperatures 

of 41.3 °C and 43.2 °C respectively. This is possible only when the temperature of the FPFBG 

alone can be tuned, hence not in the desired short external cavity length. The heat induced by the 

quantum defect would require non-uniform cooling with maximum cooling located at the PS region 

to be fully mitigated. This could be done using smaller Peltier elements, but the non-uniform heat 

remains an inherent flaw of DFB fiber lasers not found in short-cavity fiber lasers.  

While typical lasers operation enables a selection of output powers via pump powers, which 

increases their versatility, the external FBG design limits the Pp range of operation. The determined 

laser range for SP operation is ΔPp ≅ 300 mW. This is one of the main limitations determined for 

the proposed design. However, constant pump power, or constant current are common regimes for 

the operations of lasers which suits our laser as it can operate with robust single polarization output. 

Moreover, high pump power operation is not recommended in DFB fiber lasers where undesired 

quantum defect effects previously mentioned are made more prevalent. The observed multimode 

operation at high pump power was investigated. The sidelobes present at 40 pm of the Bragg 

wavelength are due to the method used to write the FBG, but only become apparent at high pump 

powers. An increased apodization length of 30% was proposed and simulated as a solution to 

eliminate these unwanted modes. This in turn requires a higher RI modulation to maintain a fix 

grating strength.  
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Comparatively, X. Cen et al. 1.7 μm TDF short cavity laser was able to operate in SPSF with an 

output range of 1.5 mW to 12 mW with a respective range of 350 mW to 600 mW of absorbed 

pump power [74]. The SPSF output power range is much larger without the FPFBG. However, the 

phase-shifted DFB laser developed achieves 1.5 mW for a Pp = 460 mW, but only 250 mW of 

absorbed pump power – better laser efficiency at low pump power. This was determined by 

measuring the residual pump power at port 3 (P3) and subtracting it from the injected pump power 

in the fiber. We believe the output power can be further increased with the addition of a thermal 

compound with low viscosity such as glycerol. This is expected to have a similar effect from the 

laser cooling which demonstrated an increase in output power up to 77% for a constant pump 

power. This is due to increasing the heat dissipation and thus dampening the cavity chirp and phase 

shift. The quantum defect effect partial mitigation was confirmed by measuring a larger laser 

frequency shift at room temperature compared to the lower frequency shift when the laser is cooled.  

The external cavity length impacts the spacing and thus number of transmission modes within the 

DFB stopband. We observed the resulting laser mode hopping experimentally and which was also 

seen in simulations. The FPFBG cavity length of 8.8 cm with a free spectral range = 1.17 GHz 

determined a length limit for mode-hop-free operation. The length challenge is a main flaw of short 

cavity lasers discussed throughout this work. The 1.7 um Tm doped fiber (TDF) laser based on a 

short-cavity design had its length limited to 1.8 cm for safe SPSF operation [74] compared to the 

proposed design limited to 8.8 cm in length. More importantly the length limitation in the proposed 

design is not from the gain cavity. 

The cavity length used in this thesis, the most visible impact is on single frequency operation not 

single polarization operation, but Lcavity also increases the linear variation response of phase from 

temperature which compromises the stability of SP operation. Writing the phase shifted DFB and 

FPFBG separately and then performing a splice limits their minimal cavity length. The required 

high intensity splice arc can partially erase the refractive index modulation and thus the grating; a 

cavity length limitation encountered in this work. Splicing the non-PM fiber to the PM TDF before 

grating inscription would enable much lower cavity lengths controlled by the high precision FBG 

writing stage. This solution enables repeatability for the initial phase, quality control and ease of 

manufacturing while improving the robustness of the laser to temperature variations significantly.  
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The results indicate the important role of phase for SP operation, its control is a major challenge 

with a design based on coupled cavities and is related to equation (2.13) parameters. The coupled 

cavities phase 𝜙 can be expressed with two terms : 

 𝜙 = 𝜙௜ + Δ𝜙 (5.1) 

where 𝜙𝑖 is the initial phase, the phase induced by fixed parameters. These parameters are shown 

in the proposed design to be the external cavity length (O.P.), the temperature of operation and the 

Bragg wavelengths offset between both gratings. Δ𝜙 is a phase variation - for the PS DFB laser 

this is stress induced by strain and/or temperature variations for tuning and temperature stability 

purposes affecting the RI and cavity length Lcavity. Ideally, the response of the fiber to temperature 

and strain is uniform. This is normally limited by the strain and temperature setup used. In the 

proposed PS DFB laser, the selective polarization feedback relies on two fibers, hence most likely 

two different responses to the same applied stress. Results show that the thermal response of the 

materials differ and thus it requires considering the stress induced phase variation Δ𝜙 – the 

measured response was 
୼ఒ

୼்
 = 16 pm/°C for TDF and  

୼ఒ

୼்
 = 13 pm/°C for SMF-28 at 1742 nm. The 

PS DFB laser maintained SPSF operation for ΔT =  6.5 °C. This temperature variation was selected 

as it coincides with the TDF DBR laser [74] temperature variation and covers the temperature 

variation of ΔT = 4 °C for a shift of Δ𝜙 = π in TDF. If 𝜙 = π the losses of the selected polarization 

increase, and we observe SP operation for the slow axis. The reduced feedback then the phase 

relation is close to anti-phase values lead to dual polarization, the increase losses do not fully inhibit 

the selected polarization but still hinder it – disabling the SP operation regime. The induced phase 

variation Δ𝜙 from strain and temperature, in increments of ±0.1°C, did not collapse SPSF 

operation. Their respective spectral response to temperature leads to thermo-optic coefficients 
డ௡೒

డ்
 

= 9.2 μRI/°C for TDF and 
డ௡೒

డ்
 = 7.5 μRI/°C calculated with the Bragg wavelength response to 

temperature at 1742 nm. 

Future investigation to understand the limitations of tuning include increasing the temperature 

tuning range, deepen the understanding of the temporal response from their respective thermo-optic 

coefficient, varying 𝜙௜, the initial phase, and optimizing FPFBG reflectivity. For the temperature 

tuning range, we can expect SP operation to be halted before or at the wavelength difference 
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Δλ =140 pm, the difference between FPFBG2 and the PS DFB grating. For both fibers to observe 

the same wavelength variation, it would require a temperature variation ΔT = 47 °C. With  Δ𝜙 

being constant, a variation of 𝜙௜ can be done with slight alterations of the O.P. by changing the 

external cavity length and then observing the resulting polarization regime of operation. Then, by 

repeated characterization of the frequency shift and observation of SPSF while temperature tuned 

one can determine initial phases to avoid collapse of SPSF operation. Finally, optimization for the 

FPFBG reflectivity is highly valuable to optimize the laser threshold and output power [65]. In its 

globality, this research project succeeded achieving its remaining objectives by  developing a SPSF 

laser with robust operation with over 1 mW of output power and a FWHM and stability under 1 

pm. 
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 CONCLUSION 

The main objective of this work was to development of a single frequency linearly polarized laser 

in Tm polarization maintaining fiber near a wavelength of 1.7 μm using a phase-shifted (PS) 

distributed-feedback (DFB) structure for the generation of optical lattice for optical clocks 

applications. In Chapter 2 theorical background on PS DFB, thulium doped fiber and a state-of-

the-art for  SPSF operation in fibered lasers was presented. The single polarization single frequency 

(SPSF) laser methods were presented with their respective limitations and benefits. Chapter 3 

presented the work performed during the research project for the development and characterization 

of the proposed design. Chapter 4 presented the characterization results and investigations 

performed. The initial focus was placed on fabricating the PS DFB laser, followed by the SPSF 

operation characterization of the laser. In between the fabrication and SPSF characterization, 

simulations were performed to understand the laser behavior. Chapter 5 further discussed the 

results while incorporating state-of-art elements, the challenges encountered were discussed with 

their respective solutions and future investigations.  

The main objective was successfully achieved: develop a novel SPSF design for fiber lasers. The 

objectives also achieved the required specifications of minimum output power for the master 

oscillator power amplifier  seeding of 1 mW, and a laser with a FWHM and stability under 1 pm. 

Comparison with short-cavity Tm doped fiber (TDF) based lasers at the same wavelength further 

exposed its benefits. (1) The fabrication of the laser does not require expensive splicer. (2) The 

laser gain media length is not limited for SPSF operation. (3) The laser enables the usage of smaller 

L-band wavelengths pump sources much more accessible and at lower cost. (4) The laser 

fabrication process for SPSF operation can be well controlled in a manufacturing environment and 

(5) it inherits the benefits from fiber optics. The main limitations of the laser are related to its 

coupled cavities behavior in terms of Bragg wavelength overlap, DFB lasers sensitivity, as well as 

mode field diameters mismatch and phase relation which is affected by the quantum defect and 

different thermo-optic coefficients inherent in the laser. Nonetheless, this is an additional tool in 

the state-of-the-art optical fiber laser designs for achieving SPSF operation. More investigations 

using the selected Tm doped fiber with the recommendations implemented, can lead to significantly 

better performance. Future work could then also include development of a 1.7 μm short cavity-

based laser and a DFB cavity inscription using linearly polarized light for comparisons between 



91 

 

design with the selected TDF. This could incorporate the usage of UV light or the usage of recently 

developed femtosecond writing techniques as well as the usage of longer L-band wavelength pump 

which will lead to an improvement in thulium doped fiber lasers efficiency. Lastly, this research 

contributes to the promising future applications of optical clocks which require compactness and 

robustness to be more accessible and used in new environments.
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