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ABSTRACT 
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Doctor of Philosophy 
POWER SCALING OF NOVEL FIBRE SOURCES 

By Rafal Cieslak  
 

This thesis explores novel fibre-based coherent light source architectures and 

strategies for scaling output power. The research focuses on fibre-based amplified 

spontaneous emission (ASE) sources with broadband output in the ~1 µm spectral 

region and on internally-frequency-doubled fibre lasers emitting in the visible 

(green) wavelength range. In Part I: Spectrum-controllable fibre-based amplified 

spontaneous emission sources modelling, development and characterisation of a 

versatile ASE source based on Yb-doped fibre gain stages, using power-efficient 

means for spectrum control is presented. Experiments have culminated in a versatile 

seed source with polarized output and a reasonable degree of spectral control. In its 

final configuration, the ASE source was capable of producing either a broad 

spectrum in the 1-1.1 μm band with a full-width at half-maximum of 15-40 nm and 

output power > 1 W.  Alternatively, single/multiple narrow lines with a full-width at 

half-maximum ranging from several nanometres to < 0.05 nm and output power 

spectral densities of up to 100 mW/nm could be generated. The output power was 

temporally stable with fluctuations at the level < 0.3-0.8% of the total output power. 

Very high spectral stability was obtained, which was limited mostly by the 

mechanical stability of the external cavity. The output beam was nearly diffraction 

limited with M2 ≈ 1.1. Part II: Efficient intracavity frequency doubling schemes for 

continuous-wave fibre lasers introduces a novel concept for resonant enhancement of 

the intracavity power in high power continuous-wave fibre lasers that is suitable for a 

wide range of applications. Using this concept, efficient frequency doubling in 

continuous-wave Yb-doped fibre lasers has been demonstrated and techniques for 

using it in devices based on both robustly single-mode and multi-mode fibres have 

been developed. Finally, this thesis presents wavelength tuning of continuous-wave 

Yb-doped fibre lasers over ~19 nm in the green spectral region and scaling the 

generated second harmonic power up to ~19 W with more than 21% pump to second 

harmonic conversion efficiency. 
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4�, 4$  angle of incidence on the concave mirror, on crystal (Brewster angle) 

R1,R2,R3,R4 power reflectivity of the enhancement resonator mirrors 

r1,r2,r3,r4 electric field reflectivity of the enhancement resonator mirrors 

T1,T2,T3,T4 power transmittance of the enhancement resonator mirrors 

t1,t2,t3,t4 electric field transmittance of the enhancement resonator mirrors 

rHR  electric field reflectivity of the HR concave mirror 

Rc  radius of curvature of the concave mirror 

Lc  length of the nonlinear crystal 

IY
h , IY

g   refractive index at fundamental wavelength along Z, Y axis 

I�Y
h , I�Y

g  refractive index at second harmonic wavelength along Z, Y axis 

Ei, Et electric field amplitude incident on the input coupler, transmitted 

through the output coupler of the enhancement resonator 
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m  round-trip phase shift 

n�  round-trip transmission function, excluding input/output coupler loss 

�   round-trip loss excluding SHG conversion and mirrors’ transmissions 

��2a  single round-trip second harmonic conversion efficiency 

Pi  power incident on the input coupler of the enhancement resonator 

Pt  power transmitted through the enhancement resonator 

Pc  intracavity circulating power near the output coupler surface 

Pl power lost in the enhancement cavity (excluding second harmonic 

output and input/output coupler transmissions) 

Pr power rejected by the enhancement cavity (via reflection from the 

input coupler) 

:-m.  transmission function of the enhancement cavity (vs. phase shift) 

Tmax maximum value of the transmission function  

m
  FWHM width of the peak of the transmission function 

Δ
  FSR of the enhancement cavity 

F  finesse of the enhancement cavity 

e  finesse coefficient of the enhancement cavity 

λo, νo  resonant wavelengths, resonant frequencies of the enhancement cavity 

:�
#.L., ��

#.L. power transmittance, reflectivity of  impedance-matched input coupler 

��
#.L.  power circulating in the impedance-matched enhancement cavity 

�c  total round-trip loss excluding the input coupler transmission 

qY ,  q�Y fundamental power enhancement, SHG efficiency enhancement factor 

r  proportionality constant of SHG efficiency vs. fundamental power 

�Y, ��Y Fresnel reflection coefficient at fundamental, SH wavelength 

dm  distance between concave mirrors 

w0  resonator mode waist spot size between concave mirrors 

m\! resonator mode waist position shift (with respect to the initial position 

half-distance between concave mirrors) 

w1  resonator mode waist spot size between plane mirrors 

��  overlap integral 

E1, E2  complex electric fields in a plane, referring to the field of the spatial 

mode of the main laser mode and the field of the enhancement 

resonator mode 
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43  angle of refraction into the substrate of the concave mirror 

Is  index of refraction of the substrate of the concave mirror 

5  distance from the centre of the concave mirror to the beam position 

m8  maximal displacement distance between etalon mirrors 

VAC  driving voltage from the high-voltage supply 

Δt  driving voltage from the high-voltage supply (peak-to-peak value) 

δt driving voltage change corresponding to cavity length increment of 

one FSR 

mn  time corresponding to cavity length increment of one FSR 

λuv@v  wavelength of the He-Ne laser 

SL  velocity of the mirror on the piezoelectric transducer 

w, fc  driving voltage frequency, optical chopper modulation frequency  

m8  maximal mirror displacement distance 

m
& spectral distance travelled by the transmission peak before the fibre 

laser completely changes the set of oscillating axial modes 

m8& distance travelled by the mirror before the fibre laser completely 

changes the set of oscillating axial modes 

mn& time needed to completely change the set of oscillating axial modes 

n��  round-trip time of the main fibre laser cavity 

dy  width of the chopper blade 

Δt  time it takes the chopper blade to fly through the laser beam 

Ppeak  output peak power 

PCW  output continuous-wave power 

T  period of modulation induced by the optical chopper 
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Chapter 1 

Introduction 

 

 

1.1. Motivation 

 

Lasers have contributed to humanity as powerful scientific tools for expanding 

human knowledge and in many real-life applications. Today, coherent light sources 

are used in a broad and still increasing range of products. Common application areas 

include high capacity telecommunication, medicine, manufacturing, construction, 

surveying, consumer electronics, scientific research and defence. Visionary 

applications for laser sources and developments in the application areas where lasers 

have been already adopted constantly ask for higher power and higher brightness. 

Aside from power and brightness requirements, specific applications place additional 

demands on the laser sources in terms of mode of operation, polarisation, beam 

pointing and power stability, beam quality, linewidth and operating wavelength. 

Some of these applications require both high optical power and well-defined laser 

output parameters (e.g. specific shape of optical spectrum with high temporal 

stability), which can be difficult to obtain. In some situations, amplified spontaneous 

emission (ASE) sources, rather than conventional laser oscillators, can be a better 

solution. Some applications require high power laser radiation at wavelengths not 

directly accessible by natural emission from laser materials. In this case, the 

wavelength of the laser radiation may be changed via nonlinear frequency conversion 

in an optically nonlinear medium positioned inside or outside of the laser resonator. 

Rare-earth (RE)-doped solid state lasers, particularly in fibre geometry, are very well 

suited for applications where high power, high brightness coherent radiation is 

required. However, it is often challenging to obtain high power laser output in 

spectral regions outside the natural emission bands of RE-doped fibres. Tailoring the 

shape of a broad spectrum emitted from a fibre-based ASE source to suit the needs of 

various applications can also be quite challenging. This body of work presents novel 

concepts for power scaling of frequency converted fibre lasers, as well as the design 
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and power scaling strategy for spectrum-controllable fibre-based ASE sources. This 

thesis will only consider sources operating in continuous-wave (CW) mode of 

operation and nonlinear frequency conversion schemes while the analysis will focus 

on second harmonic generation (SHG). 

 

 

1.2. Research area 

 

The theoretical foundations for lasers and masers, conceptually based upon 

probability coefficients for the absorption, spontaneous emission, and stimulated 

emission of electromagnetic radiation, were established by A. Einstein in 1917 [1.1], 

and detailed calculations on an “optical maser” were published in 1958 by A. L. 

Schawlow and C. H. Townes [1.2]. The first working laser source, a pulsed solid-

state (ruby) laser, was demonstrated by T. H. Maiman in 1960 [1.3], while the first 

gas (Helium-Neon) laser [1.4], first laser diode [1.5], as well as the first fibre laser 

[1.6] were demonstrated within the next two years. A diode-pumped solid-state laser 

was demonstrated in 1964 [1.7], but it was not until 1980’s when the laser diodes 

reached lifetimes and output powers allowing them to replace flash lamps commonly 

used as pumping sources for early solid-state lasers. The first fibre-based coherent 

light sources and amplifiers were based on single-clad fibres where pump and signal 

propagate in a doped core. However, the output power from single-mode diode laser 

pump sources restricted the fibre laser’s output power to a fraction of a watt. The 

introduction of the double-clad fibre architecture [1.8] allowed pump light to be 

coupled into a much larger inner-cladding thus relaxing the requirement on the pump 

source beam quality. Further development of large double-clad fibres, combined with 

the rapid improvements in diode laser technology, resulted in dramatic progress in 

scaling output power from RE-doped fibre lasers and amplifiers by a factor of four 

orders-of -magnitude over the last twenty years (fig. 1.1). Fibre lasers emitting in the 

~1 μm wavelength regime were originally based on neodymium (Nd)-doped fibres 

and reached several tens-of-watts single-mode output power in the late 1990’s [1.12]. 

They were later replaced with ytterbium (Yb)-doped fibre lasers that proved to be 

more suitable for power scaling for a number of reasons (i.e. smaller quantum defect, 

wider emission bandwidth, longer upper-state lifetime, as well as a simple energy 
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level structure free from detrimental quenching processes). Indeed, it was possible to 

scale the output power from Yb-doped fibre lasers over two orders-of-magnitude in 

the last decade and currently these devices can yield more than 10 kW in a nearly 

diffraction-limited beam [1.21]. 

 
 
Figure 1.1: Evolution of the output power reached by fibre lasers [1.9-1.29] and fibre-based 
ASE sources [1.45-1.47] with nearly diffraction limited beam quality emitting in different 

spectral regions 
 
Fibre lasers with output in the ~1.5 μm wavelength region were based on erbium 

(Er)-doped and later on Er/Yb-co-doped fibres were employed offering improved 

pump absorption characteristics. The output power from single-mode fibre lasers 

emitting in this spectral range increased from watt-level in early 1990’s [1.22] to 

more than a hundred watts of single-mode [1.23, 1.24] and several hundred watts of 

multimode output [1.33]. However, when compared to Yb-doped fibre lasers 

emitting at ~1 μm, power scaling of the Er/Yb systems emitting ~1.5 μm is more 

challenging for a number of reasons, including larger quantum defect, imperfect 

energy transfer from Yb to Er ions and spurious Yb emission at ~1 μm in the Er/Yb-

doped fibre core.  

 



4 
 

Fibre lasers emitting in the ~2 μm spectral region, based on thulium (Tm)-doped 

fibres typically yield output power of an order-of-magnitude lower than current Yb-

doped fibre devices. Nevertheless, Tm-doped fibre lasers have been developed as 

rapidly increasing in terms of output power from several milliwatts in the late 1980’s 

[1.25] to kilowatt-class lasers with a nearly diffraction limited beam [1.29]. 

Development of silica fibres doped with Bismuth (Bi) enabled access to 1.15-1.5 μm 

band complementing the spectral range available from RE-doped fibers. Although 

the output power from Bi-doped fibre lasers is still relatively low [1.36] the prospects 

for scaling to higher power levels, using in-band pumping schemes with Yb-doped 

fibre lasers, look very promising.  

 

Power scaling work has been also done with fibre lasers at longer wavelengths 

including the mid-infrared (mid-IR) spectral region. These devices, typically using 

different laser transitions in holmium- (Ho-), dysprosium- (Dy-), and Er-doped 

fluoride glasses, can be tuned over relatively broad ranges to access wavelengths 

required for specific applications. Although RE-doped fibre lasers emitting in the in 

the 3-4 μm delivered only several milliwatts [1.34, 1.35], more recent experiments 

using novel glass compositions with improved transmission characteristics 

demonstrated watt-class Ho fibre lasers around ~3 μm [1.30], a ten-watt-class Er 

fibre laser at 2.78 μm [1.31] and more than hundred watts from a Ho-doped silica 

fibre laser emitting at 2.13 μm [1.32]. Output at shorter wavelengths in the visible 

and ultraviolet (UV) spectral region has been also demonstrated with fibre lasers. 

Laser emission in the red, green and blue-green regions was observed in 

praseodymium (Pr)-doped fibres. These devices delivered ~250 mW in the red band 

and several milliwatts in the blue-green region [1.37-38]. Output power of ~30 mW 

in the red spectral range was also obtained with samarium (Sm)-doped fibre laser 

[1.39]. Power scaling in these wavelength bands is particularly challenging due to the 

very limited power of available pump sources, such as semiconductor and solid-state 

lasers emitting in the UV and blue spectral regions, required for efficient pumping of 

Pr- and Sm-doped fibre lasers. One solution to this problem is to use pump sources 

emitting at longer wavelengths, tailored for multi-stage pumping of RE-doped fibre 

lasers. This approach allowed generating over a watt output in the red band [1.40], 

~150 mW in the blue-green [1.41] and ~100 mW in the green spectral range [1.42] 

from Pr-doped fibre lasers. In the blue-green band emission was obtained in Ho-, Er- 
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and Tm-doped fibres with a maximum output power of ~375 mW [1.44]. Emission in 

the violet and UV spectral regions (with sub-milliwatt output power) was also 

demonstrated using Nd-doped fibres [1.43]. However, these upconversion fibre 

lasers are typically based on fluoride glass fibres such as the ZBLAN (ZrF4-BaF2-

LaF3-AlF3-NaF) family and their output power is limited by thermal and optical 

damage effects occurring at relatively modest power in these fragile and low melting 

temperature materials. 

 

Overall fibre lasers have experienced stable exponential growth in output power over 

the last three decades in ~1 μm [1.9-1.21] and ~2 μm [1.25-1.29] wavelength 

regimes, where the output power has increased by more than 2dB per year (fig. 1.1). 

Studies by various independent research groups suggest that scaling the output power 

from a single fibre cannot go on forever. At some point the maximum power that can 

be extracted from fibre laser will be fundamentally limited by optical damage, 

thermal and nonlinear effects. Nevertheless, every year still brings new fibre designs 

aiming to mitigate the nonlinear effects, and new materials with lower losses and 

higher damage thresholds are being developed. It is not clear when the upper limit on 

the power extractable from a single aperture will be reached, but we can certainly 

expect continuous increase in brightness of the fibre lasers over the years to come. 

 

Although fibre-based lasers and amplifiers deliver output with impressive power and 

brightness in the near-IR spectral band, increase in available output power has not 

been so dramatic in other wavelength regimes. The output power from fibre lasers 

emitting in the visible spectral region is currently limited to a fraction of a watt, and 

further power scaling of these architectures looks very challenging. On the other 

hand, impressive power levels available in the near IR wavelength regime offer the 

prospect of much higher powers in visible band via nonlinear frequency conversion. 

Efficient frequency doubling by second harmonic generation (SHG) in “bulk” solid-

state lasers has its limitations and in fibre lasers it is not particularly easy. These 

issues will be discussed in more detail in next chapters of this thesis. Nevertheless, 

the highest power available from a laser source with decent beam quality was 

obtained from a fibre laser using an external resonant enhancement cavity scheme for 

efficient frequency doubling [1.51]. Although very efficient and capable of 

delivering multi-hundred watts visible output, this approach involves complex cavity 
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stabilisation systems and has certain limitations on fundamental power level. This 

thesis will discuss the challenges of power scaling of the current technology and 

propose an alternative scheme for efficient frequency doubling of high power fibre 

lasers. The proposed scheme will potentially alleviate the limitations of external 

resonant SHG while maintaining its exceptional efficiency and offering the potential 

of scaling to much higher power levels in the visible spectral range. 

 

ASE sources (sometimes called superluminescent or, erroneously, superfluorescent 

sources) belong to another group of coherent light sources, similar to lasers, but 

typically not utilising an optical resonator. In many cases some form of a resonator 

helps to build up the ASE signal and an ASE source can become a laser when the 

population inversion and thus round-trip gain are sufficiently large to reach the lasing 

threshold. The first fibre-based ASE sources were demonstrated in late 1980’s and 

like their laser counterparts were based on Nd-doped fibres. These sources delivered 

only several milliwatts of optical output in their early days [1.45], but their output 

power increased greatly over the years following the development of high power 

fibre laser technology. Advanced techniques for fibre end termination aiming to 

lower the feedback combined with multi-stage amplification allowed scaling output 

power from Yb-doped fibre-based ASE sources to over the 100 W level in 2007 

[1.46]. More recent papers report development of kilowatt-class narrowband, fibre-

based ASE sources [1.47] emitting in the ~1 µm spectral range. Development of ASE 

sources emitting in the ~1.5 µm has been mainly driven by applications in the 

relatively low-power optical communication market, therefore progress in power 

scaling was somewhat slower. Nevertheless, several watt-class ASE source in this 

spectral region were demonstrated in 2008 [1.48] and recent work resulted in a 

source generating ~16 W of broadband output at 1.55 µm [1.49]. In the ~2 µm 

spectral region, output powers as high as ~11 W have been demonstrated with Tm-

doped fibre-based ASE sources [1.50]. High power fibre-based ASE sources remain 

relatively underexplored when compared to high power fibre lasers. So far only 

spectrally narrow ASE signals were successfully amplified to very high power levels. 

Little is known about properties of high power broadband sources with different 

spectral characteristics. Part of this thesis will discuss the design strategy and 

development of a versatile, fibre-based ASE source that can be used either 

independently or incorporated as a seed source in a high power amplifier chain. 
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1.3. Thesis structure 
 
 

This PhD thesis entitled “Power Scaling of Novel Fibre Sources” concentrates on 

two main themes and, as such, has been divided into two sections: Part I: Spectrum-

controllable fibre-based ASE sources, discusses design and power-scaling strategies 

for ASE sources based on diode-pumped fibre architectures and forms the second 

and third chapter of this thesis. Part II:  Efficient intracavity frequency doubling 

schemes for CW fibre lasers, discusses a novel concept for efficient nonlinear 

frequency doubling in high-power CW fibre lasers and forms the third, fourth, and 

fifth chapter of this thesis. 

 

Chapter 1 briefly introduces the motivation for this work and reviews the most 

important results in the area of scaling the output power from fibre-based lasers and 

ASE sources. It describes the rapid technological developments leading to dramatic 

increase in maximum output power obtained from fibre-based sources emitting in the 

~1, ~1.5 and ~2 µm spectral regions over the last 30 years. We discuss progress in 

power scaling of mid-IR fibre lasers presenting recent results in the 2-4 µm spectral 

range. Conventional and upconversion fibre lasers emitting in the visible and UV 

wavelength regions are reviewed. Finally, we present the progress in scaling the 

output power from fibre-based ASE sources emitting in the ~1, ~1.5 and ~2 µm 

spectral regions. Finally we discuss the thesis structure. 

 

In chapter 2 we introduce the background information on fibre-based ASE sources. It 

begins with an extended motivation for carrying research in this area, reviews the 

prior art not only in terms of scaling the output power but also with respect to 

specific applications and various approaches to control the spectral characteristics of 

fibre-based ASE sources. This introduction is followed by brief discussion on the 

spectroscopic properties of Yb and fibre geometries used in the experiments. Finally, 

this chapter introduces a semi-analytical theoretical model that is later applied to 

various ASE source configurations presented and discussed in the next chapter. 

 

All experimental work relating to spectrum-controllable ASE sources is presented in 

chapter 3. Various types of ASE sources with increasing complexity illustrating the 
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development of the final, most versatile configuration were examined. The semi-

analytical model was extended to allow modelling the performance of the laser in 

terms of output power, polarisation extinction ratio or controllable signal-to-

background noise ratio. Experimental results are presented, discussed and used to 

verify the applicability of the theoretical model for all ASE source configurations. 

 

Chapter 4 provides background information on the strategy and challenges of power 

scaling in solid-state lasers with particular emphasis on the fibre laser geometry. The 

second part of this chapter focuses on nonlinear frequency doubling of solid-state 

lasers. Chapter 4 begins with an introduction of laser performance metrics. The 

following sections discuss the impact of pump beam parameters, sources of heat 

generation in the active medium and thermal effects affecting the laser’s 

performance. Most popular laser geometries aiming to mitigate thermal effects in the 

laser medium are reviewed in the next section. The fibre laser geometry is studied in 

more detail; firstly, core- and cladding-pumping schemes are demonstrated. Physical 

mechanisms ultimately limiting the output power extractable from a fibre laser are 

reviewed. The first part of chapter 4 is concluded with a discussion on the general 

power scaling strategy for future fibre laser systems. The second part of this chapter 

begins with a general overview of nonlinear effects and basic theory on second 

harmonic generation. Different phase matching techniques for SHG are reviewed, 

followed by a brief discussion on the effects of tight beam focusing. The next section 

presents the important parameters of nonlinear crystals and introduces the lithium 

borate material used in the experiments described in following chapters of this thesis. 

In the next section, chapter 4 discusses the most popular approach to generating 

visible laser radiation via intracavity SHG in solid-state lasers and fundamental 

limitations of this technique. Finally, the most common approaches to frequency 

doubling of high power fibre lasers, including external resonantly-enhanced SHG, 

are presented and evaluated. 

 

Chapter 5 introduces a novel concept for efficient frequency doubling of high power 

fibre lasers.  A theoretical model of a resonant enhancement cavity with two partially 

transmitting mirrors is constructed. Following sections discuss the impact of the 

enhancement cavity design, mode-matching and level of optical feedback on the 

output power and SHG conversion efficiency. The next section presents experimental 
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results on temporal characteristics on the fibre laser with the resonant enhancement 

cavity integrated within the main resonator. Finally, the concept of using modal 

interference to aid efficient coupling of the output beam from a multimode fibre to 

the fundamental mode of the free-space enhancement resonator is proposed and 

experimentally verified. 

 

All experimental work related to the novel concept of efficient SHG in a high power 

fibre laser is presented in chapter 6 of this thesis. After a short introduction design 

considerations for two different phase matching configurations are discussed. The 

next section presents preliminary results obtained with a travelling-wave resonator, 

followed by three sections focusing on three optimised standing-wave resonator 

configurations. Alignment procedures and performance characteristics of the three 

laser configurations are discussed in detail. 

 

Finally, Chapter 7 concludes the thesis by summarising the main achievements of the 

work. It also offers suggestions for future research directions and a few potential 

solutions to the problems identified in the previous chapters of this thesis. 
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Chapter 2 

Fibre-based ASE sources 

 

 

2.1. Introduction 

 

This chapter introduces background information on fibre-based ASE sources with 

particular emphasis on power scaling. Section 2.2 explains the motivation for this 

research subject, and section 2.3 reviews the prior art in the topic area. Next sections 

describe the gain medium used in the experiments, including information on 

ytterbium spectroscopy (section 2.4) and fibre architectures used in the project 

(section 2.5). A theoretical model, developed for ASE sources is expounded in 

section 2.6. The chapter ends with a conclusions section (2.7). 

 

 

2.2. The motivation 

 

Fibre based light sources have seen a dramatic evolution over recent years. 

Improvements in high power and high brightness diode pump sources, combined 

with double-clad fibre architectures have resulted in dramatic progress in scaling 

output power from RE-doped fibre lasers and amplifiers. Ytterbium (Yb)-doped fibre 

lasers currently yield more than 10 kW of output power in 1 μm wavelength regime 

[2.1], while erbium-ytterbium (Er-Yb) and thulium (Tm)-doped fibre oscillators 

deliver more than 100 W at ~1.5 μm  [2.2] and more than 1kW in ~2.0 μm regime 

[2.3] respectively. Fibre sources are heavily researched due to their many 

advantages, such as superior output beam quality and thermal handling compared to 

conventional crystal-based laser systems. Additionally, high gain values are easily 

achievable in fibres, thanks to the high inversion density obtainable in the doped core 

and the flexibility of selecting relatively long lengths of the gain medium. Fibre 

based ASE sources, in particular, deliver uniquely good temporal stability, and 

smooth intensity profile compared to their laser counterparts. They are also 
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distinguished by their broadband spectrum, making fibre ASE sources particularly 

interesting for various applications. One approach for power scaling of an ASE 

source is to use a low power seed source and a chain of power amplifiers, with the 

seed ASE source employing sophisticated methods of spectrum tailoring by the use 

of Micro Electro-Mechanical Systems (MEMS) within its external feedback 

arrangement. This architecture was chosen because it would be easier to first tailor 

spectral and temporal characteristics of a seed source then scale the output power to 

higher levels [2.4, 2.5, 2.6]. Our initial step was to investigate various seed source 

configurations to develop an understanding of the basic physics behind ASE sources. 

These experiments will be designed for Yb-doped fibre systems operating in the ~1.0 

μm wavelength regime. However, it is hoped that these architectures will be easily 

transferable to Er-Yb- and Tm-doped fibres to access the ~1.5 and ~2.0 μm 

wavelength regions. The use of multiple amplification stages can be later used to 

scale output powers above the 100 W level, both in continuous-wave (CW) and 

pulsed modes of operation. ASE sources with such brightness and versatility would 

enable access to new, promising applications such as precision material processing, 

metrology or gas sensing. 

 

 

2.3. Background work 

 

Historically, amplified spontaneous emission (ASE) was considered an undesirable 

process in high-gain laser systems. It was found, however, by harnessing ASE, 

significant, stable output power in a broad wavelength spectrum could be extracted 

from a gain medium without the need for a cavity. Thus, ASE-based sources (known 

in those early days as “superradiant lasers” or “mirrorless lasers” [2.7, 2.8, 2.9]) 

became established as an attractive and viable light source. 

 

Fibre-based ASE sources, benefiting from high gain values easily achievable in rare-

earth doped cores, have found use in a wide range of applications such as medical 

imaging [2.10], sensing [2.11], low coherence interferometry [2.12] and optical 

communication [2.13]. However, power scaling of these devices remains a relatively 

unexplored area. Erbium-doped fibre ASE sources used in telecommunication 
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systems yield relatively low output power levels of  ~16 W [2.14]. Higher output 

powers of ~30 W have been reported in a solid state amplifier configuration based on 

a Nd-doped laser crystal [2.15]. The highest ASE power levels in single-ended 

operation have been obtained with ytterbium-doped fibres: 62 W of output power by 

using a twisted end termination from a single stage ASE source, 122 W of output 

power from a two-stage (seed and amplifier) ASE source [2.16] and ~1 kW from a 

complex narrowband ASE source (complex seed source and multiple amplification 

stages [2.17]). In terms of spectrum shaping, sophisticated methods including Micro 

Electro-Mechanical Systems (MEMS) have been applied successfully to modify the 

output from ASE sources [2.18, 2.19]. The concept of implementing a spectrum 

shaping element in an external feedback arrangement has been presented for both 

narrowband [2.20] and broadband feedback [2.21], but in spite of its potential this 

has seen little development. 

 

 

2.4. Yb spectroscopy 

 

Ytterbium is a rare earth element (lanthanide) with the electronic structure 

(Xe)4f145d06s2. When introduced into a host material such as silica glass, Yb atoms 

(dopant delivered in the form of Yb2O3) become triply ionized (3+). The 

performance of Yb3+ in silica fibres was first investigated by H. Pask, et. al. [2.22].  

 

 

 

Figure 2.1: The Yb3+ energy level structure with indicated absorption and emission 

transitions [2.22] 
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The Yb3+ energy level structure (fig. 2.1) is relatively simple compared to other rare-

earth ions. Only two manifolds (separated by spin-orbital interactions) are relevant 

for optical wavelengths: the 2F7/2 ground state and 2F5/2 excited state. These manifolds 

split into Stark sublevels (a-d) and (e-g) respectively via crystal field (Stark) 

interaction, but the transitions between sublevels are not fully resolved for Yb-doped 

silica fibres at room temperature, due to strong homogeneous and some 

inhomogeneous broadening [2.22]. It has been found [2.23, 2.24] that the bandwidth 

and peak wavelengths of the absorption and emission spectra vary with the host glass 

composition. The fluorescence decay time also varies with the host material and 

ranges between 0.8-1.5 ms [2.23]. Variations in host glass composition are usually 

the result of additional dopants used to increase the Yb2O3 solubility in silica and the 

refractive index of the core relative to the inner cladding. Typical cross-sections for 

an Yb-doped germanosilicate glass [2.22] are presented in fig. 2.2.  

 

 

 

Figure 2.2: Yb-doped fibre absorption (solid) and emission (dotted line) cross-sections [2.22] 
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2.5. Fibre architectures 

 

As the experiments are oriented towards the high-power operation regime, we chose 

to cladding-pump our ASE seed source. This relaxes the requirements on the pump 

beam quality and alignment, and allows the use of a high power, low-brightness 

diode bar with maximum output power of 40 W at 975 nm as a pump source. A 

typical design of a double-clad fibre for cladding pumping consists of a circular RE-

doped core, which is the primary waveguide for light emitted by the active ions. This 

region is surrounded by a pure silica inner cladding with a much larger area and 

lower refractive index relative to the core, which forms a multimode waveguide for a 

high-power multimode pump beam. The inner cladding is typically surrounded by a 

polymer outer cladding with a lower refractive index value. A circular inner cladding 

geometry is not optimal for efficient pump light absorption inside the doped region 

of the core, due to possible helical ray trajectories that do not overlap with the core. 

Various inner cladding shapes and core offsets can improve pump absorption 

significantly by breaking the cladding-core symmetry [2.26, 2.27]. Two inner 

cladding geometries were used in this experimental work: D-shaped and polarisation 

maintaining (PM) “Panda” (both shown in fig. 2.3). The inner cladding of the 

“Panda” fibre incorporates two circular stress rods which both induce stress 

birefringence in the fibre and break the core-cladding symmetry by virtue of their 

lower refractive index than pure silica. 

 

 

 

Figure 2.3: D-shaped and PM “Panda” double-clad fibre cross-sections 
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2.6. Theoretical model of ASE sources 

 

N1 and N2 (the population densities for the lower 2F7/2 and upper 2F5/2 manifolds in 

Yb system respectively) under steady-state conditions are determined by the 

following rate equations [2.23]: 

  

 

����� = ���� + 
����� − ���� + 
�� + 
����� = 0 

 

(2.1) 

 

����� = −���� + 
����� + ���� + 
�� + 
����� = 0 

 

(2.2) 

where the transition rates (i.e. pump absorption rate ���, stimulated emission rate at 

pump wavelength ���, signal reabsorption rate 
��, stimulated emission rate at 

signal wavelength 
��, and spontaneous emission rate 
��) are given by: 

 

��� = �� ��������ℎ�� ,   ��� = �� ��������ℎ�� ,   
�� = ��������ℎ�� ,   
�� = ��������ℎ�� ,   
�� = 1�  

 �� is the pumping quantum efficiency, �� = !/�� and �� = !/�� are signal and 

pump wavelengths respectively (c is velocity of light in vacuum, �� and �� are signal 

and pump frequencies respectively), �� and �� are the absorption and emission cross-

sections for lower and upper level respectively, h is the Planck constant and �  is the 

upper level lifetime. 

 � = �� + �� is the total rare-earth ion concentration, therefore: 

 

 �� = ����� + 
������ + ��� + 
�� + 
�� + 
�� (2.3) 

 

The pump power #� depletion and the signal power (#�$ - co-propagating with the 

pump, #�% - counter-propagating with respect to the pump) growth along a double-

clad fibre (in z direction) can be expressed as: 
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�#��& = 
'()�
'*�+ ,�������� − ��������-#� (2.4) 

   

 
�#�$�& = .�������� − ��������/#�$ (2.5) 

   

 
�#�%�& = .�������� − ��������/#�% (2.6) 

 

where 
'()� and 
'*�+ are the core and inner-cladding areas respectively. 

 

In general, equations (2.4-2.6) have to be solved numerically to calculate fibre gain 

and signal output power. However, by making simplifying assumptions, the small 

signal gain and pump power depletion rate can be obtained [2.22]:  

 

If we consider negligible ASE and no signal power, then by substituting (2.3) into 

(2.4): 

 

 
�#��& = − 
'()�ℎ�����&����  (2.7) 

 

By extracting ���&� from (2.7) and substituting into (2.4): 

 

 ln 2#��&�#��0�3 + #��&� − #��0�#���4 = − 
'()�
'*�+ �������& (2.8) 

where 

#���4 = 
'*�+ℎ����� ,������ + ������- 
 

is the pump saturation power. 

 

For low pumping powers, i.e.  #��0� ≪ #���4 (2.8) can be solved analytically to give: 

 

 #��&� = #��0� exp�−9�&� (2.9) 
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where 
9� = 
'()�
'*�+ ������� 

 

is the pump absorption coefficient. 

 

The single-pass gain for the fibre of length l is given by the following expression: 

 

 : = ;<= >? @�&��& − 9�A*
B

C (2.10) 

where @�&� = ���������&� − ���������&� 

 

and 9� is the signal attenuation coefficient. 

 

Extracting ���&� from (2.7) and substituting into (2.10) produces a simplified 

expression for the small signal gain: 

 

 : = ;<= D��� .������ + ������/#�E�
'()�ℎ�� − �������A − 9�AF (2.11) 

 

where #�E� is the absorbed pump power. 

 

The outlined treatment so far has neglected the amplified spontaneous emission 

process. Every excited ion can spontaneously relax from the upper state to the 

ground state by emitting a photon, which is uncorrelated to any other photon present 

in the medium. This noise power can be amplified as it travels along the fibre via 

stimulated emission of more photons within the same electromagnetic field mode. 

This process can eventually result in significant ASE power at the fibre output. 

 

To compute the output ASE power, the spontaneous emission power at a given point 

in the fibre has to be calculated. The total noise power in bandwidth Δ� is defined as 

the noise power of one photon per mode of the electromagnetic field multiplied by 
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number of modes in bandwidth Δ� (including both orthogonal polarizations) [2.28]. 

The noise power at a given point in a single transverse mode fibre (in a given 

direction) is therefore: 

 

 #HIJB = 2ℎ�Δ� ≈ 2ℎ!MΔ�/��  (2.12) 

 

Expression (2.12) that will be used in our model can be derived from simple 

considerations on the noise power of a single photon in a given mode and the number 

of modes present in the optical bandwidth in one dimension [2.28]. More accurate 

expression for the equivalent noise power, however, should take into account the 

waveguiding effect and geometry of the fibre so that the noise power is proportional 

to the solid angle in which light can be captured and guided by the fibre core 

[2.29, 2.30]. 

 

The total ASE power at a certain point z in the fibre is given by the sum of the ASE 

power in previous section and local noise power given by (2.12). The expression for 

ASE power growth in a given direction is thus similar to the equation for signal 

amplification (2.5-2.6), except for the addition of an extra factor describing the 

stimulated emission of photons by the local noise power which is proportional to the 

product ��������&� [2.29]: 

 

 
�#HIJ$ ����& = .��������&� − ��������&�/#HIJ$ + #HIJB �����������&� (2.13) 

   

 
�#HIJ% ����& = .��������&� − ��������&�/#HIJ% − #HIJB �����������&� (2.14) 

 

A simplified model for ASE growth along the fibre building can be formulated either 

by treating it as a signal with effective bandwidth Δ�HIJ or by splitting the broad 

spectrum into m strips and treating each as an independent signal with narrow 

bandwidth of Δ�HIJ/N. The population equation (2.3) also needs to be modified to 

include depletion of the upper level by each of these signals.  
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In general, equations (2.13-2.14) have to be solved numerically for a wide range of 

wavelengths to calculate total ASE output power. However, by making simplifying 

assumptions, we can obtain expressions for ASE signal growth and ASE output 

power in the low-power regime. Following the reasoning (2.1-2.8), the population 

density of the upper level �� can be considered as not being depleted by ASE growth 

as long as its power remains at low levels, i.e.  

 

 #HIJ ≪ #HIJ��4 = 
'()�ℎ�HIJ��� .����HIJ� + ����HIJ�/  (2.15) 

 

where �HIJ = !/�HIJ can be treated as the mean wavelength (�HIJ – the mean 

frequency) of the broad ASE spectrum with total power #HIJ or as the central 

wavelength of each spectrum strip consisting of fractional power #HIJ���. In this 

regime equation (2.19) can be used, assuming that #��0� ≪ #��4. 
 

Extracting ���&� from (2.7) and using (2.9) produces: 

 

 ���&� = ���0� exp�−9�&� (2.16) 

where 

 ���0� = 9�#��0���� 
'()�ℎ��  (2.17) 

 

is the population of the upper level in z = 0 point in the fibre. 

 

Solving equations (2.16) and (2.13-2.14) results in expressions for ASE power at 

given point in the fibre in both directions. The forward ASE power can be expressed 

by: 

 

 #HIJ$ �&� = .#HIJ$ �0� + #O(P��$ �&�/:$�&� (2.18) 

 

where #HIJ$ �0� is the ASE input power (at point z = 0), 
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 :$�&� = exp Q���0�9� .����HIJ� + ����HIJ�/,1 − exp�−9�&�- − �����HIJ�&R (2.19) 

 

is the single-pass gain (after propagation distance z) and 

 

 :$�&�#O(P��$ �&� = :$�&�#HIJB ��HIJ� ? 2���&�����HIJ�:$�& � 3 �&S
B

 (2.20) 

 

is the noise power accumulated after propagation distance z, with ���&� given by 

(2.16). Similar equations can be derived for the backward propagating ASE. 

 

Solving equations (2.13-2.14) and (2.16) shows that :$�T� = :%�0� = :, where L is 

the fibre length and G is the small signal single-pass gain with the same total value 

for ASE propagation in both directions. 

 

 

2.7. Conclusions 

 

This chapter explained the motivation for research in the area of fibre-based ASE 

sources and discussed some aspects relevant to power scaling of such sources. Yb-

doped fibre was presented as a gain medium best suited for the experiments that will 

be discussed in the next chapter of this thesis. Finally, this chapter introduced a 

theoretical model for fibre-based ASE sources. It is based on rate equations in the 

steady state condition for the two manifolds of an Yb system, and takes into account 

pump absorption and re-emission, stimulated absorption of the ASE signal and its 

reabsorption, as well as spontaneous broadband emission along the length of the Yb-

doped fibre. Simplifying assumptions valid in the low-power regime were 

introduced, and expressions for the generation and power build-up of ASE signal in 

the core of the cladding-pumped RE-doped fibre were derived. This proposed semi-

analytical model can be used to predict output powers of ASE sources and ASE 

power distribution along the fibre, taking into account the reflectivities of the fibre 

ends. Various ASE source configurations and the applicability of the simplified 

model in those cases will be discussed in the next chapter.  
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Chapter 3 

Spectrum-controllable fibre-based 

ASE seed source 

 

3.1. Introduction 

 

This chapter describes the development of a fibre-based ASE seed source with 

spectrum shaping elements in an external feedback arrangement of the system. 

Several architectures of the ASE source with increasing degree of complexity were 

studied, and their performance was compared to the theoretical model described in 

the previous chapter of the thesis. Section 3.2 introduces a simple fibre-based ASE 

source with double-ended output and explains how the theoretical model can be 

applied to account for multiple reflections from the fibre facets. Section 3.3 

demonstrates a single-ended ASE source and discusses the validity of the model with 

respect to the pump and ASE output power levels. A polarised ASE source and 

theoretical expressions for polarisation extinction ratio are introduced in section 3.4. 

Section 3.5 demonstrates a ‘narrow’ line ASE source and discusses the impact of 

ASE light guided in the inner cladding on the overall performance of the system. The 

final configuration, which allows shaping of the spectrum in the external feedback 

arrangement, is described in section 3.6 and the performance of this system for 

different lengths of the fibre and spectral bandwidths is presented. The advantages of 

this approach over external spectrum-shaping and the minimal spectral resolution 

available for this system are also discussed. Section 3.7 introduces a way of 

decreasing the minimum resolution limit using an etalon in the external feedback 

arrangement. 
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3.2. ASE source with double-ended output 

 

The initial experiment involved constructing an ASE source with a double-ended 

output, based on L = 8.4 m of ytterbium-doped double-clad fibre (Nufern) with a 

core and D-shaped inner cladding diameter of 28 μm and 380 μm respectively. Both 

ends of the fibre were polished at an angle of approximately 12○. Pump light was 

provided by a diode bar at 975 nm (fig. 3.1). In this section we compare the 

measured output power of this configuration with the model constructed from the 

theory outlined in chapter 2, and discuss the applicability of the model. 

 

 

 

Figure 3.1: ASE source, double-ended operation – experimental set-up 

 

Internal reflectivity of the fibre facet can be defined as a fraction of power in the 

fibre prior to exiting the fiber end that is launched back to the fibre’s core via Fresnel 

reflection from silica-air interface. If the pumped fibre end (End A) has reflectivity 

RA and the opposite fibre end (End B) reflectivity is RB, ASE power building up in 

the active medium can be enhanced via multiple reflections between fibre facets. 

According to (2.18) backward ASE power starting from noise near the End B is 

amplified to the value of ������
� � after a single pass in the fibre. Part of this power 

������
� �	
 is reflected back and adds to the noise power co-propagating with the 

pump. Forward ASE near the End B after a single pass is amplified to the 

�������
� �	
 + ������


 �� (see fig. 3.2).  
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Figure 3.2: ASE signal power build-up via multiple reflections between the fibre facets 

 

ASE photons can experience multiple round-trips inside the fibre, with overall 

round-trip gain of: 	��	
� (assuming negligible core propagation loss). Therefore 

to include all possible multiple reflections, the ASE power near End B has to be 

multiplied by a factor ∑ ���	
	����
��� . This geometric series is convergent for 

��	
	� < 1 and therefore the total forward ASE output power (including output 

coupler transmission) is given by expression: 

 

 �
��

 ��� =

�������
� �	
 + ������


 ��
1 − ��	
	�

�1 − 	�� (3.1) 

 

A similar analysis can be done for backward ASE output power: 

 

 �
��
� �0� =

�������

 �	� + ������

� ��
1 − ��	
	�

�1 − 	
� (3.2) 

 

For ��	
	� ≥ 1 the roundtrip gain exceeds the round-trip loss and lasing threshold 

is reached. 
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Assuming that the polished fibre ends were of similar finish and quality (i.e. 

	
 ≈ 	� = 	�), the reflectivity of the fibre ends can be calculated from the round-

trip gain at the lasing threshold condition, ��	�
� = 1. We know the dependence of 

single pass gain on launched pump power from (2.19) and (2.17), and can therefore 

estimate the reflectivities as: 	� = �1 ± 0.5� × 10�$. Here we have treated the ASE 

as a single signal with effective bandwidth of Δ&
�� = 30 nm according to the 

measured output spectra (fig. 3.3b). According to (2.19), (2.20) and (2.16), �, ������

  

and ������
�  are in general functions of launched pump power, therefore the output 

ASE power versus pump can be calculated (fig. 3.3a). 

 

 

 

Figure 3.3: a) Output power from both ends of the ASE source b) Forward ASE spectra for 

different launched pump powers 

 

The discrepancies between model predictions and experimental results are mainly 

due to limitations in the model. Theoretical analysis breaks down for high ASE 

powers (2.15), i.e. ��
��

 + �
��

� � ≥ �
���'( ≈ 1 W, where upper level population 

depletion can be no longer neglected, and at high pumping powers �) > �)�'( ≈7 W. 

Besides the theoretical limitations of the model, many other factors could greatly 

affect the source performance. The fibre core is not truly single mode which may 

give higher spontaneous noise power than expected in a model derived for a single-

transverse-mode fibre. A fraction of the measured output power was coming from 
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noise spontaneously emitted at angles guided in the inner cladding rather than a fibre 

core (this issue will be discussed in more detail in section 3.5). Moreover, bend 

losses for pump and ASE power have not been included in the theoretical model. In 

spite of the simplified analytical treatment, the proposed model proved helpful in 

estimating the amount of pump power required for significant (i.e. with >1% pump to 

ASE signal conversion) ASE power build-up. It also illustrates the difference 

between forward and backward ASE output powers arising from re-absorption loss in 

the fibre. 

 

 

3.3. ASE source with single-ended output 

 

The next stage in experiments involved characterizing the ASE source with a single-

ended output. A HR mirror was used to provide feedback into the active fibre. Due to 

the much higher reflectivity at one end of the feedback arrangement the source 

became vulnerable to reflections from the diagnostic equipment that caused 

unwanted parasitic lasing which, in turn triggered self-pulsing, eventually destroying 

the fibre facets. In order to suppress feedback a Faraday isolator (consisting of a 

Faraday rotator between polarisers crossed by 45 degrees) had to be employed at the 

output (fig. 3.4). 

 

 

 

Figure 3.4: ASE source configuration for single-ended operation 
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The same analytical treatment as in section 3.2 was applied to single end operation. 

Equations (3.1) and (3.2) were used with 	� = 1 (fig. 3.5a). Due to the much higher 

measured output powers, the model’s predictions deviate from the experiment above 

�
�� ≥ �
���'( ≈ 1 W (where the ASE power significantly depletes upper level 

population and saturates the gain) and for saturating pump powers �) ≥ �)�'( ≈ 7 W 

(where the pump power significantly depletes the ground level population). 

Nevertheless, the expected trends of a lower pump required for significant ASE 

build-up and higher slope efficiency for single end operation were observed. We also 

observed slight changes in the output spectrum, even at low pumping powers (fig. 

3.5b). This is because using a HR mirror at one of the feedback arrangement ends 

forces double-pass amplification of the ASE signal, resulting in a higher re-

absorption loss, which is more significant for shorter wavelengths. Moreover, re-

absorbed ASE at shorter wavelengths act as a pump for ASE emitted at longer 

wavelengths. As a result of this processes, some fraction of the ASE power 

(originating from noise co-propagating with the pump power) creates a second peak 

in the spectrum with a local maximum around 1075 nm. Beam quality factors for 

both double- and single-end output ASE sources were measured to be +,
� ≈ +-

� =

2 ± 0.5. 

 

 

 

Figure 3.5: a) Output power from single-ended ASE source b) Output spectra for 

different launched pump powers 
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3.4. Polarised operation with broadband 

feedback 

 

In order to efficiently produce polarised output, an ASE source was constructed with 

an ytterbium-doped double-clad polarisation maintaining (PM) panda fibre. The fibre 

was 14.1 m in length, with a core and cladding diameter of 30 μm and 400 μm 

respectively. The fibre ends were polished at an angle of approximately 15 degrees. 

A half-wave plate and a polariser (prism polarising beam splitter) were placed inside 

an external feedback arrangement terminated with a HR mirror. The polarised output 

was optimized by rotating the half-wave plate and monitoring the output polarisation 

extinction ratio (PER). When the polarisation plane constrained by the external 

feedback arrangement matched one of the birefringence axes of the PM fibre, the 

output polarisation extinction ratio (PER), measured with a rotating analyser (fig. 

3.6), reached a maximum value. 

 

 

 

Figure 3.6: ASE source with polarised, broadband feedback - experimental set-up 

 

Again, the model presented in section 3.2 can be used to analyse each polarisation 

state independently. Both polarisation components originate from half of the total 

noise power ������

/� /2. The ASE power polarised along the axis constrained by the 

polarising element builds up in a feedback arrangement with effective reflectivities 

	
 = 1, and 	� ≈ 	� = 10�$, while the ASE power polarised orthogonally builds 

up in a feedback arrangement with effective reflectivities 	
 ≈ 	� = 	�. Assuming 

that ������

 = ������

�  it can be shown with appropriate equations in the form of (3.1) 
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that the expected feedback to background power ratio (where feedback power 

����01'23 builds in external feedback arrangement and background power 

�1'2345�6�0 builds in internal feedback arrangement between fibre ends) is given by 

the equation: 

 

 
����01'23

�1'2345�6�0
= 7 =

�1 − ��	
	���1 + ��
�1 − ��	���1 + �	
�

 (3.3) 

 

while the theoretical limit for maximum PER (assuming that the background is 

unpolarised) can be given by: 

 

 PER;', =
����01'23 + �1'2345�6�0/2

�1'2345�6�0/2
= 27 + 1 (3.4) 

 

The M2 parameter for the ASE output from Panda fibre was +,
� ≈ +-

� = 1.6 ± 0.4. 

The output power efficiency was similar to the measured values in section 3.3. The 

temporal power stability (defined as power fluctuations to total output power ratio) 

was measured to be in the range of: 0.3% < Δ�/� < 0.8%  (over time ~1 minute) 

depending on the pumping power. Values of output PER for an ASE source with 

broadband, polarised feedback were measured to be much lower than expected (PER 

< 3), and the reasons for this will be discussed in the next section. 

 

 

3.5. Polarised operation with narrowband 

feedback 

 

In the next phase of the experiments, we introduced a tuning element in the external 

feedback arrangement by replacing the HR mirror with a diffraction grating (grating 

constant Λ4 ≈ 1.67 µm or 600 lines per mm) in Littrow configuration (fig. 3.7). An 

isolator in conjunction with a half-wave plate was employed at the output in order to 

suppress back-reflections from the diagnostic equipment leading to unwanted lasing. 
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Figure 3.7: ASE source with polarised, narrowband feedback - experimental set-up 

 

Strong modulation of the output spectrum was observed which we attributed to 

modal interference from the higher order modes operating in the fibre. This issue was 

resolved by introducing bend loss to suppress these higher order modes. Optimal 

performance was achieved by coiling 6 m of the fibre to a bend radius of 50 mm. 

Effective higher order mode suppression was confirmed by the reduction of the M2 

parameter to nearly diffraction-limited beam quality: +,
� ≈ +-

� = 1.1 ± 0.2. Due to 

the tuneable feedback into the fibre, the output spectrum consisted of a very low, 

broad, ASE background and a narrowline peak of effective bandwidth Δ&BCDE =

1.4 ± 0.1 nm. The bandwidth value was measured by fitting a Gaussian function to 

the spectrum after higher order mode suppression (fig. 3.8). 

 

 

 

Figure 3.8: ASE source with narrowband feedback spectrum before and after multimode 

interference suppression (central wavelength changed after grating rotation) 
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Placing a variable diameter aperture in the output beam just after the dichroic mirror 

proved helpful in explaining the unexpectedly low PER values obtained in the 

previous section. Changing the diameter of the aperture resulted in significant 

variations in both the output power and PER values. When we set the diameter of the 

aperture to be roughly similar in size to the beam exiting the fibre core, the PER was 

maximized at a value of 14±2, compared to the low value of 2.5±0.5 measured with 

a fully opened aperture. The output power changed correspondingly, increasing to 

roughly twice its initial value when the aperture was opened. 

 

More detailed investigations were made by rotating the diffraction grating to tune the 

central wavelength of the feedback signal. The tuning curves differ significantly for a 

fully opened and “closed” (diameter of ~1 mm) aperture (fig. 3.9a). The tuning curve 

for an open aperture showed a constant background power of approximately 13 mW, 

independent of the grating angle. For a closed aperture this background power 

dropped to approximately 1 mW. This indicated significant amounts of unpolarised 

broadband background ASE power propagating in the inner cladding rather than in 

the fibre core. Spectral measurements of the cladding light confirmed this 

hypothesis; the spectrum showed an emission peak close to 1030 nm, which 

corresponds to the Yb:glass emission spectrum without the re-absorption loss (fig. 

3.9b). These observations can be accounted for in the following manner; due to the 

long length of fibre used, significant reabsorption of the ASE signal would occur at 

the non-inverted sections of the fibre. The ions in these sections (now excited) would 

then undergo spontaneous emission, adding to the light spontaneously emitted along 

the fibre in random directions. A small fraction of this power is emitted at angles 

larger than the NA of the core and thus is not guided by the core but propagates 

within the undoped cladding. In addition, light reflected from the angled facets can 

be coupled into the inner cladding of the fibre. These mecahnisms result in a 

measurable amount of light at the output. When the aperture is open, therefore, 

spectral and power measurements would be affected by this cladding light. This can 

be resolved by closing the aperture such that it clips a significant portion of the 

cladding light while transmitting light from the core (fig. 3.9). 
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Figure 3.9: a) ASE source with narrowband feedback tuning curve b) Cladding-guided light 

spectrum 

 

Our theoretical model predicts that light propagating in the core has a feedback to 

background spectral power density ratio described by 

 

 
����01'23�&�

�1'2345�6�0 �&�
= 7�&� =

G1 − ���&�	
	�HG1 + ��&�I�&�H
G1 − ���&�I�&�	�HG1 + ��&�	
H

 (3.5) 

 

where I�&� is the function describing spectral reflectivity of the external feedback 

arrangement. Measured values of 7, defined as (3.3) range from 6 to 10, depending 

on the fed back central wavelength. The measured PER was roughly twice this value, 

which corresponds to the simplified analysis (3.4). From these results we concluded 

that, the fibre length needed to be reduced (to 6.5 m) for future experiments to 

prevent high re-absorption losses in the non-inverted section of the active medium. A 

shorter length is also expected to yield a higher feedback to background power ratio 

7  and a reduction of power guided in the cladding due to higher single pass gain 

values ��&� of a shorter fibre. These expectations have been met in the next 

experiment described in the following section. 
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3.6. Wavelength selection in external feedback 

arrangement 

 

The set-up thus far with a diffraction grating has provided tuneable feedback with a 

constant linewidth and shape. In order to achieve more flexibility in spectrum control 

further modifications to the experimental set-up were necessary. Firstly, we 

magnified the output beam (after the half-wave plate and the polariser) with a 

telescope (f3 = 4.5 mm and f4 = 160 mm) to create a beam waist of w0 ≈ 10 mm upon 

the grating surface. A large spot size on the grating would yield high spectral 

resolution of the tuning element in the external feedback arrangement. Next, light 

from the first diffraction order reflected from the grating was focused onto a retro-

reflecting HR mirror with a lens of focal length f5 = 300 mm. The lens and the mirror 

separation was designed to be the same as the lens-grating distance, f5. This grating-

lens arrangement transforms the beam consisting of a broad spectrum into a single 

horizontal line on the mirror surface. Wavelength selection in this configuration is 

then done by placing a narrow vertical slit on a translation stage directly in front of 

the HR mirror. The slit selects a range of spectral components to be fed back. 

Adjusting the slit width changes the effective bandwidth, while translating the slit 

selects the feedback central wavelength (fig. 3.10). Monochromatic light reflected 

from the diffraction grating surface as a beam of spot size w0 grating is focused on a 

HR mirror plane to the spot size of [3.1]: 

 

 J�DK ≈
+�&L$

MJ�45'(��4
 (3.6) 

 

From differentiating the grating equation in normal incidence approximation: 

& = Λ4 sin Q5 (incidence angle Q� ≈ 0, beam is reflected at angle Q5 = 2R to grating 

normal, R - groove angle) and geometry of the system �Q5 ≈ ΔS/L �, two spectral 

components differing by Δ&5 are spatially separated on the HR mirror plane by: 

 

 ΔS ≈
L$

Λ4 cos Q5
Δ& (3.7) 
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Figure 3.10: ASE source with wavelength selection in the external feedback arrangement 

 

If we consider two adjacent, not overlapping light spots on the HR mirror separated 

by ΔS = 2J�DK, comparing (3.6) and (3.7) leads to the minimum spectral resolution 

for this wavelength selection system: 

 

 Δ&5  ≈
2+�&Λ4 cos Q5 

MJ�45'(��4
 (3.8) 

 

Δ&5 ≈ 0.1-0.3 nm, depending on the incident angle.  

 

This expression describes an ideal situation where the slit positioned very close to the 

HR mirror, whereas in the set-up it was placed at a few mm away from the mirror, 

which reduced the resolution slightly. In this configuration, we managed to obtained 

narrow lines in the output spectrum with effective bandwidth down to 0.5 nm. 

Further reduction of the bandwidth was not feasible as it would cause corresponding 

losses in the feedback spectral power density. 
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The tuning curves for narrowband feedback depend highly on the ASE spectrum 

shape entering the external feedback arrangement. Longer fibres provide broader 

spectra but lower power densities, giving a broad tuning range but low feedback to 

background power ratios. Shorter fibres provide much higher values of 7 >200 due 

to higher values of single-pass gain (and weaker re-absorption loss) but give a 

narrower tuning range (fig. 3.11). 

 

 

 

Figure 3.11: a) ASE spectra for different fibre lengths b) ASE source with narrowband 

feedback tuning curves at different pump powers and fibre lengths 

 

To highlight the advantages of this approach for wavelength selection, we compared 

it to an alternative method of obtaining a narrowband ASE spectrum, namely the use 

of a narrowband filter at the output of a conventional ASE source. We developed a 

simple model, involving integrating power in the broadband feedback ASE source 

output spectrum over the narrow section of wavelengths, and compared the 

calculated power levels available from the use of an output filter with the 

experimental output powers obtained with our current approach. Our computations 

showed that wavelength selection in an external feedback arrangement provides 

much higher output power in narrow linewidths than the output filter. Experimental 

to modeled power ratio increased with narrower feedback bandwidth up to the value 

of 7 at the resolution limit of ~0.5 nm. For broader feedback bandwidths the 

performance of the external feedback arrangement scheme was comparable to the 

levels expected from the output filter (fig. 3.12a). It should be noted that output 
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spectral power densities depend on the overlap of the feedback spectrum with the 

gain spectrum and the feedback bandwidth. For broader feedback, the larger total 

power inside the fibre depletes the upper level population causing gain saturation and 

reducing output spectral power density. These mechanisms are illustrated in the 

figure showing the evolution of the output spectra as the slit inside the external 

feedback arrangement is being opened (fig. 3.12b). For a very narrow slit, the source 

is operating in the regime below minimum spectral resolution (3.8), the power is 

clamped due to losses in the external feedback arrangement, and 0.5 nm narrowline 

with low spectral density is observed. Maximum power density is observed for 

bandwidth 0.5-0.8 nm with round trip gain reaching lasing threshold. Widening the 

slit further feeds more power into the fibre significantly depopulating upper level, 

saturating gain and returning the system below lasing threshold. For increasing slit 

widths the total output power is rising, but the spectral power densities drop along 

with the saturated gain value. 

 

 

 

Figure 3.12: a) Comparison between measured output power values (wavelength selected in 

external feedback arrangement) and theoretical power values expected with an ideal filter at 

the source output b) ASE spectra for different widths of the slit in the external feedback 

arrangement 
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To investigate an additional method of spectrum control by applying uniform 

attenuation for all spectral components, a neutral density filter was placed in the 

external feedback arrangement between the lens and the HR mirror (in the setup from 

fig. 3.10). Increased feedback arrangement losses raised the lasing threshold, 

enabling more pumping power being launched into the active fibre before the onset 

of lasing. There is a significant difference between the broad spectrum without 

additional losses (fig. 3.13a) and with neutral density filter inside the external 

feedback arrangement (fig.3.13b). In the first case gain peak around 1070 nm 

consisting of ASE power after double pass inside the fibre (shifted towards longer 

wavelengths due to re-absorption) dominates over the emission peak around 1050 nm 

(mostly single-pass ASE power). In the second case both peaks are comparable and 

the spectrum is effectively broadened. 

 

 

 

Figure 3.13: a) ASE source with external feedback arrangement for wavelength selection 

spectra (slit fully open) at different pump powers b) Spectra produced with the same set-up 

with additional attenuation (uniform over all spectral components) in the external feedback 

arrangement 

 

In this section we have described how the use of a slit inside the external feedback 

arrangement enabled narrowband output with a minimum achievable bandwidth of 

0.5 nm. The next section of this chapter describes further modifications to the 

experimental setup, which enabled us to achieve even better resolution (3.8).  
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3.7. Narrow linewidth operation using an etalon 

  

Certain applications (e.g. optical sensing of gases, wavelength division multiplexing 

in optical communication) require temporally and spectrally stable narrow linewidth 

output with a single line, or multiple lines evenly spaced in a spectral domain. 

Spectral resolution of the ASE source described in the previous section was only 

~0.5 nm and thus the obtainable linewidth was not narrow enough for such 

applications. However, a simple modification of the external feedback arrangement 

facilitated truly narrowline operation of the ASE source. Two parallel mirrors with 

identical reflectivity Re ≈ 0.95 creating a Fabry-Pérot cavity were placed in the 

external feedback arrangement between the telescope and the diffraction grating 

(fig. 3.14). 

 

 

 

Figure 3.14: ASE source with narrow linewidth output using an etalon positioned in the 

external feedback arrangement 
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The etalon's mirrors were aligned by monitoring the spectrum transmitted by the 

mirrors and optimizing for narrow peaks and a low background. The peak width 

(FWHM) is theoretically limited by (see Appendix A): 

 

 δλ ≥
λ�

�

2MX�

�1 − 	��

Y	�
 (3.9) 

 

where &� is the peak central wavelength, and de is the mirrors separation. It is 

certainly possible to reach spectral resolution comparable to the (3.9) limit with 

confocal Fabry-Perot interferometers. However, the finesse of a plane-plane etalon is 

typically limited by the surface flatness to ~40, and so the minimum peak width δλ 

would be ~1/40 of the spacing between the narrow lines in the output spectrum 

(FSR), i.e. δλ ≥ λ�
�/�80X��. 

 

This shows that multiple, very narrow spectral lines can be fed back from the 

external feedback arrangement to the active fibre. The linewidth can easily be 

changed and significantly narrowed by adjusting the mirror separation of the etalon 

de. Any number of lines (in special cases a single line) can be chosen by changing the 

width of the slit near the HR mirror. Lines to be fed back can be also selected by 

translating the slit along the mirror surface. If we calculate the feedback to 

background spectral density ratio from the simplified model (3.5), the ratio of power 

in the narrow line component of the spectrum, to the power in the broad background 

can be estimated with: 

 

 
��'55�Z[���

�1'2345�6�0
= 7[ ≈

7�&��R&
Δ&
�� − R&

 (3.10) 

 

where Δ&
�� is the effective bandwidth of broad ASE background and &� is the 

central wavelength of the narrow line spectral component. 

 

ASE operation below lasing threshold was achieved, producing a single narrow line 

with FWHM of R& < 0.05 nm (limit of the optical spectrum analyser resolution), 

�
���&�� ≈ 65 mW / nm and 7�&�� > 60 (fig. 3.15b). The latter value could be most 



51 
 

probably improved by further optimization of the etalon mirrors. For multiple line 

operation, higher power spectral densities were observed compared to the broadband 

feedback regime, due to much weaker gain saturation (fig. 3.15a). 

 

 

 

Figure 3.15: a) ASE spectra with and without etalon in the external feedback arrangement b) 

ASE spectrum with etalon and slit in the external feedback arrangement 

 

 

3.8. Conclusions 

 

Thus far we have studied several different configurations of a fibre-based ASE seed 

source. Experimental set-ups of increasing complexity have been built and 

characterised to explore the capabilities and limitations of these devices. To gain an 

understanding of the basic physical mechanisms present in ASE sources a simplified 

theoretical model has been constructed which has proved useful in predicting system 

performance in the low power (unsaturated gain) regime. We also looked into the 

influence of various parameters (pump power, fibre architecture, length, doping 

levels, external feedback arrangement loss, spectral reflectivity, fibre facet quality, 

etc.) on the system performance. Novel concepts for wavelength selection and 

narrowing the linewidth in the external feedback arrangement have been applied, and 

the advantages of these approaches over the conventional method of wavelength 

selection after the source output have been discussed. This series of experiments 
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have culminated in a versatile seed source with polarized output and a reasonable 

degree of spectral control. In its current configuration, the source is capable of 

producing either a broad spectrum in the 1-1.1 μm spectral region with a FWHM of 

15-40 nm and output power > 1W, or single/multiple narrow lines with a FWHM 

ranging from several nanometres to < 0.05 nm and output power spectral densities of 

up to 100 mW / nm. The output power is temporally stable with fluctuations at the 

level < 0.3-0.8% of the total output power. Very high spectral stability (including 

line width fluctuations and central peak position) was obtained, which is limited 

mostly by the mechanical stability of the external feedback arrangement. The output 

beam is nearly diffraction limited with M2 ≈ 1.1. These performance parameters 

make the final device a very reliable light source that can outperform various laser 

sources at many potential applications. However, the main drawback, observed when 

it is operating in narrowband regime, is the low broad (spectral) background (see fig. 

3.14a) which can account for a significant portion of the total output power. This 

would become an issue when launched into an amplifier chain because the 

background light will be amplified along with the signal, ultimately reducing 

effective output power in the narrow line. 
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Chapter 4 

Power scaling of solid-state lasers 

and nonlinear frequency conversion 

 

 

4.1. Introduction 

 

Scaling the output power from laser sources has been an activity preoccupying many 

in the scientific community ever since the invention of the laser. This process is 

constantly driven by a huge range of applications and the prospect of many more for 

high-power laser sources in various areas, such as scientific research, medicine, 

materials processing, defence, remote detection, free-space communication and 

others. Most applications place additional demands on the laser source (e.g. in terms 

of beam quality, linewidth, mode of operation, stability, etc.) that can be difficult to 

achieve under high power operation. Some applications require operating 

wavelengths that are not directly accessible by existing high-power laser 

architectures and require efficient nonlinear frequency conversion schemes. For a 

long time the high-power laser area has been dominated by gas lasers and 

conventional ‘bulk’ solid-state lasers. Fibre lasers are a relatively new and rapidly 

developing technology in this area.  

 

This chapter discusses scaling the output power of solid-state lasers and their 

nonlinear frequency conversion. Section 4.2 reviews the challenges of power scaling 

of solid-state lasers in general, discusses the sources and consequences of heat 

deposition in the laser medium. It concludes with a review of the most popular laser 

geometries aiming for very high output power levels. Power scaling of the fibre laser 

architecture is discussed in detail in section 4.3. Section 4.4 covers the background 

on nonlinear frequency doubling of lasers and discusses most popular frequency 

doubling schemes for ‘bulk’ solid-state lasers as well as for fibre laser architecture. 
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4.2. Power scaling of solid-state lasers 

 

4.2.1. Performance of solid-state lasers 

 

Raw output power alone should not be used as an indicator of the laser’s 

performance. For most applications it is desirable to maximise the efficiency of the 

laser (i.e. the output power to pump power ratio), while maintaining other laser beam 

characteristics such as beam propagation factor, output power and beam pointing 

stability, laser linewidth and central wavelength, at the desired level. 

 

The output power from a solid-state laser can be approximated with a simple 

expression [4.1]: 

 

 ���� ≈ ����	
� − ���
 (4.1) 

 

where �� is the slope efficiency of the laser with respect to the absorbed pump 

power, �	
� is the pump power absorbed in the laser medium, and ��� is the amount 

of absorbed pump power required to reach the threshold for lasing. 

 

Following the simplified rate equation approach introduced for ASE sources in 

section 2.6 we can derive general expression for lasing threshold. This condition is 

met when amount of pump power absorbed is enough to generate round-trip gain 

(including resonator losses) reaching unity. For a standing-wave laser resonator with 

an active medium of single-pass gain �, output coupler of transmission ���, and 

round-trip loss of other optical elements in the cavity �, the condition for threshold to 

be reached can be expressed as: ���1 − ���
�1 − �
 = 1. Assuming rapid decay of 

energy from the pump excitation level into the upper laser level so that pump level 

population is negligible, we can follow equations (2.1-2.11) to obtain the amount of 

absorbed pump power required to reach threshold: 

 

 ��� = �ℎ��2������	� �
 + �"� �
# �− ln�1 − ���
 − ln�1 − �
 + 2�	� �
&' + 2(�'# (4.2) 
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� is the area of the region where pump light is absorbed: for a top-hat pump intensity 

profile � = )*�� (� = )+,�-"�  for fibres of core radius +,�-"
, and for pump beam 

with Gaussian intensity distribution � = ).*�� + */�0/2, where *� is the pumping 

beam radius and */ is the laser mode radius (assuming negligible beam divergence 

across the active medium length). The other symbols have been defined in 

section 2.6. 

 

When operating the laser many times above threshold, i.e. when signal intensity is 

large compared to laser signal saturation intensity 2�	� = ℎ��/����	� �
 + �"� �
# 
and when the background losses (due to reabsorption and signal attenuation) are 

significantly lower than ��� and �, the slope efficiency can be calculated using 

Rigrod analysis [4.2] and approximated with [4.3]: 

 

 �� = �����	
� ≈ ���31 − �
���31 − � + �31 − ���

4����5 �� ≈ ������ + � 4����5 �� (4.3) 

 

where the last approximation is valid for low values of useful and non-useful losses, 

i.e. ��� , � ≪ 1. It is clear from (4.3) that the output power is a linear function of 

absorbed pump power with the slope directly proportional to the ratio of its laser 

signal to pump frequency. This explains the advantage of in-band pumping, where 

the pump photon energy bridges the manifolds used in the laser transition, leading to 

small quantum defect. On the other hand, if the pump frequency is too close to the 

laser signal frequency, significant reabsorption from the lower laser level can limit 

the extractable output power, because it acts as a saturable loss leading to increase of 

the lasing threshold. Also, the achievable laser gain can be limited by stimulated 

emission caused by the pump light. Unlike the lasing threshold (4.2), the slope 

generally depends only on spectral properties of the laser transition and cavity losses. 

However, for larger areas of the pumped region �, higher level of background losses, 

as well as for shorter upper laser level lifetimes �� the lasing threshold has a higher 

value leaving less output power for a given amount of available pump power, even 

for lasers with high slope efficiency. For these reasons a good balance of all 

mentioned parameters is required to maximise the laser’s output power. 
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Most popular ways to quantify laser beam quality include so-called beam parameter 

product (BPP) and beam propagation factor (often called “M squared factor”, “beam 

quality factor” or "beam propagation ratio" as per the ISO 11146 standard [4.4]) 

denoted 8�. The BPP of a laser beam is defined as the product of beam radius 

w: (measured at the beam waist) and the beam divergence half-angle θ (measured in 

the far field) - the higher the BPP, the lower the beam quality. The BPP can also be 

defined for non-Gaussian beams. In that case, second moments should be used for 

the definitions of beam radius and divergence. The smallest possible BPP of λ/π is 

achieved with a diffraction-limited Gaussian beam, where   is the mean wavelength 

of the laser beam. The beam propagation factor (M�) can be defined as the ratio of 

the BPP of an actual beam to that of an ideal Gaussian beam at the same wavelength, 

i.e. 

 M� = θπw:/λ (4.4) 

 

Beam quality defines a minimum waist radius (and hence maximum intensity) that 

can be obtained at a given distance from a focusing lens. It also determines the 

Rayleigh range z@ defined as the distance along the propagation direction of 

a beam from the waist to the place where the area of the beam’s cross-section is 

doubled (i.e. for circular beams where radius increases by a factor of √2) and for a 

Gaussian beam it is given by BC = )*:�/8� . Laser beams of high quality enable 

strong focusing at long working distance between focusing optics and the laser 

target. Long Rayleigh range implies large depth of focus (i.e. tolerance of placement 

of the image plane, e.g. laser beam target) and large depth of field (the range of 

distances in object space for which object points are imaged with acceptable 

sharpness with a fixed position of the image plane) allowing more flexibility and 

tolerances on mechanical stability in an optical system. For these reasons laser beams 

with M� factor close to 1 are preferred in many applications, and maintaining good 

laser beam quality at high output power is one of the main challenges in power 

scaling of modern laser sources. 
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4.2.2. Pump sources 

 

Raw high output power of the pump source is not enough for efficient pumping of 

solid-state laser sources. According to (4.2) a low value of lasing threshold can only 

be obtained if the pump beam can be focused onto a small region with low 

divergence to maintain reasonably good overlap with the laser mode in the active 

laser medium. In case of diode-pumped fibre lasers the pump beam has to be 

delivered with the divergence within the acceptance angle and the waist size matched 

(or smaller) to the size of the inner cladding. For those reasons both high power and 

high beam quality of the pumping beam are required to scale the output power from 

solid-state lasers. Radiance (sometimes also called brightness) of a laser source is a 

quantity combining the output power and beam quality and can be defined as a ratio 

of emitted power � to the product of the emitting area �" and solid angle divergence 

of the beam Ω", i.e. 

 

 E = �
�"Ω" = �

)*:�)F� = �
8G�8H� � (4.5) 

 

where 8G� and 8H� are beam propagation factors in x and y directions respectively. 

 

Although the first diode-pumped solid-state laser was demonstrated in 1964 by 

Keyes [4.5], solid-state lasers were mainly pumped with flash-lamps until the 1980s 

due to limited lifetime and low output power from diode laser sources. Since then, 

development of fabrication techniques has allowed scaling the output power from 

laser diode systems to the multi-kilowatt regime [4.6]. While it is possible to scale 

the output power of a diode source by constructing linear and two-dimensional arrays 

of emitters to form bars and stacks, the maximum brightness of diode laser system 

cannot be greater than that of a single emitter. Commercially available diode laser 

systems are currently capable of delivering ~2kW output with beam propagation 

factor in the order of 8� ≈ 150 and radiance of E ≈ 50 MW/cm2sr [4.6]. 

Nevertheless, the brightness of the state-of-the-art diode laser systems still remains 

more than two orders-of-magnitude lower than that of the modern fibre lasers [4.7]. 

Despite their poor beam quality high power diode arrays are excellent sources for 
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pumping solid-state lasers. Compared to flash-lamps, diode sources have relatively 

narrow bandwidth so nearly all the pump light can be concentrated into the 

absorption band of a solid-state laser material. This results in an improved optical 

efficiency of the solid-state laser and reduced amount of unwanted heat generated in 

the active laser medium. Compared to laser diodes, solid-state laser materials have 

relatively high damage thresholds, so diffraction limited beams with high efficiency 

can be produced by pumping the solid-state laser with one or multiple diode laser 

sources emitting output with poor beam quality. For this reason solid-state lasers 

(and fibre lasers in particular) are often called “brightness converters” as they deliver 

high brightness laser output while the pump energy is delivered with poor beam 

quality laser diode sources. 

 

 

4.2.3. Heat deposition in the laser medium 

 

Even when using high quality crystals with low background loss and state-of-the-art 

pump sources, the efficiency of solid-state lasers is generally limited by the quantum 

defect of the laser transition resulting from the energy difference between the pump 

and laser signal photons. This portion of pump energy is converted to heat in the 

active laser medium. Other sources of heat include fluorescence quenching processes 

such as excited-state absorption (ESA) at pump and signal wavelengths, energy 

transfer up-conversion (ETU), energy transfer to impurities and defects, as well as 

absorption of the fluorescence and stray pump light in the mount (and polymer 

coating in case of fibre lasers). 

 

a) Quantum defect 

 

For most laser transitions, relaxation from the pump level to the upper laser level as 

well as from the lower laser level to the ground level is thermal in nature and 

involves phonon emission. A fraction of pump photon energy that is converted to 

heat during conversion to a laser signal photon is called the quantum defect of the 

laser transition. It can be defined as the fractional energy difference between the 

pump photon and the laser signal photon, i.e.: 
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 QL = M� − M�M� = 1 −  � �  (4.6) 

 

where M� and M� are the energies for the pump and laser signal photons respectively, 

while  � and  � are the pump and laser signal wavelengths respectively.  
The quantum defect places an upper limit on the laser efficiency and lower limit on 

the fraction of pump power that is inevitably converted to heat degrading the beam 

quality and limiting the maximum output power from the laser. For these reasons a 

pump wavelength close to the laser signal wavelength is preferred. Lasers with 

quantum defect less than one percent have been reported [4.8]. 

 

b) Fluorescence quenching 

 

The behaviour of solid-state lasers at population inversion densities typical for low 

pump powers can be understood by simple rate equation analysis (2.1-2.11). As the 

population inversion density becomes large with increasing pump power, several 

different processes collectively known as lifetime quenching processes become 

significant resulting in degradation of the solid-state laser performance. Lifetime 

quenching processes decrease the number of excited ions in the upper laser level for 

a given pump power and hence reduce the effective lifetime and overall fluorescence 

intensity from the quenched electronic states. This in turn reduces the gain in the 

laser medium thus raising the threshold for lasing. The net result is degradation in 

laser efficiency (especially in a pulsed mode) as well as additional heat loading in the 

active laser material via non-radiative decay (emission of phonons in the host 

material). Lifetime quenching can have different origins. Energy transfer processes 

between laser-active ions can be significant in materials with high active ion 

concentrations (particularly when ion clustering occurs), for this reason they are 

often called concentration quenching processes. Two examples of concentration 

quenching process that can lead to significant decrease in efficiency and extra heat 

loading in the gain medium are energy-transfer up-conversion (often called Auger 

up-conversion or cooperative up-conversion) and cross-relaxation of ions, 

schematically presented in Fig. 4.1a and 4.1b respectively. 
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Figure 4.1: Schematic representation of lifetime quenching processes; a) energy transfer up-

conversion, b) cross-relaxation of ions c) excited state absorption at pump and signal 

wavelengths 

 

ETU occurs when two neighbouring ions (in this case both in the upper laser energy 

level) exchange energy. The donor ends up in the lower energy level, while the 

acceptor is transferred to a higher energy level, where the energies depend on the 

allowed transitions in the laser material. The acceptor eventually decays back to the 

upper laser level and the donor decays to the ground state, while these transitions can 

be radiative, non-radiative or a combination of both. Essentially, the ETU process 

converts two ions in the upper laser level into one ion in the upper level and one in 

the ground state plus the difference in energy contributing to thermal loading of the 

active medium and/or fluorescence at other wavelengths. Depopulation of the upper 

level due to ETU process increases for higher doping concentrations and higher 

population densities of the upper laser level [4.9].  

 

Energy transfer can also lead to cross relaxation of ions (fig. 4.1b). The donor in the 

upper laser level state transfers its energy to the acceptor in the ground state and both 

ions end up in some intermediate energy level from where they both decay to the 

ground state via multi-phonon emission or in some cases via a radiative process. 

Essentially, cross relaxation process converts one ion in the excited state and one ion 

in the ground state to two ions in the ground state with the remaining energy 

contributing to thermal loading and/or fluorescence at different wavelengths. 
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Another mechanism that can quench the effective lifetime of the upper laser level, 

called excited-state absorption is schematically illustrated in fig. 4.1c. The ion in the 

excited state can be transferred to a higher energy state via absorption of a photon at 

pump or laser signal wavelength, before eventually decaying back to the upper laser 

level via non-radiative processes contributing to the thermal load. While ESA is a 

common problem in broadband gain media such as transition-metal-doped crystals 

with complicated energy levels structure, it is not present in laser materials with a 

simple electronic structure, such as Yb-doped crystals. Other mechanisms leading to 

lifetime quenching and heat generation in the active medium include direct multi-

phonon emissions from the upper laser level to the lower electronic states, energy 

transfer to ions of different type (e.g. impurities in the laser material) or colour 

centres (i.e. defects in the crystal structure). 

 

 

4.2.4. Thermal effects in the laser medium 

 

All of the mechanisms reviewed above can deposit significant amount heat in the 

active laser material under strong optical pumping, which leads to increase in 

temperature in the laser medium. Without means for efficient heat removal this 

thermal load can lead to change in spectroscopy, change in thermo-optical and 

thermo-mechanical properties of the active laser medium, and ultimately to physical 

damage of the material via burning or melting. Active cooling is thus essential in 

most high power laser systems to remove the unwanted heat. All heat removal 

methods, however, induce a temperature gradient between the centre of the pumped 

region and the heat sink. For example, this temperature gradient leads to aberrated 

thermal lensing in case of a “bulk” end-pumped, edge-cooled solid-state laser or 

thermal guiding/anti-guiding in case of a fibre laser leading to laser mode distortion 

or loss. It also leads to thermally-induced stress that can result in added birefringence 

and lensing effects as well as physical damage by fracture. Thermal effects 

originating from both high temperature and strong temperatue gradient become more 

pronounced at high pump powers leading to reduced efficiency of the laser, beam 

quality degradation and ultimately to material damage. 
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a) Thermally induced stress 

 

High pump power levels and the associated thermal loading in laser media cause 

differential expansion and thus induce stress in the active laser material. In general 

the refractive index value in the region under compression is different from that in 

the region under tension. In end-pump lasers compression occurs in radial, and 

tension in the tangential direction. Resulting birefringence causes retardation of 

tangential component with respect to the radial component of the electric field in the 

beam and thus significant depolarisation of the laser signal beam passing through the 

laser material. Consequently, this effect can lead to high loss in polarising elements 

in the laser resonator. Thermally induced depolarization is particularly problematic in 

gain media with low natural birefringence. Thermally-induced stress also sets the 

ultimate limit of how much power can be absorbed in the laser material under intense 

optical pumping. When the tension reaches the breaking stress of the material, the 

laser medium experiences a stress-induced fracture. The fracture limit depends 

mainly on heat deposition density per unit length, material properties and geometry 

[4.10]. 

 

b) Aberrated thermal lens 

 

Aside from induced birefringence, thermally induced stress also affects the 

distribution of refractive index in the laser material. As the refractive index value is 

temperature dependent, the index of refraction is further affected by the temperature 

gradient. These two effects contribute to the effect known as thermal lensing - the 

laser signal beam passing through a radially symmetric laser material under intense 

pumping behaves as if it was transmitted through a highly abberated spherical lens. 

Another effect that degrades the beam quality even further is related to thermal-

expansion-induced distortion of the end faces, known as end-face bulging. The 

relative contribution of the thermally induced birefringence, temperature gradient 

and end-face bulging to the overall thermal lens depends on the thermo-optical and 

thermo mechanical properties of the material. For many typical “bulk” solid-state 

laser materials the refractive index variation with temperature dominates, (it accounts 

for >80% of the thermal lens contribution in the case of Nd:YAG [4.10]).  
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4.2.5. Impact of laser medium geometry 

 

Many laser architectures with different geometries of the laser medium, aiming for 

output power and brightness scaling have been developed up to date. The most 

popular approach to reduce thermal effects in the laser medium is to increase the 

ratio of the cooled surface area to the pumped volume. This can be achieved in 

various ways, and solid-state laser technology development took several courses, 

concentrating around different types of the laser medium geometry. Some of the 

more popular architectures with their strengths and limitations in the pursuit of 

scaling the output to very high power levels are discussed as follows. 

 

a) Side-pumped slab lasers 

 

 

 

Figure 4.2: Side-pumped slab laser configuration 

 

Diode pumped slab lasers benefit from side-pumped geometry schematically 

illustrated in fig. 4.2. In this scheme, heat is extracted through the two largest areas - 

top and bottom faces of the active medium, which remain in thermal contact with 

water-cooled heat sinks. Pump light is generally delivered through one or two 

remaining side surfaces, while the laser radiation is orthogonal to the pump beams. 

This configuration benefits from high aspect ratio of the side surfaces which allows 



64 
 

matching them to the high-aspect-ratio pump beam as emitted directly from a laser 

diode bar. This eliminates the need for sophisticated beam shaping systems, places 

low demand on the quality of the pumping beam and results in high pump coupling 

efficiency. The limitation of the slab approach, however, is a poor overlap between 

the laser mode and the pumped volume which means the stored energy is difficult to 

extract from the laser material. For media with high absorption at pump wavelength, 

the region of highest inversion density is located close to the pumped face. For this 

reason it is often beneficial to transmit the laser mode through the laser medium in 

such a manner that it undergoes a total internal reflection from the pumped surface. 

The overlap between the population-inverted volume and the laser mode is then 

larger than in a single-pass scheme and the overall efficiency of the laser increases. 

Another attraction to this approach is that the laser beam is being horizontally 

inverted upon reflection. Hence, the effects caused by the horizontal gradients in 

refractive index and gain acquired during the pass through the first half of the active 

medium are compensated for during the pass through the second half of the laser 

material. This results in an improved beam quality with little degradation in the 

horizontal direction. Multiple total internal reflections are often used in the so-called 

“zig-zag” laser geometry. Another way to increase the extraction efficiency is to 

allow for multiple passes through the active medium, each one directed for different 

part of the pumped volume, by using external mirrors folding the laser cavity. From 

a thermal perspective, slab lasers benefit from lower temperature difference and 

higher fracture limit. However, due to lack of radial symmetry, thermal lensing in 

slab lasers can be slightly more problematic to handle due to strong astigmatism of 

the thermal lens (the temperature profile is relatively flat in the two long dimensions, 

but a strong gradient exists in the vertical direction). Thermally-induced stress 

associated which the temperature gradient is also significant in slab lasers. It is 

typically strongest at the sides and may cause fracture of the crystal at high powers. 

For this reason the slab needs to be made as thin as possible with the width and 

length increased. Side-pumped slab lasers can be scaled to very high output power 

levels, potentially hundreds of kilowatts [4.11] but they typically offer much worse 

beam quality than thin-disk and fibre laser architectures. 
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b) End-pumped rod lasers 

 

 

 

Figure 4.3: Typical arrangement of an end-pumped rod laser 

 

In the end-pumped rod laser configuration (fig. 4.3) heat is extracted through the side 

surface of the rod, while the pump is delivered through the circular face and is 

collinear with the laser signal. Unlike side-pumped schemes, this approach enables 

good spatial overlap between the fundamental mode of the laser resonator and the 

pumped volume allowing for high extraction of the stored pump energy. The 

cylindrical symmetry of the end-pumped laser rod implies that the thermal lensing 

effects are radially symmetric and can be compensated for with relatively simple 

optical arrangements. On the other hand, thermal lensing effect is particularly strong 

in laser rods and leads to strong aberrations in the wings of the pumping beam. The 

most popular way to deal with this effect is to use longer rods and lower the active 

ion concentration in the laser material so the thermal load is distributed over the 

larger volume, temperature gradient is lower and the heat can be extracted more 

efficiently. This requires a pump source delivering a high quality beam that can 

maintain small size across the crystal of increased length. Other techniques aiming to 

mitigate thermal effects include using composite laser crystals terminated with 

undoped caps, or multi-segmented rods comprising sections with different doping 

levels for more uniform distribution of the thermal load. An extreme case of an end-

pumped laser rod is that of a “single-crystal fibre”. Such fibres can be pulled directly 

from a melt, with no subsequent polishing except for the input and output faces. 

They contain a waveguide structure for the pump light, which is reflected at the 

crystal-air (or crystal-coating) interface, while the laser mode is propagated free-
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space in the volume of the crystal medium. Rod lasers compete with slab, fibre and 

thin-disk laser architectures up to the range of several hundred watts, possibly even a 

few kilowatts [6], but scaling to higher power levels is rather challenging. 

 

c) Face-pumped thin-disc lasers 

 

 

 

Figure 4.4: Typical thin-disk laser configuration 

 

Fig. 4.4 illustrates a typical thin-disk laser configuration. This architecture is based 

on a thin-disk (typically few hundred microns in thickness) of laser gain medium 

with the back surface bonded to a water-cooled heat sink.  The back surface is 

generally HR-coated and the front surface AR-coated for both laser and pump 

wavelengths. The pump beam is delivered at an angle to the resonator mode.  The 

laser resonator can be formed between the back, HR-coated surface of the gain 

medium and an output coupler, but the thin-disk can also act as a cavity folding 

mirror so the round-trip gain in the resonator is doubled and threshold for lasing 

reduced. For this reason more complex designs using multiple reflections from the 

thin-disk per round-trip are typically used.  Due to low absorption resulting from the 

limited thickness of the gain medium, the pump beam is often recycled after first 

reflection and directed back onto the pumped region in a multi-pass pump 

configuration. For a thin-disk scheme, the cooling surface to the pumped volume 

ratio is large, and the feat flow is collinear with the laser beam axis, which 
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dramatically reduces thermal effects. Furthermore, power scaling can be aided by 

simply increasing the pumping beam radius, thus increasing the cooling area as well 

as the area of the pumped volume, and adjusting the resonator design for increased 

laser mode radius. In this way, peak intensity and peak temperature can remain 

unchanged even for higher pump and output power levels. Consequently, the main 

source of thermal lensing is from mechanical stress in the disk leading to bending of 

the crystal due to the difference in expansion of its front and back surface, rather than 

aberrations via thermal dependence of the refractive index. Both effects, however, 

can be reduced by keeping the disk thickness small. Another limitation in thin-disk 

laser architectures arises from the amplified spontaneous emission (ASE) in the 

transverse direction, which limits the gain for the laser signal in the longitudinal 

direction. This effect can be supressed by using composite crystals with undoped 

layer bonded over a thin active layer and absorbing coatings on the sides of the thin-

disk to prevent Fresnel reflection from the air-crystal boundaries. A 5 kilowatt single 

disk laser based on Yb:YAG capable of fundamental mode operation up to 300 W 

has been demonstrated [4.13]. Thin-disk lasers are currently in fierce competition 

with high-power fibre lasers. Within the next years, both technologies are expected 

to show significant further progress, and it is not entirely clear which one will 

acquire the larger market share. 

 

d) Cladding-pumped fibre lasers 

 

 

 

Figure 4.5: Cladding-pumped fibre end in a high-power fibre laser 
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While the first fibre lasers delivered output power in the order of few milliwatts, 

modern high power lasers are capable of several kilowatts of output power from a 

single fibre. This power scaling potential arises from a very high surface-to-volume 

ratio allowing for efficient removal of the thermal load and the waveguiding 

geometry, which dominates over thermo-optical problems under conditions of 

significant heating. High power fibre lasers are nearly always based on double-cladd 

fibres with a silica glass inner cladding and a rare-earth-doped core. These 

architectures are cladding-pumped with high power diode lasers, typically fibre-

coupled diode bars. Light can be launched into the inner cladding through the glass-

air interface of the front face of the fibre (fig. 4.5) using free-space optics or 

alternatively, using an all-fibre pump delivery scheme (see section 4.3.1). The laser 

resonator can be formed with free space mirrors in external cavities or internally 

between fibre Bragg gratings (FBG) written into the core. In many configurations 

even the Fresnel reflections from cleaved faces of the fibre provide sufficient 

feedback for lasing. If the core of the fibre supports only the fundamental mode the 

output from the fibre laser has a diffraction-limited beam quality. For very high 

output power levels, the core needs to be fairly large to avoid too large optical 

intensities, which also helps to improve the pump absorption dependent on the 

cladding to core area ratio. For such larger mode areas, the beam quality can be 

degraded due to the presence of higher order modes, but can be still fairly good 

compared to other laser architectures operating at similar power levels.  

 

High-power fibre laser systems often use laser-amplifier combinations where a low 

power master oscillator is followed by a chain of fibre amplifiers, typically with 

increasing mode areas. In this way it is easier to control the properties of the seed 

laser to obtain high power output with desired properties at the end of an amplifier 

chain. Heat management is typically easy in fibre lasers when compared with other 

laser architectures. Air cooling is sufficient in many cases. For more demanding 

applications water cooling and increased length of the fibre with lower doping 

concentration can be applied. The output power from fibre lasers is limited by large 

optical intensities in the core area and the onset of damage. High optical intensities 

also lead to nonlinear effects in the fibre core, significant even for continuous-wave 

operation and potentially reducing the maximum output power that can be obtained 

from the fibre laser. Despite these limitations, an output power of 10 kilowatts has 
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been recently demonstrated from a single-mode fibre [4.7] and further increase in 

output power should be possible. The fibre laser architecture is also well suited for 

various beam combination techniques - once the limit of the power obtainable from a 

single fibre has been reached, this approach will be an option towards further power 

scaling. It is expected that laser systems using beam-combination techniques will 

reach output power levels in the range of hundreds of kilowatts in the near future. 

Possible applications for such systems include directed energy weapons [4.14], long 

distance optical communication [4.15] and materials processing [4.16]. Novel fibre-

based laser systems aiming for power scaling and efficient nonlinear frequency 

conversion are the main subject of this thesis, hence the limitations and general 

power scaling strategy for fibre laser architectures will be discussed in more detail 

later in section 4.3. 

 

 

4.3. Power scaling of cladding-pumped fibre 

lasers 

 

4.3.1. Core- and cladding-pumping 

 

Most common rare-earth elements used in high power fibre lasers and amplifiers are: 

Ytterbium (Yb3+) emitting in the region of 1-1.1 µm, Erbium (Er3+) emitting around 

1.55 µm, Thulium (Tm3+) emitting at 1.8-2.0 µm and Holmium (Ho3+) emitting 

around 2.0-2.1 µm. Other, lower power fibre architectures sometimes use different 

wavelengths emitted by rare-earth elements such as Praseodymium (Pr3+) at 1.3 µm 

and Samarium (Sm3+) at 0.65 µm as well as Bismuth (Bi3+) in the 1.3-1.5 µm region.  

 

a) Core-pumping 

 

Pump light can be launched into the fibre core or into the inner cladding, depending 

on the pump beam quality. In a core pumping arrangement the refractive index 

profile across the fibre is generally chosen such that O,/	P < O,�-" < O���, so that 

only the modes propagating in the doped core are supported (where O,/	P, O,�-" and 
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O��� stand for the index of refraction in the inner cladding, RE-doped core and outer 

cladding regions respectively). This scheme offers a high absorption coefficient due 

to the high overlap factor between the pump field and the RE-doped region, which 

allows for using shorter device lengths. On the other hand, core-pumping requires a 

pump beam of high quality that can be coupled into a relatively small core area. For a 

core of the step-index fibre to be robustly single mode at wavelength   its normalised 

frequency, defined as: 

 

 R = 2)+,�-" &�,�-" (4.7) 

 

(where +,�-" is the core radius and &�,�-" = 3O,�-"� − O,/	P�  is its numerical 

aperture), must be in the range of 0 < R < 2.405. By comparing definitions (4.4) 

and (4.7) it is clear that beam propagation factor of the pump beam must satisfy at 

least 8� ≤ R/2 in order to be able to couple efficiently into the fibre core.  

 

b) Cladding-pumping 

 

In order to scale the output from fibre lasers to very high power levels, high power 

diode sources with poor beam quality must be used. Core coupling is not possible in 

such cases and the fibre design has to be changed so it allows for propagation of the 

pump light in the inner cladding, i.e. O,�-" < O,/	P < O���. The requirement for 

pump beam quality in this cladding-pumping scheme is relaxed due to the increased 

spot size and acceptance angle of the inner cladding so that 8� ≤ )+,/	P&�,/	P���/
 , where +,/	P is the inner cladding radius, &�,/	P = 3O,/	P� − O����  is its numerical 

aperture (acceptance angle) and ��� is a factor which takes into account the need to 

underfill the inner-cladding and inner-cladding’s NA to avoid pump-induced damage 

to the outer-coating. The value for ���, typically in the 0.7-1 range, depends on the 

situation, and the pump power in particular. 
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Pump light propagating in the inner cladding only partially overlaps with the core 

area with the result that much longer device lengths are required for efficient pump 

absorption compared with core-pumped architectures. A conventional inner-cladding 

with radial symmetry allows for helical ray trajectories around the core region (fig. 

4.6a), and as such is not preferred. Although pump absorption can be increased by 

bending the fibre, this approach is not very effective for larger fibres and higher 

NA’s. Other structures, breaking the circular symmetry, thus allowing for increased 

absorption have been developed [4.17-4.19], with some examples schematically 

illustrated in fig. 4.6.  

 

 

 

Figure 4.6: Typical inner-cladding structures for cladding-pumped fibre lasers: 

a) conventional radially symmetric with indicated helical ray trajectories b) with an offset 

core c) octagonal d) D-shaped e) rectangular f) “Panda” g) “Bow-tie” 

 

One method to increase pump light absorption is to break the radial symmetry by 

offsetting the fibre core (fig. 4.6b). Since a large offset is required for significant 

increase in absorption, fabrication and splicing of such a fibre is quite difficult. 

Fabrication of the polygon-shaped inner-claddings (octagonal cladding in fig. 4.6c) 

can be somewhat challenging, but they offer very effective pump absorption and, 

being axially symmetric, are relatively easy to splice. Fibres with D-shaped inner 

cladding (fig. 4.6d) are relatively easy to fabricate and offer very effective way to 

increase the pump absorption. Hence, they are popular with laser systems pumped 

with a circular free-space beam where splicing is not required. For lasers pumped 

with asymmetric beams the rectangular cladding (fig. 4.6e) can be more suitable. The 

inner cladding design can be also altered to induce strong birefringence in the fibre 

core. If polarised light is then launched into such a core, its polarisation state is 
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maintained over the entire length of the fibre. Such fibres are desired in both fibre 

oscillators and amplifiers. The most common “Panda” (fig. 4.6f) and “Bow-tie” (fig. 

4.6e) inner cladding geometries incorporate stress rods to induce strong stress 

birefringence in the core and break the radial symmetry by introducing a refractive 

index change in two regions of the cladding’s cross section, thus increasing the pump 

absorption.  

 

Another way to increase the pump absorption coefficient is to increase the core size 

to the inner-cladding area ratio. Apart from increased pump absorption, larger cores 

offer lower optical intensity for a given level of output power, thus higher threshold 

for nonlinear effects and optical damage. According to (4.7) for the larger fibre core 

to remain robustly single-mode at given wavelength, its numerical aperture has to be 

lower. Current fabrication techniques can achieve numerical apertures as low as 

0.04-0.05 for step index fibres, which places an upper limit for the size of a single-

mode core. For a fibre operating at 1 um, this means the largest core radius that 

supports only the fundamental mode is +,�-" ≈ 10 um. 

 

c) Host material 

 

Silica glass is generally the material of choice for high-power fibre lasers and 

amplifiers for a number of reasons. Two of the most important factors are a high 

melting temperature and mechanical strength of silica, allowing for relatively easy 

power handling at high pump and laser output power levels. Another important 

feature is its very low loss in the near-infrared spectral region which minimises 

background losses and heat loading in fibre lasers and amplifiers. Silica based 

systems are also compatible with existing telecom components, and relatively simple 

and well-established telecom fibre fabrication techniques. Splicing and cleaving 

silica glass is also relatively easy compared to other host materials. Finally RE 

doping offers access to broad range of laser wavelengths desired in high-power laser 

applications. Other glasses (e.g. fluoride glass) can offer an extended range of 

operating wavelengths in visible and mid-infrared regimes, but these fibres have a 

relatively poor power handling capability and are not compatible with silica-based 

components. 
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d) Pump delivery schemes 

 

In case of cladding-pumped fibre lasers the simplest way is to launch the pump light 

directly into the inner cladding at one or both fibre ends of the active fibre. This 

technique does not require special fibre components; however, high-power pump 

radiation propagates through air, free-space optics and an air–glass interface, which 

is very sensitive to dust and misalignment. A common approach to make the pump 

delivery more robust is the use of tapered fibre bundle pump combiners [4.20] that 

transfer the pump power from multiple fibre-coupled laser diode sources into one 

large-core multimode fibre that can be spliced directly to the inner cladding of the 

RE-doped fibre. Several alternative pump injection techniques have been developed 

as well. One of the most powerful single-mode fibre lasers to date used a “tandem 

pumping” scheme, where the main active fibre was in-band pumped with other fibre 

lasers [4.7]. Other kilowatt class fibre lasers use “GT-wave fibre” technology where 

the pump light is launched into two undoped fibres wound around the active fibre so 

that the light is gradually transferred into the RE-doped fibre [4.21]. One of the first 

kilowatt class fibre laser systems used three multimode fibres tightly coiled in a form 

of disks for easier thermal management, side-pumped directly with diode bars [4.22]. 

Other simple side-pumping scheme uses v-grooves and substrates to deliver pump 

light in multiple injection points [4.23].  

 

In general, there are many types of diode pump sources and many different coupling 

schemes for launching pump light into double-clad fibres. In all cases, however, 

brightness of the single pump emitter is the ultimate limiting factor on how much 

pump power can be launched into a given fibre. Both end-pumping and side-

pumping have their strengths and limitations. End-pumping techniques offer 

relatively higher brightness of the pump light launched into the fibre, shorter device 

lengths and more flexibility in fibre design. Side-pumping configurations, On the 

other hand, allow for distributed pumping (and distributed heat loading), offering 

robust and alignment free architectures with easy access to the ends of the active 

fibre. The final choice of pumping scheme is thus dependent on the specific 

application. 
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4.3.2. Thermal effects in fibres 

 

Fibre lasers benefit from a geometry with large surface to core volume ratio 

facilitating efficient heat removal. Thermal loading can be spread over a long length 

of the active medium, and waveguide properties of the core usually dominate over 

thermally-induced changes in the refractive index. Although thermal management in 

fibres is much easier than in other laser architectures, fibre lasers are not completely 

immune to the effects of heat generation. Various sources of heat discussed in 

section 4.2.4 contribute to heat deposition in the fibre core. Quantum defect heating, 

excited state absorption, energy-transfer up-conversion and transfer to non-radiative 

sites in the core are the most common sources of thermal loading in high-power fibre 

lasers. Yet another mechanism that can add up to detrimental thermal effects arises 

from the absorption of fluorescence and stray pump light in the outer cladding and 

fibre-holding mounts. 

 

a) Melting of the core and polymer coating damage 

 

A fibre laser with its outer cladding heat sunk or convection cooled can be 

considered as a medium of cylindrical geometry with periphery at a fixed 

temperature. The heat deposition per unit length required to soften or melt the 

material can be calculated from steady-state heat transfer equation [4.24]. For a 

double-clad fibre, maximum heat deposition per unit length before onset of softening 

or melting can be expressed as: 

 

 ��V	G = 4)��V − ��
 W 1
X,/	P + 2

X,/	P ln Y+,/	P+,�-"Z + 2
X��� ln Y +���+,/	PZ + 2

+���[���\]^
 (4.8) 

 

where �V ≈ 2000 K is the softening temperature of the silica core, �� is the ambient 

temperature, X,/	P ≈ 1 Wm-1K-1 and X��� ≈ 0.1 Wm-1K-1 are the thermal 

conductivities of the silica inner cladding and polymer outer cladding respectively, 

+,�-", +,/	P and +��� are the radii of the fibre core, inner cladding and polymer 

coating respectively, while [��� is the heat transfer coefficient for the outer polymer 

coating. This suggests that in a typical fibre laser configuration convection cooling 
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(i.e. [��� in the order of ~10 Wm-2K-1) is generally sufficient for keeping a fibre core 

below its melting point. However, the threshold for thermal damage in the polymer 

coating is generally reached first. For a typical polymer outer-coating the maximum 

temperature that can be tolerated before the coating begins to degrade �P ≈ 150°C. 

This leads to the following upper-limit on the heat deposition density:  

 

 ��V	G = 4)��P − ��
 W 2
X��� ln Y +���+,/	PZ + 2

+���[���\]^
 (4.9) 

 

which is roughly one order of magnitude lower than the heat deposition required for 

melting the fibre core. Therefore, the strategy required for scaling to higher power 

levels is to increase the inner cladding diameter whilst reducing the outer polymer 

coating thickness and applying more aggressive cooling (i.e. conduction cooling with 

[��� in the order of ~1000 Wm-2K-1). Low-index glass outer cladding is also an 

alternative for kilowatt class fibre lasers.  

 

b) Thermally-induced stress 

 

Thermal stresses in a fibre can be calculated from the temperature distribution [4.24]. 

Thermally-induced fracture in fibre occurs when those stresses exceed the tensile 

strength of silica. The maximum allowed heat deposition density before the onset of 

fracture is given by: 

 

 ��V	G = 4)_�1 − �+,�-"� /2+,/	P� 
 ≈ 4)_� (4.10) 

 

where Ra ≈4300 W/m is a thermal shock parameter for silica, and the approximation 

is valid for small core to inner cladding radius ratio. This suggests that thermally-

induced fracture is not likely to be a problem in fibre lasers with heat deposition 

density < 50 kW/m. This is beyond current capacity of pump sources and well above 

the damage thresholds arising from other thermal effects. 
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c) Thermal lens 

 

Thermally-induced temperature gradients in the fibre core can produce a modified 

refractive index profile and hence thermal guiding. This thermal lens becomes 

competitive with the index guiding from the fibre core when at the heat deposition 

density approximately equal to [4.25]: 

 

 ��V	G ≈ )X,/	P ��

2 bOb� +,�-"�  (4.11) 

 

where  � is the wavelength of the laser signal and dn/dT is the temperature gradient 

of the refractive index. For silica glass dn/dT ≈ 11.8× 10-6 K-1 [4.26]. Thermal 

guiding has significant effect on guiding properties and hence performance in large-

core fibres. For materials with positive dn/dT such as silica glass thermal guiding 

leads to tighter mode confinement in the fibre core, degradation in beam quality and 

reduced efficiency of the laser. In materials with negative dn/dT such as phosphate 

glasses, the same effect is responsible for mode-distortion and increased propagation 

loss due to less confinement in the core which also leads to reduced efficiency. 

Thermal guiding is not a serious problem for conventional fibres with relatively 

small cores, but will impact on performance in large core devices. 

 

d) Change in spectroscopy 

 

According to (2.11) and (4.2), threshold and gain are functions of emission and 

absorption cross sections which are in general temperature dependent. As population 

of sub-levels is proportional to the Boltzmann factor, an increase in temperature due 

to heat generation in the fibre increases threshold and reduces gain. This effect will 

be most pronounced at shorter wavelengths for transitions with more three-level 

character. As a result, efficient operation of the fibre laser may be limited to longer 

wavelengths. 
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Assuming all pump power is absorbed in the fibre core, the maximum power that can 

be extracted from a fibre laser can be expressed as a function of fractional power 

converted to heat γh and written as: 

 

�V	G ≈ ��V	Ge�1 − ��
/��, (4.12) 

 

where L is the length of the fibre laser. If we consider the quantum defect a main 

source of generated heat, i.e. �� ≈ fP a free-running Yb-doped fibre laser pumped at 

maximum absorption wavelength will yield �V	G ≈ 10��V	Ge, whereas Er-Yb-

codoped system, pumped at the same wavelength - only �V	G ≈ 1.7��V	Ge. In any 

case, however, the maximum power that can be extracted is directly proportional to 

the maximum heat deposition density limited by various thermal effects. The lowest 

value of ��V	G calculated from (4.8-4.11) will limit the maximum output power that 

can be obtained from the fibre laser. 

 

 

4.3.3. Nonlinear effects in fibres 

 

The response of a dielectric medium to light becomes increasingly nonlinear with 

growing laser signal intensity. This plays particularly important role in fibre laser 

architectures where tight optical confinement in the core area is combined with low 

material losses and long interaction lengths. When considering continuous-wave high 

power fibre lasers and amplifiers there is an interest in broad bandwidth sources as 

well as in single-frequency lasers that operate with very narrow spectral lines. These 

two types of systems have different, but functionally similar limitations arising from 

non-linear effects. In the broadband case, the relevant limiting effect is stimulated 

Raman scattering (SRS). In the narrowband case, output power can be limited by 

stimulated Brillouin scattering (SBS). For pulsed operation, other nonlinear effects 

can limit the output power. These include self-focusing occurring at relatively high 

peak powers (> 4 MW in silica optical fibres [4.27]), self- and cross-phase 

modulation as well four-wave mixing in multi-mode and birefringent fibres. As this 

thesis targets CW fibre lasers, only stimulated inelastic scattering processes that play 

significant role in such systems will be discussed: 
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a) Stimulated Raman scattering 

 

In stimulated Raman scattering, a laser signal photon excites vibration in the glass 

lattice and scatters into a photon with a lower frequency. The energy difference is 

absorbed by the host material in form of an optical phonon (heat), as the lattice 

makes the transition between two vibrational states. Photons resulting from Raman 

scattering form a Stokes wave (at wavelength  h��i"� longer than the main laser 

signal wavelength  /	�"-) that can be guided in the fibre core in both directions and 

experience amplification by stimulated emission at this new wavelength if the latter 

is within Stokes gain bandwidth. This Raman amplification process along 

propagation direction z can be described with a simple set of differential equations: 

 

Pjklmnop
Pq = 2h��i"��rC2/	�"- − (h��i"�
, 

Pjstpou
Pq = −2/	�"-�rC2h��i"� vklmnop

vstpou + (/	�"-
, 
(4.13) 

 

where (h��i"� and (/	�"- are absorption coefficients at Stokes and laser signal 

wavelengths respectively, 2h��i"� and 2/	�"- are optical intensities at Stokes and laser 

signal wavelengths respectively and rC ≈ 1 × 10-13 m/W is the Raman gain 

coefficient of silica glass for polarised light (the value is a factor-of-two lower for 

unpolarised signal). The Raman gain spectrum in silica optical fibres spans from 0 to 

~40 THz with the gain maximum corresponding to ~13 THz frequency shift (~50 nm 

shift towards longer wavelengths for a laser signal ~1.1µm).  

 

Although SRS has a number of important applications, such as Raman lasers [4.28] 

and amplifiers [4.29], it mainly plays a detrimental role in high-power fibre lasers as 

it acts as a loss mechanism. Assuming that Raman gain spectrum has a Lorentzian 

line shape and that polarisations of laser signal and Stokes wave are maintained, 

“threshold” for stimulated Raman scattering is given by [4.30]: 

 

���hCh ≈ 16�"��rC'"��  (4.14) 
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where �"�� is the effective area of the laser signal mode field, and '"�� =
x1- exp�−(/	�"-e
}/(/	�"- is the effective Raman length at the end of the fibre of 

length e. Once the threshold for SRS is reached, the energy from the laser signal 

power is transferred to the Stokes wave very efficiently. The latter can then act as the 

pump for a second-order Stokes wave and so on. SRS is one of the main effects 

limiting maximum power obtainable from cladding pumped fibre lasers and 

amplifiers. Possible solutions to mitigate the effects of SRS include increasing the 

core size, shortening length of the fibre and introducing distributed loss at Stokes 

wavelength. 

 

b) Stimulated Brillouin scattering 

 

Stimulated Brillouin scattering is another inelastic scattering process which also 

involves scattering a laser signal photon to a lower frequency photon. The energy 

difference is absorbed by the host material in a form of an acoustic phonon. High-

intensity laser signal in the fibre core can create, via electrostriction process, a 

travelling acoustic wave propagating with a speed of sound ~�. The laser signal wave 

is scattered backwards via Bragg diffraction at this acoustic wave and undergoes 

frequency shift �� = �/	�"- − �h��i"� = 2O~�/ /	�"- via Doppler effect. In silica 

glass ~� ≈6 km/s, so the frequency shift �� is 17.5 GHz (or ~0.06 nm wavelength 

shift) at  /	�"- ≈ 1 µm. Amplification of the Stokes Brillouin wave can be described 

by the following equations: 

 

Pjklmnop
Pq = −2h��i"��r�2/	�"- − (
, 

Pjstpou
Pq = −2/	�"-�r�2h��i"� + (
, 

(4.15) 

 

where ( is a common loss coefficient for Stokes and laser signal waves (due to the 

very small frequency shift), and r� is a Brillouin gain coefficient. If we assume 

exponential temporal decay of the acoustic wave with phonon lifetime ��, the 

Brillouin gain spectrum r���
 has a Lorentzian shape with FWHM 

bandwidth Δ�� = 1/�)��
 [4.31] according to: 
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r���
 = Δ���r����

4�� − ��
� + Δ���

 (4.16) 

where 

 

r����
 = 2πn��^��
� /	�"-� �V~�Δ��  

 

n is the refractive index, �^� is longitudinal elasto-optic coefficient and �V is 

material density. In pure silica r� ≈ 1 × 10-10 m/W and Δ�� ≈ 10MHz but in silica 

fibres the Brillouin linewidth is generally broader (~50-100 MHz) [4.25] and 

Brillouin gain is lower, due to the presence of RE dopants and inhomogeneities. For 

a laser linewidth Δ�/	�"- comparable or broader than the Brillouin gain spectrum 

bandwidth Δ��, the maximum value of Brillouin gain decreases according to:  

 

r�V	G = ���
������stpou r����
 , (4.17) 

 

It is clear from (4.17) that SBS is mainly an issue for very narrow linewidth sources, 

such as single-frequency lasers. The “threshold” for SBS is given by [4.30]: 

 

���h�h ≈ 21�"��r�'"��  (4.18) 

 

In practice threshold can be still somewhat higher than calculated from (4.18) due to 

dopants and inhomogenities, but this rough guide indicates that SBS can be 

particularly challenging to overcome when scaling the output power of single 

frequency fibre lasers. SBS acts as a distributed loss limiting the maximum output 

power that can be extracted from narrow line fibre lasers. Possible solutions 

mitigating the effects of SBS include increasing the core size, shortening length of 

the fibre and introducing a temperature gradient over the length of the fibre [4.32]. 
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4.3.4. Optical damage in fibres 

 

Optical damage in optical fibres caused by electron avalanche driven by high 

intensity laser beams has been studied extensively [4.33-4.35], yet an accurate 

optical damage threshold value for silica glass has not been established. There are 

optical damage mechanisms that are unique to the fibre architecture, such as the 

“fibre fuse effect” [4.36], that should also be taken into consideration. Fibre damage 

is typically observed at the end facets, so end-caps allowing the fibre mode to expand 

in bulk silica prior to striking an air-glass interface can increase the surface damage 

limit. Without end-caps the surface damage limit is in the order of 2P	V	�"  ~10 

W/µm2 for silica glass [4.37]. For fibres with spliced end-caps the surface damage 

threshold for bulk silica is 2P	V	�" ~20 W/µm2 [4.38]. Clearly, the maximum output 

power, Pmax that can be extracted from the fibre is limited by these optical damage 

thresholds according to: 

 

�V	G = 2P	V	�"�"�� (4.19) 

 

 

4.3.5. Power scaling strategy 

 

J. W. Dawson et al. [4.25] constructed a relatively simple theory combining all 

effects limiting the output power obtainable from a single fibre laser, as discussed in 

sections 4.2.3-4.2.5. After adding one “soft” constraint due to limited available 

brightness of pump sources and possible doping concentrations, they concluded that 

a “hard” limit on the output power from a ‘broadband’ fibre laser is around 36 kW 

and from a narrowband fibre laser is around 2 kW. Main results of this analysis are 

shown in fig. 4.7. 
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Figure 4.7: Contour plot presenting the limit of maximum output power (in kilowatts) 

extractable from a typical single fibre laser due to thermal, nonlinear and optical damage 

effects as well as limited brightness of the pump source as a function of fibre length and core 

diameter. a) Broadband fibre laser case (SBS effects neglected) b) Narrowband fibre laser 

case (SRS effects ignored) [after 4.25] 

 

Fig. 4.7a presents the maximum output power that can be extracted from a typical 

Yb-doped silica fibre laser cladding pumped with a diode source of maximum 

brightness B ≈ 10 MW/cm2
·sr. Although the brightness of diode pump sources 

increased since 2008, and the pump power limited region area would be smaller for 

modern laser systems, the output power is still ultimately limited by SRS and thermal 

lensing to the level of ~36.6 kW for a ~38 m long fibre with 85µm core. For shorter 

fibres with the same core size the maximum output power is likely to be reduced by 

thermal lensing effects, while for smaller core sizes the output power will be limited 
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by surface optical damage (or SRS in case of longer fibres). Narrowband fibre lasers 

suffer from the same limitations with an additional constraint of SBS strongly 

limiting the output power even for relatively short devices (fig.4.7b – pump power 

limited region calculated for diode lasers of maximum brightness 

B ≈ 2 MW/cm2
·sr.). The SBS threshold combined with thermal lensing ultimately 

limit the output power of these sources to ~1.8 kW. These numbers can be improved 

by using special waveguide designs to supress detrimental SRS and SBS effects 

[4.39], applying more aggressive cooling techniques as well as modifying material 

composition to obtain higher thermal and optical damage thresholds. Nevertheless, 

physical mechanisms described in sections 4.2.3-4.2.5 are most likely to remain the 

main factors limiting power scaling of fibre lasers and amplifiers. 

 

It is clear from fig. 4.7 that within certain constraints, scaling the core diameter and 

the fibre length allows further power scaling. While it is generally straightforward to 

increase the fibre length up to 40-50 metres without affecting the laser’s 

performance, scaling the core radius typically leads to a number of problems. The 

number of modes supported by the fibre core is greater for larger core diameters. 

This has a dramatic impact on the output beam quality as well as beam pointing 

stability, and many applications require single-spatial mode or very few modes 

operation. Although the maximum core diameter supporting only fundamental mode 

is around 20 µm, as explained in section 4.2.2, relatively good beam quality has been 

demonstrated from few-mode double-clad fibre lasers with cores as big as 30 µm 

[4.40]. Fibres of larger diameter are generally strongly multi-mode with the number 

of guided modes ~R�/2. As a rough guide, in the worst case scenario, the beam 

quality (8�
 �� ≈ R/2 when all modes are excited. 

 

One way to obtain single-mode operation is to selectively excite one (fundamental or 

higher order mode) in the fibre. This condition is quite difficult to obtain in a 

conventional step-index fibre as large modes are likely to scatter into their 

neighbouring mode due to perturbations of the waveguide and finite manufacturing 

tolerance [4.41]. Another approach for obtaining single-mode operation in a multi-

mode fibre that was proven more successful relies on introducing selective loss for 

higher order modes (or selective gain for the fundamental mode) in the fibre core. 
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This can be done by bending the fibre, which induces higher loss for higher-order 

modes relative to the fundamental mode [4.42] (or by using a core design with the 

RE dopant confined to the central region, thus providing more gain to the 

fundamental mode). Tapered multimode fibres can be also used to locally reduce the 

diameter of the fibre core so that only the fundamental mode propagates with low 

loss [4.43]. 

 

Scaling mode area is also possible with special, strictly single mode fibre designs. 

One possibility is to use a fibre with complex, ring-structured refractive index profile 

[4.44]. Such architectures benefit from expanded fundamental mode area, but are 

more challenging to fabricate. Another popular approach is to use a microstructured 

(“holey”) fibre, sometimes called photonic crystal fibre (PCF), with a solid core 

surrounded by the cladding with strategically positioned air holes. Guiding properties 

of such fibre are defined purely by its geometry. The relative size and positions of 

the air holes can be designed in such a way that only fundamental mode is supported 

in the solid core of the fibre. Yb-doped PCF fibre with intrinsically single-mode 40 

µm core has been demonstrated [4.45]. Properties of the inner-cladding in PCF fibres 

can be also tailored in a similar way, in order to obtain a high NA pump guide [4.46]. 

Other PCF designs allow for increased leakage loss for higher order modes of the 

solid core [4.47] or supporting only one polarisation state [4.46]. Microstructured 

fibres show great potential in the area of power scaling and >1.5 kW output from Yb-

doped fibre with a nearly diffraction limited beam has already been demonstrated 

[4.48]. 

 

Scaling the core area further is challenging as the long fibre required for very high 

power operation must be bent to be packaged. In Yb-doped fibre lasers it is difficult 

to maintain single-mode operation with effective mode diameter above 50 µm even 

for loosely coiled large core fibres (e.g. 100 µm core, 0.5 m bending radius) [4.25]. 

This suggests that the power scaling limit due to optical damage is reached at ~10 

kW for a single aperture coiled fibre laser. Further power scaling can be performed in 

long and straight waveguide structures with a large core, called rod-type fibres 

[4.48], but the physical dimensions required for obtaining very high power levels (> 

40 m long devices) make them somewhat impractical for most applications.  
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4.4. Nonlinear frequency conversion 

 

4.4.1. Overview 

 

Many applications require high power laser beams in spectral regions (e.g. UV, 

visible, mid-IR) that are not directly accessible with conventional laser sources.  The 

most common approach to generate light at these desired wavelengths is via 

nonlinear frequency conversion processes. Various nonlinear processes can be 

employed for this purpose. Second harmonic generation (SHG) and sum frequency 

generation (SFG) can be used to convert light to shorter wavelengths in materials 

with non-zero second order nonlinearity, while difference-frequency generation 

(DFG) optical parametric oscillation (OPO) and amplification (OPA) can be used for 

light conversion to longer wavelengths in similar materials (OPA in media with third 

order nonlinearity is also possible). Other techniques for frequency conversion rely 

on Raman conversion and amplification in a bulk material or an optical fibre with 

third order nonlinearity. Optical rectification is often used for generating terahertz 

radiation and high harmonic generation in gases can be used to convert laser light to 

radiation at extremely short wavelengths. In supercontinuum generation processes, 

various nonlinearities contribute to the generation of high-brightness broadband light 

in a highly nonlinear optical fibre. Nonlinear frequency conversion often requires 

single polarisation state light and fulfilling a phase matching condition. In addition, 

nonlinear processes can be efficient only at sufficiently high optical intensities. Such 

peak intensities are relatively easy to obtain in lasers emitting short pulses, however 

special techniques of intensity enhancement have to be applied in case of CW lasers. 

One way to facilitate high optical intensity is to perform intracavity nonlinear 

frequency conversion inside a high finesse laser resonator. This approach with its 

strengths and limitations will be discussed in detail in section 4.4.6. Another 

technique, which can be applied to single-frequency (as well as mode-locked) laser 

sources, is based on the use of a low-loss, actively stabilised resonant enhancement 

cavity. Applicability of this approach as well as other methods for frequency 

doubling the output of CW fibre lasers will be discussed in section 4.4.7. This 

chapter will focus mainly on the process of second harmonic generation, with 
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relevant theory and background information on SHG reviewed in sections 4.4.2-

4.4.5. However, similar approaches can be applied to other nonlinear processes 

aiming for efficient nonlinear conversion of “bulk” and fibre based CW laser sources 

to access different wavelength regimes. 

 

 

4.4.2. Second harmonic generation 

 
When light of high intensity is incident on a dielectric medium, a separation of bound 

charges is induced and results in a collection of dipole moments rapidly oscillating 

with the incident electric field. The resulting nonlinear polarisation PNL induced by 

the total electric field E, defined as the net average dipole moment per unit volume, 

can be expressed as [4.49]: 
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(4.20) 

 

where �: is the permittivity of free space, ��^
 is the linear component of electric 

susceptibility, while ���
 and ��¥
 are second and third order nonlinear components 

of electric susceptibility respectively. ���
 disappears for materials with inversion 

symmetry such as amorphous silica, but can be significant in some families of 

crystals, while ��¥
 is non-zero for all materials.  

 

If the total electric field is expanded in terms of its Fourier components, then the 

nonlinear polarisation will consist of several terms oscillating at various combination 

frequencies, resulting in generation of light at new frequencies, dependent on the 

frequencies of incident fields. Second harmonic generation (SHG) is a second order 

(���
) nonlinear process in which a single pump wave at fundamental frequency ω 

generates a wave at second harmonic frequency 2ω as it propagates through a 

nonlinear medium (in this case, a crystal). These waves are coupled through the 

nonlinear polarisation of the medium, and their amplitude changes along the 

interaction length (z - propagation direction) can be described with coupled-wave 

equations, first solved by Armstrong et al. [4.50]: 
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bM�«bB = �¬

O�« b"��M«� exp��Δ­B
 (4.21) 

 

 
bM«bB = �2¬

O« b"��M«∗ M�«exp�−�Δ­B
 (4.22) 

 

where � = √−1, M« and M�« are the amplitudes of the fundamental and second 

harmonic waves respectively, O« and O�« are the refractive index values of the 

medium in the direction of respective wave polarizations, b"�� is the effective 

nonlinear coefficient of the medium, and Δ­ represents the phase velocity mismatch 

between interacting waves: 

 

 Δ­ = �2¯« − ¯�«
 · B̂ (4.23) 

 

where ̄ « and ̄ �« are the wavevectors of the fundamental and second harmonic 

waves respectively, and B̂ is the unit vector in the propagation direction. The 

intensity of the optical wave at the frequency ¬ is given by: 

 

 I³ = 2�:O«�|M«|� (4.24) 

 

where c is the velocity of light in vacuum. The total optical power within a Gaussian 

beam of spot size *: and central intensity 2: can be calculated by integrating the 

intensity over the beam area A: 

 � = µ 2 b� = 1
2 )*:�

�
2: (4.25) 

 

The frequency conversion efficiency (in the infinite plane wave approximation, 

including fundamental wave depletion along the interaction length) is given by 

[4.49]: 

 

 �h¶· = ��«�« = tanh�.3»�«0sinc��Δ­e/2
 (4.26) 
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where �« is the optical power incident on the crystal of the length L, and 

 

 » = 16)b"��� e�
*��:O«� O�«� «�  (4.27) 

 

where * = e]^ ¿ *�B
bBÀ  is the average spot size inside the nonlinear crystal and 

 « is the fundamental wavelength. Although this approach neglects the effects of 

tight focusing and absorption in the crystal (a more detailed analysis was presented 

by Boyd and Kleinman in [4.51]), it provides an adequate description for the 

experimental configurations described in the next chapters of this thesis. Due to the 

sinc��Δ­e/2
 factor, the conversion efficiency (4.26) is severely reduced even for 

small values of Δ­. If the fundamental wave power is not significantly depleted 

along the interaction length (i.e. we operate in the small conversion regime) and the 

phase matching condition Δ­ = 0 is met, equation (4.26) simplifies to: 

 

 �h¶· = »�« (4.28) 

 

 

4.4.3. Phase matching techniques 

 

There are various techniques for achieving the phase matching condition (Δ­ = 0), 

including angular phase matching of ¯« and ̄ �« vectors, temperature tuning of 

refractive index values, quasi-phase matching in periodic media, or obtaining phase 

matching with an aid of wave-guiding effects. 

 

a) Non-critical phase matching 

 

The configuration where the fundamental and second harmonic waves propagate 

along one of the crystal's principal axes with refractive indices satisfying the phase 

matching condition at a certain phase matching temperature ��V is known as non-

critical phase matching (NCPM). Specifically, Type I NCPM phase matching in 

SHG process refers to a configuration when the pump wave is polarized along one of 

the crystal's principal axes and the second harmonic wave is polarized in the 
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orthogonal directions, while Type II refers to the pump having two orthogonal 

components along the crystal principal axes. The general condition for collinear non-

critical phase matching (NCPM) can be expressed as: 

 

 O�«.��V0 = 1
2 xO«.��V0 + O«Á .��V0} (4.29) 

 

which for Type I SHG (ooe) simplifies to: 

 

 O�«" .��V0 = O«� .��V0 (4.30) 

 

where the refractive index values at fundamental frequency O«, O«Á  for orthogonal 

pump polarization components are generally different and o,e refer to the refractive 

index values along the ordinary and extraordinary axes respectively. If we expand the 

refractive index into a Taylor series around room temperature �:: 

 

 OÂi.��V0 = OÂi��:
 + ÃOÂiÃ� Ä
ÅÆÅÇ

.��V − �:0 (4.31) 

 

the phase matching temperature can be obtained from (4.30): 

 

 
��V = �: + O�«" ��:
 − O«� ��:


WÃO«�Ã� − ÃO�«"
Ã� \ÅÆÅÇ

 
(4.32) 

 

The temperature bandwidth can be determined by expanding the phase velocity 

mismatch in a Taylor series around the phase matching temperature: 

 

 Δ­��
 = Ã�Δ­

Ã� Ä

ÅÆÅÈÉ
Δ� ≡ �ÅΔ� (4.33) 

 

The sinc��Δ­e/2
 factor in (4.26) drops to 0.5 when: 
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 Δ­e ≈  2.784 (4.34) 

 

It follows that the temperature bandwidth is then: 

 

 Δ��Ì = |2.784/��Åe
| (4.35) 

 

where, for Type I SHG (ooe): 

 

γÎ = 4)
 « ÏÃO«�Ã� − ÃO�«"

Ã� Ð
ÅÆÅÈÉ

 

 

b) Critical phase matching 

 

Another technique of obtaining phase matching condition, called critical phase 

matching, refers to a configuration where the interacting beams are aligned to some 

angle (or angles) to the principal axes of the nonlinear crystal. A major advantage of 

critical phase matching is that the crystal temperature can often be close to room 

temperature.  

 

In uniaxial crystals, there is a single axis of symmetry, often designated the Z-axis, 

coinciding with the principal optic axis. Hence, the principal refractive indices are 

OÑ = OÒ = O� and OÓ = O". For propagation at an angle F with respect to the Z-axis, 

the extraordinary wave has a refractive index given by: 

 

 
1

�O"�F
#� = cos��F

�O�#� + sin��F
 

�O"#�  (4.36) 

 

This relation can be used to calculate the phase matching angle for the SHG process. 

 

In biaxial crystals there are two optic axes that lie in in the XZ plane (it is 

conventional to take OÓ > OÒ > OÑ). Those optic axes make an angle Ω with respect 

to the Z-axis, which is given by: 
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sin Ω = OÓOÒ 4OÒ� − OÑ�OÓ� − OÑ�

5
^/�

 

 

(4.37) 

and are situated symmetrically about the Z-axis. In general the beam can propagate at 

an angle F with respect to the Z-axis, and at an angle Ö with respect to the X-axis. 

The refractive indices of the two allowed modes of propagation can be calculated 

from the Fresnel equation [4.49]: 

 

 

sin� F cos� Ö
�O
]� − �OÑ
� + sin� F sin� Ö

�O
]� − �OÒ
� + cos� F
�O
]� − �OÓ
� = 0 

 

(4.38) 

This relation can be used to calculate the phase matching angles for the SHG process. 

For type I (ooe) SHG the phase matching direction is given by angles Ö�V and F�V 

in planes XY and XZ respectively: 

 

 tan� Ö�V = 1 − �O«Ó /O�«Ò 
�
�O«Ó /O�«Ñ 
� − 1 (4.39) 

 

 tan� F�V = 1 − �O«Ò /O�«Ñ 
�
�O«Ò /O�«Ó 
� − 1 (4.40) 

 

These attribute “critical” comes from the fact that this phase matching technique is 

much more sensitive to angular misalignment of the interacting beams than non-

critical phase matching. The angular bandwidth for the SHG process can be 

determined by expanding the phase velocity mismatch due to angular deviation 

ΔF = F − F�V from the phase matching direction (F�V angle) into a Taylor series: 

 

 
Δ­.F − F�V0 = Ã�Δ­


ÃF Ä
×Æ×ÈÉ

ΔF + 1
2

Ã��Δ­

ÃF� Ä

×Æ×ÈÉ
�ΔF
�

≡ ��ØÙΔF + �Ú�ØÙ�ΔF
� 

(4.41) 

 

where CPM and NCPM stand for critical phase matching and non-critical phase 

matching respectively. 
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Since ��ØÙ.F�V = 90○0 = 0, the second term of (4.41) is included for the NCPM 

process. For the CPM process only the first term should be retained. Substituting 

(4.41) to (Δ­L = 2.784) produces the following expressions for angular phase 

matching bandwidths [4.49]; for Type I NCPM SHG (ooe): 

 

 Δθ�Ì = |2.784/��Ú�ØÙe
|^/� (4.42) 

where 

γ£ÝÞß = 2)
 « O�«" Ï�O�«" 
�

�O�«� 
� − 1Ð ≈ 4)
 « �O�«" − O«� 
 

 

and for Type I CPM SHG (ooe): 

 

 Δθ�Ì = |2.784/��Ú�ØÙe
| (4.43) 

Where 

 

γÝÞß = 2)
 «

�O«� 
¥ Ï�O�«� 
� − �O�«" 
�
�O�«� 
��O�«" 
� Ð sin 2F�V ≈ 4)

 « �O�«" − O«� 
 sin 2F�V 

 

The small range of beam angles where critical phase matching works also implies 

that the beam divergence must be limited. This implies that a larger beam must be 

used hence limiting SHG efficiency compared to the case of NCPM. 

 

c) Quasi-phase matching (QPM) 

 

In the quasi-phase matched SHG process, a plane wave field of amplitude M^ at 

frequency ¬^ and wavevector ­^ = O^¬^/�, where O^ is the refractive index, passes 

through a medium with quadratic nonlinear susceptibility d, generating a nonlinear 

polarization wave proportional to bM�̂ at frequency ¬� = 2¬^ and wavevector 2­^. 

The polarization wave radiates a free second harmonic wave with wavevector 

­� = O�¬�/�. The forced and free waves accumulate a phase shift of π over a 

distance known as the coherence length [4.52],  
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là = )

�­� − 2­^
 =  «4�O� − O^
 

 

(4.44) 

where  « is the wavelength of the fundamental wave in vacuum. 

 

The direction in which the power is flowing between the fundamental and harmonic 

wave depends on their relative phases, and hence changes its sign every coherence 

length. By applying change in the sign of the nonlinear susceptibility every 

coherence length, a phase shift of π is induced for the polarization wave, which 

effectively re-phases the interaction and leads to monotonic power flow into the 

harmonic wave, as illustrated in fig. 4.8 [4.52].  

 

 

 

Figure 4.8: Effect of phase-matching on the growth of second harmonic intensity with 

distance in a nonlinear crystal. A: perfect phase-matching in a uniformly poled crystal; C: 

non-phase-matched interaction; B: first-order QPM by flipping the sign of the spontaneous 

polarization (PS) every coherence length (lc) of the interaction curve C 

 

As QPM processes do not rely on birefringence, any choice of polarizations can be 

used. This means that all waves can be polarised in parallel allowing the largest 

nonlinear susceptibility tensor component to be exploited. It is possible to use QPM 

in isotropic media (such as e.g. GaAs) where birefringent phase matching is not 

possible. For the same reason, it is always possible to use QPM with waves 

propagating along a crystal axis, eliminating the problem of Poynting-vector walk-

off. Nonlinear conversion processes using QPM can be made very efficient as 
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periodic poling can be applied to crystals with particularly high nonlinearity, thus 

utilizing larger nonlinear coefficients than those accessible with birefringent phase 

matching. The QPM technique, however, has a number of limitations. Parasitic 

higher-order nonlinear processes can generate light at wavelengths other than desired 

output from the first-order process. The fabrication of periodically poled crystals 

with high quality is challenging, and is possible only with certain crystal materials. 

The success rates of the required procedures depend strongly on material details, 

including its type, density, stoichiometry, surface treatment and other properties. For 

different nonlinear processes, many different poling periods are required, and each 

new value may require an expensive new lithographic mask. Small aperture 

periodically-poled crystal-based devices suffer from thermally-induced de-phasing 

significantly reducing conversion efficiency, and for high intensities the output 

power is limited by nonlinear absorption and ultimately by crystal damage [4.53]. 

Periodic poling can be applied only to crystals with fairly limited thickness, which 

excludes large aperture devices suitable for very high power levels. 

 

d) phase-matching in waveguide structures 

 

One method to increase the efficiency of the nonlinear process is to increase the 

interaction length by using a waveguide or optical fibre. While channel and planar 

waveguides can be made of birefringent material such as LiNbO3, most fibres can be 

used for χ�¥
 processes only (one exception is electric field poling that can be used to 

break the inversion symmetry in the core area [4.54]). If the fibre is sufficiently long 

and light can be confined in a small effective mode area, efficient nonlinear 

frequency conversion is possible even at low powers. 

 

Modal phase matching (MPM) is a simple solution to the problem of phase velocity 

synchronism for nonlinear frequency conversion in waveguides, but is challenging to 

achieve in practice due to poor spatial overlap between the interacting modes. 

Waveguides generally support several modes, each with different propagation 

constants (i.e. effective refractive index neff). For higher-order modes this value is 

lower and therefore phase matching in the SHG process (O"��« = O"���« 
 can occur if 

the fundamental mode propagates in a lower order mode than the second harmonic. 
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The expected normalized conversion in optimized semiconductor-based structures is 

a factor of 20 lower than in birefringently phase-matched waveguides. However, the 

structure can be combined with a laser diode on a single chip to provide an integrated 

semiconductor source of tuneable light based on nonlinear frequency conversion 

[4.55]. 

 

Cerenkov phase matching is another type of phase matching technique that has also 

been considered for efficient SHG in waveguides. In this process, the fundamental 

wave is a waveguide mode, while the second harmonic is a radiation mode, i.e., it 

propagates out into the cladding or substrate of the waveguide at a certain angle. This 

angle is determined by the condition that the phase velocity of the fundamental 

guided mode is matched to the phase velocity of the second harmonic radiation 

mode. The theory of Cerenkov phase matching has been developed for crystal-cored 

fibres and channel waveguides [4.56] as well as for planar waveguides [4.57]. 

 

Fresnel phase matching (FPM) is a technique that allows accessing efficient 

nonlinear three-wave-mixing processes in isotropic, semiconductor-based 

waveguides. The three waves can be introduced from the side and trapped by total 

internal reflection in the semiconductor wafer in a “zig-zag” configuration. The 

thickness of the wafer is chosen such that the distance travelled between two 

reflections is close but not exactly equal to the coherence length for difference 

frequency generation (DFG) process. Upon the total internal reflection at the wafer 

surfaces, the three waves experience a Fresnel phase shift that can be tuned by 

adjusting the angle, the polarization, and frequency of the interacting waves. When 

properly tuned, the DFG power constructively builds up at each total internal 

reflection. Such a device is simple to construct and tune in the mid-IR spectral region 

that is not accessible by QPM in ferroelectric periodically poled crystals [4.58]. 
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4.4.4. Focusing 

 

Frequency conversion with strongly focused Gaussian beams has been discussed in 

detail in [4.51]. This section will only briefly discuss how material parameters 

influence the conversion efficiency in this regime. The essential properties of the 

Gaussian beam are its waist radius, w0, and the distance over which its radius 

remains essentially collimated (the confocal length) â = 2)O*:�/ . 

 

Let us first consider the case of noncritical phase-matching. For near-field focusing 

�e < â
, the conversion efficiency is the same as given by (4.28). However, the 

increase in the efficiency predicted for small spot sizes breaks down for *: 

sufficiently small that b < L. This is caused by the shortened interaction length as the 

rapid diffraction becomes more significant than the increased peak intensity. In the 

near field approximation, the conversion efficiency for confocal focusing (b = L) is 

obtained by taking *: = 3e /2)O: 

 

 �, = �ã,e�« (4.45) 

 

where �ã, = 16)�b"��� /»:�O� ¥. 

 

Numerical calculations show that the exact efficiency for confocal focusing is 0.81 

�, and that the actual optimum that can be reached at b = L/2.84, is 1.07 �, [4.59], 

but this tighter focusing is rarely used in practice. For a typical nonlinear coefficient 

of 5 pm/V, a wavelength of 1  äm, and a refractive index of 2, �ã, = 0.4%  W-1cm-1. 

 

For critical phase-matching, the efficiency of the nonlinear interaction can be further 

reduced by the Poynting vector walk off effect, that causes the SH beam to walk 

away from the fundamental after a distance '	 = √)*:/�. The optimum focusing is 

close to confocal in the presence of walk-off, but the efficiency depends on the walk-

off parameter Bæ = ρ3πnL/2λ. The optimum efficiency for  Eæ = 1 is approximately 

0.58 ηà and, for Eæ > 1.5, can be well approximated ηà/√2Eæ. In this latter limit the 

efficiency is given by [4.59]: 
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 �,- = �,-√e�« (4.46) 

 

where �ã, = 16)¥/�b"��� /»:�Oê/� ê/��.  

 

In this case the efficiency scales only with √e and is inversely proportional to the 

walk-off angle �. Consequently for a material with the same properties as the 

example in the noncritical case, but having a walk-off angle � = 2°, the efficiency is 

reduced to �,- = 0.04% W-1cm-1/2. 

 

 

4.4.5. Nonlinear crystals 

 

The physics of the frequency conversion process place severe demands on potential 

nonlinear crystals; therefore relatively very few materials find application in 

nonlinear optics.  Only a few percent of surveyed crystalline phases offer a non-zero 

nonlinear coefficient, sufficient birefringence for phase-matching and transparency at 

relevant wavelengths. Additional demands for many applications include mechanical 

and chemical stability as well as the possibility for production in the form of 

adequately-sized and uniform single crystals. As a result, only a few tens of different 

crystalline phases have ever been applied to practical nonlinear frequency 

conversion. 

 

a) Optical transmission and loss  

 

The material must possess reasonable transmission at wavelengths involved in the 

nonlinear interaction to yield sufficient conversion efficiency. The nominal 

transmission range is determined by the identity of the crystalline phase. The high-

frequency cut-off is caused by inter-band electronic transitions and the low-

frequency cut-off occurs due to phonon absorption. Within this nominal transmission 

range, even relatively small amounts of optical loss can be critical. This is 

particularly true for nonlinear configurations involving high average power, where 

low absorption can lead to heat generation and material damage, as well as in high 

finesse resonators, where both absorption and scattering adversely affect the device’s 
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performance. Such small losses originating from chemical impurities, colour centres, 

inclusions, and free carriers can be extremely process and wavelength dependent. 

Scattering in nonlinear crystals can be caused by mechanical strain, grain boundaries, 

compositional inhomogeneity, or inclusions. Surface losses often dominate volume 

losses within the nominal transmission range, and in general depend on the cutting, 

polishing, and coating processes performed in preparing the crystal surface. 

 

b) Nonlinear susceptibility  

 

The optical response of the nonlinear material is determined by the atomic 

arrangement. For nonlinear coefficients of the medium to be non-zero, its point 

group must lack a centre of inversion symmetry - the relationship between chemical 

bonding and nonlinear susceptibility has been discussed in detail in [4.60]. The 

nonlinear coefficients are elements of a third-rank tensor, as they relate the optical 

response to two optical fields. The effective nonlinear coefficient b"�� is obtained by 

projecting the polarization of the input and output fields onto the b tensor and can be 

highly directionally-dependent. It can also vary among different nonlinear 

interactions requiring different phase-matching directions and polarizations - the 

procedures for calculating specific b"�� values have been discussed in [4.61]. In 

general, nonlinear coefficients within the nominal transmission range of the medium 

do not depend strongly on wavelength or fabrication process. 

 

c) Birefringence and phase-matching 

  

Birefringent phase-matching in nonlinear optics depends on a relatively small 

difference in refractive index values for different polarizations. For this reason small 

variations of refractive index within a crystal can result in large differences in 

birefringence and hence phase-matching characteristics. These variations often 

originate from variations in composition and internal strain within a crystal. Some 

nonlinear processes place strong demands on process-dependent material quality as 

the required birefringence uniformity can be less than ±10-6/cm. However, phase-

matching bandwidths are dependent on thermal and angular derivatives of the 

birefringence and as such can be relatively insensitive to the fabrication process. On 



99 
 

the other hand, these properties can be highly direction-dependent and thus may vary 

between different nonlinear interactions. Another mechanism affecting phase-

matching characteristics relates to thermally induced change in birefringence 

originating from absorption in high average power applications. 

 

d) Laser damage resistance  

 

Numerous undesirable effects can occur when a high-intensity laser beam is incident 

on the nonlinear crystal. Catastrophic failure of the crystal can be initiated in its 

volume or on the surfaces. Alternatively, the laser beam can induce uncontrollable 

change in the material's properties without destroying the crystal. Damage resistance 

to laser radiation is difficult to quantify, as the processes leading to damage tend to 

be highly probabilistic and strongly depend on surface cleanliness, history of the 

sample as well as laser beam parameters such as, wavelength, mode structure, pulse 

length and energy, waist size and location. In many applications, catastrophic laser 

damage is most likely to be initiated on a surface of the nonlinear crystal. This 

process involves complex physical mechanisms occurring in the presence of 

imperfections on the crystal’s surface, such as residual scratches, polishing-induced 

inclusions and foreign particulates that can locally intensify the electric field. Surface 

damage resistance is thus strongly dependent on surface processing (i.e. cutting, 

polishing, coating, and cleaning). The damage threshold in terms of laser fluence 

(energy per unit area) for a given surface scales approximately with the square root 

of the pulse length and inversely with the square root of the spot size. Intensity at the 

exit surface is slightly higher due to internal Fresnel reflection, thus catastrophic 

surface damage is typically observed to be initiated on the exit face of the crystal. 

Bulk damage in most cases is caused by a thermally-induced fracture mechanism. 

Absorption and scattering effects increase the thermal load in the crystal, while 

mechanical strain lowers its resistance to fracture. Bulk catastrophic damage 

resistance thus strongly depends on the crystal fabrication process. Incoming and 

generated high intensity optical radiation can also induce changes in the refractive 

indices (known as the photorefractive effect), or the optical absorption (the 

photochromic effect). Although these optically-induced changes are generally not 

catastrophic, they can affect phase-matching stability or output beam quality and can 

lead to other catastrophic phenomena. Optically induced changes are typically more 
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severe at high average powers,  strongly depend on wavelength, crystal temperature 

and composition. In most cases, photorefractive and photochromic effects are 

reversible upon removal of the incoming radiation. 

 

e) Lithium triborate (LBO) crystal 

 

In this thesis we will focus only on devices using one material from the borate family 

of the nonlinear crystas: Lithium triborate (LiB3O5) or LBO. This biaxial material 

chosen for the experimental work combines wide transparency window (0.16 - 2 

μm), high damage threshold (18.9 GW/cm2 for a 1.3 ns laser pulse at 1053 nm), and 

adequate birefringence for phase-matching a broad range of visible and UV 

interactions with wide acceptance angle and small walk-off. LBO has a peritectic 

melting point near 834°C, which precludes the possibility of preparing crystals by 

standard melt-growth techniques. Most of the LBO crystals reported to date have 

been grown by a top-seeded high-temperature solution (HTS) growth method [4.59]. 

Growth temperatures range between 750 and 830 °C. Growth runs of four to six 

weeks yield lens-shaped or cylindrical boules, depending on whether the seed is 

slowly withdrawn during growth. Crystals as large as 35 mm in diameter by 20 mm 

in length have been grown. A core of rather common spherical inclusions is typical at 

the centre of a crystal running along its axis of growth. Oriented and fabricated 

crystals are usually restricted to linear dimensions less than few centimetres. Thermal 

expansion characteristics can somewhat complicate coating processes. The properties 

and applications LBO have been reviewed in [4.62].  

 

LBO crystals have been demonstrated as an efficient nonlinear material suitable for a 

broad range of applications. They can be used to generate the second and third 

harmonics of 1.06 μm radiation and can be temperature-tuned for noncritical phase-

matching [4.63]. LBO has also been successfully applied to SHG of dye [4.64] and 

Ti:sapphire lasers [4.65]. Wavelengths as short as 188 nm have been generated by 

SFG in LBO crystals. OPOs pumped by the second through fourth harmonics of 

1.06. Excimer and Nd:YAG harmonic pumped OPOs in LBO have been described in 

[4.66]. 
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4.4.6. Intracavity SHG in conventional 

‘bulk’ solid-state lasers 

 

There is increasing demand for high power continuous-wave laser sources emitting 

in the visible spectral region, that is not directly accessible for high power ‘bulk’ 

solid-state lasers and fibre lasers. High power lasers emitting in the visible are 

required in a broad range of applications such as laser processing of materials, 

projection displays, medicine, sensing and defence. The standard method of 

accessing the visible wavelength region is via nonlinear frequency conversion of 

near-infrared solid-state and fibre lasers. For high-peak-power pulsed lasers sources, 

simple single-pass nonlinear conversion schemes generally suffice. However, in the 

CW regime more sophisticated schemes are usually needed to obtain high intensities 

required for efficient nonlinear frequency conversion. Frequency doubling in high 

power solid-state lasers must employ a nonlinear medium that can handle very high 

average powers. Materials with good thermo-optical and thermo-mechanical 

properties that can be used in such applications generally have relatively modest 

nonlinear coefficients. Such relatively weak nonlinearity combined with an increased 

mode size area typically allows for frequency conversion with efficiency in the order 

of few percent per kilowatt per centimetre of nonlinear medium. Clearly this is not 

enough even for the state-of-the-art multi-kilowatt-class CW solid-state lasers. 

 

The most popular method for generating high power visible output is via intracavity 

second harmonic generation in a diode-pumped ‘bulk’ solid-state laser. Fig. 4.9 

presents a typical high-finesse resonator configuration suitable for efficient 

intracavity frequency doubling. The laser cavity comprises a bulk active medium (in 

this case a laser rod) in thermal contact with an actively cooled heat sink, and a 

nonlinear crystal typically housed in an oven for maintaining the phase matching 

temperature. Feedback for lasing is provided by a couple of high reflectors at the 

laser wavelength - in this case one reflector is highly transmissive at the pump 

wavelength and is also used for pump in-coupling. The resonator is designed so that 

the laser mode size in the active medium is optimized for a good overlap with the 

pump beam while the mode size in the nonlinear crystal is optimal for maximum 
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conversion efficiency. This approach exploits the relatively low resonator losses to 

achieve high intracavity power circulating in the resonator and hence high second 

harmonic conversion efficiency. 

 

 

 

Figure 4.9: Typical configuration for intracavity-frequency-doubled ‘bulk’ solid-state laser 

 

In the small conversion regime (4.28) the second harmonic output power ��« as well 

as the power lost in the resonator �/��� increases with an increasing circulating 

fundamental power �«: 

 

 ��« = �h¶·�«,      �/��� = (/�« (4.47) 

 

where �h¶· is the single-pass conversion efficiency given by (4.28) and (/ is the sum 

of all other resonator losses.  

 

Intracavity fundamental power is thus inversely proportional to resonator losses: 

 

 �« = ��"ã�h¶· + (/ (4.48) 
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where ��"ã = ��« + �/��� is the total fundamental power generated in the laser 

medium.  

 

The total conversion efficiency of the intracavity-frequency-doubled laser �h¶·���	/ 
can be defined as a ratio of the output second harmonic power to the total power 

generated in the active medium, so that: 

 

 �h¶· ���	/ = ��«��"ã = �h¶·�h¶· + (/ (4.49) 

 

Consequently, if the single-pass second harmonic conversion efficiency is a 

dominating loss in the resonator, most of the infrared power generated in the active 

medium can be converted to the second harmonic output and extracted through one 

of the resonator mirrors. 

 

Intracavity second harmonic generation has allowed nearly diffraction-limited visible 

output with power in the order of ~60 W and >50% of total SHG conversion 

efficiency [4.67]. However, scaling to higher powers is challenging due to heat 

generation effects in the laser crystal, as discussed in sections 4.2.3-4.2.5. Thermal 

effects in the laser medium lead to degradation of the laser mode quality and thus 

cause increased resonator losses. This in turn results in reduction of the intracavity 

power (4.48) and the total SHG conversion efficiency (4.49). Thermal effects in the 

nonlinear crystal are usually less of a problem, as they tend to be weaker than in the 

laser medium. Another disturbing problem, typical for intracavity-frequency-doubled 

solid-state lasers, manifests itself in a very strong intensity noise (what is sometimes 

called the “green problem”). This complex effect arises from nonlinear dynamics of 

the resonator modes and can be affected by spatial hole burning, oscillation of higher 

order modes as well as nonlinear frequency conversion itself. These instabilities can 

be alleviated by increasing the number of longitudinal modes or enforcing single-

frequency operation. However, it is often difficult to maintain control over all 

thermal effects and instabilities in the intracavity-frequency-doubled ‘bulk’ solid-

state laser, and so most commercially available CW visible lasers emitting a single 

spatial mode output have been limited to output powers of ~20 W. 
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4.4.7. Nonlinear frequency doubling 

schemes for CW fibre lasers 

 

Another approach for generating high power visible laser radiation is via frequency 

doubling of a high power fibre laser. As discussed in section 4.3 of this chapter, the 

fibre laser geometry is relatively immune to the effects of heat generation and offers 

a route to very high power levels in the near-infrared wavelength regime via the use 

of a cladding-pumped architecture. For these reasons, fibre laser architectures offer 

the prospect of much higher power levels in the visible regime via nonlinear 

frequency conversion than in the case of ‘bulk’ solid-state laser. Most common 

approaches to frequency doubling of cladding-pumped fibre lasers are schematically 

presented in fig. 4.10.  

 

 

 

Figure 4.10: Schematic arrangements for most common approaches to frequency doubling of 

high power double-clad fibre lasers: a) single-pass external SHG b) intracavity SHG c) 

single-pass external SHG using periodically poled nonlinear crystal d) external resonantly-

enhanced SHG 

 

Simple external frequency conversion scheme using a birefringently phase matched 

nonlinear crystal (fig. 4.10a) can only be efficient if the fibre laser is producing high 

peak power pulses. In a CW regime even multi-kilowatt systems using external 

conversion schemes do not achieve significant conversion efficiency and only a small 

fraction of their output power can be converted to second harmonic wavelength. 
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Unfortunately, the technique of intracavity second harmonic generation (fig. 4.10b), 

commonly used with ‘bulk’ solid-state lasers is not well-suited to cladding-pumped 

fibre lasers [4.68]. The main obstacle is their high resonator loss, both in terms of 

core propagation loss and losses associated with coupling into the fibre’s core. These 

losses are compensated for with very high gain obtainable in fibres, which allows for 

generating very high fundamental power in the near infrared regime. High gain - 

high loss resonators typically employ output couplers with high transmission to 

maximise the output power and minimise the effect of cavity loss. Consequently, the 

intracavity power in most fibre lasers is not much higher, and often comparable to 

the output power of the fibre laser. For this reason it is not possible to benefit from 

significant intensity enhancement, which is often the most important factor in case of 

intracavity-frequency-doubled ‘bulk’ solid-state lasers. 

 

Single-pass frequency doubling of the laser output in a quasi-phase-matched 

periodically-poled nonlinear crystal is an alternative route for efficient frequency 

doubling (4.10c). Relatively high conversion efficiency can be achieved using this 

approach but the output power is limited by thermal effects in the periodically poled 

crystal – even small absorption leads to thermal dephasing and ultimately to crystal 

damage [4.69]. 

 

Another solution to the problem of efficient frequency conversion is to employ a 

technique of external resonant cavity second harmonic generation (4.10d) in 

conjunction with a high-damage-threshold nonlinear crystal (e.g. lithium triborate). 

This approach has been successfully applied to CW fibre sources, delivering nearly 

diffraction limited second harmonic output with impressive output power of ~170 W 

[4.70] which is currently not achievable in any other laser configuration. The 

operation principle of externally-frequency-doubled fibre laser system can be 

explained with an aid of fig. 4.11. 
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Figure 4.11: Typical arrangement of an externally-frequency-doubled laser system. 

 

Fig. 4.11 schematically illustrates a typical configuration for a fibre laser system 

employing external resonant enhancement cavity for efficient nonlinear frequency 

conversion. Such arrangement comprises a low-power single frequency master 

oscillator, a fibre amplifier chain, shaping optics and an external resonant 

enhancement cavity for frequency doubling. The master oscillator can be fibre-based, 

‘bulk’ solid-state laser or any other type of laser in general. A fibre amplifier chain 

consists of one or more stages based on rare-earth doped fibre with Faraday isolators 

in between, typically with increasing fibre core size from one amplifying stage to 

another. External resonant enhancement cavity is a free-space ring resonator with 

one partially transmitting mirror (an input coupler) and a nonlinear crystal configured 

for efficient nonlinear frequency conversion process. 

 

Output from the fibre MOPA can be efficiently coupled into external enhancement 

cavity when certain conditions are met: The MOPA output is spatially-matched to 

the TEM00 mode of the external resonator, the frequency of the MOPA is matched to 

a resonant frequency of the external resonator, and the transmission of the input 

coupler T is approximately equal to round-trip loss γ (excluding T) of the cavity. For 

an ideal low-loss resonator, single-pass second harmonic conversion �h¶· dominates 

other losses so that:  � ≈ � ≈ �h¶· . Such a system is capable of very efficient 

conversion and can deliver very high second harmonic output power, but suffers 

from a number of limitations. One drawback is an added complexity of the system 

since a fibre based single-frequency fibre master-oscillator power-amplifier is 

required. As explained in sections 4.3.3 and 4.3.5, power scaling of single-frequency 

sources is challenging and their output power is ultimately limited by stimulated 

Brillouin scattering. Another disadvantage of external resonant frequency doubling 

comes from the fact that the master-oscillator and resonant cavity lengths must be 
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actively stabilized to ensure that the resonance condition is maintained at all times. 

This is normally done with a power detector and actuators in a feedback loop, which 

adds cost and complexity to the laser system. 

 

This thesis introduces and discusses a novel scheme for efficient nonlinear frequency 

conversion of high power fibre lasers, alternative to external frequency doubling. 

This new approach benefits from all the strengths of the external resonator approach, 

but at the same time is free from the limitations of the external doubling discussed 

above. The principle of operation and design consideration for a ring enhancement 

cavity integrated within the fibre laser resonator will be discussed in detail in the next 

chapter of this thesis. 

 

 

4.5. Conclusions 

 

This chapter reviewed the principles and challenges of power scaling in solid-state 

laser sources. The most important metrics of laser performance such as lasing 

threshold, slope efficiency or beam quality factor have been introduced and 

discussed.  Various mechanisms leading to heat deposition in the laser medium (e.g. 

quantum defect, fluorescence quenching processes), as well as detrimental thermal 

effects (thermal lensing, thermally-induced stress) originating from heat generation 

and thermal gradients have been examined. Different approaches to mitigating 

thermal effects with the emphasis on certain laser medium geometries (end-pumped 

rods, side-pumped slabs, thin-disk and fibre lasers) have been presented.  

 

The next section of this chapter examined the cladding-pumped fibre laser 

architecture with its strengths and limitations. The effects of heat generation, 

nonlinearities and optical damage in fibre geometry have been studied in more detail. 

The fundamental limit on the maximum power in a diffraction-limited beam 

extractable from a single aperture fibre laser has been examined and estimated to lie 

in the range of ~30-40 kW. The current power scaling strategy towards this limit 

(mainly focusing on scaling the effective mode area) has been discussed. 
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The final section of this chapter reviewed relevant background theory on second 

harmonic generation, introducing expressions for frequency conversion efficiency, 

phase matching temperature, phase matching angles, and bandwidths for two phase 

matching techniques used in experiments discussed in the next chapters of this thesis. 

The most important properties of nonlinear crystals have been examined, with an 

emphasis on the lithium triborate that was used in our experiments. Finally, the most 

popular approaches for generating high power visible radiation have been discussed. 

These included intracavity frequency doubling in ‘bulk’ solid-state lasers as well as 

various methods used for efficient frequency conversion in fibre lasers. Although this 

chapter only reviewed the methods and challenges of efficient second harmonic 

generation in solid-state laser sources, the conclusions that have been drawn from 

this discussion can be typically extrapolated to other nonlinear processes used for 

frequency conversion to other useful wavelengths. 
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Chapter 5 

Intracavity power enhancement via 

use of an internal resonator 

 

 

5.1. Introduction 

 

The previous chapter discussed the challenges of scaling the output power of solid-

state lasers with particular emphasis on cladding-pumped fibre lasers and efficient 

nonlinear frequency conversion of these devices. It explained how existing 

techniques are either limited in second harmonic output power and conversion 

efficiency or require complex opto-mechanical components and electronics for active 

cavity length stabilisation. This chapter introduces a novel approach for intracavity 

power enhancement in continuous-wave fibre lasers to enable efficient nonlinear 

frequency conversion that is free from the main limitations of the conventional 

technologies. This concept is based on the use of a low-roundtrip-loss free-space 

internal enhancement cavity integrated within a main fibre laser cavity, which does 

not require any active length stabilisation. A detailed concept overview and 

discussion on the laser behaviour in the spectral domain are presented in section 5.2. 

The principles of power build-up and fundamental features of the resonant 

enhancement cavity with two partially transmitting mirrors are discussed in section 

5.3, while section 5.4 describes the main cavity design criteria. Section 5.5 focuses 

on spatial mode-matching between the fundamental enhancement resonator mode 

and the laser mode in the external fibre laser cavity arrangement and presents 

experimental results on spatial mode-matching of a ring “bow-tie” cavity’s 

fundamental mode to the spatial mode of a fibre laser based on a single-mode fibre. 

Feedback of the external cavity arrangement and its impact on the fibre laser’s 

performance is discussed in section 5.6 of this chapter. Experiments characterising 

temporal performance of the fibre laser with an internal enhancement resonator are 
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described in section 5.7. Section 5.8 introduces a modal interference approach to 

allow efficient coupling between a fundamental mode of the enhancement resonator 

and the output from a multi-mode fibre. 

 

 

5.2. Concept overview 

 

The internal resonant enhancement cavity, containing the nonlinear crystal is used to 

avoid the problems associated with the high fibre resonator loss and enables efficient 

second harmonic generation. The underlying principle of operation of this novel 

intracavity power enhancement scheme can be explained with reference to fig. 5.1, 

which is a conceptual diagram of the internally-frequency-doubled cladding-pumped 

fibre laser, with the main laser cavity in a ring configuration. This concept is based 

on three main elements of the fibre oscillator: a diode-pumped fibre-based gain stage, 

a resonant enhancement cavity, and a spectrum narrowing element.  

 

 

 

Figure 5.1: Internally-frequency-doubled fibre laser – concept (ring configuration) 
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The fibre laser can oscillate on the longitudinal modes of its main ring cavity, with 

the mode frequencies (wavelengths) defined by the effective round-trip path length 

of the main resonator Leff: 

 

 λ� = �����    or   ν� = 
 ����� (5.1) 

evenly spaced by: 

 Δλ� = 
������   or    Δν� = ����� (5.2) 

 

Fig. 5.2 illustrates this principle in the spectral domain: 

 

 

 

Figure 5.2: Intracavity enhancement resonator – concept overview in the spectral domain 

 

Only those axial modes, represented by the grey lines in fig. 5.2, that are resonant in 

the enhancement cavity can be transmitted through the resonant enhancement cavity 

without significant loss. All other modes experience high loss via reflection from the 

input coupler of the enhancement resonator. The spectrum narrowing feedback 

element (e.g. diffraction grating) is used to select the lasing wavelength and to reduce 

the emission bandwidth so that it is smaller than the phase-matching bandwidth for 

second harmonic generation in the nonlinear crystal. The laser can then oscillate on 

the axial modes that lie both within the transmission peaks of the enhancement cavity 

and within the spectrum-narrowing element bandwidth – the blue line in fig. 5.2. 

This leads to high intracavity power in the enhancement cavity at the fundamental 
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wavelength and, hence, high second harmonic conversion efficiency. The intracavity 

powers attainable via this approach can be much higher than for a conventional 

intracavity-frequency-doubled fibre laser with the same pump power if the round-trip 

loss of the enhancement cavity is small compared to the round-trip loss for the fibre 

laser. This condition is usually quite straightforward to achieve. A major attraction of 

this approach compared to external cavity resonant second harmonic generation is 

that the fibre laser does not have to lase on a single-axial mode.  

 

The laser can be designed to operate on a large number of axial modes that are 

simultaneously resonant in the enhancement cavity. This is generally easy to achieve 

in a fibre laser because of the long round-trip path length and hence small axial mode 

separation. In practical configurations there is always a large number (typically102-

103) of transmission peaks N within the spectrum-narrowing element bandwidth ΔΛ: 

 

 � ≈ �ΔΛ/λ� (5.3) 

 

(where � is the round-trip path length of the enhancement resonator), and multiple 

longitudinal modes within each transmission peak. To ensure stable operation on 

multiple axial modes of the fibre laser, the length of the fibre and the enhancement 

cavity design should be carefully chosen so there is at least one axial mode within 

each transmission peak of the enhancement cavity. This condition is achieved when 

axial mode separation (5.2) is smaller than the width of the transmission peak (5.9). 

This relation leads to the minimal effective length for the main laser cavity: 

 

 ���� ≈ �� (5.4) 

 

This means that the main cavity round-trip length must be F times longer than the 

round-trip length of the enhancement cavity, where F is the enhancement resonator 

finesse. In cases where Lmin is substantially longer than a typical active fibre length 

needed for pump light absorption, a section of a matched passive fibre can be spliced 

to the active RE-doped fibre to extend the total cavity length. For the main cavity 

round-trip lengths greater than (5.4) there are always many axial modes that satisfy 

the resonance condition and active stabilization of the cavity length is not needed. 
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Hence, this approach is immune to thermally-induced and mechanically-induced path 

length variations. An important feature of the resonant enhancement cavity is that it 

transmits light in both directions. The transmission of the enhancement cavity for 

resonant wavelengths depends on the transmission of its input and output couplers as 

well as its power-dependent round-trip loss. In the ring fibre laser configuration, 

oscillation in forward direction (indicated by arrows in fig. 5.1) is not favoured. For 

the same incident power levels, the round-trip loss of the enhancement cavity, 

associated with the power-dependent second harmonic loss, is greater in the forward 

direction when compared to reverse direction. Hence, in order to yield efficient 

second harmonic output, a non-reciprocal device (e.g. a Faraday isolator) is needed 

to enforce unidirectional oscillation in the forward direction. The non-reciprocal 

device should be positioned after the enhancement cavity, to minimise the loss in the 

fundamental power entering the cavity. 

 

An alternative arrangement to the ring configuration is presented in fig. 5.3. The 

linear oscillator configuration is based on the same principle, but the resonant 

enhancement cavity is now integrated within a standing-wave fibre laser’s cavity. 

 

 

 

Figure 5.3: Internally-frequency-doubled fibre laser – concept (linear configuration) 

 

The main difference from the ring configuration is that the fundamental light needs 

to pass the resonant enhancement cavity twice per round-trip (in opposite directions). 

The standing-wave cavity configuration allows for removal of the non-reciprocal 

device and its practical implementation is more straightforward than the ring cavity 
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configuration. The disadvantage of using this approach is the fundamental power loss 

in the feedback path. After first transmission through the enhancement resonator in 

forward direction and reflection from the feedback element laser signal experiences 

high loss due to the impedance mismatch (see next section 5.3). 

 

 

5.3. Resonant enhancement cavity 

 

As it has been explained in Chapter 4 the second harmonic generation efficiency is 

proportional to the incident fundamental power (eq. 4.28). To obtain high second 

harmonic power, the nonlinear crystal can be placed inside a low-roundtrip-loss free-

space resonator to benefit from the high intracavity power. An example of such 

cavity configuration, a ring resonator in a “bow-tie” scheme, is illustrated in fig. 5.4.  

 

 

 

Figure 5.4: Enhancement cavity in a “bow-tie” configuration with a Brewster-cut LBO 

 

The ring resonator comprises two plane-plane mirrors: an input coupler M1 and an 

output coupler M2 with reflectivities R1 = r1
2 and R2 = r2

2 at the fundamental 

wavelength respectively, two concave mirrors M3 and M4 (radius of curvature Rc) 

with high reflectivity R3 = R4 = rHR
2 at the fundamental wavelength and high 
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transmission at the second harmonic wavelength, and a Brewster-angled LBO crystal 

of length Lc housed in an oven and cut for type I non-critical phase-matching (i.e. the 

beam is incident on the crystal surface at Brewster angle ϑB). r1, r2 and rHR are the 

electric field reflection coefficients at fundamental wavelengths for mirror M1, M2 

and M3 respectively. The oven is driven by a temperature controller connected to a 

thermocouple in thermal contact with the surface of the crystal. To minimize losses 

the incident beam has to be polarized in the XZ plane, which means the generated 

second harmonic will be polarized along the Y axis (Z axis corresponds to an optical 

axis of the crystal with the highest refractive index value at the fundamental 

wavelength, ��� ). 

 

If the incident electrical field amplitude is Ei, the amplitude transmitted by the cavity 

Et, will be: 

 �� = � �� ! �" ! � �#�$%�&
�'( = �� ! �1 − +!+� �#�$ (5.5) 

where , = �-
 � is the round-trip phase shift (d -  round-trip path length), 

  ! = .1 − +!�),  � = .1 − +�� are the amplitude transmittances of the mirrors 

M1  and M2 respectively, and the round-trip transmission function (excluding input 

and output coupler losses) tc is given by: 

 

  � = +/0� .11 − 2311 − 45/63 (5.6) 

 

where 2 is the sum of all losses excluding conversion to second harmonic output and 

mirrors’ transmissions (i.e. residual reflections and scattering from crystal surfaces, 

scattering from mirror surfaces, scattering and absorption in the crystal, aperture 

transmission losses) and 45/6 is the single round-trip second harmonic conversion 

efficiency, defined as the ratio of second harmonic output power to fundamental 

circulating power incident on the crystal. 

 

The power transmission function, defined as the ratio of power transmitted Pt by the 

mirror M2 to the power Pi incident on the mirror M1, is given by: 

 



124 
 

 71,3 = ����∗����∗ = 1 ! �3�11 − +!+� �3� + 4+!+� � sin�1, 2⁄ 3 (5.7) 

 

This function is plotted in fig. 5.5. We can see that it is similar to the transmission 

function of an etalon (appendix A), and only resonant wavelengths (frequencies) 

close to the resonance condition i.e. sin�1,/23 = 0 are transmitted. 

 

 

 

Figure 5.5: Power transmission function of the “bow-tie” resonant enhancement cavity 

 

The transmission function 71,3 reaches its maximum value 7 = 7�AB when the 

phase-shift , = 2C
 (i.e. D = �/
), where 
 = 1, 2, 3 … 

 

 7�AB = H  ! �1 − +!+� �I�
 (5.8) 

 

and half of that value 7 = 7�AB/2 for , = 2C
 ∓ ,∓, where 

,∓ = ∓2 sinK! H!KLML��N�.LML��NI. 

 

Hence, the width of the enhancement cavity resonant mode is: 

 

 ,D = D�2C� 1,O − ,K3 = 2D�C� sinK! P1 − +!+� �2.+!+� � Q (5.9) 

 

or ,R = S,D/D� in the frequency domain.  
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Meanwhile, the free spectral range (FSR), i.e. the spectral distance between the 

transmission peaks of the enhancement cavity, is given by: 

 

 ΔD = D�2C� T2C1
 + 13 − 2C
U = D��  (5.10) 

 

or ΔR = SΔD/D� = S/� in the frequency domain. 

 

The finesse of the cavity is defined as a ratio of the FSR and the cavity mode width 

and can be expressed as: 

 

 F = Δλδλ = C2 sinK!"1/.X% (5.11) 

 

where the finesse coefficient: 

 

 X = 4+!+� �11 − +!+� �3�  

 

A set of expressions as a function of power Pi incident on the input mirror of the 

enhancement cavity (M1) can be written; including expressions for the power 

transmitted by the ring resonator Pt that is extracted through the output coupler 

mirror (M2), the intracavity power circulating inside the resonator Pc before hitting 

the output coupler M2, the power lost in the cavity (excluding second harmonic 

output and input/output coupler transmissions) Pl and the power rejected from the 

cavity via reflection from the input coupler M1 surface Pr (equations 5.12-5.15): 

 

 Y� = Y�7 = Y�1 ! �3�11 − +!+� �3� + 4+!+� � sin�1 , 2⁄ 3 (5.12) 

 

 Y� = Y�7/ �� = Y� !�11 − +!+� �3� + 4+!+� � sin�1 , 2⁄ 3 (5.13) 
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 YZ = Y�+��11 −  ��3 = Y� !�+��11 −  ��311 − +!+� �3� + 4+!+� � sin�1 , 2⁄ 3 (5.14) 

 

 YL = Y� − Y� − YZ = Y� 1+! − +� �3� + 4+!+� � sin�1 , 2⁄ 311 − +!+� �3� + 4+!+� � sin�1 , 2⁄ 3 (5.15) 

 

Factors containing sin�1 , 2⁄ 3 term in equations (5.12-5.15) disappear for resonant 

wavelengths (frequencies) satisfying the condition: 

 

 λ[ = \�   or   ν[ = 
 �\ (5.16) 

 

Optimum performance of the resonant enhancement cavity can be achieved when the 

input coupler transmission is equal to the sum of all other losses in the resonator, that 

is, when the cavity meets the impedance matching condition: 

 

 +! = +� � (5.17) 

 

Assuming a small conversion regime (4.28), with circulating power given by (5.13) 

and using (5.6), impedance matching condition (5.17) can be rewritten as a function 

of power Pi incident on the input coupler M1 and proportionality constant ] defined 

by (4.27). 

 

 +!� = +��+/0^ 11 − 23 P1 − ]Y�+��+/0�1 − +!� Q (5.18) 

 

Solving (5.18) for r1 leads to an expression for the optimal (impedance-matched) 

input coupler transmission: 

 

 7!�.�. = 1 − +!� = 2`2 + a2`�4 + ]Y� 1 − 2′1 − 2  (5.19) 

 

where 2` = 1 − +��+/0^ + 2 is a total round-trip loss (excluding the input coupler 

transmission), accounting for losses in the crystal 2 and leakage losses through the 
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output coupler M2 and concave mirrors M3 and M4. Equation (5.19) can be found in a 

simplified form (+� = +/0 = 1 i.e. 2` = 2) in many papers regarding SHG in 

external resonant cavities [5.1]. 

 

If we consider only resonant wavelengths (5.16) no power is reflected from the input 

coupler of the impedance-matched resonator YL = 0, according to (5.15), and thus 

the resonated power (5.13) reaches its maximum value: 

 

 Y��.�. = Y�1 − c! (5.20) 

 

The transmission function (5.8) of the impedance matched resonator no longer 

depends on the loss α and is then equal to: 

 

 7�.�. = 7�7!�.�. (5.21) 

 

If we compare the SHG process in the small conversion regime using an impedance-

matched resonator and the SHG using the laser beam directly incident on the 

nonlinear crystal (i.e. single-pass configuration), we can see that the fundamental 

power enhancement factor d� in the resonant cavity can be expressed as: 

 

 

 d� = Y�+��+/0�Y� = c�ce1 − c!�.�. (5.22) 

 

This number also describes the SHG efficiency enhancement factor (defined as a 

ratio of the resonantly-enhanced SHG conversion efficiency 45/6L.f.  to the single pass 

SHG conversion efficiency 45/6g.h. : 

 

 d� = 45/6L.f.45/6g.h. = ]Y�+��+/0�]Y� = c�ce1 − c!�.�.  

 

Second harmonic output enhancement factor d�� will be then given by: 
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 d��  = ]1Y�+��+/0� 3�]Y�� = Ω�� = P c�ce1 − c!�.�.Q�
 (5.23) 

 

If we make the M2 and M3 mirrors transmission losses small, the enhancement 

factors will be approximately: 

 

 d�  ≈ "1/7!�.�.%   and    d��  ≈ "1/7!�.�.%�
 

(5.24) 

(5.25) 

 

where the transmission of the impedance-matched input coupler should be chosen to 

be approximately equal to the sum of round-trip losses in the enhancement cavity: 

 

 7!�.�. ≈ 45/6 + 2′ (5.26) 

 

In the scheme illustrated in the fig. 5.4, the fundamental beam is incident on the LBO 

crystal’s surface at an angle (to the surface’s normal, in the plane of incidence) close 

to jk ≈ tanK!1��� 3, thus minimising losses from the Fresnel reflection c� from each 

of the crystal surfaces for the fundamental wavelength: 

 

 c� ≈ tan�njk − "C 2o − jk%ptan�njk + "C 2o − jk%p = 0 (5.27) 

 

On the other hand second harmonic output experiences loss by Fresnel reflection c� 

of: 

 

 
c�� ≈ sin�njk − "C 2o − jk%psin�njk + "C 2o − jk%p= cos�s2 tanK!1��� 3t ≈ 19.4% 

(5.28) 

 

Hence, only 80.6% of the second harmonic power generated in the LBO crystal can 

be extracted in the main output beam. 

 



129 
 

5.4. Enhancement cavity design optimization 

 

The simplified ray transfer (ABCD) matrix [5.2] for the round-trip in the empty 

“bow-tie” resonator (i.e. without the nonlinear crystal), with the starting point at the 

waist between the concave mirrors, can be expressed in the form: 

 

 wx yz {| = }1 ��20 1 ~ } 1 0− 2c� 1~ w1 � − ��0 1 | } 1 0− 2c� 1~ }1 ��20 1 ~ (5.29) 

 

Where dm is the distance the light travels between the concave mirrors’ surfaces. 

Waist spot size (radius) w0 and its position ,�( (with respect to point at half-distance 

between the plane mirrors) can be calculated from [5.3]: 

 

 �( = � D2C a4 − 1x + {3�z�  (5.30) 

 

 ,�( = x − {2z  (5.31) 

 

Likewise the waist in the upper arm of the resonator (i.e. between M1 and M2 

mirrors) spot size and position shift can be calculated from (5.30) and (5.31) 

respectively, with elements of the ray transfer matrix of a round-trip starting at the 

upper arm waist position amended to: 

 

 wx yz {| = }1 � − ��20 1 ~ } 1 0− 2c� 1~ w1 ��0 1 | } 1 0− 2c� 1~ }1 � − ��20 1 ~ (5.32) 

 

It should be noted that (5.30) and (5.31) are approximate values of waist spot size 

and position which are slightly different in a practical configuration with a nonlinear 

crystal for the Y and Z crystal axis directions, due to astigmatism caused by non-

normal incidence on the concave mirrors and crystal surfaces. For the Brewster-

angled crystal configuration it is possible to compensate the astigmatism arising from 
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refraction at Brewster-angled surfaces by setting a certain incidence angle on the 

concave mirrors. Such angle of incidence should result in a difference between focal 

lengths of the concave mirrors in the XZ plane and the XY plane respectively. 

Geometrical analysis [5.4] deliver stable mode size solutions at incident angles close 

to θA satisfying: 

 

 c� tan1j�3 sin1j�3 = ��T1��� 3� − 1U/1��� 3e (5.33) 

 

Wave analysis [5.5], however, shows that the beam waist inside the crystal remains 

non-circular in the centre of the stability range. For a critically-phase matched crystal 

with perpendicular surfaces, astigmatism cannot be fully compensated, so the 

incidence angle on the concave mirrors must be kept small (e.g. θA < 5○, where 

astigmatic effects are negligible). 

 

 

5.5. Mode matching 

 

In addition to the impedance matching condition (5.13) and optimal waist spot size in 

the nonlinear crystal for efficient nonlinear frequency conversion, another important 

design aspect is a good geometrical overlap between the fundamental mode of the 

enhancement resonator and the beam (essentially also a spatial mode of the main 

laser cavity) incident on its input coupler. Mathematically, the quality of mode 

matching can be quantified with an overlap integral: 

 

 4� = |� �!∗���x|.�|�!|� �x �|��|� �x (5.34) 

 

where E1 and E2 are the complex electric fields in a plane, referring to the field of the 

spatial mode of the main laser mode and the field of the enhancement resonator 

mode, and the integration spans the whole beam cross-section. If we consider only 

fundamental resonator modes overlapping, the mode matching will depend on the 

relative waist positions, spots sizes, and the angular relationship between propagation 

directions. 
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In practice the overlap integral depends on many factors including the quality of the 

beam exiting the core of the fibre laser. For this reason mode matching was 

examined experimentally in an oscillator configuration - a fibre laser with an empty 

(i.e. without a nonlinear crystal) “bow-tie” enhancement resonator, as shown in fig. 

5.6. 

 

 

 

 

Figure 5.6: Fibre laser with an internal enhancement resonator – experimental set-up 

 

The experimental set-up was based on a section (5 metres in length) of a relatively 

standard ytterbium-doped fibre (YDF) with a single-mode core, 0.075 in NA, 9.6 µm 

in diameter, and pure silica D-shaped inner-cladding, 0.4 in NA, 150 µm in diameter. 

Feedback for lasing from one end of the fibre was provided by an external cavity 

terminated with a simple broadband reflector M6, with high reflection (c� > 99.9%) 

at the central wavelength of the emission bandwidth ~1080 nm. From the other side 

of the fibre, the feedback was provided by another external cavity containing a ring 

enhancement cavity and terminated with another broadband reflector M5 with high 

reflection (R5 > 99.9%). Pump light from a fibre-coupled (220 µm core, NA of 0.22) 

laser diode-bar module (LDM) at 975 nm was launched into the fibre end adjacent to 

the reflector M6 with the aid of a dichroic mirror M7 and two lenses L1 and L2 (with 

focal lengths of f1 = 15 mm and f2 = 8 mm respectively) in a telescopic 

configuration. The enhancement resonator with a “bow-tie” geometry consisted of a 

plane input (M1) and output coupler (M2) partially transmitting (T1 = 6.0% and 
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T2 = 1.2% respectively), a concave mirror M3 with high reflectivity (ce > 99.5%) 

and a concave output coupler mirror M4 with transmission simulating the single-pass 

SHG conversion efficiency (T4 = 5.5%) at central laser wavelength. Transmissions of 

the four mirrors forming the resonant enhancement cavity where chosen to be close 

to the impedance matching condition (5.17). Despite a small deviation from the ideal 

impedance matching, it should be possible to launch ~99% of the light incident on 

the input coupler according to (5.15) for a perfect spatial overlap (4� = 1) with this 

set of mirrors. The concave mirrors were chosen with curvature radius Rc = 200 mm, 

and distances between the mirrors were respectively: |�!��| = 252 mm,  |���e| = 

257 mm, |�^�!| = 254 mm, and |�e�^| = 252 mm. The incidence angle was made 

as small as the geometry of the cavity allowed, i.e. j� ≈ 4.8○ in order to minimise the 

astigmatism effects. Such a cavity supported a fundamental mode with a waist spot 

size of ~77 μm between the concave mirrors and another waist of ~310 μm between 

the planar mirrors. The beam leaking through the planar output coupler (M2) was 

being re-collimated with a lens L4 (of focal length f4 = 250 mm) to form a waist on 

the surface of the broadband reflector M5. In this way, beam incident on the output 

coupler (M2) after reflection from M5 could be mode-matched (not impedance-

matched, though) to the enhancement resonator in the reverse direction of 

propagation. Fine tuning of the resonator mode size could be performed by changing 

the resonant enhancement cavity length (e.g. changing the distance between the 

concave mirrors). In order to yield good spatial overlap between the enhancement 

resonator mode and the spatial mode of the fibre laser external cavity, the beam 

exiting the fibre core was tailored to match the waist spot size (~310 μm) and 

position (half-distance between the planar mirrors) with the waist in the upper arm of 

the enhancement resonator. Fine tuning of the waist spot size and position was 

performed by varying the distance z1 between the waist and the focusing lens L3 

(with focal length of f3 = 8 mm) and later fine adjustment of the position of the fibre 

end with respect to the lens L3. Figure 5.7 shows the far-field images of the reflected 

beam taken with a CCD camera, after sufficient attenuation, during the alignment 

procedure (i.e. fine tuning of the waist spot size and position). 
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Figure 5.7: Beam profiles of the beam rejected from the enhancement resonator 

(CCD camera images after sufficient attenuation of the beam) 

 

Best coupling was obtained for the distance z1 = 326 mm. For the arbitrarily chosen 

incident power of 2.24 W (where the incidence power was monitored with an aid of a 

reflection from a small angle wedge) only Pr = 100 mW was reflected from the input 

coupler, corresponding to ~96% of incident power effectively launched into the 

fundamental mode of the enhancement resonator (4� ≈ 96%). Power extracted 

through the concave output coupler (M4) was P1 = 1.65 W which corresponds to 

~76% of the total incident power. The remaining power was distributed as follows: 

~2.2% was fed back to the fibre, ~12% was lost via reflection from the non-

impedance-matched coupling into the enhancement resonator in the reverse 

propagation direction and ~6% was lost via M3 and M4 mirror leakage losses. The 

intracavity power was 30 W which corresponds to the enhancement factor d� ≈ 

14.5. This experiment confirmed that it is possible to integrate the enhancement 

cavity within the main cavity of the fibre laser without suffering significant loss on 

coupling between the main cavity mode and the enhancement resonator mode. It also 

proved that the circulating power in the enhancement resonator can be more than 

order of magnitude higher than the intracavity power in the main fibre laser cavity, 

and that most of the power launched into enhancement resonator can be efficiently 

extracted with an output coupling mechanism (e.g. a partially transmitting mirror or 

SHG process in a nonlinear crystal) with only few percent single pass 

efficiency/transmission. 
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5.6. Optical feedback 

 

The feedback for lasing in the external cavity containing the enhancement resonator 

was provided by the broadband reflector M5. The enhancement cavity was designed 

in such a way so that only ~16% of the total power incident on the input coupler M1 

was leaking through the output coupler M2 to be used in a feedback path. If we 

consider the transmission through the enhancement cavity in the reverse direction 

(i.e. in the feedback path) the beam incident on the input coupler M2 suffers 

significant loss due to impedance mismatch. The power transmitted through the 

cavity in the reverse direction was measured (with and aid of a reflection from a 

small-angle wedge) to be 49 mW out of 360 mW (~14%) incident on the output 

coupler mirror M2 in the feedback path. The biggest loss in the feedback path was the 

reflection due to impedance mismatch (~70%), the rest was lost via leakage of the 

M3 and M4 mirrors (2% and 14% respectively). Total feedback efficiency (i.e. power 

returning to the fibre after double transmission through the enhancement cavity) was 

thus < 2.2%, which was more than sufficient for efficient locking of the longitudinal 

modes of the fibre laser to the resonant modes of the enhancement cavity. The fibre 

laser in the described configuration can operate efficiently with very small amount of 

feedback (sub-percent reflection into the fibre is generally sufficient to lock the 

longitudinal modes of the main cavity). For some configurations it is possible to 

observe efficient locking of the laser modes to the enhancement cavity resonant 

frequencies even without the mirror M5 that usually provides the feedback for lasing. 

Researchers using enhancement cavities for resonantly enhanced nonlinear frequency 

conversion observed this kind of optical locking of solid state lasers [5.6] and diode 

lasers [5.7, 5.8, 5.9] and attributed it to the scattering from the imperfections in the 

nonlinear crystal surfaces. In the laser configuration described in the previous section 

there is no nonlinear crystal in the enhancement cavity (fig. 5.6), thus optical 

feedback must have a different origin. The optical feedback locking effect can occur, 

when the beam incident on the surface of the mirror at a given incidence angle θA is 

refracted in the direction close to the normal to the back (planar) surface of the 

mirror (fig. 5.8). The refracted ray can then reflect from the back surface of the 

mirror (via Fresnel reflection mechanism, as this side of the mirror is not typically 
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coated for efficient reflection at fundamental wavelength) and launch power 

efficiently into the counter-propagating resonator mode of the enhancement cavity. 

 

 

 

 

Figure 5.8: Geometry with the feedback for lasing arising from the Fresnel reflection from 

the back surface of the concave mirror (radius of curvature and incidence angle not to scale) 

 

The ray refracts at an angle 

 

 j0 = sinK!1sin j� /��3 (5.35) 

 

where �� is the refractive index of the glass substrate. This effect is the strongest 

when the beam is incident not at the centre of the mirror but off-set by a certain 

distance (in the plane of incidence) from the centre 

 

 � ≈  c� sin1j�3/�� (5.36) 

 

and the mirror is rotated by j0 (in the plane of incidence) to compensate for the 

translation of the mirror (i.e. the beam reflected from the tilted mirror with an off-set 

incidence point has the same direction as the beam reflected from a centrally 

positioned mirror). This hypothesis was confirmed by blocking the feedback path 

(i.e. removing the mirror M5 from the system), placing the highly reflective mirror on 

the 2D-translation stage and monitoring the output power for different positions of 

the incident beam on the mirror surface. Efficient locking was observed only when 
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the beam was incident on the mirror close to a point off-set from the centre of the 

mirror by ~1cm (in the plane of incidence), which stays in perfect agreement with 

(5.36). The power returning to the fibre was measured to carry ~0.55% of the total 

power incident on the enhancement cavity and the coupling efficiency dropped to 

56% after removing the broadband reflector M5 (from 96% with the M5 mirror 

providing ~2.2% feedback). 

 

It should be noted that for both scenarios, i.e. with and without the broadband 

reflector M5, overall feedback efficiency was significantly lower than the Fresnel 

reflection of the perpendicularly cleaved fibre end (~4.0%). This means that the fibre 

laser in this configuration is operating on the common modes of the cavity formed by 

the mirror M6 and the fibre end, and the cavity formed by mirror M6 and one of the 

mirrors providing feedback from the external cavity (M5 or M3). At the same time 

those common modes have to be resonant in the enhancement cavity. This condition 

can be difficult to achieve when the emission spectrum is narrowed to be within the 

phase matching bandwidth of the nonlinear process. In addition, mechanically and 

thermally induced cavity length variations greatly influence the frequencies of the 

common modes and their spectral position relative to the transmission peaks of the 

enhancement cavity, which in turn affects the laser stability. This constraint on the 

operating frequencies can be alleviated by reducing the reflection from the fibre end 

so it is significantly lower than the overall feedback efficiency from the external 

cavity arrangement. 

 

Splicing a coreless end-cap to the active fibre is a technique that is commonly used 

for increasing the spot size at the silica-air interface in high-power fibre amplifiers to 

reduce the intensity at the silica-air interface [5.10]. This can also greatly suppress 

unwanted feedback, especially when the surface at the silica-air interface is cleaved 

or polished at a small angle with respect to the fibre cross section plane. A section of 

a solid silica glass fibre (the cladding is formed by surrounding air) without a doped 

core is fusion-spliced to the output end of an active fibre (fig. 5.9). 
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Figure 5.9: Fibre end termination scheme for feedback suppression (fibre sections lengths 

not to scale) 

 

The mode propagating in the fibre core expands after entering the coreless end-cap 

and cannot be efficiently launched into the core after Fresnel reflection from the 

silica-air interface. A small fraction of this light can be, however, launched into the 

inner cladding of the fibre, thus it is important to supress the propagation of the 

cladding modes. The latter can be done by removing one or more sections of the 

polymer coating forming an outer cladding and replacing it with a medium of 

refractive index matching the refractive index of the inner cladding. It should be also 

noted that suppression of the cladding modes via this technique significantly 

improves mode matching between the beam exiting the fibre and the fundamental 

mode of the resonant enhancement cavity. The use of coreless end-caps in the 

experiments on internally-frequency-doubled fibre lasers generally improved the 

output power stability and enabled reaching higher output powers. The downside of 

using the end-caps is the lack of feedback that would be desired in some situations. If 

the external cavity becomes misaligned or blocked, the laser would generally switch 

to lase on modes of the cavity formed by the Fresnel reflection at the output end of 

the fibre. For the laser having the end-cap spliced on the end of the fibre, in case of 

cavity misalignment (e.g. due to thermal expansion under high-power operation) 

there is no alternative feedback for lasing and the gain in the fibre builds to a level 

where the laser can lase in a cavity formed by impurities in the core or stray 

reflections from objects outside the fibre. This mode of operation is generally very 

unstable, with self-pulsing behaviour leading quickly to fibre facet damage. 
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5.7. Temporal characteristics 

 

Temporal characteristics such as axial mode forming timescales and sensitivity to 

vibrations of the fibre laser with an enhancement resonator integrated within the 

main laser cavity were investigated with an aid of a mechanical modulator (optical 

chopper) and a mirror attached to a transducer made of piezoelectric ceramic material 

(Lead Zirconate Titanate – PZT). The ring-shaped piezoelectric transducer was 

attached to the planar output coupler of the enhancement cavity (M2) in a way so that 

it wasn’t blocking the beam double-passing through the enhancement cavity (fig. 

5.10). Its purpose was to scan the cavity length by a distance corresponding to a few 

(1-15) free spectral ranges with scanning frequencies in the range of 10 Hz - 2.4 kHz. 

At the same time the output power (P1) and rejected power (Pr) were monitored with 

an aid of photo-detectors. 

 

 

 

Figure 5.10: The position of mechanical modulating elements in the enhancement cavity 

 

He-Ne laser and a simple scanning Fabry-Perot interferometer, configured as in 

figure 5.11 were used for the calibration of the PZT transducer and measurements of 

the maximum mirror displacement and velocities obtainable with this device. The 

beam from the laser was passing through the first stationary mirror and second 

scanning mirror attached to the ring-shaped piezoelectric element, both partially 

transmitting (T=2.2%) at He-Ne laser wavelength, and eventually incident on a 

photodetector (PD) connected to the oscilloscope (OSC). Piezoelectric transducer 

was connected to the triangle driving voltage VAC with the frequency f and peak-to-
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peak amplitude ΔV. The mirror glued to the transducer was being displaced by a 

distance proportional to the applied voltage.  

 

 

Figure 5.11: Experimental set-up for the piezoelectric ceramic (PZT) transducer calibration 

 

Subsequent transmission peaks, separated in time by δt correspond to the mirror 

traveling the half of the He-Ne laser wavelength distance (λHeNe/2), during the 

driving voltage change of δV=p λHeNe/2 (where p is the voltage-to-displacement 

proportionality constant). During half of the scanning cycle the mirror travels the 

maximal displacement distance δd proportional to the driving voltage ΔV: 

 

 ,� = Δ� λ����2,�  (5.37) 

 

with the velocity given by 

 �� = 2�,� (5.38) 

or 

 �� = D/f�f2,  (5.39) 

 

Figure 5.12 shows the values of a) maximal mirror displacement calculated from the 

direct readings of the voltage across the PZT transducer (5.37), and b) maximal 
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mirror velocity; black circles are calculated from (5.37 and 5.38), red squares are 

calculated from the readings of the temporal separation of transmission peaks from 

the oscilloscope (5.39) plotted against scanning frequency f.  

 

 

 

Figure 5.12: Piezoelectric ceramic (PZT) transducer calibration: a) maximal mirror 

displacement b) maximal mirror velocity plotted against scanning frequency 

 

The piezoelectric transducer was then attached to the output coupler M2 of similar 

weight and size to the mirror used in the calibration experiment and the mirror was 

scanned over the full range of frequencies (0-2.4kHz) while the output power of the 

fibre laser (P1) was monitored with an aid of a photo-detector. The cavity length was 

being changed by the maximum distance of 2,� cos j� =18.53 µm (1.83×10-5 

relative change in cavity round-trip length) and with maximum rate of change in 

cavity length �\ = 4�,� cos j� = 4.42 mm/s (for the scanning frequency ~120Hz).  

 

This corresponds to ~0.02 nm (5.14 GHz) change in the spectral position resonant 

frequency of the cavity per half of the scanning period with the maximum frequency 

sweeping speed of ~4.78 nm/s. The fibre laser in this configuration completely 

changes the set of oscillating longitudinal modes of its main fibre laser cavity, when 
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the transmission peak moves by the spectral distance ,DB given by (5.9). Using 

(5.10) and (5.11) leads to: 

 

 ,DB = D�/1��3  (5.40) 

 

Finesse (5.11) for this set of cavity mirrors is F ≈ 48, so ,DB ≈ 2.4×10-5 nm. The 

spectral position of the transmission peak is proportionally dependent on the cavity 

length, so the transmission peak travels the spectral distance (5.40) while the cavity 

length changes by ,�B = D/� ≈ 22.5 nm. In other words, the laser completely 

changes the set of oscillating longitudinal modes, every , B = ,�B/�\ ≈ 5.1 µs, 

~810 times during each half of the scanning cycle (f ≈ 120 Hz). Power stability 

measurements showed no evidence of breaking the resonance condition throughout 

the whole scanning frequency range and the output power remained stable with the 

stability better than 1.3% (standard deviation to main value ratio) for timescales 

100ns-10ms, despite the constant change in the cavity length. The conclusion we can 

draw from this experiment is that the longitudinal modes of the main fibre laser 

cavity (with the round-trip time  L� ≈ 60 ns) form relatively quickly and it takes less 

than � = , B/ L� ≈ 80 round-trips to establish stable axial modes that can be 

efficiently launched to the enhancement resonator. 

 

Another experiment investigating the temporal characteristics of the fibre laser with 

the enhancement resonator integrated in the main cavity used the optical chopper. 

These experiments were carried out with the chopper positioned between the fibre 

gain stage and the enhancement cavity as well as inside the enhancement resonator 

(fig. 5.10). Its purpose was to switch the laser between the cavity formed by mirror 

M6 and the fibre end adjacent to the lens L3, and the main cavity of the fibre laser 

formed by the mirror M5 and mirror M6 (including double pass through the 

enhancement cavity). At the same time power in the reflected beam (Pr) and the 

power in the output beam (P1) where monitored (after sufficient attenuation) with 

photo-detectors. The chopper had 20 evenly spaced blades of width �k ≈ 1.05 cm at 

the beam position separated with open slits of the same width. The blades were 

flying through the beam of spot size �! ≈ 310 μm with the modulation frequency in 

the range of 0-1 kHz. Figure 5.13 shows an exemplary experimental result for the 
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modulation speed fc ≈ 430 Hz taken with the set-up comprising the optical chopper 

modulating the beam inside the enhancement cavity in the waist position between the 

planar mirrors; a) the oscilloscope trace with the voltage proportional to the output 

optical power (P1) extracted through the concave output coupler M4, and b) the 

oscilloscope trace with the voltage proportional to the optical power reflected from 

the input coupler of the enhancement cavity (M1).  For �� = 430 Hz chopping 

frequency the time it takes the blade to fly through the beam (gradually unfolding the 

beam) is Δt = w(/1d�f[3 = 70 μs and leaves the cavity fully open for the next 

~1025 μs, before the next blade start covering the beam (for the next 70 μs) leaving 

the cavity fully blocked for the next ~1025 μs. 

 

 

 

Figure 5.13: The fibre laser modulated with a chopper inside the enhancement cavity: 

a) output power extracted through the concave output coupler b) power of the beam reflected 

from the input coupler (traces not to scale in the vertical axis with respect to each other) 

 

When the blades are not blocking the beam inside the enhancement resonator the 

fibre laser oscillates inside its main cavity, the output extracted through the concave 

output coupler remains at the constant level PCW (fig. 5.13a, time 0-500 µs) and a 

small fraction of power, depending on the mode-matching factor, is rejected from the 

cavity (fig. 5.13b, time 0-500 µs). As one of the chopper blades starts to fly through 
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the beam, the mode-matching factor (5.34) gradually decreases so the fraction 

rejected from the cavity gradually increases to the value of input coupler mirror 

reflectivity R1. (fig. 5.13b, time 530-600 µs). The rest is blocked by the chopper 

blade so the output power gradually decreases from the value PCW to 0 (fig. 5.13a, 

time 530-600 µs). While the blade is blocking the beam there is no output from the 

enhancement cavity (fig. 5.13a, time 600-1750 µs) and the fibre laser reaches the 

steady state in the cavity of a lower Q-factor (and higher population inversion) 

starting with relaxation oscillations (fig. 5.13b, time 580-610 µs) and eventually 

stabilising at constant output power (fig. 5.13b, time 620-1750 µs), R1 of which is 

reflected from the input coupler. As the chopper blade starts gradually unblocking 

the fundamental mode of the enhancement resonator, the overlap factor increases 

again enabling gradually increasing fraction of the power to be launched into the 

resonator. Once enough power is circulating in the enhancement resonator, the 

external cavity arrangement provide more feedback for the modes resonant in the 

main laser cavity which has now a higher Q-factor compared to an “off” state, when 

the beam is blocked with a chopper blade. The oscillating modes extract the 

inversion built-up during the “off” state and form a ~50 µs (FWHM) long pulse (fig. 

5.13a, time 1800-1900 µs) with peak power ~2.75 times the power extracted in the 

steady state, and the rejected power gradually returns to a lower level defined by the 

mode matching factor in the “on” state (fig. 5.13a, time 1800-1900 µs). Although the 

switching times measured between the “off” and “on state depend on the modulation 

frequency, the pulse width remained constant for a given feedback level and cavity 

length across the tested frequency range. After all extra inversion is extracted, the 

laser returns to the steady state of the higher Q-factor cavity and the whole cycle 

continues. Very similar results were obtained with the optical chopper positioned 

between lens L3 and the enhancement cavity. The only difference was the limited 

access to the power not launched to the ring resonator, as it was blocked by the 

chopper blade in the “off” state (oscillations in the low Q-factor cavity). All other 

features in the oscilloscope traces remained the same.  

 

This experiment confirmed that the longitudinal modes of the fibre laser with a 

resonant enhancement resonator integrated within the main laser cavity form 

relatively quickly - no delays or power rise times longer than the modulation speed 

were observed. A simple example of a “Q-switched” operation was demonstrated 
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with a 0-1 kHz repetition rate, which leaves the door open to using fibre laser 

architectures with intracavity enhancement resonators in pulsed regime of operation. 

 

Overall it was demonstrated that it was not possible to break the optical frequency 

lock between the resonant enhancement cavity and the main fibre laser cavity with 

sub-kHz modulation of the cavity Q-factor or cavity vibrations up to 18.5 µm in 

amplitude and 4.4 mm/s in cavity length rate of change in a similar frequency range. 

We conclude that the laser’s longitudinal modes form relatively quickly within a 

small number of roundtrips (most probably well below 80 which is the upper limit - 

higher numbers were ruled out by the described experiment). 

 

 

5.8. Modal interference 

 
 
All experiments described previously were based on fibre with a robustly single-

mode core. As it has been explained in chapter 4 of this thesis, the ability of the 

design to accommodate the use of a gain medium with a larger core area than the 

limit for robustly single-mode behaviour is an important advantage. Using a larger 

core increases the catastrophic facet damage threshold and the threshold for 

unwanted nonlinear loss processes and thus facilitates further power scaling. In this 

section we describe an approach that allows efficient coupling of multiple transverse 

modes in the fibre core to the fundamental spatial mode of the enhancement 

resonator. The fibre laser can oscillate on multiple transverse modes inside the fibre’s 

core which, on exiting the fibre end adjacent to the internal enhancement cavity, have 

relative phases and powers such that they interfere to yield a combined (resultant) 

beam that can be substantially spatially-matched to the fundamental transverse 

(TEM00) mode of the internal enhancement cavity by using an appropriate 

arrangement of lenses.  

The underlying physical principle for this approach can be explained as follows: In a 

multi-mode fibre core, the number of allowed transverse modes depends on the 

refractive index of the core (ncore), the refractive index of the surrounding cladding 

material (nclad) and the core diameter, where ncore > nclad for guidance. Each 
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transverse mode is characterized by an effective propagation constant and related 

effective refractive index (neff), where ncore > neff > nclad.  The exact value for neff for a 

particular mode depends on the details of the fibre design and the mode, but as a 

rough guide low order modes have a smaller mode size than higher order modes and 

hence have a higher value for neff. Each allowed transverse mode of the fibre has a 

range of allowed frequencies (5.1), which define the axial modes associated with a 

particular transverse mode.  The effective length of the fibre laser resonator depends, 

amongst other things, on the length of the optical fibre and the effective refractive 

index, neff of a particular transverse mode. Since the values for neff are, in general, 

different for different transverse modes, the associated axial mode frequencies are 

also different.  However, at certain frequencies the axial modes of two or more 

transverse modes share the same frequency and there is a well-defined phase 

relationship between these modes. The internal enhancement cavity acts as a spatial 

filter and a frequency filter, since only the transverse modes of the fibre core which 

interfere to yield a combined beam that is substantially spatially-matched to the 

fundamental mode of the enhancement cavity and with axial mode frequencies that 

are resonant in the internal enhancement cavity are fed back to the fibre gain element 

and hence can lase. Other transverse modes with different axial mode frequencies 

experience a high reflection loss at the input coupler to the enhancement cavity and 

hence are suppressed. Preferential lasing on the fundamental (TEM00) mode of the 

enhancement cavity may be aided by the use of one or more apertures in the 

enhancement cavity to help suppress higher order transverse modes. 

This effect of modal interference was investigated in an experimental set-up very 

similar to the one from figure 5.5, but with the single-mode fibre replaced by an Yb-

doped fibre (Nufern PLMA-YDF-25/345) with a slightly multimode, 25 µm diameter 

core, NA ≈ 0.055, and a pure silica inner-cladding, NA=0.4, 345 µm in diameter. 

The normalised frequency parameter for operating wavelength D = 1080 nm was � ≈ 4.0. The modal structure for this fibre (where the refractive index profile was 

approximated with a parabolic function) was found with an aid of commercially 

available software (Optiwave, Optifiber software package). Figure 5.13 shows the 

calculated values of effective refractive index plotted against the diameter of the fibre 

core. 
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Figure 5.14: Simulation of the effective refractive index values for different spatial modes 

propagating in the fibre as a function of the fibre core diameter 

 

Certain modes form groups of modes with similar effective refractive index values. 

Although the modes within a group propagate with the same velocity in the fibre 

core, they can have substantially different spatial electric filed distributions 

(profiles). Mode profiles grouped in the first five sets of modes with similar effective 

refractive indices (as calculated with Optifiber) are shown in figure 5.14: 
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Figure 5.14: Simulation of the mode profiles for the five groups of spatial modes with the 

highest values of the effective refractive index propagating in the fibre (spatial modes with a 

similar effective refractive index value are grouped together) 

 

According to the simulation results the Yb-doped fibre with a 25 µm core, which was 

used in the experiment, supported only 5 modes from the first three groups shown in 

fig. 5.14. These modes can add up constructively to form a spatial distribution close 

to the fundamental mode profile, only for a fixed phase relationship occurring at 

certain frequencies (wavelengths). The mode field at the facet of the fibre is then 

close to Gaussian beam profile. Figure 5.15a shows the simulated total output power 

after double-pass propagation through a 5 m section of a fibre used in the 

experiment, as a function of wavelength, assuming that all three groups of modes 

were launched into the fibre with equal amplitudes. The beating pattern corresponds 

to the separation between the wavelengths, for which the groups of modes interfere 

constructively. The smaller spacing of ~0.2 nm corresponds to beating between the 

individual modes, and the wider spacing of ~1.0 nm corresponds to the separation 

between the wavelengths for which all three groups of modes add-up in phase. For 

different ratios of power in the individual modes the relative height of the peaks 

would be different but the spectral separation would remain the same as it depends 

only on the effective refractive index values and the effective length of the fibre laser 

resonator. Figure 5.15 b) is a part of the measured laser output’s spectrum. Well 

defined peaks can be observed, with a spectral separation of ~1 nm. We can conclude 

that the peaks correspond to the wavelengths, for which all three groups of modes 

interfere constructively and form a superposition of modes with a transverse profile 
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having a high mode-matching factor with the fundamental mode of the resonant 

enhancement cavity. The spectrum of the fibre laser is affected by many factors 

including spatial hole burning and the spectral overlap between the resonant 

frequencies of the enhancement resonator and the frequencies of the constructive 

super-positions of the supported mode groups (Vernier effect), but the characteristic 

feature arising from the mode super-positions exiting the fibre all in-phase every 

~1nm is clearly visible. The best mode-matching factor in this fibre laser 

configuration was measured to be ~81%. 

 

 

Figure 5.15: a) Simulation of the beating pattern between three groups of modes after a 

double pass through the multimode fibre section b) The output spectrum of the fibre laser 

using modal interference to couple light into the internal enhancement cavity’s fundamental 

mode 

 

 

5.9. Conclusions 

 

This chapter introduced the concept of the power enhancement via use of an internal 

free-space enhancement resonator integrated within a main fibre laser cavity. The 

theory and design criteria for the enhancement cavity with two partially transmitting 

mirrors have been presented. The importance of spatial mode-matching between the 

fundamental mode of the enhancement resonator and the fibre laser’s mode as well 

as the optical feedback from the external cavity arrangement has been discussed. 

These were illustrated with the experiments, where the empty “bow-tie” 
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enhancement cavity was integrated within the main cavity of a fibre laser based on 

an Yb-doped fibre with a single-mode core. The best spatial mode-matching between 

the fibre laser’s mode and the fundamental mode of the enhancement resonator was 

measured to be ~96% and the feedback level sufficient for efficient frequency 

locking was very low (typically <3%). The optical locking was proven to be very 

tolerant to vibrations, as the output power laser remained stable (< 1.3%) under 

resonant enhancement cavity vibrations greater than 18 µm in amplitude and 4.4 

mm/s in cavity length’s rate of change. The axial modes needed for maintaining the 

frequency lock formed quickly in < 5 µs (< 80 round trips) timescale. Simple 

mechanical modulation of the external cavity arrangement’s Q factor induced optical 

pulse formation rather before breaking the resonance condition and proved a route to 

a pulsed regime of operation using this kind of resonator architectures feasible. 

Modal interference approach for efficient coupling between the fundamental mode of 

the resonant enhancement resonator and the multi-spatial-mode content of the 

external cavity arrangement was introduced and experimentally confirmed with a 

fibre laser set-up based on an Yb-doped fibre with a multi-mode core. The best 

mode-matching factor between an empty “bow-tie” cavity and a multi-spatial-mode 

fibre laser’s mode was measured to be ~81%. 
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Chapter 6 

Internal resonantly enhanced 

frequency doubling in CW fibre 

lasers 

 

6.1. Introduction 

 

This chapter describes the development and power scaling of a frequency-doubled 

continuous-wave Yb-doped fibre laser employing an internal resonant enhancement 

cavity, which has been introduced in the previous chapter. Design considerations for 

the enhancement cavity and nonlinear crystal orientations corresponding to two 

different phase-matching conditions are discussed in section 6.2. The following 

section 6.3 presents the experimental results on several configurations investigated 

during the development of the high-power continuous-wave green fibre laser. It starts 

with preliminary set-up in a ring resonator geometry (section 6.3.1), followed by a 

linear configuration based on a robustly single-mode Yb-doped fibre and a Brewster-

angled LBO crystal oriented for non-critical phase matching. Performance of the 

latter, including wavelength tuning flexibility, has been thoroughly investigated and 

discussed in section 6.3.2. The next section (6.3.3) presents a procedure using a 

‘bulk’ solid-state laser to aid the alignment of the internally-frequency-doubled fibre 

laser, which was used to optimise the design of all lasers with a linear resonator 

configuration described in this chapter. Section 6.3.4a describes the experiment on 

power scaling of an internally-frequency-doubled laser based on a slightly multi-

mode Yb-doped fibre. Coupling light into the enhancement resonator, aided by 

modal interference is also demonstrated. Another experimental set-up based on a 

different LBO crystal orientation (critical phase matching in room temperature) with 

a narrow linewidth and improved beam quality has been discussed in section 6.3.4b.  
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6.2. Design considerations 

 

Two different LBO crystals, both configured for efficient SHG to ~540 nm but 

designed for different phase matching techniques were used in the experiments on 

internal frequency doubling in high-power CW fibre lasers. Careful design of the 

enhancement cavity was necessary prior to alignment of the experimental set-up. 

This section briefly reviews the most important design considerations. 

 

a) Brewster-angled 15mm long LBO crystal cut and oriented for type I (ooe) 

non-critical phase matching (as illustrated in fig. 6.1): 

 

 

 

Figure 6.1: Principal crystal axes orientation in type I non-critically phase matched Brewster-

cut LBO. (XYZ – principal crystal axes, x’y’z’ – laboratory coordinate system) 

 

Fig. 6.1 illustrates the crystal’s geometry and principal axes orientation with respect 

to the laboratory coordinate system. The principal crystal axes coordinate system 

XYZ is rotated around y’ axis by θ = 90○ with respect to the laboratory coordinate 

system (z’ – propagation direction). The front surface of the crystal (i.e. the surface 

the fundamental light is incident on) is tilted at an angle � = tan���	

� � = 
� 

(Brewster angle at the fundamental wavelength). The light at the fundamental 

wavelength (in red) is polarised along the Z axis, while the second harmonic output 

(in green) has the orthogonal polarisation (along Y axis). The phase matching 

temperature (4.32) for generating second harmonic output at 540 nm is 

��� ≈ 394.8 K (121.6 ○C). Refractive indices at fundamental wavelength for this 
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temperature calculated from Sellmeier’s relation are 	

� ≈ 1.5893 and 	


� = 	�

� ≈ 

1.6048 in Y and Z directions respectively. The nonlinear coefficient in this 

configuration is ���� ≈ 0.847 pm/V. The phase matching temperature bandwidth, 

FWHM, (4.35) is Δ��� ≈ 3.4 K. The angular acceptance bandwidth, FWHM, (4.42) 

is Δθ�� ≈ 21.6 mrad (~1.2○). The wavelength acceptance bandwidth, FWHM, is 

Δλ�� ≈ 0.9 nm. The walk-off angle for the second harmonic output is � ≈ 1.8 mrad 

(~0.1○) 

 

b) AR-coated 10 mm long LBO crystal cut for type I (ooe) critical phase 

matching (as illustrated in fig. 6.2): 

 

 

 

Figure 6.2: Principal crystal axes orientation in type I critically phase matched AR-coated 

LBO. (XYZ – principal crystal axes, x’y’z’ – laboratory coordinate system) 

 

Fig. 6.2 illustrates the geometry and principal axes orientation of the LBO crystal 

critically phase-matched slightly above room temperature (303.15 K = 30 ○C). The 

coordinate system based on principal crystal axes is rotated by θ = 90○ (around y’ 

axis) and by ϕ = 10.2○ (around x’) with respect to the laboratory coordinate system 

(z’ – direction of propagation). The front surface of the crystal is close to being 

orthogonal to the propagation direction. The light at the fundamental wavelength (in 

red) is polarised along the Z axis, while the second harmonic output (in green) has 

orthogonal polarisation (along Y axis). Refractive indices at fundamental wavelength 

in the phase-matching temperature calculated from Sellmeier’s relation are 

	

� ≈ 1.5892 and 	


� = 	�

��

≈ 1.6050 in Y and Z directions respectively. The 
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nonlinear coefficient in this configuration is ���� ≈ 0.834 pm/V. The phase 

matching temperature bandwidth, FWHM,  is Δ��� ≈ 6.2 K. The angular acceptance 

bandwidth, FWHM, (4.43) is Δθ�� ≈ 10.9 mrad (~0.6○). The wavelength acceptance 

bandwidth, FWHM is Δλ�� ≈ 1.4 nm. The walk-off angle for the second harmonic 

output is � ≈ 6.2 mrad (~0.35○). Both crystals in configurations above were used in 

the experiments described in the next sections of this chapter.  

 

Two different enhancement cavities for the two LBO crystals have been designed 

and optimised for optimal conditions to yield efficient second harmonic generation. 

For the Brewster-cut crystal the enhancement cavity was configured as in fig. 5.4. 

The empty ring resonator geometry was designed to maintain a fundamental 

resonator mode with a spot size �� ≈ 45 µm between the concave mirrors and a spot 

size �� ≈ 200 µm in the upper arm (between the plane mirrors). To that end, concave 

mirrors were chosen with curvature radius Rc = 75 mm, and distances between the 

mirrors were respectively: |!�!�| = 102 mm,  |!�!"| = 101 mm, |!#!�| = 116 

mm, and |!"!#| = 87 mm (taking into account the optical path length through the 

LBO crystal). The light was incident on the concave mirrors at angle 
$ ≈ 15.4○ 

optimal for astigmatism compensation (5.33). More detailed numerical analysis 

taking into account the presence of the LBO crystal and the astigmatism effects 

caused by off-axis incidence on concave mirrors and refraction on LBO crystal’s 

surfaces indicated elliptical beam inside the crystal of spot size ��% ≈ 52 µm and 

��& ≈ 75 µm, which was close to optimum value ~60 µm (see section 4.4.4). 

 

For the AR-coated LBO crystal the enhancement cavity was configured as in fig. 6.3. 

The empty ring resonator geometry was designed to maintain a fundamental 

resonator mode with a larger spot size of �� ≈ 76 µm (so that divergence would not 

exceed the angular phase-matching bandwidth) between the concave mirrors and a 

spot size �� ≈ 300 µm in the upper arm (between the plane mirrors). To that end, 

concave mirrors were chosen with curvature radius Rc = 200 mm, and distances 

between the mirrors were respectively: |!�!�| = 270 mm,  |!�!"| = 260 mm, 

|!#!�| = 260 mm, and |!"!#| = 246 mm (taking into account the optical path 

length through the LBO crystal). The incidence angle was made as small as the 

geometry of the cavity allowed, (i.e. 
$ ≈ 4.8○) in order to minimise the astigmatism 
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effects. More detailed numerical analysis taking into account the presence of the 

LBO crystal indicated a circular beam inside the crystal of spot size �� ≈ 93 µm. 

 

 

 

Figure 6.3: Enhancement cavity in “bow-tie” configuration with an AR-coated LBO crystal 

 

Once the cavity is aligned, fine tuning of the waist spot size (both inside the LBO 

crystal, and the upper arm of the ring resonator) can be performed by changing the 

distance between the concave mirrors. Figure 6.4 shows the dependence of the waist 

spot size between the concave mirrors w0 (green line) and the spot size in the upper 

arm of the resonator w1 (red line) on the separation between the concave mirrors dm 

in a) empty resonator designed for non-critically phase matched Brewster-angled 

LBO and b) empty resonator designed for critically phase matched AR-coated LBO.  

 

 

 

Figure 6.4: Spot size values in empty resonators (without LBO crystals) as a function of 

concave mirror separation distance a) non-critically phase matched Brewster-cut LBO 

configuration b) critically phase-matched AR-coated LBO configuration 
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Resonant enhancement cavity supported a stable fundamental mode for the concave 

mirrors separation range of 75-99 mm for the Brewster-cut LBO configuration and 

200-273 mm for the AR-coated LBO configuration. The black vertical lines mark the 

optimal mirror separation distances, close to the centre of the stability zone, that were 

used in the final experimental configurations. 

 

 

6.3. Experimental results 

 

6.3.1. Initial experiment with a ring cavity 

 

The initial experiment aiming to demonstrate the internal resonantly-enhanced 

frequency doubling concept described in section 5.2, was based on ring fibre laser 

resonator architecture, shown in fig. 6.5. 

 

 

 

Figure 6.5: Internally-resonantly-enhanced frequency-doubled fibre laser: 

initial experimental set-up in a ring cavity configuration 

 

A double-clad Yb-doped fibre (YDF (1) – 7 m long section with a single-mode core, 

9.6 µm in diameter, and pure silica D-shaped inner cladding, 150 µm in diameter, 

angle-polished at un-pumped end) acted as the gain element of the laser and was 
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diode-pumped at 975 nm by a laser diode stack module (LDM (1)). The counter-

propagating (relative to the pump direction) output beam at λω ≈ 1042 nm was 

extracted with a dichroic mirror M5 and directed onto an input coupler M1 of the 

internal resonant enhancement cavity. Prior to incidence on the M1 mirror surface, 

the output beam passes through a polarisation control stage PC (1), consisting of two 

half-wave-plates on either side of a polariser, and a telescope designed to provide 

good spatial overlap between the incident beam and the fundamental TEM00 

resonator mode. The internal enhancement resonator was not fully optimised in the 

initial experiment and comprised two plane-plane mirrors M1 and M2 of reflectivities 

R1 = 94% and R2 = 92% at the fundamental wavelength respectively, two concave 

mirrors (125 mm radius of curvature) with high reflectivity (R3 = R4 = RHR > 99.8%) 

at the fundamental wavelength and high transmission at the second harmonic 

wavelength, and a Brewster-angled LBO crystal configured for type I non-critical 

phase-matching. The beam transmitted by the enhancement resonator was passing 

through a Faraday isolator ISO (1) before being coupled to a second 20 m section of a 

double-clad Yb-doped fibre YDF (2). This fibre was identical to YDF (1), angle-

polished at both ends and pumped at 915 nm by a fibre-coupled laser diode module 

LDM (2). Output from the YDF (2) was propagated through another Faraday isolator 

ISO (2) and a second polarisation control stage PC (2) comprising a thin-film polariser, 

half-wave-plate, and a quarter-wave-plate. It was then directed onto a diffraction 

grating DG. Light reflected from the grating at the appropriate angle (tuned for the 

operating wavelength λω) was coupled back to the YDF (1) through the angle-

polished end. It should be noted that second gain stage formed by YDF (2) was not 

mandatory for the ring oscillator to operate; it was introduced only for ease of 

alignment and amplification. 

 

This described set-up delivered maximum second harmonic power of P2ω = 215 mW 

in the output beam for fundamental power incident on the resonator Pω ≈ 8W (~50% 

coupled into the internal cavity). This value corresponds to 3.3% conversion 

efficiency (6.6% with respect to the power coupled to the resonator). Although 

inefficient and un-optimized for impedance matching or spot size inside LBO crystal, 

this ring configuration provided a sufficient proof-of-principle, laying down the 

foundation for further experiments. Due to this scheme's high complexity and time-
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consuming alignment requirements, a simpler configuration based on the same 

principle was proposed, built and developed. This linear oscillator configuration will 

be discussed in the following section. 

 

 

6.3.2. Wavelength tuning in a linear cavity 

configuration 

 

Implementation of the concept of internal resonantly-enhanced frequency doubling in 

the linear cavity configuration is more straightforward than the ring configuration 

allowing the removal of the (now redundant) secondary fibre gain stage and isolators 

(fig. 6.6).  

 

 

 

Figure 6.6: Internally-resonantly-enhanced frequency-doubled fibre laser: 

experimental set-up in a linear cavity configuration 
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The linear configuration set-up was based on a 20 m long single-mode, double-clad 

Yb-doped fibre YDF (polarization-maintaining, 7/125 µm), pumped at 975 nm via a 

fibre-coupled (200 µm core with NA = 0.22) laser diode module LDM (Jenoptik, 

JOLD-30-FC-12) with an aid of a dichroic mirror M6 (HT@975 nm, HR @1-1.1 

µm). Feedback for lasing was provided by an external cavity containing a simple 

diffraction grating DG (600 lines/mm, blazed at ~1.06 µm) at one end of the fibre 

and, at the opposite end, by another external feedback arrangement containing the 

resonant enhancement cavity. The grating was used to tune the fibre laser's operating 

wavelength close to the gain spectrum maximum (λω = 1093 nm), and to reduce the 

emission bandwidth to be less than the phase-matching bandwidth for the nonlinear 

crystal. The reflectivity of the mirrors and geometry of the enhancement cavity was 

optimised as described in section 6.2. Lens L4, placed a focal length distance 

(f4 = 250 mm) from the resonator mode's waist between the mirrors M1 and M2, and 

the same distance from feedback mirror M5, was used to ensure good spatial mode-

matching to the resonator mode in the reverse direction, i.e. after beam reflection 

from the feedback mirror surface terminating the external cavity. Unlike in the ring 

oscillator configuration, second harmonic output is bidirectional, with > 95% of 

second harmonic power emitted in forward direction. A cube polariser positioned 

between the feedback mirror M5 and the lens L4 was used to enhance the polarisation 

selection in the cavity, so that the fundamental power incident on the input coupler of 

the enhancement cavity was linearly-polarised in the XZ plane. The actual 

arrangement of this experimental set-up is presented in figures 6.7-6.10. Figure 6.7 

shows the fibre gain stage with the Yb-doped fibre ends positioned in mounts 

attached to XYZ positioners, where the mount adjacent to the pumping arrangement 

was water cooled for management of heat generated by the pump power not coupled 

into the fibre’s cladding. Output from the Yb-doped fibre in the enhancement cavity 

direction passes through a dichroic mirror designed to reflect any unabsorbed pump 

power. The geometry of the external cavity arrangement adjacent to the pumped end 

of the Yb-doped fibre is shown in the figure 6.8. The diffraction grating is positioned 

on a translation stage to enable fine tuning of the laser’s line width via change of the 

waist spot size on the grating. The beam’s waist should be always positioned at the 

grating’s surface to maintain high efficiency of coupling the light back into the 

fibre’s core. 
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Figure 6.7: Experimental set-up: fibre gain stage arrangement 

 

 

 

Figure 6.8: Pump delivery and external cavity with the tuning element arrangement 
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Fine tuning of the laser line width can be performed by changing the distance 

between the lens L2 and the active fibre’s end, and adjusting the distance from the 

lens to the grating so the waist position remains at the grating’s surface. Changing 

the distance between the lens and the fibre end affects pump coupling efficiency, so 

the pump beam divergence and waist position should be adjusted by changing the 

relative positions of the lens L1 and the end of pump delivery fibre during the laser 

line width tuning. Figure 6.9 shows the optimal arrangement of the resonant 

enhancement cavity with a Brewster-angled LBO crystal. The feedback path was 

folded with a dichroic mirror with high reflectivity at laser’s fundamental wavelength 

and 45○ incidence angle to enable pump beam delivery for the Nd:YVO4 alignment 

laser using the mirrors of the resonant enhancement cavity. This “bulk” solid state 

laser and the final alignment procedure used for optimisation of the internally-

frequency-doubled fibre laser will be discussed later, in section 6.3.3. Finally, figure 

6.10 shows the whole experimental set-up operating at full pump power delivering 

~2.3W of green output. 

 

 

 

Figure 6.9: Experimental set-up: resonant enhancement cavity 
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Figure 6.10: Experimental set-up operating at maximum SH output power of ~2.5 W 

 

This experimental arrangement generated ~12.5 W of fundamental power at 1095 nm 

for the maximum 22.8 W of pump power coupled into the active fibre (fig. 6.11). ~8 

W of the total infrared power generated in the active fibre was incident on the input 

coupler of the enhancement resonator. The rest was either lost in the external cavity 

arrangement with the diffraction grating or used for diagnostics purposes (small 

angle wedge and a polariser were placed between the fibre and the enhancement 

resonator to monitor the polarisation state and power in the beam incident on the 

input coupler M1). ~6.6 W of the power incident on the resonator was linearly 

polarised in the XZ plane, and ~5.8 W was efficiently coupled into the enhancement 

cavity, which corresponds to 72% coupling efficiency with respect to the total power 

incident on the input coupler or 88% with respect to the linearly polarised 

component.  

 

 

 Figure 6.11: Fundamental power in the internally-frequency-doubled fibre laser 
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The fundamental power circulating in the resonant enhancement cavity was 

measured by monitoring the power transmitted through the output coupler M2 and 

leaking through the feedback mirror M5. For the maximum fundamental power of ~8 

W incident on (or ~5.8 W launched into) the resonant enhancement cavity the power 

circulating in the resonator was measured to reach ~126 W (fig. 6.12a). The 

enhancement factor, defined as the ratio of power circulating to the power launched 

into the enhancement resonator, was measured to decrease from a large number 

(>50) at low power to ~22 at maximum green output, along with increasing second 

harmonic conversion efficiency (fig. 6.12b). 

 

 

 

 

 Figure 6.12: a) fundamental power circulating in the enhancement cavity; b) enhancement 

factor; as functions of the fundamental power incident on the enhancement resonator 

 

The output beam carried ~77% of the total power generated inside the LBO crystal 

(suffering 19.4% and ~4% Fresnel reflections from the crystal and concave mirror 

surfaces respectively). Generated green power plotted against circulating 

fundamental power (fig. 6.13a) fits a quadratic function, and hence the conversion 

efficiency is a linear function of circulating power (6.13b), according to (4.28). The 

parameter ϵ characteristic for nonlinear interaction (4.27) has a meaning of a 

proportionality constant between the SHG conversion efficiency and circulating 

fundamental power. It was calculated from the fit to the experimental data (6.13a and 

6.13b) to be ϵ ≈ 1.5 × 10-4 W-1 (i.e. the conversion efficiency increases by 1.5% per 

each 100W of circulating fundamental power), which is in a good agreement with the 
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theoretical value ϵ ≈ 1.6 × 10-4 W-1 obtained from (4.27) for this resonator geometry. 

The maximum generated green power of ~3.2 W (i.e. ~2.4 W in the output beam) 

was obtained after removing the diagnostic components (small angle wedge and the 

polariser) from the experimental set-up. This result corresponds to a conversion 

efficiency of ~2.2% for ~141 W of circulating fundamental power. The second 

harmonic output power in this configuration was only limited by the available pump 

power. 

 

 

 

Figure 6.13: a) Green power generated in the LBO crystal; b) single-pass SHG conversion 

efficiency; as functions of the fundamental power circulating in the resonant enhancement 

cavity 

 

The green output beam had a nearly Gaussian profile (fig. 6.14b) and the beam 

quality (M2 parameter) was measured to be !(
� ≈ 1.25 and !%

� ≈ 1.26 in two 

orthogonal planes respectively (fig. 6.14a). A small fraction of power incident on the 

input coupler that was not perfectly spatially matched to the fundamental mode of the 

enhancement resonator can excite higher order modes supported by the enhancement 

cavity. Those higher order modes yield lower second harmonic conversion efficiency 

hence the fraction of light circulating in the enhancement cavity that is not in the 

fundamental spatial mode of the resonator, can still provide sufficient feedback to the 

fibre (after a double-pass through the enhancement cavity). The second harmonic 

output follows the intensity distribution of the spatial mode content of the 

enhancement resonator which results in the output beam that is not truly diffraction-

limited.  
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Figure 6.14: a) Measured spot size values of the green output with a Gaussian beam fit b) 

CCD image of the output green beam after appropriate attenuation 

 

Wavelength tuning of the internally-frequency-doubled fibre laser was studied by 

changing the diffraction grating orientation (i.e. rotating the grating in the XZ plane) 

and adjusting the temperature of the oven. The experimental set-up was optimized to 

yield maximum output power of ~2.3 W at 546 nm. Maximum second harmonic 

efficiency was obtained when the oven temperature (measured close to the surface of 

the crystal with an aid of a thermocouple) was ~118.7 ○C.  Then, the grating 

orientation was changed and the oven temperature adjusted to maintain the phase-

matching condition. The laser could be tuned over a wavelength range from 539 nm 

to 558 nm with a >1W output power level. The temperature was changed from 135 
○C to 95 ○C over the laser’s tuning range to maintain phase matching (fig. 6.15). 

 

The oven temperature corresponding to the phase matching condition was on average 

~12 ○C higher than the phase matching temperature calculated from (4.32) and the 

Sellmeier’s relation. This indicates the temperature in the centre of the crystal being 

lower than the oven surfaces, due to non-ideal thermal contact between the crystal 

and the oven as well as significant thermal gradient across the crystal’s cross section 

that can induce non-uniform second harmonic conversion efficiency, and hence 

affect output beam quality. 
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Figure 6.15: Tuning curve of the laser and oven temperature at phase matching condition 

 

 

6.3.3. Alignment procedure 

 

Efficient generation of the second harmonic output is highly dependent on the 

resonant enhancement cavity alignment with respect to the main cavity of the fibre 

laser. To achieve good performance of the internally-frequency-doubled laser two 

parameters have to be carefully adjusted: optimal waist spot size in the nonlinear 

crystal, and spatial mode matching between the beam incident on the input coupler 

and the fundamental resonator mode. It is clear that changing the concave mirrors 

separation is not sufficient, as it affects both the spot size inside the crystal and 

spatial mode matching for a fixed incident beam (fig. 6.4) rendering power 

measurements (of either the SHG or rejected power off the input coupler) an 

unreliable diagnostic tool for optimization. Another factor to consider is that the 

angular position of the concave mirrors has to stay fixed to maintain fundamental 

mode operation of the resonator. Hence, a more sophisticated alignment procedure 

had to be developed to independently access both crucial parameters. We put forward 

here a method that entails operating the internal SHG resonator as the cavity of a 

diode-pumped bulk-solid-state laser as illustrated in fig. 6.16. 
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Figure 6.16: “bulk” solid-state laser configuration used for alignment of the 

internally-frequency-doubled fibre laser 

 

The alignment procedure is as follows: The fibre laser cavity is constructed so that 

feedback for lasing is provided by the external cavity terminated with a diffraction 

grating at one (pumped) end of the fibre and, at the other side of the fibre, by the 

Fresnel reflection from a perpendicularly-cleaved fibre facet (as in fig. 6.6). The 

output beam from this simple laser configuration, after passing through the 

collimating lens L3 can be used for preliminary alignment of the enhancement cavity. 

This can be done by placing the mirrors M1, M2 and M3 and the LBO crystal in their 

calculated positions and directing the beam along the calculated path of the resonator 

mode. The cavity is then formed with an input coupler placed in its calculated 

position and the resonator mode image can be observed by monitoring the leakage 

through the output coupler M2. The angular position of the resonator mode with 

respect to the incident beam can be changed by adjusting the angular positions of 

concave mirrors M3 and M4 until predominantly fundamental mode of the resonator 

is excited and circular second harmonic output is generated (providing that the oven 

temperature is set to maintain phase matching condition), i.e. when the resonator 

mode between the plane mirrors is collinear with the incident beam. A “bulk” solid-

state laser crystal (e.g. Nd:YVO4) in a water-cooled mount is then positioned in the 

beam between the plane mirrors of the enhancement resonator. The pump source for 
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fibre laser can be turned off, and the laser crystal can be pumped with an external 

source. In our experiments pump light at 808 nm was delivered by a fibre coupled 

laser diode stack module (LDM) through a telescopic lens configuration (L1 + L2) 

and a dichroic mirror M5 as illustrated in fig. 6.16. Pump delivery arrangement 

should be adjusted until lasing in the ring resonator is achieved, and further 

optimised for maximum output power from the ring laser, corresponding to best 

overlap between pumped section of the crystal and the resonator mode. This “bulk” 

solid state produces bidirectional output at fundamental wavelength leaking through 

mirrors M1 and M2 as well as bidirectional output at second harmonic wavelength 

leaking through the concave mirrors M3 and M4. In this configuration concave 

mirrors separation can be changed until the optimal spot size in the nonlinear crystal, 

corresponding to maximum second harmonic output power, is achieved. It should be 

noted that the telescopic lens configuration focusing the pump beam into the laser 

crystal should be adjusted accordingly to maintain good overlap between the 

resonator mode and the inverted section of the crystal. Once the optimal concave 

mirrors separation is found, the feedback path folded with a dichroic mirror M5 and 

terminated with a broadband reflector M6 can be aligned, as illustrated in fig. 6.11. A 

lens L4 positioned a focal length distance from the waist between the plane mirrors of 

the enhancement resonator enables good spatial mode matching in reverse direction 

between the beam and incident on the plane mirror M2 and the fundamental mode of 

the resonator. The feedback path can be precisely aligned by maximising second 

harmonic output in the reverse direction (through mirror M3). The laser output (at 

1064.2 nm) transmitted by the mirror M1 can be efficiently coupled to the Yb-doped 

fibre by changing the distance between the enhancement resonator and the 

collimating lens L3 and adjusting the position of the fibre end with respect to L3 

while monitoring the transmitted power at the other end of the fibre. Finally, the 

source pumping the Yb-doped fibre can be turned on. As the distance between the 

enhancement resonator and the lens L3 is already optimised, gentle adjustment of the 

fibre end position and angular orientation of the concave mirrors should yield 

perfectly collinear propagation of the beam incident on the input coupler and the 

resonator mode between the plane mirrors of the enhancement cavity. The laser can 

be then tuned to the desired fundamental wavelength by changing the grating 

orientation (rotation in XZ plane) and adjusting the oven temperature accordingly to 

yield efficient second harmonic generation.  
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This alignment procedure was successfully applied during the optimisation of all 

fibre laser configurations described in this chapter. It is helpful to use a laser crystal 

naturally emitting at wavelength close to the desired fundamental wavelength of the 

fibre laser. The optimal nonlinear crystal orientation and phase matching temperature 

can be then found during the alignment procedure. For that reason in experiments 

involving high-power fibre lasers operating at fundamental wavelength of ~1080 nm 

that are described in the following sections of this chapter, the Nd:YVO4 crystal 

naturally lasing ~1064.2 nm (fig. 6.17a) and pumped with a laser diode stack 

emitting ~808 nm was replaced with Nd:YAlO3 lasing at ~1079.4 nm (fig. 6.17b) 

and pumped with a pigtailed diode stack emitting ~802 nm. 

 

 

 

Figure 6.17: Fluorescence spectra of the laser crystals used for alignment of the internally-

frequency-doubled fibre laser measured with an optical spectrum analyser: a) fluorescence 

spectrum of the Nd:YVO4 crystal b) fluorescence spectrum of the Nd:YAlO3 crystal 
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6.3.4. Power scaling of internally-

resonantly-enhanced frequency doubled 

CW fibre lasers 

 

a) Non-critically phase matched, Brewster-angled LBO crystal configuration 

 

In the next step towards further power scaling of the proposed internally-frequency-

doubled fibre laser architecture, more powerful diode pump source emitting at ~976 

nm (Lumics, LU0976C150-B) was employed and the 7/125 µm single-mode fibre 

was replaced by a 10 m, slightly multimode large-mode-area (LMA) Yb-doped fibre 

section (Nufern, PLMA-YDF-25/345). The rationale behind this step was to 

investigate the mechanism of modal interference on coupling the light into the 

enhancement resonator, and enhance the power scalability by increasing the mode 

field area (as discussed in section 4.3.5). The modal interference approach and 

simulation of the modes supported by this fibre have been discussed in section 5.8. 

The pump light delivery arrangement has been changed to account for a bigger size 

of the fibre’s inner cladding (collimating lens L1 from figure 6.6 of focal length f1 = 

25 mm was replaced with a f1 = 8 mm lens), and the distance between the fibre facet 

and the diffraction grating adjusted to account for a different mode field diameter. 

The actual pump delivery and external cavity with the tuning element arrangement is 

presented in figure 6.18. 

 

 

 

Figure 6.18: Experimental set-up: pump delivery and external cavity with tuning element 

arrangement 

 



171 
 

In the external cavity at the other end of the fibre, collimating lens L3 from figure 6.6 

was replaced by a telescopic lens configuration (11 mm and 200 mm focal lengths, 

the latter acting as a mode matching lens) and the distance between the enhancement 

cavity and the fibre facet was adjusted to mode-match the beam incident on the input 

coupler M1 to the fundamental mode of the resonator, using the alignment procedure 

described in section 6.3.3. Figure 6.19 presents (almost complete) actual arrangement 

of the external cavity containing the enhancement resonator. The last element – a 

polarising beam splitter was later added in the feedback path (between the feedback 

mirror M5 and lens L4). AR-coated wedges were used to attenuate both the second 

harmonic output beam transmitted through the concave mirror M4 and the rejected 

beam, reflected off the input coupler M1 to aid diagnostics. A half-wave plate 

positioned before the enhancement resonator was used to rotate the plane of linear 

polarisation to match fast birefringence axis of the Yb-doped fibre. 

 

 

 

Figure 6.19: Experimental set-up: external cavity with the enhancement resonator 

arrangement 
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This experimental arrangement generated ~64 W of fundamental power at ~1080 nm 

for the ~91.0 W of pump power absorbed in the active fibre (fig. 6.20). ~32 W was 

efficiently coupled into the enhancement cavity, which corresponds to ~50% 

coupling efficiency with respect to the total power incident on the input coupler.  

 

 

 

 

Figure 6.20: Generated second harmonic output power versus absorbed 975 nm pump power 

 

The fundamental power circulating in the resonant enhancement cavity was 

measured to reach ~440 W for the maximum power incident on the input coupler. 

The enhancement factor was measured to decrease from a large number (>50) in a 

low power regime to ~14 at maximum green output, along with increasing second 

harmonic conversion efficiency. The output beam carried ~15.1 W (~77% of the total 

second harmonic power generated due to Fresnel reflections from the crystal and 

concave mirror surfaces). Generated green power was a linear function of the power 

circulating in the enhancement resonator with the proportionality constant 

ϵ ≈ 1.0 × 10-4 W-1. This is less than the theoretical value ϵ ≈ 1.6 × 10-4 W-1 obtained 

from (4.27) for this resonator geometry. Second harmonic generation efficiency can 

be reduced due to non-uniform temperature distribution in the LBO crystal at higher 

laser power levels leading to imperfect phase-matching. Maximum second harmonic 

efficiency was obtained when the oven temperature (measured close to the surface of 

the crystal with an aid of a thermocouple) was ~128.7 ○C. This is ~7 ○C higher than 

the theoretical phase matching temperature, indicating that the centre of the LBO 
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crystal was ~7 ○C cooler than the surrounding oven (non-uniform temperature 

distribution).  At the same time, the centre of the LBO crystal at the maximum 

circulating power was ~5 ○C hotter than for lower circulating power levels, indicating 

that fraction of the optical power was being absorbed by the LBO housing. Figure 

6.21 shows two typical output spectra measured with an optical spectrum analyser: a 

spectrum spanning a wavelength range of ~2.4 nm obtained for a certain spot size on 

the diffraction grating (fig. 6.21a) and another spectrum spanning a wavelength range 

of ~0.6 nm obtained for a bigger spot size on the diffraction grating (6.21b) after 

moving the grating closer to the fibre end and adjusting the arrangement of lenses. 

These emission spectra consist of a number of discrete lines some of them with 

widths < 0.05nm (limited by the resolution of the spectrum analyser). Each of these 

lines will consist of groups of one or more axial modes separated by a frequency 

interval corresponding to at least one free spectral range of the enhancement cavity 

(i.e., ∼ 750 MHz) (see fig.5.2). The spacing ~0.5 nm between individual lines is 

defined by spacing between wavelengths for which all groups of modes add up in 

phase, and fits well to the theory described in section 5.8. Individual lines lying 

between the main peaks separated by ~0.5 nm correspond to wavelengths where two 

individual groups of modes add up in phase.  

 

 

 

Figure 6.21: Fundamental power spectrum measured for a) smaller spot size; b) bigger spot 

size on the diffraction grating. 
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The axial mode content of the emission spectrum is also influenced by many other 

factors, including spatial hole burning and cavity length, and hence will be sensitive 

to small changes in cavity length that result from mechanical vibrations and 

temperature fluctuations. However, regardless of these perturbations to cavity length, 

there are always a large number of axial modes that are simultaneously resonant in 

the enhancement cavity, and this guarantees very stable green out-put. The power 

stability over the time scale range from 10ns to 100 s was measured to be < 0.7% rms 

(see fig. 6.22). This is much better than we typically obtain for a free-running Yb 

fibre laser and is attributed to the large number of lasing modes and temporal 

filtering action provided by the enhancement cavity.  

 

 

 

Figure 6.22: Second harmonic output power stability 

 

The output power was mainly limited by the amount of feedback returning to the 

fibre. In this experiment the amount of light returning to the fibre after double-pass 

through the enhancement resonator was estimated to be very small - decreasing from 

~8% of the total fundamental power incident on the input coupler at low power levels 

(with negligible SHG conversion efficiency) to ~2% at the maximum output power 

(corresponding to ~4.5% SHG efficiency). Launching more pump power into the 

active fibre resulted in further decrease of feedback efficiency and triggered parasitic 

lasing between the diffraction grating and other objects (e.g. LBO crystal) providing 

small amounts of feedback arising from scattering. As there was no longer 

polarisation selection in the cavity formed by this mechanism, the intracavity power 

was randomly polarised and a significant fraction of light was reflected from the 

surfaces of the LBO crystal and absorbed by the metal oven causing it to overheat 

and drift away from phase-matching condition. 
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b) Critically-phase-matched, AR-coated LBO crystal configuration 

 

The next step in development of the internally-frequency-doubled fibre laser aimed 

for improvement of its overall performance including the beam quality, laser line 

width, and changing the range of operating temperatures, to make the design more 

suitable for a commercial product. The new set-up employed a new design of the 

resonant enhancement cavity with a 10 mm long, AR-coated LBO crystal oriented 

for type I critical phase matching slightly above room temperature (as described in 

section 6.2). Actual arrangement of the enhancement cavity is presented in fig. 6.23. 

 

 

 

Figure 6.23: Experimental set-up: resonant enhancement cavity 

 

An aperture, 800 µm in diameter, was placed at the waist position between plane 

mirrors of the resonant enhancement cavity to introduce loss for higher order 

resonator modes and hence enforce single-spatial-mode operation. A “bulk” solid 

state laser crystal (Nd:YVO4, later replaced with Nd:YAlO3) could be positioned 

near the output coupler (fig. 6.16) to perform the alignment procedure described in 

section 6.3.3. This procedure was used to find an optimal distance (550 mm) between 

the waist in the resonant enhancement cavity and the lens L3 (focal length f3 = 18.4 

mm), collimating the output from the Yb-doped fibre (same fibre as in the previous 

experimental set-up). A thin film polariser, oriented at Brewster angle with respect to 

the incident beam, was positioned between the feedback mirror and the enhancement 
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cavity for linear polarisation selection. The actual arrangement of the external cavity 

with the enhancement resonator is presented in figure 6.24. 

 

 

 

Figure 6.24: Experimental set-up: external cavity with the enhancement resonator  

 

This experimental arrangement generated ~14.6 W of second harmonic power at 540 

nm for the maximum ~104 W of pump power coupled into the active fibre (fig. 

6.25a). For the maximum ~62 W of the total infrared power generated in the active 

fibre was incident on the input coupler of the enhancement resonator and ~34 W was 

efficiently coupled into the enhancement cavity, which corresponds to 55% coupling 

efficiency. The fundamental power circulating in the resonant enhancement cavity 

was measured to be ~410 W for the maximum fundamental power incident on the 

resonant enhancement cavity (fig. 6.25b) The enhancement factor was measured to 

decrease from a large number (>50) in a low power regime to ~12 at maximum green 

output, along with increasing second harmonic conversion efficiency. The 

proportionality constant between the SHG conversion efficiency and circulating 

fundamental power ϵ was found the fit to the experimental data (6.26a) to be 

ϵ ≈ 7.2 × 10-5 W-1 (i.e. the conversion efficiency increases by 0.7% per each 100W 
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of circulating fundamental power), which stays in a good agreement with the 

theoretical value ϵ ≈ 7 × 10-5 W-1 obtained from (4.27) for this resonator geometry. 

 

 

 

Figure 6.25: a) Generated second harmonic output power versus absorbed 975 nm pump 

power; b) Circulating resonantly-enhanced fundamental power versus absorbed pump power 

 

 

 

Figure 6.26: SHG conversion efficiency versus intracavity infrared power circulating in the 

internal ring enhancement cavity; a) single-pass conversion defined as a ratio of green power 

generated to the circulating infrared power b) total conversion efficiency 

 

The second harmonic output beam quality (M2 parameter) was measured to be 

!(
� ≈ 1.03 and !%

� ≈ 1.04 in two orthogonal planes respectively (fig. 6.27a). The 

green output beam had a Gaussian profile in two orthogonal planes, but the beam 

remained slightly non-circular due to residual astigmatism effects arising from non-

normal incidence on the concave mirrors of the enhancement resonator (fig. 6.28). 
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Figure 6.27: Beam size measurements compared to a Gaussian beam fit in x and y planes 

 

 

 

Figure 6.28: Beam profiles at ~10W output power a) CCD image of the output beam 

attenuated by multiple reflections b) CCD image of the output beam after multiple 

reflections and passing through several neutral density filters. 

 

The spot size on the diffraction grating was adjusted to narrow the laser’s emission 

bandwidth to ~0.4 nm. The optical spectra of both the second harmonic output beam, 

and the beam incident on the input coupler of the enhancement resonator were 

measured using two different optical spectrum analysers (with resolutions 0.05 nm 

and 0.01 nm respectively). It was found that the envelope of the second harmonic 

spectrum follows the shape of the fundamental laser line (fig. 6.29). Both spectra will 

consist of groups of one or more axial modes separated by a frequency interval 
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corresponding to at least one free spectral range of the enhancement cavity (i.e., 

∼280 MHz for the fundamental spectrum and ~140 MHz for the second harmonic 

output) according to (5.10). 

 

 

 

Figure 6.29: Optical spectrum of the green second harmonic output compared to the 

spectrum of the fundamental intracavity power of the fibre laser (plotted vs. half 

wavelength); intensities not to scale 

 

The second harmonic output power was again mainly limited by the amount of 

feedback returning to the fibre, as only ~4% of the maximum total fundamental 

power incident on the input coupler M1 was leaking through the output coupler in the 

forward direction to reflect from the feedback mirror. Over 60% of this feedback 

signal incident on the output coupler M2 was later lost via reflection off the M2 

surface due to impedance mismatch. Performance of the laser strongly depends on 

the round-trip loss of the enhancement resonator, according to (5.8) and (5.13). Due 

to high intensity circulating in the resonant enhancement cavity, even small loss 

introduces significant leakage of fundamental power from the system, hence 

reducing the amount of power that can be converted to second harmonic output or 

fed back to the fibre (the latter is particularly important to maintain lasing on 

resonant frequencies of the enhancement resonator). Small losses in the enhancement 

resonator can also significantly reduce the second harmonic efficiency. The fraction 

of fundamental power returning to the fibre after a double pass through the 

enhancement resonator was comparable to the power leaking through a single 

concave mirror of the resonant enhancement resonator. Additional losses resulted 
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from the reflections off the AR-coatings on the LBO’s and absorption inside the 

crystal. The transmission loss during a single pass through the LBO crystal was 

measured using the Findlay–Clay method [6.1]. Lasing threshold of a “bulk” 

Nd:YAlO3 solid state laser with a short plano-concave linear cavity was measured for 

measured for several output couplers of a different reflectivity, with and without the 

LBO crystal in the laser cavity. Single-pass transmission loss calculated from these 

measurements was ~0.2%, which is in good agreement with reflection losses of 

~0.1% per AR-coating, measured with a calibrated photo-detector. The residual 

round-trip loss (arising from the scattering on the mirrors surfaces, loss on the 

transmission through the aperture, and astigmatism effects) that could not be directly 

measured was estimated to fall within 1.0-2.5% range. 

 

In order to facilitate further power scaling in this fibre laser configuration it is 

particularly important to minimise the round-trip loss as this will enhance both the 

resonant enhancement factor (hence increasing second harmonic efficiency) and the 

transmission through the cavity in both directions (hence providing more feedback to 

the laser, which in turn allows use of more pump power before reaching the parasitic 

lasing regime). The performance of the laser can be improved by using HR coatings 

of better quality on the concave mirrors, AR coatings of better quality on the LBO 

crystal of higher purity (and hence smaller absorption). There is certainly a trade-off 

between the enhancement factor and the feedback to the fibre in this laser cavity 

configuration. Using an output coupler (M2) with a higher reflectivity enables 

reaching higher conversion efficiency for a given pump power level but decreases 

amount of light that is fed back to the fibre; using a lower output coupler reflectivity 

enables more pump power to be employed (before reaching parasitic lasing) at the 

expense of the second harmonic efficiency. Therefore the actual reflectivity of the 

output coupler should be carefully chosen for the given level of pump power 

available. 

 

Another approach can be based on modified laser resonator architectures with higher 

feedback efficiency in the external cavity with the resonant enhancement cavity. The 

main loss in the feedback path was arising from the impedance mismatch on 

launching the fundamental power to the enhancement resonator in the reverse 

direction. Using fibre laser resonator architectures where the feedback path does not 
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involve a second pass through the enhancement cavity could vastly improve the 

feedback efficiency and enable the use of more pump power before reaching parasitic 

lasing. One example of such a laser architecture overcoming the feedback efficiency 

limitation could be based on a true ring resonator, as described in the beginning of 

section 5.3. The signal leaking through the output coupler of the enhancement 

resonator, pumped by a beam exiting one end of the fibre should be reflected from 

(or transmitted by) a spectrum-selective element (e.g. a diffraction grating) and 

launched into the opposite end of the fibre. Although initial alignment of the ring 

resonator can be challenging, it should allow for lowest round-trip loss of the main 

fibre laser resonator, and hence superior performance of all described resonator 

arrangements. 

 

Although the amount of signal power leaking from the enhancement resonator is an 

important parameter that should be carefully optimised, it is not the ultimate factor 

limiting power scaling of the second harmonic output. The output coupler reflectivity 

can be chosen arbitrarily high to provide enough feedback (signal power) to lock the 

laser on the resonant frequencies of the enhancement cavity, while enabling 

sufficient intracavity power enhancement and efficient frequency doubling for the 

maximum pump power available. Hence, other effects will be limiting the second 

harmonic output power when more pump power is available. Those include thermal 

damage to the LBO crystal, nonlinear effects and damage to the coatings of the 

mirrors forming the enhancement resonator and nonlinear effects in the fibre’s core 

such as stimulated Brillouin scattering or stimulated Raman scattering, but they 

should not be affecting the laser’s performance for fundamental power level of 

several hundreds of watts generated in the fibre or multiple kilowatts circulating in 

the enhancement cavity. In the experiments on power scaling described in this 

chapter the output coupler reflectivity was chosen to be close to optimum for the 

maximum power of the pump source. When more pump power is available, and the 

feedback path arrangement design is optimised it should be possible to scale the 

output second harmonic power much further, possibly into multi-hundred watt 

regime and beyond. 
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6.4. Conclusions 

 

This chapter described the development and power scaling of the internally-

frequency-doubled continuous-wave Yb-doped fibre laser. Three main laser 

configurations have been constructed and thoroughly investigated. The most 

important parameters of those systems are compared in table 6.1. 

 

Experiment 

 

Parameter 

Laser #1 

NCPM 

(SM fibre) 

Laser #2 

NCPM 

(MM 

fibre) 

Laser #3 

CPM 

(MM 

fibre) 

Max. pump power at 975 nm absorbed ~ 23 W ~ 91 W ~ 104 W 

Max. IR power generated in the active fibre ~ 12 W ~ 64 W ~ 62 W 

Max. IR coupled into the enhancement 

cavity 

~ 7 W ~ 32 W ~ 34 W 

Max. IR circulating in the cavity ~ 141 W ~ 440 W ~ 410 W 

Max. green power generated inside LBO ~ 3.2 W ~ 19 W ~ 15 W 

Max. green output ~ 2.5 W ~ 15 W ~ 13 W 

Phase matching temperature 90 - 135 ○C ~129 ○C 20-30 ○C 

Output wavelength 539–558 

nm 

~ 540 nm ~540 nm 

Output spectrum line width ~ 1.3 nm ~ 1.3 nm ~ 0.15 nm 

2 = �3456/�8
 (proportionality constant) 15% kW -1 10% kW-1
 7% kW-1

 

Beam quality (M2
 parameter) ~ 1.25 ~ 1.25 < 1.05 

Max. SHG efficiency (circulating IR to 

green) 

~ 2.2 % ~ 4.3 % ~ 3.5 % 

Max. SHG efficiency (launched IR to green) ~ 45 % ~ 59 % ~ 43 % 

Max. SHG efficiency (pump to green) ~ 14 % ~ 21 % ~ 14 % 

Enhancement factor at max. output power ~ 22 ~14 ~12 

Average mode-matching quality ~ 86 % ~ 55 % ~ 50 % 

 

Table 6.1: Comparison of the most important parameters in three investigated laser 

configurations 
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‘Laser #1’ configuration, pumped with a ~30 W pump source at 975 nm was based 

on a robustly single-mode Yb-doped fibre and Brewster-angled LBO crystal oriented 

for type I non-critical phase matching. Relatively broad wavelength tuning flexibility 

of ~20 nm in the green spectral region was demonstrated with this experimental set-

up. Highest mode-matching quality (~86% of incident light coupled into the 

enhancement resonator) and SHG efficiency increment rate (2 =15% kW-1) were 

also obtained in this laser geometry. 

 

‘Laser #2’ configuration, pumped with a ~150 W pump source at 975 nm was based 

on a slightly multimode Yb-doped fibre and a Brewster-cut LBO crystal oriented for 

type I non-critical phase matching. This was the most powerful of all three 

geometries investigated (~19 W of green power generated / ~15 W in the output 

beam) with the best SHG conversion efficiency - with respect to fundamental power 

circulating in the enhancement resonator, launched into the enhancement resonator, 

and absorbed pump power at 975 nm (~4.3 %, ~59%, and ~21% respectively).  

 

‘Laser #3’ configuration, pumped with a ~150 W pump source at 975 nm was based 

on a slightly multimode Yb-doped fibre and an AR-coated LBO crystal oriented for 

type I critical phase matching. This refined design was more suitable for industrial 

applications thanks to phase matching condition obtainable room temperature 

(20-30 ○C) on the expense of slightly reduced maximum output power and 

conversion efficiency. It also yielded the narrowest laser line width (~0.15 nm) and 

the best beam quality (M2 parameter of <1.05). 

 

The power scaling limitations have been identified as arising from low feedback 

efficiency from the external cavity arrangement. We concluded that it is always 

possible to increase the feedback efficiency on the expense of SHG conversion 

efficiency by increasing the transmission of the enhancement resonator’s output 

coupler. Overall, no other limitations have been observed in the investigated power 

regime (up to ~100 W pump power absorbed), hence we conclude that further power 

scaling of this novel laser architecture using more powerful pump sources should 

yield green output in power regimes not accessible to existing visible laser sources. 
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Chapter 7 

Conclusions and future prospects 

 
 

7.1 Summary of thesis 

 

The work presented in thesis has explored a range of novel fibre-based coherent light 

source architectures and strategies for power scaling these sources. In Part I: 

Spectrum-controllable fibre based ASE sources, modelling, development and 

characterisation of a versatile ASE source using a power-efficient means for 

spectrum control was descibed. Part II: Efficient intracavity frequency doubling 

scheme for continuous-wave fibre lasers introduced a novel concept for efficient 

frequency doubling in high power continuous-wave fibre lasers. It also described 

ways to implement this concept in devices based on both robustly single-mode and 

multi-mode fibres. Finally, experimental results on wavelength tuning of a 

continuous-wave Yb-doped fibre laser over ~19 nm in the green spectral region and 

scaling the generated second harmonic power up to ~19 W have been presented. 

 

 

7.1.1. Spectrally-controllable fibre-based 

ASE sources 

 

In the first part of this thesis we have studied several different configurations of a 

fibre-based ASE seed source. Experimental set-ups of increasing complexity have 

been constructed and characterized to explore the capabilities and limitations of these 

devices. To gain an understanding of the basic physical mechanisms present in ASE 

sources a simplified theoretical model was developed which has proved useful in 

predicting system performance in the low power (unsaturated gain) regime. We also 

looked into the influence of various parameters (pump power, fibre architecture, fibre 

length, doping levels, external cavity loss, spectral reflectivity, fibre facet quality, 
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etc.) on the system performance. Novel concepts for wavelength selection and 

narrowing the linewidth in the external cavity have been applied, and the advantages 

of these approaches over the conventional methods of wavelength selection applied 

to the source output have been discussed.  

 

This series of experiments have culminated in a versatile seed source with polarized 

output and a reasonable degree of spectral control. In its final configuration, the 

source was capable of producing either a broad spectrum from 1-1.1 μm with a 

FWHM of 15-40 nm and output power > 1W, or single/multiple narrow lines with a 

FWHM ranging from several nanometres to < 0.05 nm and output power spectral 

densities of up to 100 mW/nm. The output power was temporally stable with 

fluctuations at the level < 0.3-0.8% of the total output power (depending on the 

spectral content). Very high spectral stability (including linewidth fluctuations and 

central peak position) was obtained, which was limited mostly by the mechanical 

stability of the external cavity. The output beam was nearly diffraction limited with 

�
�
≈ 1.1. These performance parameters make the final device a very reliable light 

source that can outperform various laser sources opening up the prospect of many 

applications. However, the main drawback, observed when it was operating in 

narrowband regime, was the low broad (spectral) background which can account for 

a significant portion of the total output power. This would become an issue when 

launched into an amplifier chain because the background light will be amplified 

along with the signal, ultimately reducing effective output power in the narrow line. 

 

 

7.1.2. Efficient intracavity frequency 

doubling schemes for continuous-

wave fibre lasers 

 

In the second part of this thesis we proposed and discussed a strategy for power 

scaling of laser sources emitting in the visible spectral region. After reviewing the 

principles and challenges of scaling output power in bulk solid-state lasers we 

concluded that fibre laser architecture is the most promising route for generating high 
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power visible output via nonlinear frequency conversion. Unfortunately conventional 

approaches for frequency doubling in fibre lasers are either inefficient or very 

complicated. Although the highest output power from a CW visible fibre laser source 

with a good beam quality was obtained using technique of external resonantly-

enhanced second harmonic generation, this approach has the drawback of being very 

complicated.  Moreover, nonlinear loss due to SBS makes scaling single-frequency 

power at the fundamental wavelength very challenging.  In this thesis we introduced 

a novel approach for efficient nonlinear frequency doubling in CW fibre lasers based 

on the internal enhancement resonator incorporated in the main cavity of the fibre 

laser. This concept can be used in both travelling-wave (ring) and standing-wave 

(linear) laser resonator architectures. It overcomes the limitations of the external 

resonantly-enhanced SHG exploiting the raw power-scaling potential of a cladding-

pumped fibre lasers with a large number of lasing longitudinal modes. 

 

To gain a better understanding of the basic physical mechanisms and dynamics of 

this novel laser architecture a laser resonator incorporating a single-mode Yb-doped 

fibre and an intracavity free-space ring enhancement resonator with three partially 

transmitting mirrors, one of them acting as an output coupler, was constructed. We 

discussed the fundamental considerations for the enhancement cavity design, the 

impact of mode-matching between the output from the fibre and the fundamental 

mode of the enhancement resonator, as well as the impact of optical feedback level 

on the overall laser’s performance. Experimental results led to the conclusion that the 

output power is strongly dependent on the mode-matching factor, but efficient 

operation can be obtained even with very low feedback from the external cavity 

arrangement (<0.5%). The best mode matching obtained between the output from a 

single-mode fibre and the fundamental mode of the enhancement resonator was 

measured to be ~96%. We also studied temporal characteristics of the novel 

resonator architecture and demonstrated the potential for using it in long-pulsed 

mode of operation. The optical self-locking was very tolerant to vibrations. The 

output power stability under cavity length changes greater than 18 µm in amplitude 

and 4.4 mm/s in rate of change was measured to be < 1.3%, while the longitudinal 

modes required to maintain the optical lock formed very quickly (i.e. < 5 µs). 

Another fibre laser configuration incorporating a multi-mode Yb-doped fibre and an 

intracavity enhancement resonator with three partially transmitting mirrors was used 
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to investigate the use of modal interference to allow efficient coupling of the output 

from the multi-mode fibre core to the fundamental mode of the enhancement 

resonator. This experiment confirmed that laser oscillation was locked to frequencies 

at which the spatial modes in the fibre core added up to form a diffraction-limited 

beam relatively well mode-matched to the fundamental mode of the enhancement 

resonator. The mode matching factor was measured to be ~81%. 

 

Finally, we applied the novel resonator design to frequency doubling of a CW fibre 

laser. The initial experiment involved a travelling-wave (ring) laser resonator based 

on two sections of a single-mode Yb-doped fibre and a free space resonator with two 

partially transmitting mirrors and an LBO crystal oriented for type I (ooe) NCPM 

SHG. This fibre laser delivered 215 mW of CW green output at 521 nm for ~8 W 

incident on (and ~4 W coupled into) the enhancement resonator. Although inefficient 

and not optimized for impedance matching, this set-up laid down the foundations for 

further experiments and proved the concept to be viable in a ring resonator 

configuration.  

 

In the next steps three different laser configurations employing a linear resonator 

were built and characterised. The first laser source, based on single-mode Yb-doped 

fibre aimed for maximising the conversion efficiency at moderate power levels. The 

highest mode-matching efficiency with ~86% of incident power launched into the 

enhancement resonator and highest SHG efficiency of ~15% kW-1
 were obtained for 

this geometry. We also performed tuning of this laser over relatively broad range 

between 539 and 558 nm above 1 W output power level.  

 

The second laser source, based on a multi-mode Yb-doped fibre was targeted at 

maximising the output power and the total (pump to second harmonic) conversion 

efficiency, as well as demonstrating efficient coupling to the enhancement resonator 

aided by modal interference. Using this laser ~19 W of second harmonic power was 

generated in the LBO crystal, which corresponded to ~21% pump to second 

harmonic conversion ratio. Efficient coupling between the multimode fibre output  

and fundamental mode of the resonator was successfully demonstrated. 
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The third laser configuration aimed for improved beam parameters (including a 

narrower linewidth spectrum and better beam quality) as well as room temperature 

operation. Changing the LBO crystal and its orientation for type I (ooe) CPM SHG 

allowed efficient generation of green output in the 20-30 ○C temperature range, while 

optimisation of the beam size on the diffraction grating allowed for reducing the 

emission bandwidth from 1.3 nm to 0.15 nm. Positioning an aperture inside the 

enhancement resonator allowed for selecting only the fundamental mode of the ring 

enhancement cavity and improved the beam quality to �� < 1.05 from ~1.25 

obtained with a resonator without an aperture. 

 

Power scaling limitations have been attributed mainly to the low feedback efficiency 

from the external cavity arrangement. The level of feedback decreased for higher 

output powers due to increasing second harmonic conversion efficiency. We 

concluded that it is always possible to re-design the set-up, so that the feedback 

efficiency is optimised for a given level of available pump power. As no other 

limitations have been observed over the power range investigated, we predict that 

with further power scaling of this laser architecture it should be possible to reach  

power levels not currently accessible via other solid-state and fibre laser 

technologies. 

 

 

7.2 Future prospects 

 
Power scaling strategies for spectrally-controllable fibre based ASE sources and 

internally-frequency-doubled CW fibre lasers have been proposed and discussed in 

this thesis. Although several experimental configurations have been demonstrated, 

these sources merely scratched the surface of their potential for scaling to very high 

power levels. In this section we propose future research directions for further power 

scaling of the spectrally-controllable fibre-based ASE sources in a multi-stage 

amplifier configuration, further development of the green fibre laser, and extension 

of the internal resonant enhancement technique to other nonlinear processes and laser 

pumping configurations. 
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7.2.1 Multi-stage high power ASE 

amplifier 

 

Our experiments on spectrum-controllable fibre-based ASE sources concluded with a 

versatile source, using a simple arrangement for spectral shaping in the external 

cavity. We propose further development of the seed source as well as its power 

scaling to very high power levels using a multi-stage chain of power amplifiers. In 

our opinion further development of the seed ASE source should take at least two 

directions: broadening the emission bandwidth and extending the spectrum control 

flexibility. An all-fibre configuration would be a natural step in the development of 

the high power ASE source architecture. Fig. 7.1 shows one possible configuration 

for a broadband ASE source emitting in the ~1 µm spectral region. 

 

 

 

Fig. 7.1: Example of a high-power spectrum-controllable ASE source in a multi-stage 

amplifier configuration (possible research direction) 
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The emission bandwidth can be effectively broadened by using a number of parallel 

Yb-doped fibre sections of different length, sharing the same external cavity with 

means of spectrum control and combined to a common output. Shorter fibres would 

exhibit the highest gain at shorter wavelengths, while the gain maximum in longer 

fibres would be shifted towards longer wavelengths due to stronger reabsorption 

effect at shorter wavelengths. These active fibres can be core-pumped, allowing for 

effective output with a very broad spectrum from a number of gain stages with 

relatively short device lengths. The common output fibre can be spliced to the pre-

amplifier input, while the other common end will incorporate a polarizer and be 

terminated with an external cavity for spectrum shaping purposes. The external 

feedback arrangement will be similar in principle to the one described in section 3.6, 

but with the spherical lens - HR mirror arrangement replaced with a cylindrical lens - 

Digital Micromirror Device (DMD) configuration. Such commercially available 

DMD array (e.g. containing 1024 x 768 independently controlled micro-mirrors of 

size 10 x 10 μm each) can be used for two-dimensional spectral shaping of the seed 

ASE source; by switching vertical columns of mirrors chosen spectral components 

can be blocked or selected for feedback, while switching some number of the mirrors 

in a single column allows to determine the amount of power from single spectral 

component to be fed back into the fibre. This should provide a great degree of 

flexibility in spectrum tailoring within the ASE emission spectrum. The seed source 

with multiple active fibres of different lengths and independent pumping diodes 

provide a route to access a broader ASE spectrum with more tuning flexibility 

provided by variable pump power ratios between individual parallel gain stages. The 

output from the ASE seed source, after passing through an isolator and a tap, can be 

launched to the core-pumped pre-amplifier. The pre-amplifier ASE output can be 

then amplified by the following cladding-pumped gain stages, each terminated with 

high-power Faraday isolators. The best approach would be to use amplifiers using 

parallel gain fibres of different length, to extend the spectrum of the amplified signal. 

Single stage amplifiers as illustrated in fig. 7.1 can be only used to yield relatively 

narrowband output. Active stabilization of the spectral characteristics of the source 

may be implemented by monitoring the output spectrum with a digital spectrometer 

in a feedback loop. High power broadband ASE sources using such architecture can 

be used for a wide range of applications including material processing and low-

coherence interferometry. 
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7.2.2 Internal resonant power 

enhancement in continuous-wave 

fibre lasers 

 

Further development of the internally-frequency-doubled laser architectures 

described in chapter 6 should facilitate power scaling to much higher power levels. 

Initial steps towards higher output power would involve minimising round-trip loss 

of the enhancement resonator, and further optimisation of the level of feedback from 

the external cavity arrangement. Another approach to power scaling of this fibre laser 

system would be to employ a travelling-wave (ring) resonator configuration, wherein 

the leakage through the output coupler of the enhancement resonator is coupled into 

the end of the fibre gain stage, opposite to the end emitting the high power beam 

incident on the input coupler of the enhancement cavity. Although initial alignment 

of the travelling-wave resonator can be challenging, it should provide the lowest 

round-trip loss and hence superior performance among all studied resonator 

geometries. We are convinced that careful optimisation of this architecture should 

allow power scaling of the visible output into the multi-hundred-watts level and 

beyond. 

 

The concept of intracavity power enhancement via use of an internal resonator is by 

no means restricted to second harmonic generation and can be also extended to a 

wide range of applications. Two examples are sum-frequency generation (SFG) and 

difference-frequency generation (DFG) using two fibre lasers operating at different 

fundamental wavelengths and sharing a common external cavity arrangement 

comprising a feedback path and enhancement resonator with a nonlinear crystal 

oriented for phase matching of a desired nonlinear process. Efficient sum-frequency 

generation with continuous wave fibre lasers is particularly important as it offers a 

potential route to high power output across the visible and near-IR spectral regions. 

If we consider tuning ranges of Nd-, Yb-, Er-, Bi-, and Tm-doped fibre lasers, we can 

conclude that high power output at virtually any wavelength from 440 nm - 1200 nm 

range can be achieved by SHG and SFG with fibre lasers using any two of above 

dopants. Similarly, cascaded (two-stage) SHG and SFG processes offer route to any 
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wavelength in the 220 nm – 600 nm spectral region. The same reasoning applies to 

the DFG process. High power output at any wavelength longer than 1500 nm 

(provided this wavelength lies within transmission range of the optical materials used 

in the laser) can be realised by frequency mixing between fibre lasers with different 

active ion dopants. 

 

A fibre-based optical parametric oscillator can be also based on the resonant 

enhancement cavity incorporated in a main resonator of the fibre laser. Such an 

architecture using a periodically-poled nonlinear crystal in the enhancement 

resonator can provide a relatively simple route to high power output in the mid-IR 

spectral region. 

 

Other interesting applications for this concept involve novel hybrid fibre-bulk laser 

sources, optical pumping, optical cooling and many more. Unfortunately, due to 

limited time of the PhD project, the proposed approach to intracavity power 

enhancement in continuous-wave fibre lasers merely scratched the surface of its 

potential. We believe that this technique can become a platform technology for 

extending the range of operating wavelengths of high power laser sources to the 

visible and mid-IR spectral regions. In our opinion many more applications will 

emerge after these novel laser architectures, generating high power output at various 

wavelengths not accessible to conventional laser sources, are demonstrated. 
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Appendix A 

Etalon theory 

 

 

The transmission function of a well-adjusted etalon is given by [A.1]: 

 

 T��� = 1
1 + � sin��
/2� (A.1) 

   

where 
 = ���� � 2���� cos ��  is a phase difference between reflections, de - mirrors 

spacing, ne - refractive index between mirrors, �� - incident angle, and � is a finesse 

coefficient with a maximum value of ���� = ���
� !���"

 for ideal plane-plane mirrors of 

reflectivity Re. (A.1) consists of narrow peaks of FWHM 
� and reaching unity, 

separated by the free spectral range (FSR):  

 

 FSR = �&�
2���� cos �� + �&

 (A.2) 

 

where �0 is the central wavelength of the nearest peak. The peak width 
� is 

connected with the FSR by the cavity finesse: 

 

 ( = FSR
δλ = +

2 sin! ,1/-�.
≈ +
2 -� (A.3) 

 

where the last approximation is valid for Re > 0.5. Using (A.1), (A.2), (A.3) and 

putting �� ≈ 1 (air), �0 ≈ 0, and assuming 2� ≫ �&, the expression for minimal peak 

width becomes: 

 

 δλ ≥ λ&�
2+��

�1 − 4��
-4�

 (A.4) 
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