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NARROW-LINEWIDTH ERBIUM-DOPED FIBRE LASERS 

by Gregory John Cowie

This thesis describes research towards narrow-linewidth and single-longitudinal-mode 
erbium-doped fibre lasers operating on the 1.55^m region. The work is concerned 
with the physics and technology of narrow-linewidth fibre lasers. Factors which affect 
the spectral width and number of modes oscillating in an erbium-doped fibre laser are 
described, with particular reference to spatial holebuming, the primary cause of 
multi-mode oscillation.

Novel resonator configurations for narrow-linewidth operation are described, in both 
standing-wave and travelling-wave arrangements, with linewidths as narrow as lOkHz 
being achieved. The development of narrow-bandwidth distributed Bragg reflectors 
is discussed.

Resonator configurations discussed include short fibre lasers with narrow bandwidth 
reflectors, polarimetric coupled-cavity fibre lasers, travelling-wave fibre ring lasers 
and travelling-wave fibre loop lasers. Travelling-wave operation is demonstrated to 
be a powerful technique for realising single-frequency fibre laser operation. 
Linewidths as narrow as lOkHz are demonstrated in long fibre laser resonators. The 
potential for high efficiency and broad tuning ranges are illustrated.

The statistics of phase noise in erbium-doped fibre amplifiers are characterised, by 
measurements of spectral broadening of a signal passing through the amplifier. The 
process of spectral broadening is modelled using a rotating vector approach. The 
implications for amplification of narrow bandwidth signals are discussed.
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Chapter One

Introduction

1.1 INTRODUCTION

Interest in rare-earth-doped fibre lasers and fibre amplifiers has been intense in the 

last few years, stemming from when low-loss silica optical fibres were fabricated with 

rare-earth dopants incorporated in the fibre core [Poole]. However the recent attention 

generated by these devices represents a renewed interest, stimulated by advances in 

technology allowing the development of a reliable fabrication technique, in a topic 

which began only a few years after the operation of the first ruby laser when Snitzer 

and Koester published results on amplification of light in glass [Snitzer] [Koester].

Fibre lasers and amplifiers are based on well-developed optical fibre and laser 

technology, taking a form in which the active lasing ions, rare-earth ions, are
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incorporated in the core of the fibre [Mears]. If the fibre is optically pumped by a 

beam of light at a wavelength corresponding to an absorption band of the rare-earth 

ion, the light is attenuated as the electrons of the ion are excited to higher energy 

levels. Once in a higher energy level the electron will decay to a lower energy level, 

either non-radiatively producing one or more phonons or radiatively producing a 

photon. Radiative decays can occur spontaneously or be stimulated by a photon with 

energy equal to the energy difference between two of the rare-earth-ion energy levels. 

Stimulated emission, in which the photon created by de-excitation of the electron is 

in phase with the stimulating photon is the basis of lasing action. Gain can occur as 

stimulated photons promote further stimulated photons. Gain can be sustained if the 

number of ions in an excited state of a transition exceeds the number in the lower 

level of the transition. This condition is known as population inversion. Mirrors on 

the ends of the gain medium which reflect a proportion of the stimulated photons 

provide a resonant structure in which the stimulated photons are fed back into the 

gain medium to stimulate the emission of more photons with the same energy 

[Siegman].

Fibre lasers have certain advantages over other glass and solid-state lasers due to the 

waveguiding structure and small active volume provided by the optical fibre. The 

waveguiding properties of the optical fibre produces very good overlap between pump 

and signal modes, with the consequent interaction between the pump mode and active 

ions giving rise to highly efficient lasing operation [Reekie]. With core diameters 

typically only a few microns, pump intensities can be very high, often leading to 

significantly lower pump threshold powers than can be achieved with bulk lasers. As 

a result, some three-level laser systems which were previously not possible in bulk 

lasers are often easily demonstrated in continuous-wave oscillation in fibre form 

[Alcock] [Reekie 1986a]. The long lengths associated with active fibre devices allow 

very low concentrations of rare-earth ions to be used, allowing ion-ion interactions 

and concentration quenching effects to be kept low so as not to degrade device 

performance [Wyatt 1989a]. The long resonator lengths possible in fibre form could 

2
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also provide long interaction lengths for non-linear effects, such as Brillouin 

scattering, to be investigated within fibre laser resonators [Tkach] [Culverhouse]. The 

optical fibre waveguide structure also results in good thermal properties because of 

the surface area to volume ratio of the structure, resulting in more efficient heat 

dissipation than from bulk lasers [Urquhart]. The waveguide structure also ensures 

that the plane-wave nature of the guided mode is not affected by heating of the core, 

and hence heat stress will not affect the alignment of the resonator. In addition, 

because fibre lasers are based on well-developed single-mode optical fibre technology, 

they can incorporate the devices which have been developed in this technology, such 

as fibre couplers and distributed Bragg reflectors. The incorporation of these devices 

makes it possible to fabricate complex laser resonator structures to achieve desired 

spectral properties while maintaining low excess loss for efficient operation. 

Resonator structures can be designed which produce outputs with low temporal 

coherence and good temperature stability for certain sensors such as fibre gyroscopes 

[Digonnet], while other structures have been used to demonstrate extremely narrow­

linewidth spectra or very short pulse generation [Kafka].

1.2 FIBRE LASERS AND AMPLIFIERS

Rare-earth-doped fibre lasers and amplifiers have been demonstrated at several 

wavelengths by using a variety of rare-earth ions as dopants in the fibre and by 

operating on numerous transitions of the ions. Of particular interest are the operation 

of neodymium-doped fibre devices in the 1.3/zm region and erbium-doped fibre lasers 

and amplifiers in the 1.5jum region, these wavelength regions representing the low- 

loss windows in silica optical fibres utilised for long-distance optical communication 

systems. The 1.5/zm region is the lowest loss silica optical fibre window and hence 

attracts most interest for long distance communications. The 1.3/xm region exhibits 

more loss but is still important for amplifiers and laser sources due to the quantity of

3
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installed fibre systems at this wavelength. Neodymium-doped fibres are promising as 

amplifiers in the 1.3;tm region, however silica-based fibres are unlikely to be suitable 

hosts because of dominant excited-state absorption [Miyajima] [Dakss]. Fluoro­

zirconate fibres doped with neodymium ions have demonstrated gain of lOdB at 

1.33/xm and may in future result in practical amplifiers.

This thesis is concerned with the operation of active erbium-doped fibre devices in 

the 1.55^m region, and in particular the operation of these devices when the output 

characteristics are limited by the phase noise of the gain medium. The development 

of narrow-linewidth and single-longitudinal-mode fibre lasers, and the phase noise 

properties of fibre amplifiers, are discussed in the following chapters. The remainder 

of this chapter will give a brief introduction to the physics and technology of 

resonator design for single-frequency fibre lasers. The following chapters will expand 

on the principles of operation, and describe the development of some novel fibre laser 

devices for narrow-linewidth and single-longitudinal-mode operation in the L55/zm 

region.

1.3 ERBIUM-DOPED FIBRE LASERS

Erbium-doped single-mode fibre lasers with outputs in the 1.55/zm region operate on 

the ‘*113/2 to ‘*115/2 transition of the Er^* ion sited in a glass host, and were first demon­

strated in 1986 [Mears 1986]. Many variations on erbium-doped fibre laser devices 

have been demonstrated in this useful wavelength region in Fabry-Perot [Mears 1986] 

and ring [Scrivener] configurations, showing high efficiency and broad tuning ranges 

[Wyatt 1989]. The "*113/2 to “*115/2 transition in Er^"*" is part of a three-level system, and 

since the laser is end-pumped, significant variations in the output characteristics occur 

with length variations and pump power [Barnes] [Kimura]. For a given pump power 

there is an optimum length for low-threshold operation. If the length is shorter than

4
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the optimum length the gain will be less than the optimum case, while if the length 

is longer than the optimum length reabsorption of the signal photons will occur. 

These variations arise because of axial variations in population inversion which result 

in axial variations in gain and absorption. The fluorescence spectrum of an erbium- 

doped silica single-mode fibre is very broad, ~ 80nm [Ainslie], which is valuable for 

producing a tunable source [Kimura], [Reekie], [Wyatt 1989], however it places 

constraints on cavity wavelength selectivity for the design of narrow-linewidth and 

single-longitudinal-mode fibre lasers. The broad fluorescence spectrum results from 

the electronic structure of the rare-earth ion and on the modifying effect of the host 

glass.

Various pump bands are available for 1.55^m operation of erbium fibre lasers and 

amplifiers. Early Er^'^-doped fibre devices were pumped at 514.5nm by argon-ion 

lasers [Mears 1986]. Other pump bands to have been used are 807nm [Millar], 980nm 

[Laming] and 1.48;tm [Snitzer 1988]. For telecommunications applications of fibre 

lasers and amplifiers a prime considerations for pump lasers will be reliability, and 

for this reason, diode laser pumping is attractive. 980nm pumping is most attractive 

because of its high efficiency and because it suffers from negligible Excited State 

Absorption (ESA) [Laming], All fibre lasers and amplifiers discussed in the following 

chapters are pumped in the 980nm band with either dye, Ti: sapphire or diode lasers.

1.4 NARROW LINEWIDTH LASERS

Narrow-linewidth lasers have many applications such as in interferometry, high- 

resolution spectroscopy, metrology and communications. Single-longitudinal-mode 

lasers operating in the 1.5^m region are important devices for transmitters in single­

mode optical fibre communication systems. Typically distributed feedback (DFB) 

semiconductor injection lasers are used in such systems, but such devices have broad

5
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intrinsic linewidths, limiting linewidths to typically 1-lOMHz. These devices can 

however be directly modulated via changes in drive current, although normally 

resulting in unwanted frequency chirps arising from changes in refractive index of the 

active layer with modulation current variations [Whalen], Coherent communication 

systems, currently under development in research laboratories around the world, may 

offer significant performance advantages over presently used intensity modulation 

direct detection schemes, and allow many channels to be multiplexed on a single fibre 

[Linke], Coherent techniques offer great potential in multichannel systems as a result 

of the very high receiver sensitivities that can be achieved. However these coherent 

schemes, operating with phase or frequency modulation, require single frequency 

lasers with narrow linewidths. Another drawback of coherent schemes is their 

additional complexity as compared with intensity modulation direct detection schemes.

To date most experimental coherent communication systems have employed either 

external cavity semiconductor lasers or helium-neon gas lasers as sources to achieve 

suitably narrow linewidths. Semiconductor laser sources such as external cavity lasers 

[Wyatt] and multisection distributed Bragg reflector lasers [Oberg] are promising 

candidates for commercial systems, however they are not yet fully developed for 

commercial operation in telecommunications environments, Erbium-doped fibre lasers 

may be attractive for producing single-longitudinal-mode operation because, as this 

thesis will show, erbium-doped fibre can be configured into suitable laser cavities to 

produce single-frequency operation, with linewidths several magnitudes narrower than 

those typically achieved with semiconductor lasers. If stable, tunable, diode-pumped 

single-longitudinal-mode fibre lasers can be developed, they may be future 

competitors to semiconductor laser diodes for applications such as communication 

systems.

6
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1.5 SINGLE-LONGITUDINAL-MODE BEHAVIOUR

The most significant effect leading to multi-mode operation in lasers is spatial 

inhomogeneity of the population inversion, especially spatial holebuming [Siegman], 

Some of the effects of spatial holeburning will be discussed in Section 3.4. Single­

longitudinal-mode operation can be achieved by several methods, designed such that 

the effects of spatial holebuming in the gain medium cannot lead to multi-mode 

operation. In practice single-longitudinal-mode lasers can be realised by several 

methods including:

• a short laser resonator in which the passive cavity modes are widely spaced 

so that only one mode falls within the gain bandwidth. This method is suited 

to lasers with narrow gain bandwidths, such as some gas lasers. Other 

examples of this type of single-frequency resonator are miniature solid-state 

lasers [Zayhowski],

• multiple-mirror resonators which use interferometric mode selection to 

reduce the number of modes oscillating [P.W. Smith]. Such techniques have 

been investigated since the early years of laser experimentation [Kogelnik].

• a travelling-wave configuration which has no standing-wave pattern, first 

demonstrated in 1963 by Tang et. al. [Tang].

• modulating the position of the standing-wave field inside a laser cavity in 

order to achieve average uniform population inversion [Danielmeyer].

• injection locking of laser by a weak monochromatic signal injected into the 

laser from another laser, so that the injected laser captures the injected signal 

and is controlled by the injected signal [Stover].

7
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Many of these techniques have been successfully applied to fibre laser resonators to 

achieve single-longitudinal-mode operation. The first demonstration of a single­

longitudinal-mode fibre laser was a Nd^'^doped fibre laser operating at 1.082nm. The 

resonator was a short Fabry-Perot cavity in which a distributed Bragg reflector was 

incorporated in the doped fibre. To achieve single-longitudinal-mode operation the 

fibre length was cut back to 51mm to increase the passive cavity mode spacing so that 

only one mode lased [Jauncey 1988]. The doped fibre had a Nd^"*" concentration of 

0.1%, numerical aperture (NA) of 0.2 and cut-off wavelength, X^ of 940nm. Pumped 

at 594nm the laser exhibited a threshold of 6mW with slope efficiency 2.3%.

Single-longitudinal-mode erbium-doped fibre lasers had been demonstrated by only 

one technique when the work described in this thesis was commenced. Barnsley et. 

al. [Barnsley] demonstrated single-longitudinal-mode oscillation in an erbium-doped 

fibre Fox-Smith cavity. A fused tapered coupler was fabricated from Er^'^-doped fibre 

with Er^"^ concentration 300 ppm and Xc = 1.0jum and a Fox Smith coupled-cavity 

resonator formed with path length ratios L2/Li = 1.13+0.02. This cavity, although 

providing periodic loss, did not provide sufficient discrimination to achieve lasing on 

one pass-band of the Fox-Smith cavity, therefore a diffraction grating in the Littrow 

configuration was used as one of the reflectors. The fibre laser was pumped at 

514.5nm from an Argon-ion laser. Lasing threshold was observed for 175mW pump 

power, and the measured slope efficiency was 0.04%. The laser spectral width was 

less than 8.5MHz.

The travelling-wave fibre ring laser presented in Chapter 5 was the next technique for 

achieving single-longitudinal-mode operation to be demonstrated, for the first time 

demonstrating linewidths substantially less than IMHz [Morkel]. The travelling-wave 

technique eliminates the cause for multi-mode operation, namely spatial holebuming. 

This fibre laser configuration represents the first time fibre lasers have been operated 

with a resonator configuration not supporting a standing-wave mode. Following the 

reporting of this work several authors have pursued this method of achieving very

8
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narrow linewidth and tunable single-longitudinal-mode erbium fibre lasers [Iwatsuki 

1990] [D.A. Smith] [Maeda], Chapter 5 describes another novel travelling-wave 

cavity for achieving single frequency erbium fibre lasers, the travelling wave fibre 

loop laser [Cowie], This work on travelling-wave fibre lasers is now being regarded 

as a significant contribution to fibre laser technology. A publication by Iwatsuki et. 

al. [Iwatsuki] predating this work on travelling-wave fibre lasers claimed single- 

frequency operation in a bi-directional single-polarisation fibre ring laser. The 

measurements and experimental configuration presented indicate, however, that 

single-frequency operation was not achieved, and that an intermode beat signal was 

probably being measured.

Another approach to have been successfully demonstrated is injection locking of an 

erbium fibre laser by an external cavity diode laser [Jones], A 2.5m Fabry-Perot fibre 

laser resonator constructed from E?"*"-doped fibre with Er^"^ concentration 500ppm 

and was pumped by an Argon-ion laser operating on the 528nm line. With the 

injection signal adjusted to be close to a mode of the fibre laser oscillator, single­

frequency operation of the fibre laser was achieved.

Single-longitudinal-mode operation in an Nd^'^-doped fibre laser has been demon­

strated by suppression of spatial holebuming by spatial modulation techniques 

[Sabert]. A 5.1m resonator with piezo-electric phase modulators at each end of the 

resonator was formed, and by modulating the standing-wave in a push-pull fashion 

at a frequency above the relaxation oscillation frequency, spatial averaging of the 

standing-wave pattern was achieved, resulting in single-longitudinal-mode operation.

More recently published developments in techniques for achieving single frequency 

erbium fibre lasers are standing wave coupled cavity arrangements [Gilbert] and 

standing wave Fabry-Perot resonators incorporating narrow-bandwidth photorefractive 

DBRs written into the Er^'^-doped fibre [Ball].
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1.6 PHASE NOISE PROPERTIES

The ultimate linewidth which can be obtained in a single-longitudinal-mode laser is 

quantum-limited, determined by spontaneous emission from the gain medium. The 

effect of phase noise on fibre laser performance has not been experimentally 

characterised to date, and it is the aim of this work to develop fibre laser resonators 

in which the linewidth properties are determined by the phase noise characteristics of 

the doped fibre gain medium.

The performance of erbium-doped fibre amplifiers in coherent communication systems 

may also depend on the phase noise properties of erbium-doped fibre with a 

population inversion. In this thesis the effect of phase noise on the spectral width of 

a signal passing through a fibre amplifier is discussed, in order to determine whether 

such a source of noise will limit the performance of possible future coherent optical 

systems utilising narrow-linewidth lasers and erbium-doped fibre amplifiers.

1.7 SYNOPSIS

The work presented in this thesis concerns the physics and technology of laser 

resonators for single-frequency operation in fibre lasers. Several novel fibre laser 

resonators were experimentally developed during the course of the research and these 

devices are discussed and analysed. The lasers are all based on erbium-doped single­

mode optical fibres, with the emphasis, except in Chapter 6, on resonator aspects of 

the laser rather than the characteristics of the erbium-doped fibre itself, which has 

been extensively studied in recent years, particularly since the advent of the erbium- 

doped fibre amplifier [Mears 1987], In the course of this work the now well-known 

characteristics of erbium-doped fibres, determined by much recent work at the 

University of Southampton and at other research institutions on erbium-doped fibre 
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lasers and erbium-doped fibre amplifiers, are drawn upon.

Chapter 2 summarises the fundamental principles of optical fibre waveguide theory 

and the theory of three-level lasers of particular relevance to erbium-doped fibre 

lasers. Chapter 3 describes the typical spectral characteristics exhibited by fibre 

lasers, with a view to understanding how the spectral characteristics can be modified 

to achieve single-frequency operation. Chapter 4 contains experimental 

characterisation of narrow-linewidth fibre lasers which operate with standing-wave 

resonators, including short fibre lasers with narrow-band grating reflectors and a 

novel polarimetric coupled-cavity configuration. Chapter 4 also describes the 

development of a fabrication technique for producing narrow-band distributed Bragg 

reflectors. Chapter 5 recounts experimental results on travelling-wave erbium-doped 

fibre lasers, developed to eliminate spatial holebuming. It includes a description of 

the first demonstration of a travelling-wave fibre ring laser and a novel travelling­

wave fibre loop laser. Chapter 6 is concerned with erbium-doped fibre amplifiers and 

is significant as it contains the first measurements performed to characterise the effect 

of phase noise generated in a fibre amplifier on the spectral characteristics of a signal 

passing through the amplifier. The common link with the preceding chapters on fibre 

lasers is that in each case the devices are operating in a regime where operation is 

limited by the phase noise resulting from spontaneously emitted photons from the 

erbium-doped fibre gain medium.

The research describes in the following chapters was carried out in the Optical Fibre 

Group, and the author is grateful for fruitful collaboration with members of the 

Optical Fibre Group and the Optoelectronics Research Centre. In particular, the 

experimental results on the polarimetric coupled-cavity fibre laser and travelling-wave 

ring laser were obtained in collaboration with Dr Paul Morkel, while Dr John Minelly 

and Dr Philip Russell contributed to the development of narrow-bandwidth distributed 

Bragg reflectors.
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Chapter Two

Fibre Laser Theory

2.1 INTRODUCTION

Much has been written in recent years on the application of laser theory to fibre lasers 

and amplifiers. This chapter aims to summarise from published work the important 

aspects of the theory which are the bases of the operation of fibre lasers and 

amplifiers, and to point out factors of most relevance when designing and building 

experimental fibre lasers. The waveguiding nature of optical fibres is important in 

determining the modal properties of fibre lasers and amplifiers and is discussed in 

Section 2.2. As this work is concerned with erbium fibre lasers operating in the 

1.55^m region, Section 2.3 reviews three-level laser theory and its application to 

fibre lasers.
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2.2 OPTICAL FIBRE WAVEGUIDES

Fibre lasers are glass lasers fabricated in the form of optical fibres, with active ions, 

for example, rare-earth ions, incorporated in the fibre core [Poole], Many of the 

benefits of constructing glass lasers as fibre lasers arise from the waveguiding 

properties of the optical fibre [Armitage]. Such benefits include high efficiency 

arising from the good overlap obtainable between the pump mode, signal mode and 

the rare-earth-ion dopant distribution, inherent compatibility with optical fibres used 

as transmission and sensing media, and good heat dissipation properties [Reekie] 

[Urquhart] [Millar]. Important characteristics relevant in the description of fibre lasers 

arise from optical waveguide theory, and include the pump and signal mode profiles 

and the number of transverse modes supported by the fibre at a given wavelength.

Single-mode optical fibres are generally modelled as ideal circularly-symmetric step­

index fibres in which the refractive index profile n(r) varies with radial distance r 

from the centre of the fibre as:

n(r)=n„ O^rsa ^^^

where n^o and n^ are the core and cladding refractive indices respectively and a is the 

core radius. For modelling purposes the cladding is assumed to be infinite, i.e., no 

outer boundary. These parameters, and the free-space wavelength X of the light 

passing through the fibre, are used to define the profile height parameter A and the 

waveguide parameter V, defined by Snyder and Love as [Snyder] [Gloge]:
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2 2

2»1 (2)

The complete theoretical description of such a waveguide has been well documented 

[Snyder], however it is useful to summarise the important parameters required to 

characterise fibre lasers and amplifiers. A scalar wave approximation is used to obtain 

solutions to the electromagnetic equations of the modes in step-index fibres, this 

approximation being allowable since A < 1. The solutions to Maxwell’s equations 

for the fibre structure produce a finite number of modes, which in the weak-guidance 

approximation, A< 1, simplify to the LP or linearly polarised modes. The number of 

guided modes at a given wavelength depends on the value of V.

The single-mode regime for a step-index profile fibre is defined by the condition:

(3) 
0<r<2.405

Provided this condition is met only two degenerate orthogonally polarised modes can 

propagate in a step-index circular core fibre [Jeunhomme]. This condition will 

normally be met by the signal wavelength and often by the pump wavelength in single 

mode fibre lasers and amplifiers. Hence using Equation 2.2 the cutoff wavelength X^ 

above which the fibre becomes single-mode is:

(4)
' 2.405

As the V number increases the fibre supports more than one mode. When 2.405 <
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V < 3.832 another set of modes propagate, with more modes being supported as V 

further increases [Snyder]. The wave fronts of the field are perpendicular to the fibre 

axis, i.e., they have a plane-wave nature or have constant phase across any axial point 

at a given time.

The mode field shapes which result from the solutions of Maxwell’s equations are 

given by combinations of Bessel functions [Snyder]. The fields can be conveniently 

described in cylindrical coordinates (r,</),z) with the z-axis coinciding with the fibre 

axis of symmetry. The normalised intensity profile f(r,</>) for the LPi^n modes are 

[Jeunhomme] [Armitage]:

y(r,4>) =

A/f — cos^Zcj) r<<z

r>a
(5)

where J, are Bessel functions of order 1 and K, are modified Bessel functions of order

1, and A is chosen for normalisation so that:

” 2Tt

J y /('',4))/' (/r 6^4) = 1 (^ 
r=0 (()=o

A LP mode is one which is linearly polarised and the subscripts 1 and m of an LP 

mode refer to the number of azimuthal and radial zeros in the field distribution. The 

normalised propagation constants, u and w, are solutions of the eigenvalue equation:

J,(u)
(7)

where u^ + w^ = V^.
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The fundamental LPqi mode the shape is similar to a Gaussian, and hence a Gaussian 

is often used to approximate the field shape for design and application calculations 

[Marcuse]. The radial intensity Sp^/r) of the pump and signal modes are thus 

approximated, for V> 1, by a characteristic shape [Snyder]:

21'
(8)

where w^ is the spot size at the pump and signal wavelengths (1/e intensity). Optical 

fibres used for fibre lasers and amplifiers are normally designed to be single mode 

at both the pump and signal wavelengths, and hence this approximation to the radial 

intensity is sufficient for most calculations. Typically between 30% and 50% of the 

mode power is carried in the fibre cladding [Gloge] [Jeunhomme]. The local gain and 

absorption coefficients in a doped fibre will vary with transverse position across a 

fibre core, according to the pump and signal intensity profiles and the profile of the 

dopant distribution. Used in conjunction with the radial profile of the rare-earth 

dopant, an overlap integral can be arranged with the pump mode intensity distribution 

and absorption cross-section in order to approximate the pump absorption in a doped 

fibre.

2.3 3-LEVEL FIBRE LASER THEORY

The triply-ionised erbium ion resident in a silica-glass matrix has energy levels as 

shown in Figure 2.1 for energies up to about 20,000cm"’. Lasing in the 1.55jLtm 

region occurs between the ‘’Ii3/2 metastable level and the ‘’I15/2 ground state with the 

pump level being either the '’I13/2 level or one of the higher levels. For the purposes 

of the following discussion only three or four levels are of interest, and the energy
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level diagram can be replaced by the simplified diagram of Figure 2.2. Three or four 

levels are of interest, depending on whether the pump wavelength results in excited 

state absorption (ESA) or excitation of ions from the upper lasing level to a higher 

level.

20 ■
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Figure 2.1 Partial erbium-ion energy level diagram. Lasing in the 
1.55^m region occurs between the '’I13/2 level and the ‘^Ii5/2 ground 
state.

Ground state absorption (GSA) occurs from the ground state into the pump band by 

the absorption of pump photons. From the pump level the ion undergoes rapid
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relaxation via phonon interactions with the host glass matrix into the metastable upper 

lasing level. For some pump wavelengths pump ESA, or absorption which does not 

originate from the ground state but from an excited state, may occur. Pump ESA is 

followed by rapid relaxation via multiphonon effects into the upper lasing level. Thus 

although the ions return to the upper lasing level, pump energy is lost for no increase 

in the useful inversion. The ratio of signal absorption rate (l-*2) to signal emission 

rate (2-»l) is unity for an ideal three level system, however different effective 

stimulated emission cross sections a^ and absorption cross sections a^ occur for Er’* 

ions in a glass host due to the Stark split manifolds (to be described in Chapter 3), 

resulting in unequal signal absorption and emission rates.

4

Figure 2.2 Simplified erbium-ion energy level diagram. Ry and Wj are 
the stimulated absorption and emission transition rates.

Electrons in the Er’* ion are excited or relax from one energy level to another by the
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absorption or emission of a photon, or by absorption by the host matrix of one or 

more phonons. Consider an energy level k containing a ion density N^. There exists 

a spontaneous decay rate for a downward transition, 7^, or a decay time t^ such that:

dt
(9)= -yA = -—

Neglecting ion-ion interactions (see Chapter 3), two components can make up this 

decay, radiative relaxation (spontaneous emission) and non-radiative relaxation in 

which energy goes to heating up the surrounding material. In addition to spontaneous 

transitions between energy levels, if an external light signal is applied to an ion, there 

is a probability that stimulated emission or absorption may occur. The emitted photon 

for stimulated transitions 2-»l is in phase with the stimulating photon. This process 

is the basis of the laser and maser and is possible because photons are bosons obeying 

Bose-Einstein statistics, in which there is no bar to having more than one particle in 

a particular state.

The transition rates of the simplified erbium three-level system of Figure 2.2, R^j, W^, 

We_, are defined by [Desurvire] [Digonnet 1989]:

^13
Av,

^ESA^p 

Av,
(10)

Av.

Av,
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where (Tgsa> <^esa ^® the pump GSA and ESA cross sections respectively, Ip, I^ are the 

pump and signal photon intensities respectively, Up, Ug are the pump and signal 

frequencies respectively and h is Planck’s constant. The pump and signal mode 

intensity profiles have forms as given by the Bessel function expressions or Gaussian 

approximation as described in Section 2.2 [Armitage][Digonnet]. In addition, the 

dopant ion distribution will have a radial profile which may have radial variation. The 

pump intensity, signal intensity and dopant ion profiles will thus have general forms 

Ip(r,(^,z), Ig(r,</),z), Na(r). As an alternative to considering r,(/» variations in intensity, 

a simpler approach is to use an infinite plane-wave approximation which ignores 

transverse variation of the pump, signal and dopant concentration. In the infinite 

plane-wave approximation the core size is introduced to normalise the power in the 

plane wave to the power carried in the core.

The manner in which the ion density in a given energy level varies with time is 

generally expressed as an atomic rate equation. The rate equation for ions in an 

energy level k can be written in a general form as:

dN^^f^ 
dt srim 1^

(gv^a)

sri/n down
^^ spont

(11)

and is made up of stimulated absorptions and emissions and spontaneous decay 

components.

Using the transition rates of the erbium system from Equation 2.10 in the general rate 

equations for the various levels, and solving for steady state conditions, the 

population densities of the energy levels become:
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^1 =
13

No

(12)

jv. No
^2

with N3, N4 negligible and the total ion population density, Nq, hence given by 

No=Ni-bN2, and where levels 1,2,3,4 are the ground state, upper lasing level, pump 

level and excited state absorption levels respectively.

As the absorption and emission cross-sections for transitions between the upper lasing 

level and the ground state are very similar, to achieve gain a pump rate R13 is 

required such that the situation N2>Ni or population inversion is achieved. This is 

conveniently achieved for reasonable pump powers over long lengths in the fibre form 

because of the high pump intensity which results from the small core diameter.

For a longitudinally-pumped fibre laser or amplifier, calculation of the unsaturated 

single-pass gain requires knowledge of the pump power evolution along the fibre. The 

evolution of pump power in these cases will determine the population inversion as a 

function of the fibre length and hence determine the evolution of signal power. Hence 

in the longitudinally-pumped case the ion population densities must be considered with 

axial variation, Nk(z). The axial variation of the pump power, Pp(z), assuming the 

relaxation time from the pump and ESA levels is rapid compared to the relaxation 

from the metastable level, can be written as [Morkel]:

dPlz)
-^ = -^pton, ("gS^^1(z) + "£$X^2(z)) (13)

where -q^ is the pump overlap fraction, arising from the overlap of the pump beam 
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with the dopant distribution, which can be calculated from the Gaussian approxima­

tion [Morkel]. The local axial gain, 7(2), can be written:

Y(z) = Tl^aAfe)-°A(z)) (14)

where ?jg is the overlap fraction between the signal mode and the population inversion 

(from the Gaussian approximation).

The signal power axial variation can be expressed in terms of the local gain (ignoring 

background losses):

.^^^ = ±P^"(z)y(z) ^^^

where Ps'*'(z), Ps'(z) are the co- and counter-propagating signals respectively. Similarly 

the axial dependence of amplified spontaneous emission power can be determined 

[Morkel.]. Numerical analysis is required to solve the coupled equations with axial 

dependence, however such calculations are not required in this work. Rather the 

purpose of this description is to define the parameters of the end-pumped three-level 

fibre laser system, in order to give some insight into the important parameters 

required when designing experimental erbium fibre lasers. A full numerical analysis 

of pump and signal evolution has been considered by several authors [Digonnet 

1990], [Morkel], [Matsas]. While considering erbium amplifiers from theoretical 

modelling is important to optimise performance, in experiments to date the absolute 

gain and spectral properties are still generally evaluated'experimentally [Suzuki], 

[Nakazawa], [Simpson], while modelling is used to understand trends as device 

parameters are varied.

When considering erbium fibre lasers the gain in a given length of doped fibre is of 

prime importance and would normally be measured in a laser experiment if required.
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An attractive approach to modelling the gain medium of an erbium fibre laser is the 

lumped element method developed by P.R. Morkel in which the distributed amplifier 

is considered as a lumped element [Morkel]. The lumped element approach to 

modelling amplifier gain requires approximations to be made regarding the effective 

core area and is only valid when no ESA exists,, and is a good approximation in the 

case of 980nm pumping of erbium in which ESA is negligible. The approach is 

possible because the single pass gain can be expressed in terms of the integral of the 

population inversion along the fibre length. In this way only the summation of the 

gain, not the actual distribution is important. The approach is attractive for fibre 

lasers and amplifiers with their well-defined waveguide geometry, since the integral 

of the population inversion is proportional to the absorbed pump power, and hence 

it becomes possible to relate gain to absorbed pump power [Morkel]. The approxima­

tion becomes exact when there is negligible signal and pump variation over the doped 

region, i.e., when the dopant is confined to the centre of the core.

Following this approach the single pass gain in nepers in terms of absorbed pump 

power for a fibre length 1 is:

Y(/) = U21
21221^0^ (16)- cTV^

where a=Ji/Jzn ^ is the pump quantum efficiency, P^bs is the absorbed pump power 

and Agff is the effective core area [Morkel], The effective area is calculated from 

mode overlaps of the Gaussian approximation, and is given by:

A (17)

where w,^ are the spot sizes at the pump and signal wavelengths and d is the radius 

of the dopant profile. The lumped element formalism arises from energy conserva-
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tion, by considering that under small signal equilibrium conditions the rate of 

absorption of pump photons in an elemental length of fibre, multiplied by the pump 

quantum efficiency, is equivalent to the natural decay rate from the population 

inversion in the length. Integrating over the length of the amplifier the integral of the 

population inversion can be determined in terms of the pump power, which can be 

used to calculate the single-pass gain of Equation 2.16. The umpumped erbium 

transition is absorbing at the lasing wavelength, and significant depopulation of the 

ground state must be achieved before there is any gain. A transparency condition 

exists where there is no net gain or loss, when the pump rate out of the ground state 

is approximately equal to the fluorescence rate of the lasing transition. Hence there 

is an optimum length, for a given amount of pump power, for maximum gain from 

an amplifier or maximum output from an oscillator.

By considering the loss in a laser resonator, the laser threshold power can be 

expressed as [Morkel]:

p _ ^V.y(^^n 2aa,AZ) (^g)
"■ 2(l+a)iiTj,aji

where L is the resonator intrinsic loss and T is the output coupling. It is because the 

core area is small, allowing high pump intensities to be achieved, that low threshold 

operation is possible even for three-level fibre lasers.

2.4 SUMMARY

This chapter has summarised some of the important aspects of optical waveguide 

theory and the theory of three-level lasers used to model erbium-doped fibre lasers 

and amplifiers. Section 2.2 discussed the theory of optical fibre waveguides.
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Important parameters used to design fibre lasers arising from this theory are the 

single-mode regime for determining cutoff wavelengths for the pump and signal 

modes and the shape of the guided mode, which is used in conjunction with the 

dopant profile to determine gain.

Section 2.3 briefly outlined the theory of three-level lasers. Significant properties to 

come out of this were the transition rates and rate equations, the conditions for lasing 

threshold, axial dependence of gain, and the gain available from a length of erbium- 

doped fibre.
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Fibre Laser Spectral Characteristics

3.1 INTRODUCTION

Fibre laser resonators can be formed with a variety of cavity configurations. The 

simplest cavity structure is a section of rare-earth-doped fibre onto which dielectric 

mirrors are incorporated on both ends. The doped fibre is then longitudinally pumped 

through one of the dielectric mirrors by a light source with a wavelength correspon­

ding to one of the absorption bands of the rare-earth ion. With sufficient pumping, 

lasing may occur in one of the gain bands. Depending on cavity and pumping 

conditions, optical linewidths for such fibre lasers may be typically in the range 1- 

15nm [Mears] [Kimura]. Such broad spectra can occur in a laser with a primarily 
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homogeneously-broadened transition, such as alumino-silicate erbium-doped fibre 

operating at room temperature [Guy] [Tachibana] [Zyskind], because of the broad gain 

bandwidth. The effect of spatial holebuming on the gain medium allows much of the 

gain bandwidth to be utilised [Siegman], Spatial holebuming is induced by the 

standing-wave pattern in the laser cavity and can reduce the gain competition between 

axial modes. This effect, combined with the width of the gain-bandwidth in doped 

fibre, allows lasers without wavelength-selective resonators to oscillate over spectral 

widths equivalent to hundreds or thousands of passive cavity modes. The spectral 

characteristics of a fibre laser and the number of modes oscillating in a given laser 

cavity are determined by the combined effects of spatial holeburning, the shape and 

width of the gain spectrum of the rare-earth ion and the passive cavity mode 

structure.

This chapter examines the factors which determine spectral characteristics of erbium 

fibre lasers. An understanding of these factors will allow fibre laser cavities to be 

designed to produce output which have spectral widths smaller than those of the 

simple fibre laser. Some of the pertinent factors, including the shape and width of the 

gain spectrum, are determined primarily by the glass structure and modification of 

these parameters are beyond the scope of this work, however other properties such 

as the spacing of the modes and the effects of spatial holebuming can be modified by 

suitable resonator design. Chapter 4 dealing with standing-wave fibre resonators for 

narrow-linewidth operation and Chapter 5 dealing with single-frequency travelling­

wave resonators will demonstrate how the spectral characteristics of erbium fibre 

lasers can be altered by varying the resonator properties, leading eventually to single- 

longitudinal-mode operation.

This chapter firstly discusses, in Section 3.2, the spectroscopy of Er^"^ in silica glass, 

followed by a description of passive cavity modes in Section 3.3. Section 3.4 

describes spatial holebuming and some of its possible effects on laser spectra. Section 

3.5 reviews the statistics exhibited by monochromatic laser light once single- 

longitudinal-mode operation is achieved, and discusses the ultimate quantum limits 
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on laser linewidth.

3.2 ERBIUM IONS IN GLASS HOSTS

The energy levels of the E?* ion are shown in Figure 3.1 for energy levels up to 

20,000cm"*. The energy levels are described by the LSI notation, with the superscript 

L referring to the electron spin, S referring to the orbital angular momentum and the 

subscript J giving the total angular momentum of the electron. When used in a fibre 

laser or amplifier the ion is present in a glass host, normally silica glass. Significant 

changes in the spectral lineshape and broadening mechanisms are observed between 

fibres with different glass compositions [Dybdal] [Guy] [Tachibana] [Zemon]. At room 

temperature both homogeneous and inhomogeneous broadening mechanisms contribute 

to the lineshape. Homogeneous broadening mechanisms act on all ions in the same 

manner, whereas inhomogeneous mechanisms affect different ions to different extents. 

The Er^"*" ion is sensitive to changes in the surroundings determined by the glass host 

composition. As a result erbium-doped fibres exhibit behaviour characteristic of 

homogeneous or inhomogeneous systems depending on the type of glass matrix 

[Guy].

Spectroscopic parameters which are of importance in the design of erbium fibre lasers 

and amplifiers for experimental purposes have been well characterised [Barnes 1991], 

[Ainslie], [Brian^on], [Dybdal], [Wyatt], [Zemon], These parameters include optical 

absorption and emission strengths, transition rates and absorption and emission 

widths. These parameters determine important properties such as available gain, pump 

rates required for threshold, and so on.

The spontaneous radiative transition rate of an electron within the rare-earth ion from 

an excited state 2 to ground state 1, A/2,1), can be determined from a measured
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16/2

Figure 3.1 Partial energy level diagram of the Er^* ion.

absorption cross-section spectrum by:

1 Stttz^ 2J1+1
X/2,1) / o/vXv (1)

where J; is the angular momentum quantum number, r, is the radiative lifetime, n is 

the refractive index of the glass host and the absorption cross section, 0^, is 

determined from the attenuation of light intensity I(z) in a thickness z^:
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(2)

where p is the Er^^ concentration [Dybdal].

The emission cross section is given by:

t’/v) = ----- - X/2,1)5(v)
STtZI*^

where the normalised line shape function g(u) is obtained from the fluorescence 

intensity I(v) at frequency v in units of photon rate per unit frequency interval to 

yield:

gW = /(V) 
^/(vXv

(4)

These expressions are only approximations for the case of an ideal host. Measured 

values may be different to the approximations for the case of Er^"*" in silica because 

the Stark splitting of the energy levels is comparable or longer than the thermal 

spread kT. If the Stark splitting is taken into account, requiring a correction of 15- 

20% [Dybdal], these expressions yield good approximations, since in silica with 

phonon energy « 1100cm*’ other relaxation processes do not compete with radiative 

decay from the ‘*Ii3/2 level to the '^Ii5/2 ground state. Detailed measurements of 

absorption and emission cross-sections for various silica hosts show that emission 

cross-sections are in the range 4.4-6.7xl0'25m2 while absorption cross-sections are 

in the range 4.7-7.9X 10'25ni2 [Barnes 1991]. A typical absorption spectrum of an 

Er^'^-doped silica fibre is shown in Figure 3.2 for visible and near infra-red
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wavelengths.

V\^velength (nml

Figure 3.2 Absorption spectrum in the visible and near infra-red 
wavelengths for an Er^*-doped alumino-silica fibre. (After [Morkel]).

Non-radiative decay can occur via interactions between the excited ions and the glass 

lattice through multiphonon emissions, and is inversely proportional to the energy gap 

between two levels [Miniscalco]. Glasses with high phonon energies require fewer 

phonons to bridge the gap. The lifetime will generally be temperature dependent if 

the gap is less than ten times the effective phonon frequency and completely quenched 

if it is less than four times [Shinn]. Measurements of the fluorescence lifetime of the 

*1,3/2 level in silica glass typically result in values - 10ms [Dybdal], [Wyatt]. Low 

concentrations, <0.1wt%, show smooth exponential decays however higher 

concentrations exhibit decays with more than one component [Wyatt]. Several effects 

are believed to occur leading to non-exponential decays for high E?* concentrations. 
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High concentrations of erbium ions may be required for narrow linewidth operation 

to allow short fibre lengths to be used, as will be discussed in Chapter 4. Fibres with 

concentration >2wt% Er^"*" can show strongly non-exponential decays for high input 

powers (—lOOmW) while exhibiting nearly exponential decays for input powers 

-*lmW. This effect has been attributed to cooperative upconversion, illustrated 

schematically in Figure 3.3. In this upconversion process neighbouring ions in the 

‘^113/2 level interact, the resulting energy transfer leaving one ion excited to the %/2 

level and the other returning to the ground state. This effect is dependent both on the 

Er^* concentration and the level of excitation. The process requires two interacting 

ions and will hence not be evident at low pumping levels [Miniscalco]. High 

concentrations of Er^'*’ can also result in clustering of the dopant, yielding an 

extremely rapid decay rate in the clustered regions [Ainslie 1989]. The degree of 

clustering is dependent on the composition of the host, more erbium ions being able 

to be incorporated in an alumina co-doped host than a germania co-doped host before 

the onset of clustering. Hence to avoid upconversion problems erbium concentrations 

must be kept low, <0.1wt%. Short erbium-doped fibre lasers requiring high erbium 

concentrations may as a result be less efficient than long lasers with low erbium 

concentrations [Laming].

The width of the absorption and emission bands are established by the splitting of the 

energy levels by the host field into Stark components and the homogeneous widths 

of the individual components. The individual Stark levels have been measured for 

various glass matrix types by fluorescence line narrowing, a technique in which a 

laser line, narrow with respect to the absorption band, is used to excite a subset of 

optically active sites [Guy][Zemon]. The ‘^Ii5/2 ground state is split into 8 Stark 

doublets by the host field while the ‘*Ii3/2 level is split into 7 Stark levels. The 

separation of adjacent Stark levels is 20-80cm"^ (4-15nm) with total Stark splitting 

335-400cm'* (80-90nm). The Stark energies vary from 0-60cm"’ (lOnm) among Er^"*" 

sites, indicating that site-to-site variations are of the same order as the Stark splitting. 

Measurements of homogeneous and inhomogeneous linewidths indicate that for
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Figure 3.3 Co-operative upconversion process. Two ions in the same 
energy level interact to excite one ion and de-excite the other.

alumino-silicate glass fibres the homogeneous linewidth is lL5nm and the 

inhomogeneous linewidth is 12.5nm [Desurvire]. For germano-silicate glass fibres the 

homogeneous width is 3.2nm and the inhomogeneous width is 6.4nm [Guy]. The 

amount of spectral overlap between sites depends on the relative magnitude of the 

inhomogeneous and homogeneous widths and mixed homogeneous and 

inhomogeneous behaviour is expected. In germano-silicate fibres the inhomogeneous 

component is dominant and inhomogeneous saturation behaviour is observed [Laming 

1989a]. In alumino-silicate fibres the homogeneous and inhomogeneous components 

are of the same order and strong spectral overlap is expected between emission 

originating from different sites, with homogeneous broadening dominating. In 

alumino-silicate fibres homogeneous broadening should be a good approximation for 

room temperature luminescence spectra [Tachibana] [Zyskind].
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The splitting of the energy levels by the glass host also means that spectral variation 

of gain occurs depending on the degree of inversion [Ainslie 1990], [Kimura]. As a 

consequence the fibre length and the pumping wavelength can determine the shapes 

of the absorption and emission spectra and the peak lasing wavelength [Barnes]. If, 

for example, the fibre is too long for a given level of pump power an unbleached 

section of fibre remains at the output end which preferentially absorbs wavelengths 

from the short wavelength part of the fluorescence spectrum.

Erbium-doped fibre lasers and amplifiers have been demonstrated with various pump 

lasers corresponding to the absorption bands shown in Figure 3.2. Early Er^'^-doped 

devices were pumped at 514.5nm from an argon-ion laser [Mears]. Other pump bands 

to have been demonstrated are 807nm [Millar], 980nm [Laming 1989] and 1.48^m 

[Snitzer]. For telecommunications applications prime considerations for pump lasers 

are lifetime, reliability and efficiency, and for these reason diode laser pumping is 

attractive. Low-cost AlGaAs diode lasers are easily available for the 800nm band, but 

a drawback of this pump band is considerable excited state absorption in much of this 

pump band which limits performance. However, by appropriate fibre design and the 

use of a large numerical aperture, good results can be obtained [Horiguchi]. With 

high-power laser diodes being available at both 980nm and 1480nm the most 

attractive wavelength for low-noise amplification at this stage appears to be the 

980nm band. Reasons for its preference are its freedom from ESA (like 1.48;im 

pumping) and the noise figure advantage over 1.48;tm pumping when used as an 

amplifier for telecommunications applications, the noise figure advantage arising 

because higher inversion can be achieved for 980nm pumping [Morkel 1990a]. 

Pumping in-band, the pump wavelength is a compromise between short wavelengths 

for low-noise amplification and long wavelengths for high pump conversion efficiency 

[Giles]. An alternative approach to exciting the *^1,3/2 level is to co-dope the fibre with 

Yb^^ allowing the fibre to be diode pumped or pumped with a mini-YAG into the 

broad absorption band of the triply-excited Yb ion, with the energy then transferred 

to the erbium ion [Barnes 1989].
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3.3 PASSIVE CAVITY MODES

A fibre laser cavity provides to certain wavelengths of electromagnetic radiation a 

resonance condition such that after each round-trip of the cavity the fields add in 

phase. The resonance conditions determine the discrete mode frequencies of the laser 

spectrum within the gain bandwidth. The conditions for phase matching which give 

rise to the cavity modes can be seen from the steady-state conditions. For a simple 

Fabry-Perot cavity as illustrated in Figure 3.4, which is comprised of two mirrors 

with a gain medium between the mirrors, the steady-state conditions for phase­

matching on a round-trip require that the two signals Ej, E2 satisfy the equality:

where a is the gain coefficient, r,, r2 are the mirror reflectivities, L is the cavity 

length, Lg is the length of the gain medium and n is the cavity effective phase 

refractive index. In this simple model the index is assumed constant throughout the 

resonator.

The phase term leads to the phase matching condition:

meaning that frequency solutions take the form of discrete frequencies, the passive 

cavity mode frequencies given by:

0) = k X 2-n: x ^ . k integer (7)

where the quantity c/2nL is known as the cavity free spectral range.
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Figure 3.4 Resonator model of Fabry-Perot laser cavity. E, =£2 for 
phase-matching.

In the case of a ring resonator, illustrated schematically in Figure 3.5, phase-matching 

requires that Ej, E2 satisfy the equation:

(8)

where 1 represents the loss associated with the round-trip pass. The resonator is 

assumed to have the same refractive index throughout the ring. Again taking the 

phase term the following phase-matching term becomes:

. u£n
^-/tlK k integer (9)

This time the discrete frequency solutions take the form:
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0) = k X 271 X — & (10)

Figure 3.5 Model of ring laser resonator. For phase-matching Ei =£2.

The cavity modes determine the discrete frequencies within the lasing medium gain 

bandwidth at which lasing is possible. For this simple model the refractive index was 

assumed constant. The index in a real resonator may be different if different materials 

are comprising different sections of the resonator, and an average effective index for 

the cavity round-trip will result. In addition the index may vary in a fibre laser 

resonator with absorption, intensity, and so on. Clearly to reduce the number of 

modes oscillating in a standing-wave cavity the resonator length needs to be 

minimised. For erbium fibre lasers there are other factors, such as concentration 

quenching described in Section 3.2, which limit how short the laser cavity can be 

fashioned for efficient operation. There are however several mechanisms which can
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reduce the number of cavity modes oscillating in a resonator of given length, 

including the use of coupled cavity resonators.

Multiple-mirror cavities or interferometric cavities offer a means of determining the 

spacing of cavity modes from several cavity properties and not just simple length 

considerations. When using these techniques, several linear or ring cavities are 

interconnected, with the phase matching conditions for resonance having to satisfy all 

coupled cavities simultaneously. These techniques generally result in increased cavity 

mode spacing, and are thus often considered for linewidth control applications 

[Smith]. An example of coupled-cavity operation of an erbium-doped fibre laser is 

discussed in Chapter 4.

3.4 SPATIAL HOLEBURNING

The number of modes making up a laser spectrum can thus be seen to be determined 

by several factors, including the gain bandwidth and the spacing of the passive cavity 

modes. However the most important phenomenon which will lead to the onset of 

multi-mode oscillation is the effect of spatial holebuming on the gain medium 

[Siegman]. The spatial distribution of the population inversion determines the gain of 

different cavity modes and, therefore, which mode or modes will lase [Zayhowski].

When a gain medium is pumped within a laser cavity, the cavity mode with the 

highest inversion and which therefore experiences most gain on a round-trip of the 

resonator will reach lasing threshold first. The presence of wavelength-selective 

elements in the cavity will influence which mode experiences most net gain. In 

addition, for a longitudinally-pumped three-level laser such as an Er^"*"-doped fibre 

laser, the gain spectrum is strongly influenced by the length of the gain medium and 

the level of pump power. Once one mode is lasing and the pump rate is further
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increased, another mode may or may not oscillate, depending primarily on the 

linewidth broadening mechanisms in the gain medium and on the presence or absence 

of spatial holebuming.

Under steady state conditions and in a gain medium which is ideally homogeneously 

broadened only the first mode to reach threshold should oscillate. Every ion in this 

ideal medium has exactly the same lineshape, thus as the material is pumped and the 

population inversion in a transition increases, the magnitude of the gain increases 

without changing the line-shape until one mode reaches threshold and begins to lase. 

Once this mode is lasing the gain profile is clamped in magnitude with only one mode 

above threshold. As the medium is pumped harder the gain profile cannot move 

higher, or the situation would arise in which gain exceeds the cavity losses for the 

lasing mode and the mode would continue to grow in power. Thus in this ideal 

situation only one mode will oscillate. Additional pumping will increase the power 

in the mode but will not allow more modes to oscillate.

In an inhomogeneously broadened transition by contrast many modes can oscillate 

simultaneously. Each ion in the gain medium can have a slightly different gain 

profile, and when one mode reaches threshold it saturates the gain medium only for 

that group of atoms resonant at the frequency of that mode. It saturates the gain 

profile at that frequency to the point at which gain equals loss, while at other 

frequencies gain can still increase as the medium is pumped. Thus depending on the 

width of the gain curve and the spacing of the passive cavity modes, many modes can 

simultaneously oscillate, given sufficient pump power. This behaviour is described 

as spectral holebuming.

Regardless of the broadening mechanism, the most dominant effect leading to multi­

mode oscillation is spatial holeburning in the gain medium. Spatial holebuming can 

have several forms [Siegman] but the aspect of interest here arises due to two waves 

travelling in opposite directions giving rise to standing-wave pattern in the optical
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intensity. Each laser mode in a standing-wave resonator sets up a well-defined 

standing-wave pattern within the gain medium, with peaks and nulls in the optical 

intensity spaced by X/2n, where n is the effective index of the resonator. The 

population inversion will have a corresponding distribution and be periodically 

saturated with the same period, leading to the possibility of other modes being able 

to fit into the nulls left by the first mode to receive sufficient gain the achieve 

threshold.

The situation can be analysed by considering a low-loss cavity which allows a 

standing wave to be formed by the oppositely travelling waves Ii(z,t), 12(2,t) (linearly 

polarised with the same polarisation) with propagation constants ±j3, such that a 

standing wave is formed in the optical intensity I(z):

Z(z)=/,(z)+/2(z)+2y^cos(2pz) (11)

Only the axial component of the intensity is considered, and thus a plane-wave 

approximation for the mode profile is taken. In a homogeneously saturable gain 

medium the population inversion, AN(z), will be saturated according to the spatial 

distribution of the optical intensity and have a form given by [Siegman][Zayhowski]:

A?^(z)=
AjVp

1^
AjVo

(12)

^ i^Z,(z)+/2(z)+2^/7^cos(2Pz)

where AA/^ is the maximum population inversion and l^^ is the saturation intensity of 

the gain medium. The saturation intensity is that which reduces the gain coefficient 

to half its small signal value, and is defined by:
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2^ C^21^21
(13)

The form of the optical intensity of a mode and the resulting saturation of the 

population inversion are illustrated in Figure 3.6. The periodic nulls and peaks in the 

population inversion are known as spatial holeburning.

z
Figure 3.6 Standing-wave pattern of the optical intensity of a laser 
mode giving rise to spatial holebuming in the gain medium.

Spatial holebuming can have various consequences, such as reduced competition 

between certain modes, the strength of the effect depending on how the modes fill the 

cavity and how one mode will fit into the peaks and troughs of the population 

inversion spatial distribution caused by another mode. When spatial holebuming 

occurs it can affect the spectral content of a laser by favouring particular modes. As 

a result the spectrum may be made up of modes with a larger mode spacing than
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would be indicated by the passive mode spacing. Rather than the adjacent mode 

experiencing most gain as would be indicated by the shape of the gain curve another 

mode for which the peaks of the optical intensity fall into the undepleted part of the 

gain medium may encounter more gain in the round-trip of a resonator.

Practical insight into the effects of spatial holebuming can be gained from calculations 

on the model illustrated in Figure 3.7. In this model a Im length laser cavity is 

considered, with one mode oscillating with mode number k;. This mode will set up 

a standing-wave pattern due to the two oppositely-travelling waves resulting in a 

depletion of the population inversion with spatial variation, AN,(z), of the form:

AAT (z) =----------- 1---------
^2+COS(7t^lZ) (14)

I*-----------------

where Ky, K2 and K3 are constants. If another mode with mode number k2 is to 

oscillate then it will result in an intensity pattern, l2(z), of the form:

72(2) = K^ +005(11^22) (15)

where K4 is a constant. With only the first mode oscillating the gain available for a 

second mode, G2, will scale by the overlap integral:

^2 /’^^2(2)^M(^)^^ 
J a

(16)

where the gain region extends from a to b as shown in Figure 3.7. Using this model 

calculations can be performed to determine which mode sees the most gain once the 

first mode is oscillating. In the following calculations the cavity length is assumed to 

be 1 metre and the mode number of the first mode to oscillate in each situation is
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chosen to simulate operation at about 1.55/^m. In practice, for a different cavity 

configuration it may not necessarily be the case that the same mode will be the first 

to lase, but this assumption does not affect the general results of the analysis. The 

calculations are intended to illustrate how spatial holeburning can affect modal 

structure without attempting calculate the exact mode structure, and hence the gain 

profile is assumed to be flat, the intensity of the mode uniform along the entire 

length, while only the region in which the gain occurs is varied. It is also assumed 

that the round-trip loss in the resonator is low, to allow the existence of a well- 

defined standing-wave pattern. For resonators with large loss the mode intensities will 

not oscillate as strongly spatially, and spatial holeburning effects will be reduced.

mirror mirror

I
 gain region ■

0 a b I
-------- ► z

Figure 3.7 Resonator model used to model the effects of spatial 
holeburning. Cavity length Im, with gain region extending from a to 
b.

Illustrative examples of the effect of spatial holebuming on the laser spectrum can be 

seen from considering a 1 metre laser cavity in which the gain medium occupies only 

a 10cm region. If the central mode is oscillating at a wavelength of about 1.55/xm 

then Figures 3.8, 3.9 and 3.10 show which modes have the most gain if the gain 

region is at the end of the cavity, a quarter way along the cavity length and in the 

centre of the cavity respectively, with the gain being calculated from Equation 3.16 

by numerical integration, with a and b defining the gain region. The gain is calculated
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for individual modes close to the central mode. The mode with the most gain is at 

quite different spacing in each case, in this example spaced at the 14* mode for the 

case of the gain at the end of the cavity, the 4* mode with the gain medium centred 

a quarter distance along the length, while the second mode sees most gain if the gain 

medium is in the centre of the cavity.

Mode number from central mode

Figure 3.8 Gain available to modes close to central mode after central 
mode lasing. Gain in region 0-0. Im, cavity length Im.
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Mode number from central mode

Figure 3.9 Gain available to modes close to central mode after central 
mode lasing. Gain region 0.2m-0.3m, cavity length Im.

Figure 3.10 Gain available to modes close to central mode after 
central mode lasing. Gain region 0.45m-0.55m, cavity length Im.
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Gain region Mode from central mode 
with most gain

0-0. Im

0-0.2m yth

0-0.3m 5"*

0-0.5m 3rd

0.2-0.3m 4th

0.15-0.35m 4 th

0.1-0.4m 4th

0.45-0.55m 2nd

0.4-0.6m 2nd

0.3-0.7m 2nd

Table III.I Next mode with most gain after central mode 
@1.55/Ltm lasing. Resonator length Im.

Table III.I indicates other examples of the next mode with most gain for various 

positions and lengths of the gain region in a 1 metre laser. Some general observations 

which arise from this analysis include:

• As the length of the gain medium increases the depth of modulation 

in the amount of gain available decreases. Eventually as the gain 

medium occupies the entire cavity all modes will have equal probabil­

ity of having most gain after one mode is lasing.

• The maximum in the amount of gain available always occurs for a 

mode close to the central mode. This is because the correlation 

between modes decreases as the difference in mode numbers increases. 
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This will be accentuated in a real laser medium which not have a flat 

gain profile, but will generally have a gain peak at the wavelength of 

the central mode.

• Placing the gain medium at one end of the laser cavity maximises 

the spacing between preferred modes, placing the gain medium in the 

centre of the cavity minimises the spacing between preferred modes.

Spatial holeburning can thus have a significant effect on the spectral characteristics 

of a fibre laser when the spectrum is observed on the scale of individual modes. It 

is one of the most significant effects leading to multimode oscillation, but careful 

cavity design to eliminate spatial holeburning can lead to single-longitudinal-mode 

operation. However in the case of a standing-wave resonator, to ensure single- 

longitudinal-mode operation we require that the total gain is less than the round-trip 

loss for all other modes. This analysis has not been taken as far as defining formulas 

for the laser designer to design a single-longitudinal-mode laser, but as an indication 

of the possible effects of spatial holebuming. Chapter 5 describes experimental fibre 

laser configurations which operate in a uni-directional mode within the gain medium 

in order to eliminate spatial holebuming, resulting in single-longitudinal-mode 

operation.

It should be noted that although controlling spatial holebuming could be used to 

achieve single-longitudinal-mode operation in standing-wave resonators, such 

operation is not easily achievable in fibre lasers with long resonator lengths and long 

distributed gain regions in which the wavelength is considerably smaller than the 

length of the gain region. In addition, fibre laser resonators will often have complex 

structures leading to high round-trip losses, making the effects of spatial holebuming 

less dominant. Controlling spatial holebuming in standing-wave resonators is more 

suited to single-frequency operation in short lasers with short gain regions, such as 

microchip lasers [Zayhowski]. Chapters 4 and 5 will illustrate how single-frequency
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operation can more easily be achieved in erbium-doped fibre lasers in resonators 

without spatial holebuming than in resonators with spatial holebuming.

3.5 STATISTICS OF LASER LIGHT

By designing a laser resonator to control the properties described above, i.e., the gain 

bandwidth, passive cavity mode spacing and the effects of spatial holeburning, single­

longitudinal-mode operation can be achieved in Er^^-doped fibre lasers, as will be 

described in the following chapters. Once single-longitudinal-mode operation is 

achieved the ultimate linewidth limit is determined by the statistics of the laser light. 

Ideal laser light can be considered as a purely monochromatic signal with fixed 

amplitude Eq, frequency Sjq and phase <^>, with the radiation field being:

eM = R£ (17)

Real laser light, although being highly monochromatic compared to other light 

sources, has a finite spectral width with the ultimate linewidth limit of a single­

longitudinal-mode laser being determined by the spontaneous emission noise generated 

by the gain medium and the linewidth or Q of the passive cavity.

A model commonly used to describe the effects of the spontaneous emissions and the 

resulting phase fluctuations of the laser signal is the rotating phasor model [Yariv], 

[Henry], A variation on this model will be used in Chapter 6 when describing the 

effects of randomly-phased spontaneous photons from an erbium-doped fibre amplifier 

on the amplification of narrow-band signals. A real laser field undergoes random 

fluctuations of both phase and amplitude and hence can be represented by:

e(f) = Re ^^^^
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The source of the fluctuations is the spontaneous emission of photons by the gain 

medium. Whereas stimulated photons are in phase with the stimulating photons, the 

spontaneous photons are not coherent with the laser field. The spontaneous photons 

add to the field, with the random nature of the photon phase giving rise to phase and 

amplitude fluctuations.

The phasor model is depicted in Figure 3.11. The ideal laser field can be represented 

by a rotating vector with rotation rate 5)o. The length of the vector is proportional to 

the signal strength. The phase of the signal can be altered by spontaneous emissions 

and by the effects of acoustic disturbances and thermal drift on the laser cavity. The 

effect of one spontaneous emission photon is to add one uncorrelated event of unit 

length. This gives rise to an angular variation 4) and a change in the field phase ^6. 

The angle <j) of the spontaneous photon is a random variable uniformly distributed on 

(-TT, tt). The resulting random process is both stationary and ergodic, i.e., the 

statistical properties are independent of the time origin and a sample at any time will 

reveal the statistics of the process as a whole [Goodman].

The phase of the laser light is modelled as uniformly distributed on (-tt, -tt) or 

equivalently to undergo a random-walk process. The Weiner-Levy process is used to 

model the phase fluctuations [Moslehi]. The phase is modelled as a non-stationary 

zero-mean Gaussian random process for which the statistics of the phase difference 

are [Goodman], [Moslehi]:

(l)(y4>(y “ min(t^,y

where L, t,, are arbitrary instants of time. These properties are also characteristic of 

a diffusion process and of Brownian motion of a free particle. The Weiner-Levy 

process has the property that although the process is non-stationary its first increments
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are stationary and independent. Thus the first increment of the phase, or the phase 

difference A</)(t)=A(/)(t)-A(^(0), is a zero-mean Gaussian random process. The 

probability density function (PDF) of A</)(t) is hence of the form:

(20)

where a^^.^, is the variance of the phase difference. By using Equation 3.19 it can be 

shown that:
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[<t>(y-<i>(y]^ = <i)^(ta)+<i)^(<i)-24i(y4>(y

where T^t^-tb- and k is a proportionality constant related to the laser source spectral 

purity. Hence the statistics of the laser light show that the mean squared phase 

difference is simply proportional to the time difference between the two instants of 

time. Using the Wiener-Khintchine theorem the power spectral density (PSD) of the 

field spectrum is given by the Fourier transform of the field autocorrelation. 

Assuming the field amplitude is constant, Eq, the autocorrelation Rj(T) is:

R/t) = e(f+x)e*(r)
(22)

Now:

e^^*^'^ = /_/^*^'^Pa*(^4>)<^(A(1>)
(23)

4^|t|
€

Hence taking the Fourier transform of Ri(7) using Equation 3.22 the field spectrum 

can be shown to be:

5(v) = ------------^------- -
l+[2%T/v-Vo)f

(24)

where T, is related to the proportionality constant k by Tc=2/k [Moslehi]. The PSD
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of the signal spectrum corresponds to a Lorentzian-shaped function centred at the 

laser centre frequency uq.

Equation 3.24 is the quantum-limited spectral density of the laser light. The quantum 

limit to the laser linewidth occurs when only spontaneous emissions give rise to phase 

fluctuations of the laser field. In this limit the Lorentzian-shaped profile will have a 

full width at half maximum of:

A^ = ^^^Ax^Ax^^ (25)
p

where Au^ is the passive resonator linewidth, P is the power in the laser cavity and 

p. is the inversion factor defined by ^ =N2/(N2-N|)&. This expression is known as the 

Schawlow-Townes linewidth after the co-inventors of the laser who first derived it 

[Schawlow].

The quantum limit would suggest that the linewidth limit for an erbium fibre laser 

operating at 1.55^m with a Im cavity and output power of ImW is of the order of 

IHz. The narrowest fibre laser spectra yet obtained are of the order IkHz [Iwatsuki] 

and thus several orders of magnitude above the Schawlow-Townes limit. As will be 

explained in the following chapters, the long resonator lengths associated with fibre 

lasers make then susceptible to changes in cavity lengths due to thermal effects and 

acoustic vibrations, thus imposing limits on obtainable spectral widths. The measured 

linewidths are associated with the mechanical construction of the resonator rather than 

the limits imposed by spontaneous emissions.
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3.6 SUMMARY

In this chapter the major factors contributing to the determination of spectral 

characteristics of erbium-doped fibre lasers have been described. These factors 

include the gain bandwidth of the erbium-doped fibre, the passive cavity mode 

spacing and the effects of spatial holebuming on the gain medium caused by the 

standing-wave pattern of a laser mode. The statistics of the laser light once single­

longitudinal-mode oscillation is achieved were described. The next two chapters will 

describe how with the constraints imposed by these properties, erbium-doped fibre 

lasers can be designed to achieve narrow-linewidth and single-longitudinal-mode 

operation.

It is beyond the scope of this work to modify the glass host in which the active 

erbium ions are sited in order to modify the gain bandwidth, however Chapter 4 will 

describe how the multi-pass gain bandwidth can be significantly reduced by the use 

of a narrow-band wavelength-selective fibre grating reflector or distributed Bragg 

reflector (DBR) to achieve very narrow linewidth lasing. Fibre laser resonator lengths 

are usually quite long and with spectra hence containing many passive cavity modes, 

however Chapter 4 will also describe the effects of changing the length of a fibre 

laser resonator on the number of modes oscillating. In addition, the application of a 

coupled-cavity fibre laser resonator to alter the passive cavity mode structure for 

narrow-linewidth operation will be described.

The controlled use of spatial holeburning effects to produce single-longitudinal-mode 

operation in a standing-wave resonator is more suited to short laser cavities than to 

those utilised with erbium-doped fibre lasers. Chapter 5 describes how the elimination 

of spatial holeburning, the fundamental cause for multi-mode operation, by achieving 

travelling-wave operation is a powerful technique for achieving single-frequency 

operation. It will be demonstrated, in the first operation of a travelling-wave fibre 

laser, how this technique is viable in erbium-doped fibre lasers to achieve very
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narrow linewidths. A travelling-wave resonator will be described in which lasing 

occurs with a linewidth less than lOkHz.
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Mode Selection Techniques - 

Standing-Wave Resonators

4.1 INTRODUCTION

Mode-selection techniques, often involving complex coupled-cavity resonators, are 

commonly implemented to achieve narrow linewidth and single-frequency operation 

in a variety of laser systems [Smith 1972], These techniques are one approach to 

achieving' single-longitudinal-mode operation in a fibre laser. Mode-selection 

techniques operate by ensuring that only one passive cavity mode of the laser falls 

within the gain bandwidth to attain threshold. Lasers in general and fibre lasers in 

particular have output spectra which consist of modes at a number of closely-spaced 

frequencies spread over a broad bandwidth, as was discussed in Chapter 3. Narrow- 

linewidth or single-longitudinal-mode output can be obtained in many standing-wave 
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laser resonators either by reducing the resonator length or by using interferometric 

techniques in complex laser resonators to achieve enhanced mode selectivity. The 

basis for these techniques were explained in Chapter 3.

This chapter describes two mode-selection techniques which have been investigated 

with the aim of producing single-frequency operation of erbium-doped fibre lasers, 

and have resulted in very narrow spectral width operation. The first technique, 

described in Section 4.3 is one of the simplest cavity configurations for narrow- 

linewidth operation, made up of a short Fabry-Perot laser incorporating a narrow­

bandwidth distributed Bragg reflector to reduce the bandwidth for multi-pass gain. 

The second technique, described in Section 4.4, is a novel coupled-cavity resonator 

which operates by the interaction of orthogonal polarisations in a single-mode fibre. 

Prior to examining these laser resonator structures Section 4.2 describes progress 

towards the fabrication of very-narrow-band distributed Bragg reflectors, one of the 

most important devices for mode selection and wavelength selection in fibre lasers. 

The fabrication process is not yet complete, however once complete this reflector will 

also have application in fibre-based sensors and the fabrication technique for 

producing diffraction gratings can be adapted for linewidth narrowing of planar 

waveguide glass lasers.

4.2 FABRICATION OF NARROW-BAND DISTRIBUTED BRAGG 

REFLECTORS

4.2.1 Introduction

Distributed Bragg reflectors (DBRs) with narrow reflection bandwidths are important 

devices for producing narrow-line and single-longitudinal-mode operation in erbium- 

doped fibres. DBRs can be used to increase the resonator frequency selectivity and 

to set the wavelength of operation very precisely within the doped fibre gain
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bandwidth. The gain curve of the Er^* ‘*1,3/2 ^ ‘^Ii5/2 transition can be very broad in 

silica-glass fibre lasers, therefore DBRs or other frequency selective elements are 

often necessary to reduce the bandwidth over which round-trip gain can occur in the 

laser cavity in order to achieve oscillation on a limited number of longitudinal modes. 

Whereas the gain bandwidth of the erbium-glass system is not significantly altered by 

glass composition [Sandoe] the cavity round-trip gain bandwidth can easily be 

narrowed by the use of a narrow-band reflector. In addition the reflection centre 

wavelength of the DBR can be used to set the wavelength of operation of a travelling­

wave fibre laser within the broad gain curve, as will be described in Chapter 5. Fibre 

DBRs will also provide a route to integrated, all-fibre narrow-linewidth fibre lasers.

Fibre DBRs were first proposed as a grating coupler which was applied as a high- 

resolution spectrometer [Russell]. This device produced guided mode to radiation 

mode coupling with the direction of radiation depending on wavelength of the guided 

mode. An extension on this technique to produce coupling into the guided backward 

direction in a single-mode fibre, and thereby provide narrow-band reflection, was 

demonstrated by placing a metal grating in the evanescent field after side-polishing 

the fibre to expose the core [Sorin], Further developments of this technique have 

resulted in high reflectivity (>90%) narrowband DBRs. Best results to date for these 

evanescent field devices are produced by fabricating corrugations on the fibre core 

itself to achieve a surface-relief grating [Bennion] [Rowe].

Single-longitudinal-mode operation in an Nd^‘*'-doped fibre laser has been demon­

strated with a short fibre laser cavity incorporating a fibre DBR [Jauncey 1988], and 

narrow linewidth operation has been demonstrated in an E?'^-doped fibre laser 

[Jauncey 1987], High erbium concentrations are required to produce low threshold 

operation in short resonators. Difficulties producing efficient operation at very high 

concentrations means that very narrow-band reflectivities are necessary to enable 

sufficiently low-doped fibres to be used for single-frequency operation. The 

fabrication techniques described in this section have been developed to provide
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surface-relief DBRs with sufficient resolution for this application by improving the 

length and uniformity of the interaction region. This provides a very narrow-band 

reflection to enable long (>50cm) erbium-doped fibres to be used to achieve single­

longitudinal-mode operation.

4.2.2 Device Operation

The distributed Bragg reflector operates by the interaction of the evanescent field of 

the single-mode fibre mode with a periodic structure. The grating is formed such that 

the distance between the grating and the core is small enough to allow the grating to 

interact with the evanescent field of the guided light. To produce the first-order Bragg 

reflection in the backward direction the period of the grating, A, should satisfy the 

condition:

A = A (1)

where Xq is the free-space wavelength of the light and 0^^ is the effective refractive 

index of the guided mode. Once this condition is satisfied the incident mode is 

coupled to a reflected guided mode via the first-order Bragg reflection.

Using the coupled-wave solution for slab waveguide gratings the DBR structure has 

been modelled [Rowe]. Following this analysis it can be seen that the reflection 

bandwidth follows the approximate relation:
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— = - (2)

where L is the interaction length of the DBR. Hence to produce very narrowband 

reflections requires the fabrication of DBRs with long interaction length L. This 

requires both a long length of the exposed core region and a uniform grating 

extending over this length. This work aims to produce fibre gratings with interaction 

lengths ~ 1cm and reflection bandwidths <0.1nm. This reflection bandwidth should 

allow a resonator length of about 30-50cm to be used to achieve single-longitudinal­

mode operation. With this resonator length a fibre with sufficiently low erbium 

concentration should be able to be used to achieve lasing, thereby avoiding 

degradation of performance associated with high erbium concentrations.

4.2.3 Distributed Bragg Reflector Fabrication

The two major differences between the fabrication techniques outlined below and 

those employed by other workers fabricating relief gratings occur in the fibre side­

polishing and holographic exposure steps. Both of these were designed in this work 

to improve the length and uniformity of the DBR.

4.2.3.1 Fibre Polishing

Obtaining a long even grating interaction length for efficient operation of the exposed 

field device is one of the limitations of previously published techniques for fabricating 

DBRs. In previous work the fibre has been mounted in a curved [Rowe] or straight
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[Ragdale] V-groove in a silica block and the block and fibre polished to expose the 

fibre core. With the curved-groove technique even for a radius of curvature as large 

as 800mm the interaction length is only a few millimetres because the fibre is 

polished tangentially to the core. In addition the tangential polish results in a slight 

unavoidable effective chirp in the grating. Longer chirp-free lengths are possible with 

the flat V-groove technique but the difficulty then is to polish exactly parallel to the 

core axis for the polish length.

To obtain a long even interaction length a fibre polishing technique based on a 

rotating polishing wheel is used [Hussey]. This technique was chosen because it 

enables a very long interaction length to be achieved while ensuring that the polished 

flat is parallel to the core of the fibre, thus obtaining a long, even interaction region. 

The long polished flat is achieved by utilising the natural strength and concentricity 

of the optical fibre to aid the polishing process.

The fibre is polished by draping a section of fibre, with the outer jacket removed, 

over a diamond polishing wheel as illustrated in Figure 4.1. Applying tension to the 

fibre ends ensures the fibre is in intimate contact with the wheel. The polishing wheel 

is lubricated with liquid paraffin which has a refractive index matching that of the 

guided mode of the fibre. A signal is passed through the fibre, the signal attenuation 

being used to monitor the polished depth. The signal is attenuated as the polish depth 

approaches the core and the field interacts with the liquid paraffin. This has an index 

matching the index of the guided mode and hence prevents the fibre from guiding as 

the polished flat approaches the core. Monitoring the decrease in the transmitted 

signal the polishing is stopped once the transmitted signal has reduced by a level 

indicating that the polished depth is within a micron of the core [Minelly].

With a tension of 35g applied to the fibre end the fibre is first coarsely ground with 

a diamond polishing wheel to expose the fibre core until the transmitted signal 

reduced by 40-50dB for a polish length of 1cm, which indicates that the ground
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Figure 4.1 Schematic of apparatus used to produce side-polished 
optical fibres. [Courtesy of J.D. Minelly]

surface is approaching the fibre core. The polishing wheel is then covered with a 

polishing cloth soaked with a water suspension containing CeO2, and the fibre finely 

polished for about 5 minutes under a tension of 5g. After polishing the fibre is 

cleaned and mounted on a glass slide with the polished flat facing upwards, ready for 

further processing. The attenuation of the signal passing through the fibre is 

monitored with a high index liquid (1.668) on the polished flat, in order to check the 

polish depth. Attenuation of 40dB with overlayer index n = 1.668 and for a 1cm 

polished section indicates the polished depth is within 1 micron of the fibre core 

[Minelly].
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4.2.3.2 Holographic Photolithography

Once the fibre core was exposed by the side-polishing process, a grating was formed 

in a photoresist laser on the polished flat by holographic exposure of blue/UV 

sensitive photoresist to an interference pattern from two laser beams. A new simple 

holographic exposure system was developed to expose long, even diffraction gratings 

in the photoresist.

To produce diffraction grating in photoresist it was first necessary to have a thin, 

uniform layer of photoresist on the fibre surface. The photoresist used in the process 

was the Shipley Microposit S1400 series which is normally exposed by light sources 

in the range 350-450nm. In this case exposure was by Argon-ion laser light with 

wavelength 457.9 nm which is slightly beyond the strongly absorbent region. As a 

consequence long exposure times —10 minutes were necessary.

A thin layer of photoresist with thickness — lOOnm was produced by spin coating and 

then baking the photoresist. Spin coating is normally employed only with flat 

substrates, but as in this application the polished fibre was not mounted flush with the 

glass slide on which it was mounted, the spin coating process had to be adapted to 

ensure a regular photoresist layer was formed on the polished fibre. The photoresist 

thickness had to be less than — 150nm (<X/4) in order to avoid three-dimensional 

layers of gratings when exposing with interfering laser beams. In addition, because 

the surface was small, the photoresist had to be spun until dry in order to prevent 

bulging of the photoresist in the centre of the fibre when drying. Bulging on the 

centre of the polished flat would result from surface tension of the liquid photoresist 

on the lOOjum fibre polished flat if the photoresist were not dry when the spinning 

ceased.

Taking these factors into account the following steps were followed to produce the 

appropriate thickness of photoresist on the polished fibre:
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1. The fibre surface was thoroughly cleaned in boiling RBS 35 (made by 

Chemical Concentrates (RBS) Ltd.), then rinsed and dried in an oven at 

100 ®C to evaporate any residual solvents.

2. To ensure maximum adhesion the fibre was covered with Microposit 

Primer for 10 seconds and spun at 4000rpm for 120 seconds until dry.

3. The fibre was covered in a Photoresist solution consisting of three parts 

S1400-17 Photoresist with one part Microposit Primer and spun for 360 

seconds at 5000rpm until dry.

4. The photoresist and fibre were baked for 20 minutes at 90°C ready for 

exposure.

A diffraction grating was formed in the photoresist by holographic exposure to light 

from an Argon-ion laser with the system illustrated in Figure 4.2. Generally, 

holographic exposure of gratings requires expanded beam light delivery systems 

incorporating lenses and mirrors [Walpita]. The system developed in this work and 

illustrated in Figure 4.2 consists simply of a single-mode fibre coupler as a 50/50 

beamsplitter with fibre leads used to deliver the beams. The fibre ends were cleaved 

to act as a beam expansion system and the fibres pointed at the interference plane to 

set the interference angles and grating pitch. Large areas can be exposed with this 

system. The limitation is how flat the wavefronts are at the substrate surface. The 

distance between the fibre ends and the substrate must be sufficiently large that the 

wavefronts are approximately flat. To prevent light reflection from the back surface 

of the glass slide, which would set up orthogonal standing-waves in the photoresist 

layer, the back surface was index-matched.

Exposure with 457.9nm light from the Argon-ion laser means that long exposure 

times are necessary to fully expose the photoresist with the grating pattern, as this
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Difference amplifier

Figure 4.2 Holographic exposure system used to expose relief gratings 
in blue/UV sensitive photoresist. Angle between interfering beams 
determines grating pitch.
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wavelength is beyond the strongly-absorbent region of the photoresist. Active 

stabilisation of the interference pattern was necessary. The stabilisation was also 

required to eliminate any phase differences between the optical paths arising from 

acoustic and temperature disturbances picked-up by the optical fibres. The 

stabilisation system was a closed control loop consisting of a cube beamsplitter 

producing a dark fringe and a light fringe on a pair of photodiodes, an amplifier to 

amplify the difference signal from the pair of photodiodes to monitor the movement 

of the interference fringes, and a piezo-electric transducer to translocate the end of 

one of the fibres to maintain a constant path difference.

To set up the optical paths the fibre angles were first set and the paths approximately 

matched to ensure that the path difference was less than the coherence length of the 

exposing laser. The cube beamsplitter was oriented to act as a beam combiner in a 

Mach-Zehnder interferometer so that one photodiode was located in a dark fringe 

while the photodetector on the other side of the cube beamsplitter detected a bright 

fringe from the interference pattern. The photodetector signals were used to derive 

a difference signal which was passed through an integrator and amplifier before 

being amplified across the piezo-electric transducer through which was mounted one 

of the fibre ends. This signal was used to adjust the path difference, and when in a 

closed loop a constant difference signal was achieved thus stabilising the interference 

pattern.

With this exposure system the photoresist-covered polished fibre was placed in the 

interference pattern at the interference plane and exposed for 9-12 minutes. Following 

the exposure the fibre was immersed in Shipley Microposit Developer for 5 seconds 

to develop the grating relief pattern, the fibre rinsed to stop the developing process 

and dried. At this stage a surface-relief grating has been formed on the polished flat, 

which will weakly interact with the fibre mode evanescent field.
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4.2.3.3 DBR Evaluation

Two measurement techniques were used to evaluate the DBRs formed with the 

photoresist gratings. The first measurement, to measure diffraction of light out of the 

fibre by the grating was performed as an initial observation of diffraction from the 

grating, to ensure that the grating was present on the polished fibre and that the pitch 

was approximately correct. The second measurement was a direct measurement of the 

grating reflectivity and reflection bandwidth.

The first measurement used the fibre grating as it was first proposed, as an in-line 

single-mode fibre-optic spectrometer [Russell], Light was launched into the fibre and 

through the DBR. Some of the light passing through the DBR is diffracted out of the 

fibre and emerges into free space above the grating as a half-cone of light, with the 

angle of the cone to the fibre axis, 5x, depending on the wavelength as:

cos6, = zi + — (3)
A

where n is the effective index of the mode, X is the wavelength of the light, A is the 

grating pitch and k (integer) is the order of the diffraction (see Figure 4.3). Passing 

light from an argon-ion laser through the fibre and measuring the angle of the 

diffraction out of the fibre was a quick method of checking the strength of the grating 

and of estimating the grating pitch, A.

After ensuring that the grating was present with the measurement described above, 

the reflection bandwidth was measured directly by the system shown in Figure 4.4. 

An ELED was used to generate a broad-band signal in the 1.55;im region and was 

launched into a 3dB or 50:50 coupler. The DBR was spliced onto one of the coupler 

ports and the reflection bandwidth determined with monochromator. A sample 

reflection spectrum from a photoresist grating is shown in Figure 4.5. The strength
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Figure 4.3 Schematic of diffraction into radiation modes from a 
distributed Bragg reflector.

of the grating with only photoresist on the polished flat was weak, typically <2%, 

however the reflection bandwidth was resolution limited to <0.2nm, indicating that 

a long interaction region was achieved.

Monochromator
Figure 4.4 Measurement system for determining reflection bandwidth 
of DBRs. Resolution of monochromator O.lnm.
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Figure 4.5 Reflection spectrum from photoresist DBR. Reflectivity 
1.5%, Resolution 0.2nm.

4,2.3.4 Ion-beam Etching of DBR

The polishing and grating exposure steps as developed appear to be capable providing 

the required narrow-band reflection. In order to complete the device and enhance the 

reflectivity and durability, the corrugations in the photoresist are required to be 

transferred to the glass of the optical fibre. The development of this process has 

commenced, the technique being employed is reactive ion-beam etching (RIBE).

Reactive ion-beam etching is a dry, directional etching process by which a pattern 

photolithographically produced in photoresist can be transferred to a glass or other
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similar material. In RIBE, surface atoms are removed by momentum transfer from 

directed ions and chemical reactions, with the photoresist acting as a mask. A glow­

discharge plasma generates the etching environment consisting of positive and 

negative ions, electrons and radicals from a feed gas, in this case CHF3. The material 

to be etched is placed on a high-frequency driven and dc-biased electrode. Chemical 

reactions occur at the silica surface with radicals from the freon gas to produce 

volatile species. Positive ions are accelerated across the plasma to remove material 

by sputtering. The combination of chemical reactions and the directionality of ion­

beam sputtering result in high, anisotropic material erosion rates make this technique 

appropriate for etching the photoresist pattern into or close to a fibre core while 

achieving the appropriate resolution to etch patterns with <0.5/zm features. In 

comparison, wet chemical etching tends to degrade the geometry of sub-micron 

features by undercutting and solution saturation effects [Darbyshire].

An etching process is being developed with an Oxford Instruments ion-beam etcher 

to transfer the photoresist grating close to the fibre core. An etch depth of 0.5-l^m 

is required. Once the grating has been transferred to the fibre, a thin high-index 

overlayer material will be deposited on the grating and an index-matching oil with 

index close to the cladding value used in top of the grating. With no overlayer 

material the field strength will be low at the core boundary containing the surface­

relief grating. The overlayers will enhance the reflectivity, pulling the fibre mode up 

towards the grating [Rowe]. This process is currently being developed. Development 

of the process was initially stopped because attempts to perform reactive ion etching 

in a modified plasma sputtering machine failed to achieve sufficient etch resolution. 

Steps have started to re-characterise the process now that the Oxford Instruments ion­

beam etcher has been delivered, and progress is expected shortly.

A schematic diagram of the DBR fabrication process is illustrated in Figure 4.6. Steps 

(a)-(e) have been completed, while step (f) is still under development.
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(b)

(a)

(c)
lOOnm photoresist layer spin-coated onto polished flat

(f)

457.9nin Ai^on-ion beams

(e)

(d) Photoresist exposed byInterfering coherent beams

Grating developed In positive photoresist

Gluing transferred to fibre via reactive Ion etching

Figure 4.6 Process diagram of techniques used to fabricate narrow 
bandwidth distributed Bragg reflectors.
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4.2.3.5 Summary

Narrow-bandwidth fibre DBRs are important devices for use in narrow-linewidth and 

single-longitudinal-mode erbium-doped fibre lasers. Section 4.2 has described 

progress towards the fabrication of narrow-bandwidth surface relief gratings with 

reflection bandwidths <0.2nm. Towards this end, new fibre side-polishing techniques 

and actively-stabilised holographic exposure techniques have been developed to enable 

long, even interaction lengths required for narrow-bandwidth reflections. The 

development of the processes are not fully complete, the final step, which is still 

being developed, being reactive ion-beam etching of the photoresist pattern into the 

polished fibre surface.

Once complete these devices will enable single-frequency operation of erbium-doped 

fibre lasers, as described in Section 4.3. This type of resonator will provide selectable 

wavelength of operation via the grating pitch and stable wavelength operation. Other 

applications are likely to include wavelength selection in fibre lasers around 1.55^m 

and other wavelengths, and wavelength selectivity for wavelength division multiplexed 

communication systems and sensors. In addition the fabrication technology could 

easily be adapted for producing diffraction gratings on planar waveguide lasers, which 

may be of interest for active integrated optics devices [Mwaranai].

A comparison must be made between this technology for fabricating DBRs and the 

alternative technology of photorefractive DBRs [Meltz]. To fabricate photorefractive 

DBRs a refractive index grating is directly formed in a germania-doped fibre core by 

transverse holographic exposure to UV light. These devices may well supersede 

surface relief gratings for many applications, particularly a comparison of the 

fabrication techniques makes surface-relief gratings complex compared to photorefrac­

tive gratings. In contrast to the fabrication techniques previously outlined, photorefra­

ctive gratings can be produced noninvasively. Similar reflection properties are 

achievable in each technology [Ball]. One benefit to be gained from the surface-relief
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grating is the resulting polarisation sensitivity which may be useful in laser resonators 

to produce single-frequency single-polarisation devices. The fabrication technology 

of surface-relief DBRs is applicable to aliimino-silica, phospho-silica, phosphate and 

other multi-component glass fibres. Long term tests are required to determine whether 

photorefractive gratings are resilient to optical bleaching and will not degrade with 

time or temperature. Surface-relief gratings should remain robust without any 

degradation.

4.3 SHORT FIBRE LASERS WITH DBR REFLECTORS

4.3.1 Introduction

The simplest form of standing-wave single-longitudinal-mode laser is a short laser 

cavity in which the inter-mode spacing is large enough such that only one cavity 

mode can reach lasing threshold. This technique has been used effectively in many 

lasers systems, for example He-Ne gas lasers and many crystal lasers [Smith 1972]. 

These lasers, particularly gas lasers, have narrow gain bandwidths to make this 

technique viable. The width of the gain bandwidth and the long lengths normally 

required for efficient operation of fibre lasers mean that this simple technique is not 

feasible for single-frequency erbium-doped fibre lasers. Although a small degree of 

variation in gain bandwidth can be achieved by variation of the glass composition, it 

is not expected that a sufficiently small gain bandwidth could be achieved to enable 

efficient operation using a simple short fibre laser resonator. In order to make the 

technique feasible a filter needs to be incorporated into the laser to limit the 

bandwidth for which gain is possible, and one of the simplest forms this can take is 

the use of a frequency-selective reflector in the form of a DBR. The bandwidth of the 

laser is then limited to being within the reflection bandwidth of the Bragg reflector. 

The actual linewidth in the case of single-longitudinal-mode operation is much less
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than that of the grating reflectivity, typically related to the Schawlow-Townes limit. 

This technique was demonstrated in a neodymium-doped fibre laser in 1988 by 

Jauncey et, al. [Jauncey 1988]. To demonstrate single-longitudinal-mode operation a 

very short length of doped fibre was used (5cm) in conjunction with a DBR with 

reflection bandwidth 0.8nm to achieve lasing with linewidth 1.3MHz FWHM at 

1082nm.

In principle the technique of using a short cavity with a DBR can be directly applied 

to the Er^*-doped fibre laser scheme, although in practice it is more difficult to 

achieve in the erbium system. The reasons for this, as explained in detail in previous 

chapters, are because of the difficulty in obtaining efficient erbium-doped fibres with 

high dopant concentrations. Consequently it is an exacting task to achieve a short 

erbium laser. Demonstrating this technique requires far greater selectivity from the 

DBR than was required from the DBR in the neodymium-doped laser with a L3MHz 

spectral width [Jauncey 1988]. The requirement for a longer laser in the erbium- 

doped fibre case will result in passive cavity modes with larger spacing. For these 

reasons the narrow-band DBRs as described in Section 4.2 are under development, 

to allow long(>50cm) fibre lengths to be used to achieve single-frequency operation.

4.3.2 Experimental Results

This section describes experiments carried out to characterise the performance of 

short erbium-doped fibre lasers incorporating DBRs. The DBR used in these 

experiments was fabricated by Plessey Research Caswell Ltd. The techniques 

described in section 4.2 were not sufficiently developed to enable fabrication of a 

suitable grating at the time these experiments were performed. The grating was 

manufactured by side-polishing a single-mode optical fibre mounted in a flat V-groove 

in a silica block and forming a relief grating on the polished flat so that the
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evanescent field of the mode in the fibre interacts with the grating [Bennion]. The 

transmission characteristic of the grating is shown in Figure 4.7. The transmission 

characteristic was measured by passing a white-light signal through the grating and 

scanning the transmitted signal with a monochromator. The ripples in the transmission 

characteristic at wavelengths shorter than the reflection centre, as observed in Figure 

4.7, are caused by coupling to leaky modes. Corresponding peaks in the reflection 

characteristic do not occur [Bennion]. Being an exposed-field device the reflection 

characteristics of this type of DBR are sensitive to the refractive index of the 

overlayer. The measurement was taken while the grating had an overlayer of index 

matching oil with index 1.416. The DBR with this overlayer exhibited a reflection 

centred at 1.5533^m with half power width — 0.3nm.

In order to determine the modal characteristics and linewidth of a fibre laser 

incorporating the DBR, the grating was butt-joined to an erbium-doped fibre laser and 

a laser cavity formed with a dielectric mirror as indicated in Figure 4.8. The doped 

fibre used in these first measurements was a phospho-alumino-silicate fibre 

characterised by an E?* concentration of 800ppm, a NA of 0.15 and cut-off 

wavelength of \.=950nm. The fibre laser was pumped at 980nm by a Ti:sapphire 

laser and the fibre laser output measurements were taken from the signal transmitted 

through the DBR.
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Figure 4.7 Transmission characteristic of DBR fabricated by Plessey 
Research Caswell Ltd. Reflection bandwidth 0.3nm FWHM, 
reflectivity 70%. (Resolution O.lnm).

Mirror

Pump in

Signal out Doped Fibre
Distributed Bragg Reflector

Figure 4.8 Experimental configuration of short erbium-doped fibre 
laser incorporating distributed Bragg reflector.
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The modal behaviour and bandwidth of the laser were investigated for this resonator 

configuration. Initially a long length of doped fibre was used, and the length was 

progressively cut back, while monitoring the spectral characteristics. The laser length 

was thus decreased and the mode spacing increased. In reducing the length of doped 

fibre the gain and threshold behaviour of the laser are expected to change due to 

different population inversion properties arising from the three-level nature of the 

transition. Nevertheless the reflection bandwidth of the DBR will dominate in 

determining the bandwidth over which net gain will occur in the laser cavity and 

hence this technique should reveal useful information on the laser spectral width.

With an initial cavity length of 112cm, of which 25cm was the undoped fibre 

containing the DBR, the laser oscillated at the peak of the grating reflection as 

illustrated from the monochromator output illustrated in Figure 4.9. Passing the signal 

through a Fabry-Perot spectrum analyser, it was possible to resolve the number of 

modes in the cavity, spaced by 89MHz, illustrated in Figures 4.10 and 4.11. With 

112cm cavity length the laser output consisted of about five modes with overall 

spectral width of 450MHz. Assuming the passive cavity spectral width is determined 

by the reflection characteristics of the DBR the spectral width of the laser is a 

reduction in the passive cavity width by a factor of about 100.

As the spectral width of the laser is dominated by the reflection response of the DBR, 

reducing the cavity length should result in fewer modes oscillating. To verify this 

behaviour the cavity length was progressively cut back in steps of about 90mm. In 

each measurement the length of the undoped fibre remained constant at 25cm. The 

mode spacing and the number of modes oscillating was observed to change. The 

behaviour is summarised in Table 4.1. Also shown in Table 4.1 is the total width of 

the laser spectrum determined from the number of modes oscillating and the mode 

spacing. The total spectral width varies through the measurements by up to 25%, but 

this is explained by the precise spacing of the modes which depends on the cavity 

length. To a lesser extent variations in spectral width were due to variations in laser
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Figure 4.9 Narrow linewidth spectrum of DBR fibre laser, resonator 
length 112cm. (Resolution O.lnm).

power due to gain reduction with decreasing doped fibre length. From this 

information it is possible to estimate the cavity length required for the laser to 

oscillate on only one longitudinal mode. Using this DBR with 0.3nm reflection 

bandwidth, a total cavity length of no more than 20cm is required.

In a three-level end-pumped laser there is an optimum cavity length to achieve 

minimum threshold, and as the cavity length decreases from the optimum length the 

threshold increases. The above measurements were performed with an Er^'*"-doped 

fibre with a concentration of SOOppm for which the optimum length for minimum 

threshold was approximately 1 metre. The final measurement in the above set used 

a doped fibre length of 21cm and with the available pump power it was not possible 

to achieve threshold with a shorter length of this particular fibre. Consequently it was 

necessary to use a more highly-doped fibre as the lasing medium to achieve threshold

88



Chapter 4

Figure 4.10 Modal structure of 112cm DBR fibre laser, determined 
from scanning Fabry-Perot spectrum analyzer,showing two free 
spectral ranges.

Power*

(linear)

Figure 4.11 Detailed structure of one FSR of short DBR laser with 
112cm resonator length.

with a shorter laser cavity length, the shorter length being expected to result in single­

longitudinal-mode operation. The drawback from increasing the dopant concentration
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doped 
fibre 

length 
(cm)

undoped 
fibre 

length 
(cm)

mode 
spacing 
(MHz)

number 
of 

modes

laser 
spectral 
width 
(MHz)

87 25 89 5 445

79 25 96 5 480

70 25 105 4 468

61 25 117 4 585

51 25 131 4 524

45 25 150 3 450

40 25 154 3 460

21 25 220 2 440

Er^"*" cone 800ppm NA 0.13 Xc 950nm

Table I Variation of modal behaviour for DBR laser as in Figure 4.5.

was, however, a reduction in efficiency, as discussed in Chapter 3.

In order to construct a shorter laser, a set of measurements were performed with 

several erbium-doped fibres with Er^^ concentrations of around 2000ppm. The first 

of these fibres, a phospho-alumino-silicate fibre with Er^"^ concentration 2200ppm and 

NA 0.13, exhibited low-threshold operation for a doped fibre length of 12-15cm. 

With a 10cm length of this fibre butt-joined to the DBR as in Figure 4.8 and with a 

total resonator length of 15cm lasing was achieved with only one mode evident on the 

Fabry-Perot spectrum analyser. Single-frequency operation was realised as predicted 

by the cut-back measurements described above. However the laser output was not 

CW but instead exhibited undamped spiking behaviour.

To investigate the nature of this pulsing or spiking behaviour which became evident
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only on short erbium fibre lasers with highly-doped fibre, measurements were 

performed using a variety of highly-doped fibres. One such fibre with E?* 

concentration of 2000ppm exhibited spiking behaviour for lengths less than about 

30cm when a laser cavity was formed simply by butting the fibre ends against high- 

reflectivity dielectric mirrors. This behaviour indicated that the pulsing was not 

related to the use of a narrow-band reflector. It was also verified by placing an 

isolator on the laser output that the pulsing was not caused by non-linear feedback 

from the detector. The fibre length was progressively cut back and the behaviour 

monitored. The results of the measurements are illustrated in Figures 4.12-4.15, 

Figure 4.12 shows the periodic behaviour for constant pump power. The behaviour 

is characteristic of undamped relaxation oscillations. Rather than damped sinusoidal 

behaviour normally observed in erbium-doped fibre lasers, the pulsing is periodic 

with the intensity dropping to zero between pulses. The threshold for the onset of 

lasing in this pulsed operation is a function of the fibre length as would be expected 

for a three-level laser system. Figure 4.13 shows threshold behaviour for this fibre 

as a function of length. The peak power of the pulses increases with the length of the 

doped fibre as illustrated in Figure 4.13. This figure indicates that high peak powers 

are observed, significantly higher than normally observed with relaxation oscillations 

in erbium-doped fibre lasers in which the peak power during relaxation oscillations 

is typically less than twice the CW power. The peak powers observed are however 

much less than are observed in Q-switched or mode-locked operation. Figure 4.15 

shows the variation of the maximum pulsation frequency with the doped fibre length, 

maximum frequency of pulsing occurring for the length showing minimum threshold.
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Power

Time S/xsec/div

Figure 4.12 Temporal behaviour of short fibre laser spiking for cavity 
length 25cm. Note the sharp rise and fall of the pulses and that the 
power becomes zero between pulses.

Figure 4.13 Variation of threshold for short laser spiking with fibre 
laser length. Dopant concentration 2000ppm.
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Figure 4.14 Variation of peak pulse power of short laser with cavity 
length. Mirror reflectivities 100% and 70%, Er^"^ concentration 
2000ppm.

Figure 4.15 Variation of pulse repetition frequency of short fibre laser 
with resonator length. Mirror reflectivities 100%, 70%, Er^"*" concen­
tration 2000ppm.

The pulsing behaviour is thought to be spiking or undamped relaxation oscillations. 

Such behaviour has been observed in a variety of laser and maser systems, from early
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in their development [Statz], Further investigation is required to determine the exact 

cause of the observed behaviour, however the behaviour was only observed for very 

short fibre laser resonators which were pumped at 980nm.

Spiking is not a new phenomenon, being observed in the first ruby laser. In the ruby 

laser case however, the spiking was not regular as in the situation observed with the 

short fibre laser. Spiking or relaxation oscillations normally damp down in a decaying 

quasi-sinusoidal fashion [Siegman]. Spiking is normally observed only if the decay 

time of the population inversion is substantially longer than the cavity decay time, as 

is the case for the short Er^'^-doped fibre laser. Spiking can also be triggered by 

changes in the pump rate or changes in cavity losses. Strong spiking as observed with 

Er^ ■'■-doped fibre lasers is consistent with the fluorescence decay being much slower 

than the cavity decay time.

Damped oscillations are normally observed because neither the cavity photon number 

or the population inversion drops to zero following a spike. The observed temporal 

behaviour of the short fibre laser resonator as illustrated in Figure 4.12 indicates that 

the photon number was zero, or very close to zero between pulses.

Although the undamped relaxation oscillations in the short fibre laser are not yet fully 

understood, the characteristics of the behaviour are that, firstly such behaviour only 

normally occurs for short resonator lengths, secondly the pulsing is undamped, and 

thirdly for short resonator length the behaviour is always exhibited even at low pump 

powers, although the pulse duration increases as the pump power is reduced.

With this evidence it is likely that the undamped behaviour is associated with the 

cavity decay time, which decreases as the cavity length is reduced. Spiking is also 

sensitive to pump modulation, and it is possible that as the population inversion is 

varied modulation in pump absorption occurs, leading to feedback in the pulsing cycle 

which drives the pulsing.
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4,3.3 Summary

Single-frequency operation has been achieved using a short-resonator arrangement, 

however CW operation was not obtained due to operation in a regime of undamped 

relaxation oscillations. The short fibre with DBR reflector technique requires very 

narrow-band selectivity from the DBR. The 0.3nm reflection bandwidth used in these 

measurements was not sufficient. It is expected that once the DBRs described in 

Section 4.2 are fully developed, the short laser technique will result in single- 

frequency CW operation. It has recently been demonstrated with photorefractive 

DBRs that once sufficient wavelength selectivity is achieved this technique will result 

in single-frequency operation [Ball].

It is difficult to calculate the gain/loss differential between adjacent passive cavity 

modes required to ensure single-longitudinal-mode operation. The magnitude of the 

gain/loss differential is extremely small. However, empirical observations have been 

made on the amount of spectral filtering required to produce single-longitudinal-mode 

fibre laser operation. The results presented above and other reported results .on single­

frequency and narrow linewidth operation [Jauncey] [Jauncey 1988] [Reekie] indicate 

that to achieve single-frequency operation in a standing-wave resonator the passive 

cavity mode spacing must be such that less than 100 passive cavity modes fall within 

the passive cavity bandwidth. This will normally ensure that the gain/loss differential 

between adjacent modes is sufficient for the resonator to support only one mode 

above threshold. An empirical design rule to ensure single-longitudinal-mode 

operation would be for the resonator to be such that only 50 passive cavity modes fall 

within the passive cavity bandwidth.
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4.4 COUPLED-CAVITY FIBRE LASERS

Complex resonator structures, often known as coupled-cavity lasers or multiple-mirror 

lasers, have been investigated in many types of laser systems. The resonance 

properties of such structures can be useful for several purposes, including spectral 

line-narrowing. Fibre Fox-Smith devices have been demonstrated as a method of 

producing narrow-line and single-longitudinal-mode oscillation in fibre lasers 

[Barnsley]. The use of a Fox-Smith resonator is a very well established technique for 

experimental laser configurations [Fox][Smith 1965]. The resonator increases the 

passive cavity mode spacing by using a coupled-cavity arrangement which requires 

phase matching for all coupled cavities for a resonance condition. As a result, the 

inter-mode spacing increases over that expected for a simple resonator of the same 

length. The mode spacing of the coupled cavity Fox-Smith resonator is determined 

by the difference in the individual cavity lengths. In principle, if the final cavity mode 

spacing is large enough, single-longitudinal-mode operation can be achieved. In a 

fibre laser however, because of thebroad gain bandwidth, single-longitudinal-mode 

operation is difficult to achieve. By incorporating a diffraction grating as a reflector 

in a Fox-Smith cavity Barnsley et. al. demonstrated single-longitudinal-mode 

operation from a Fox-Smith fibre laser made with Er^'^’-doped fibre. The laser, 

pumped by an Argon-ion laser, has a threshold of 175mW, slope efficiency 0.04% 

and linewidth < 8.5MHz, in a resonator with coupled cavities with length almost one 

metre.

A characteristic of this laser configuration is that the two degenerate polarisation 

states exist in the single-mode fibre which constitutes the laser cavity and hence the 

laser can operate in two modes, orthogonally polarised. The following section 

describes a coupled-cavity configuration which operates by the interaction of 

orthogonally-polarised modes to produce single-polarisation narrow-line operation, 

and which with modification could eventually result in single-longitudinal-mode 

operation.
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4.4.1 Polarimetric Coupled-Cavity Fibre Laser

Many applications of single-longitudinal-mode lasers require a single linear 

polarisation output, which a laser of the fibre Fox-Smith type demonstrated by 

Barnsley et. al. [Barnsley], does not, in general, produce. The fibre laser shown 

schematically in Figure 4.16 was designed in an attempt to produce a narrow­

linewidth, single-polarisation output. The cavity is a Michelson-type resonator which 

utilises the birefringence of a high-birefringence (hi-bi) single-mode fibre to produce 

a cavity for which the two orthogonal polarisations have different optical path lengths. 

The two polarisations are mixed to produce an interferometric cavity by an intra­

cavity polariser aligned at 45® to the polarisation axes if the hi-bi fibre.

Mirror Mirror

◄---------

Signal out Hi-Bi Fibre Erbium-doped Fibre Pump in
Rotatable Polariser

Figure 4.16 Experimental configuration of polarimetric coupled-cavity 
erbium-doped fibre laser.

4.4.2 Experimental Results

Experiments were performed with the system illustrated in Figure 4.16 to determine 

the spectral properties of the laser. The doped fibre had an Er^’^ concentration of 

SOOppm and length 1.1 metres, while the undoped high-birefringence fibre, which 

was used in several lengths from 1.5 metres to 25 centimetres, had a beat length of 

2mm. The beat length 1,, is the fibre length such that 5/3xlt,=27r, where 53 is the 

difference in propagation constant between the fast and slow birefringence axes. The
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fibre laser was pumped at 980nm from a Ti:sapphire laser. Observing the laser output 

with the use of a monochromator, narrow-line operation could be achieved by rotating 

the intra-cavity polariser to certain angles, which were at 45° to the birefringence 

axes. Narrow-line operation is illustrated in Figure 4.17 for the case when the length 

of hi-bi fibre was approximately 1 metre. As the intra-cavity polariser was rotated 

with respect to the hi-bi fibre axes, angles of the polariser at which single-line 

operation occurred were separated by 90°, confirming the operation of the 

polarimetric coupled-cavity. Between the angles at which single-line operation was 

observed, multi-line operation was evident. A sample of such a multi-line spectrum 

is illustrated in Figure 4.18. In this case, with the polariser misaligned for narrow- 

line operation, the spectral width is in excess of 2.5nm as distinct from the resolution 

limited (<0.1nm) spectrum observed with the polariser aligned for narrow-line 

operation. Observation of the spectrum within the single line of Figure 4.17 with a 

scanning Fabry-Perot spectrum analyser revealed fine structure, illustrated in Figure 

4.19, illustrating that although the operation was narrow-linewidth it was nevertheless 

multi-longitudinal-mode. The spectral width in this case was less than 5GHz or 

0.04nm. The spectral properties were investigated as the length of hi-bi fibre was 

shortened. The narrow-line behaviour was observed for several long lengths of high- 

birefringence fibre, but once the length became too short (<25cm) in became 

impossible to obtain narrow line operation using this resonator configuration. As will 

be seen in Section 4.4.3 where the resonator is modelled, the wavelength response 

has a longer period and less sharp filtering as the length of hi-bi fibre is reduced. The 

experimental observation was that eventually narrow-linewidth operation is not 

obtained with a short length of hi-bi fibre in the resonator.
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Figure 4.17 Narrow-linewidth operation of polarimetric coupled-cavity 
laser with intra-cavity polariser at 45° to hi-bi axes. Resolution 0. Inm.

Figure 4.18 Multi-line operation of polarimetric coupled-cavity fibre 
laser with intra-cavity polariser misaligned for single-line operation. 
Resolution O.lnm.
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Frequency

Figure 4.19 Polarimetric coupled-cavity fibre laser mode structure 
measured with Fabry-Perot spectrum analyzer, showing two free 
spectral ranges.

The polarimetric coupled-cavity erbium fibre laser can thus be seen to be an effective 

method of achieving narrow-linewidth operation, although single-frequency operation 

was not observed. Section 4.4.3 will'model the resonator in order to determine 

whether this type of resonator is capable of achieving single-longitudinal-mode 

operation in erbium-doped fibre lasers.

4.4.3 Resonator Modelling

The wavelength selective action of the polarimetric resonator can be calculated by 

modelling the cavity with reference to the model illustrated in Figure 4.20. The cavity 

consists of a free-space path with length li, loss coefficient a, and propagation 

constant ^xi a- length of fibre I2 with loss coefficient ^2 and propagation constant % 

(doped fibre in the experimental configuration) and a length I3 of high-birefringence 

fibre with loss coefficient 0:3 and propagation constants ft, and /33y in the X- and Y- 
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directions respectively. The resonator is completed by mirrors with reflectivities r, 

and r2, with the input mirror having transmittance tp

tl fl r2

out

^2 ^2 P2
I3 <^3 Psy

Psx

1 «! Pl

4 ^3
Figure 4.20 Model of polarimetric coupled-cavity fibre laser.

The electric fields of the light are represented by Jones vectors with basis vectors 

aligned with the orthogonal birefringence axes of the hi-bi fibre. The polariser is 

aligned at 45° to the orthogonal birefringence axes. The wavelength selectivity of the 

hi-bi fibre can be seen in single-pass operation by ignoring the effect of the input 

reflectance r^ that is, ri=0.

To simplify the calculations, the input signal Ej^ is assumed to be aligned with the 

polariser which is set 45° to the birefringence axes. In Jones vector notation [Azzam] 

[Shircliff] the two components are hence of equal strength:

(4)

The fields are calculated entering and leaving the intra-cavity polariser. The field at 

the polariser after passing through the air path is:
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0
5i -“it/Pi)/i p (5)

0 e

The Jones matrix representation of a polariser oriented at an angle a to the X axis is:

cos^a sinacosa 
sinacosa sin a

(6)

Hence with the polariser aligned such that a =45° the field after passing through the 

polariser is:

0.5 0.5
0.5 0.5 £.„e(-«rvp.)z,

(7)

After passing through the length I2 of fibre with propagation constant % the field

becomes:

p .(-*iVPp4*(-a3+/p3%
(8)

The field then twice traverses a hi-bi fibre with propagation constants /33x, gay in the 

X,Y directions respectively and with length I3. The field is then:
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_ r -(-«it/Pi)^i+(-«2t/p2)^-*-(-«3t/p3y)2/3
(9)

The field returning to the polariser passes again through the undoped fibre and is of

the form:

- F _(-«%+/Ppfi+(-«2+/P2)2f2+(-«,+/p;J2^ 
y p _(-«i'VP|)i|*(-«2tyPa%*<-*2VP:^2f! (10)

The field passed by the polariser becomes:

0.5 0.5
0.5 0.5

y F _(-«|+/P|)4X-«2t/P2%+(-«3+/P3p2^
y F .(-«iVPi)fi'K-#2VP2)24*(-"3VP2^

(11)

0 5rE
0 5r2f ^g(-«,t/P[)fr(-a2t'P2)24^^g(-a3+/p3p2/3 ^.^(-»3t/P3,)2Z3)

The output field thus takes the form:

O-Sr/^Eje 

0.5%E^(g
(12)

The output field is, as would be expected, linearly polarised at 45° to the X-axis, the 

angle of the polariser. The output intensity 1^^ of this linearly polarised beam can be 

calculated to be:
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^OW ^owf^ouf

(13)
'471/3 
< ^0

= 2^-"("''''":':'"414-C0S

where \) is the free-space wavelength and n^, Oy are the effective refractive indices 

if the X- and Y-polarisation states.

From Equation 4.13 it can be seen that at a given wavelength of operation the 

wavelength selectivity of the response depends only on the length of the hi-bi fibre 

and the birefringence on the fibre. The wavelength filtering is periodic with 

wavelength, with the period becoming shorter with increasing length of the hi-bi fibre 

or increasing birefringence. The behaviour is illustrated in Figures 4.21 and 4.22 for 

parameters approximately matching the experimental conditions. Figure 4.21 shows 

the wavelength selectivity for a given value of birefringence and for three values of 

hi-bi fibre length. As illustrated the response becomes sharper as the length increases. 

This illustrates an experimental observation that once the length of hi-bi fibre became 

too short the response was no longer seen to be ‘narrow-line’. Although only a fixed 

birefringence was possible in the experimental configuration, Figure 4.22, in which 

the filtering response is plotted for a fixed fibre length and for different values of 

birefringence, illustrates the sharpening of the filter response which could be achieved 

if it were possible to increase the birefringence in the hi-bi fibre. The values of 

birefringence in Figure 4,22 correspond to beat lengths of approximately 2mm, 1mm 

and 0.4mm.
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Wavelength (nm)

Figure 4.21 Wavelength filtering of polarimetric coupled cavity laser 
as hi-bi fibre length varied. ny = 1.001n^, I3—0.25m(solid),0.55m(dot- 
ted),l,2m(dashed).

The preceding calculations give the wavelength response without taking into account 

the individual modal structure. That is, the wavelength filtering was-calculated from 

a double-pass analysis. In order to determine the cavity response including the modal 

behaviour of the resonator the complex amplitudes of the cavity fields must be 

equated with the incorporation of round-trip feedback. Using the model illustrated in 

Figure 4.20 the complex amplitudes of the resonator fields can be set up by taking 

0 < ri < 1. The input field Ej^ is again modelled as a Jones vector linearly polarised 

at 45° to the birefringence axes:

(14)

with basis vectors aligned to the polarisation axes of the hi-bi fibre. The polariser is 

again assumed to be aligned at 45° to the axes of the hi-bi fibre. The complex 

amplitude equations of the fields entering and leaving the polariser can be written:
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Wavelength (nm)

Figure 4.22 Wavelength filtering action of polarimetric coupled cavity fibre laser as 
birefringence varies. 13=0.35m, ny=1.001n^(dotted),1.002n/dash),l,005nx(solid).

(15)

'y

^3,

(16)

(17)
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0.5 0.5 (18)

while the output Equ, is related to E4 by:

= f/ (19)

The analysis can be simplified by dropping the cXi loss terms and by noting that if the 

input signal is aligned with the polariser, which is aligned at 45° to the birefringence 

axes, the amplitudes of the fields in each birefringence axis will be identical. With 

these assumptions E4 can be expressed as:

E, = (20)

2 6 \ i in 1 4/'

Thus the transfer function of the electric field of the resonator, polarised at 45° to the 

hi-bi fibre axes, becomes:

^out
(21)

The intensity of the transfer function is obtained by the usual method of multiplying 

the complex conjugate of the transfer function of Equation 4.21 by the transfer 

function itself to obtain:
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-r^f? 1+cos- 
2 ^ ^

4icL

^0
4nL 

^0
14''1'"2"^2^ C0S-^(/2+M/2+M/3)+C0S—(Z;+mZ2'^"/3) +-^1^2^08

The numerator of Equation 4.22 represents the wavelength selectivity of the resonator 

and is identical to Equation 4.13 (ignoring the loss term) while the denominator 

describes the modal structure of the transfer function spectrum.

The modal structure calculated from Equation 4.22 for the passive resonator is 

illustrated in Figure 4.23 with constants approximating the experimental conditions. 

The modal structure contains the periodic wavelength filtering into which fits the 

modal structure. Each wavelength peak, contains many passive cavity modes. The 

actual passive cavity mode spacing is narrower than that indicated in Figure 4.23, the 

‘mode spacing’ indicated in Figure 4.23 results from aliasing between the actual mode 

spacing and the wavelength steps used when calculating the response. The envelope 

of the cavity response is however correct. On a finer wavelength scale the actual 

mode spacing can be plotted as illustrated in Figure 4.24, where the wavelength range 

corresponds to one of the peaks in the wavelength response shown in Figure 4.23.

Figure 4.23 does however serve to illustrate the problems which occur in trying to 

extend the polarimetric coupled-cavity laser from narrow line operation to single- 

frequency operation. The wavelength peaks could be sharpened by increasing the 

length of hi-bi fibre, but the passive cavity mode spacing is proportional to the cavity 

length and hence increasing the length of high-birefringence fibre would also result 

in closer mode spacing. The wavelength selectivity would be improved by sharpening 

the response but the number of modes oscillating not significantly altered because of 

their closer spacing. A solution would be to use a material with more birefringence, 

but significantly increased birefringence would not be possible using hi-bi fibre. A
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Intensity 
Linear 
scale

Wavelength (ntn)

Figure 4.23 Modal structure of polarimetric coupled-cavity laser. Simulation 
constants: n2=n3x=1.456, n3y=n3xXlr001, r,=r2=0.9, li=0.2m, 12=0.5m, 13=lm.

bulk material such as calcite could be used in the resonator to improve the modal 

structure, however this would be at the expense of the fibre-based resonator.

4.5 SUMMARY AND CONCLUSIONS

This chapter has been concerned with the experimental development and 

characterisation of standing-wave fibre lasers, and devices for narrow-linewidth 

operation. Section 4.2 detailed the development of narrow-bandwidth distributed 

Bragg reflectors, important devices for line-narrowing the spectral width of fibre 

lasers. Although the development of these devices is not fully complete, significant 

progress has been made to demonstrate very narrow bandwidth reflections (<0.2nm) 

from weak DBRs. Narrow-bandwidth reflections have been achieved by producing
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Wavelength (nm)

Figure 4.24 Individual mode structure at peak of wavelength transmission of 
polarimetric coupled-cavity laser. Simulation values as in Figure 4.23.

a long interaction region and an even grating. Details of fibre side-polishing and 

holographic photolithography were described. It is expected that ion-beam etching of 

the photoresist grating will enhance the reflectivity of the DBR, and further work is 

continuing to improve the reflectivity of the devices via reactive ion-beam etching of 

the grating into or close to the fibre core.

Section 4.3 characterised the modal properties of short fibre lasers incorporating 

DBRs for narrow-bandwidth feedback. Although single-longitudinal-mode operation 

was achieved, a problem with undamped relaxation oscillations was identified, which 

prevented CW lasing. Various techniques for overcoming this problem were 

identified, including pumping the laser into a different pump level and utilising a 

Yb/Er co-doped fibre. This technique of a short resonator with DBR requires highly- 

selective DBRs and will become viable once the DBRs detailed in Section 4.2 are 

available. Empirical observations have been made as to the spectral filtering required 

to produce single-longitudinal-mode operation in standing-wave resonators. As a
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design consideration for single-frequency operation the passive cavity mode spacing 

must be such that only about 50 passive cavity modes fall within the passive cavity 

bandwidth.

Section 4.4 described and characterised an novel coupled-cavity arrangement for 

realising narrow-linewidth operation in the 1.5jum region. The Michelson resonator 

was arranged to have coupled cavities by the interaction of orthogonal polarisations 

in a high-birefringence single-mode fibre. Although multi-mode, a spectral width of 

less than 5GHz or 0.04nm was achieved.

Many of the problems associated with standing-wave resonators and their application 

to single-frequency erbium-doped fibre lasers arise from the long resonator lengths 

which are necessary for good efficiency from the erbium-doped fibres. The long 

resonator length required for good efficiency leads to close mode spacing, thus 

requiring very selective standing-wave resonators to achieve single-longitudinal-mode 

operation. Chapter 5 presents successful techniques for overcoming this length and 

efficiency problem, by operating the resonator as a travelling-wave resonator instead 

of a standing-wave resonator. Once travelling-wave operation is achieved the length 

of the resonator is not important for mode selection and does not affect modal 

properties.

Two useful results which have been demonstrated recently for standing-wave erbium- 

doped fibre lasers are a complex coupled-cavity arrangement [Gilbert] and a standing­

wave resonator incorporating photorefractive DBRs [Ball], In the standing-wave 

arrangement demonstrated by Gilbert, multiple coupled cavities and a grating set for 

Littrow conditions were used to achieve single-frequency operation with linewidth less 

than 1.6MHz. The complex nature of this arrangement illustrates the type of resonator 

often required to achieve single-frequency operation in the erbium-doped fibre system. 

The second important result [Ball] achieved single frequency operation in a short 

(50cm) erbium-doped fibre onto both ends of which was incorporated very narrow-
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band photorefractive DBRs. A linewidth less than 47kHz was achieved. This result 

illustrates the long interaction length from gratings required for this application, the 

target lengths were in Ball’s case 12.5mm.
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Travelling-Wave Resonators

5.1 INTRODUCTION

The approaches adopted for obtaining narrow-linewidth and single-longitudinal-mode 

operation described in the previous chapter relied on minimising the number of modes 

oscillating in a standing-wave resonator. This was achieved by utilising cavity designs 

allowing only one or a few modes to experience multi-pass gain and reach lasing 

threshold. An alternative approach towards narrow linewidth operation is to eliminate 

the cause of multi-mode operation, namely spatial holeburning, some of the 

consequences of which were described on Chapter 3. It will be shown in this chapter 

that eliminating spatial holebuming by operating in a travelling-wave mode is an 
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effective technique of achieving single-longitudinal-mode operation in erbium-doped 

fibre lasers. Travelling-wave operation allows higher single-mode power to be 

obtained than would be achieved in a similar resonator with a standing-wave, because 

standing-wave lasers will eventually become multi-mode because of spatial 

holebuming if the pump power is increased sufficiently. This work represents the first 

time that travelling-wave operation has been demonstrated in fibre lasers.

It was shown in Chapter 3 how spatial holeburning due to the standing-wave pattern 

of a laser mode is the primary factor leading to multi-mode laser oscillation. 

Elimination of spatial holebuming has been demonstrated to be a viable technique for 

achieving single-longitudinal-mode operation in a variety of solid-state lasers 

[Koechner], and often the elimination of spatial holebuming is all that is required to 

obtain single-frequency operation [P.W. Smith]. Various techniques have been 

demonstrated for eliminating the effects of spatial holebuming both for travelling­

wave operation in a ring laser and for standing-wave operation in a Fabry-Perot 

resonator. As early as 1963 it was described how uni-directional operation of a mby 

laser led to single-frequency output [Tang] by suppression of the standing-wave in the 

resonator. Other techniques of preventing multi-mode operation involve smearing or 

physically moving the standing-wave pattern of the optical intensity, at a rate which 

prevents the creation of spatial variations of the population inversion, which would 

allow multi-mode operation. In homogeneously-broadened lasers these techniques 

result in automatic single-longitudinal-mode output [Danielmeyer]. Recent results have 

demonstrated the operation of this type of technique to achieve single-longitudinal­

mode operation of neodymium-doped fibre lasers [Sabert]. Similar results from 

preventing standing-waves have been achieved in various laser systems by obtaining 

different polarisations for the forward and backward travelling waves via X/4 plates 

or 45° rotators [Evtuhov] [Bowness], and by introducing asymmetry in a ring laser 

via an acousto-optic modulator [Neev],

Techniques which eliminate the effects of spatial holeburning have certain advantages 

over fixed standing-wave resonators for single-longitudinal-mode operation. These
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advantages include that they can be used with long laser cavities, and that very small 

gain discriminations can determine the operating wavelength of the laser, leading to 

the possibility of easily tunable operation. The fact that long laser cavities can be used 

is particularly important for the realisation of single-longitudinal-mode erbium-doped 

fibre lasers due to the necessity for using a particular doped fibre length for low 

threshold and efficient operation. This necessity arises because the gain medium is a 

three-level system and end-pumped, and also because the efficiency of erbium-doped 

fibres has been demonstrated to decrease with increasing erbium concentration (see 

Chapter 3).

It is shown in this chapter that eliminating the standing-wave pattern of a laser mode 

leads to single-longitudinal-mode operation in erbium-doped fibre lasers. In the first 

demonstration of a travelling-wave fibre ring laser single-longitudinal-mode operation 

of an erbium-doped fibre ring laser was realised with less than 60kHz linewidth. In 

addition, a novel Sagnac-like laser resonator, with no direct analogies in other laser 

technologies, is described. This laser configuration has resulted in linewidths less than 

lOkHz. The small pump powers required to achieve threshold mean that single­

frequency fibre lasers can be produced pumped by diode lasers for compact, efficient 

and potentially reliable solid-state sources.

5.2 TRAVELLING-WAVE FIBRE RING LASER

Fibre ring lasers have been investigated by several authors. They are attractive 

configurations for fibre laser sources by virtue of their simplicity in all-fibre form. 

Utilising fibre couplers, and their characteristics such as wavelength selectivity and 

tunability, allows for the fabrication of all-fibre resonators. This takes away the need 

to incorporate reflectors on fibre end-faces and results in a robust resonator [Chaoyu] 

[Scrivener]. Although narrow linewidth operation has been demonstrated, all fibre
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ring lasers previously investigated have been bi-directional, multi-mode devices. Bi­

directional operation allows for the build-up of a standing-wave pattern leading to 

spatial holeburning in the gain medium and multi-longitudinal-mode operation. By 

operating a fibre ring laser as a uni-directional device and preventing this standing­

wave pattern from arising, single-frequency operation can be achieved, as described 

in this chapter.

5.2.1 Fibre Ring Laser Experimental Configuration

Uni-directional operation in a fibre laser requires a substantial degree of differential 

loss to be introduced between modes travelling in opposite directions. Since the 

development of compact pig-tailed optical isolators, this can be achieved in a fibre- 

coupled device. The experimental laser configuration of the uni-directional fibre ring 

laser, utilising such an optical isolator, developed to achieve single-longitudinal-mode 

operation in the 1.55;im region, is shown in Figure 5.1. With the exception of the 

incorporation of the optical isolator, the ring is as a conventional bi-directional ring 

laser. A dichroic coupler was used to introduce the pump light, to form the resonant 

ring, and to serve as the laser output coupler. The coupler used introduced 95% of 

the pump light at 980nm into the loop and coupling out 15% of the signal light in the 

1.55/xm region. The active fibre was a 1 metre length of phospho-alumino-silicate 

fibre with NA=0.15, Xc = 1250nm, and Er^"^ concentration SOOppm, which was 

uniformly doped throughout the core. The fibre resonator was formed to ensure no 

unwanted reflections by low-loss fusion splicing the fibre coupler ports, doped fibre 

and the pigtails of the optical isolator. The isolator was specified to provide isolation 

> 40dB, return loss fibre coupled 60dB and polarisation sensitivity < 0. IdB. The total 

resonator length was minimised to around 4m to maximise the intermode spacing.

The high gain of the erbium system means that small reflections can easily set up
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Figure 5.1 Experimental configuration of erbium-doped fibre ring 
laser. Doped fibre parameters: NA=0.15, Xc = 1250nm, 
cone. =800ppm.

standing-wave effects in the gain medium, resulting in multi-mode operation. Initial 

efforts towards travelling-wave operation in the ring configuration were by 

collimating a beam through a bulk isolator. Single-frequency operation was not 

possible due to additional reflections involved in collimating the output from the fibre 

and the use of non-anti-reflection-coated lenses, leading to standing-wave effects in 

the gain medium.

5.2.2 Fibre Ring Laser Power Characteristics

The ring laser was pumped at 980nm by an Argon-ion pumped Ti:sapphire laser with 

the pump light being introduced to the ring via the dichroic coupler. The fibre laser 

attained threshold for 6mW pump power launched into the ring. The laser power
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characteristic, measured at the signal output port of the dichroic coupler, is shown in 

Figure 5.2, illustrating the laser slope efficiency of 2.3%.

Figure 5.2 Power characteristic of single-frequency fibre ring 
laser. Pump power from 980nm Ti: sapphire laser, threshold 
6mW, slope efficiency 2.3%.

The laser performance under steady state conditions can be compared with predicted 

performance by considering the single-pass fibre amplifier within the fibre ring as a 

lumped element with a given saturated gain. The gain and loss elements within the 

ring can then be modelled as in the diagram in Figure 5.3 where G represents the 

saturated gain under steady state conditions produced by the section of doped fibre, 

T represents the percentage transmission through the isolator, the coupler is 

characterised by an excess loss resulting in transmission E% and splitting ratio s:l-s. 

Any additional loss within the loop (splice loss, bend loss from polarisation 

controllers, etc.) is accounted for by signal power transmission of A% through the 

lumped loss element.
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Figure 5.3 Lumped element model of fibre ring laser used to evaluate 
laser power characteristics. Each cavity element is modelled by a 
lumped element representing distributed gain or loss.

By considering the steady state situation and following the evolution of the signal 

power P in a cavity round trip, the gain required to achieve lasing threshold is:

G 1 
'* ^£(i-s)r

(1)

while the slope efficiency, output signal power to launched pump power is 

approximately:
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^= ^ ^ f s 7 (2)

Using the known parameters of the intracavity components, s—14%, T--83%, 

E— 90%, the additional cavity losses can be estimated to be — 3dB, this value of loss 

being required to result in the experimentally measured slope efficiency of 2.3 %. This 

loss is the result of splice losses due to fibre mismatches, bend loss induced by the 

loop polarisation controller and the conversion efficiency of pump to signal light.

5.2.3 Fibre Ring Laser Spectral Characteristics

The spectral characteristics of the fibre ring laser were determined using several 

instruments with different wavelength/frequency ranges in order to fully characterise 

the linewidth and spectral characteristics of the laser. The spectrum of the fibre ring 

laser measured with a grating monochromator is shown in Figure 5.4. Single-line 

operation on the scale of this instrument with resolution O.lnm was obtainable by 

appropriate adjustment of the intra-cavity coil polarisation controller, with the lasing 

wavelength being 1.5553/zm. In the travelling-wave ring laser configuration with no 

explicit wavelength selection, the operating wavelength is simply that at which most 

multi-pass gain occurs. The operating wavelength is thus determined not only by the 

gain spectrum and length of the doped fibre gain medium but also by the wavelength 

dependence of loss of the intra-cavity components such as the isolator and fibre 

coupler.

Single-longitudinal-mode operation was confirmed by analysing the laser output signal 

with a scanning Fabry-Perot spectrum analyser. The output spectrum when measured 

with a free spectral range of IGHz is shown in Figure 5.5. The parallel-plate Fabry-
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Figure 5.4 Spectrum of Er^'^-doped travelling-wave fibre ring laser 
measured by monochromator with resolution O.lnm.

Perot spectrum analyser had a finesse > 100, sufficient with a free spectral range of 

IGHz to resolve adjacent longitudinal modes which would be spaced by 50MHz. A 

single line was resolvable, resolution limited in width to approximately lOMHz on the 

Fabry-Perot. A degree of instability was observed in the laser output leading to mode­

hopping and occasional multi-mode operation as illustrated by the spectrum shown in 

Figure 5.6, however single-frequency operation could be achieved by adjusting the 

polarisation controller to align the state of polarisation for a round-trip of the ring. 

The operating wavelength of the laser was also influenced by the settings of the loop 

polarisation controller. The polarisation states of the laser will be elliptical, and this, 

together with a degree of polarisation gain anisotropy and residual polarisation 

anisotropy of the optical isolator and fibre coupler will result in a degree of mode 

selection via birefringence. Adjustment of the polarisation controller could 

compensate for the residual birefringence in the resonator components to achieve 

optimum orientation of the polarisation within the ring. No attempts were made to 

isolate the resonator from environmental disturbances, however the laser could be 

maintained on a single mode for periods of the order of 10 seconds, after which time 

ambient variations would often cause it to drift. Single-mode operation could be
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restored by adjusting the polarisation control coils.

Power

Frequency

Figure 5.5 Travelling-wave fibre ring laser spectrum measured with 
Fabry-Perot spectrum analyzer, showing two free spectral ranges. 
Upper trace ramp voltage, lower trace optical signal.

Power

Frequency

Figure 5.6 Multi-mode operation of travelling-wave ring laser as 
observed with scanning Fabry-Perot spectrum analyzer. Upper trace 
ramp voltage, lower trace optical signal.
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Clearly the travelling-wave ring method of achieving single-longitudinal-mode 

operation, by the elimination of spatial holebuming, is an extremely powerful 

technique. The gain difference between adjacent cavity modes is very small and yet 

single-longitudinal-mode operation is achievable in a cavity which, except for the 

inclusion of the optical isolator, would be likely to result in a linewidth of typically 

> Inm [Scrivener] [ChaoyuJ. The small gain differential between adjacent modes 

required in this technique for single-longitudinal-mode operation would also indicate 

that setting the wavelength of operation would only require weak wavelength filtering 

within the laser resonator.

The instantaneous linewidth of the laser was determined by a delayed self-heterodyne 

interferometer (described in Appendix A.l). Using a 25km fibre delay line, capable 

of resolving without ambiguity a laser line width of 4kHz, and a piezo-electric fibre 

stretcher in the reference arm driven at 500kHz to give rise to a phase shift and 

frequency sidebands, the linewidth was measured to be less than 60kHz. A typical RF 

spectrum is illustrated in Figure 5.7. The additional structure in the RF spectrum 

rather than the expected laser Lorentzian line, as evident in Figure 5.7, is due to 

beating of the laser signal with the relaxation oscillation frequency. The presence of 

the relaxation oscillations is due to mode-hopping, although the spectrum is 

instantaneously single-longitudinal mode. The relaxation oscillation frequency was 

also measured in a homodyne beat signal and determined to be ~ 30kHz. Although 

likely to be significantly less, the linewidth estimate was less than 60kHz full width 

at half maximum.
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Figure 5.7 Instantaneous self-heterodyne beat spectrum of travelling-wave fibre 
ring laser measured with self-heterodyne interferometer with 25km delay line.

5.2.4 Discussion

It is perhaps slightly surprising that the travelling-wave method of achieving single- 

longitudinal-mode operation achieves single-frequency operation in an erbium-doped 

silica fibre laser in which the gain medium is not simply an ideally homogeneously- 

broadened transition, but rather the energy levels of the E?"^ ion are split by the 

random structure of the silica field. However single-frequency operation indicates that 

the gain medium acts here as a homogeneous medium. The homogeneous and 

inhomogeneous widths are similar for alumino-silicate fibres and hence spectral 

holeburning does not occur, spectral holeburning only occurring if inhomogeneous 

broadening dominates [Guy]. Elimination of spatial holeburning by smearing of a
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standing-wave has also been demonstrated to result in single-frequency operation in 

a neodymium-doped silica fibre laser [Sabert]. As was indicated in Section 3.2, site- 

to-site variations are of the same order as the Stark splitting in the erbium-silica 

system, the strong spectral overlap between emission from different sites results in 

homogeneous broadening being a good approximation for room temperature operation 

[Zyskind].

With the results described in Section 5.2.3, although single-frequency operation was 

achieved, the wavelength of operation of the could not easily be set. The wavelength 

of operation is that at which the gain first overcomes the cavity losses, after which, 

the gain will be clamped. Typical cavity loss in the ring cavity is about 3dB, which 

although high for other laser systems is small compared to the gain available from the 

doped fibre. Operation was observed at the long-wavelength or quasi-4-level part of 

the gain medium-with no wavelength selectivity in the resonator. Operation in this 

part of the spectrum was also observed for the travelling-wave loop laser in the next 

section when operating without wavelength selectivity. As the gain medium is pumped 

the small amount of gain required for threshold occurs at longer wavelengths 

(1.55/xm) before the shorter wavelengths. In a more lossy resonator the laser would 

operate at shorter wavelengths. Although erbium-doped fibres exhibit most gain in the 

1.535/xm region, at low pump powers more gain will exist at longer wavelengths 

[Kimura]. The wavelength selectivity with cavity losses occurs because the unpumped 

parts of the fibre act as an absorber, particularly for shorter wavelengths where the 

system acts more as a 3-level system while the field splitting makes longer 

wavelength parts of the transition a quasi-4-level system. When the travelling-wave 

fibre is pumped, gain overcomes loss at the long-wavelength part of the gain first thus 

determining the lasing wavelength. To achieve free-running wavelengths in the 

1.535jum region would require a more lossy cavity for a given doped fibre length so 

that the gain required was higher than could be achieved in the 1.55/zm region.

The broad width of the **113/2 to **Ii5/2 transition of Er^* in glass, means that broad
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tuning of the lasing wavelength is possible, and desirable for many applications. 

Tunable operation can be achieved by incorporating a filter into the ring to introduce 

loss and thereby set the wavelength at which there is minimum loss and most multi­

pass gain. Since the publication of the above results, the extension of this technique 

to tunable single-frequency operations has been demonstrated by several authors using 

filters within the travelling-wave ring. Based on the travelling-wave ring laser 

described above, a variety of tuning elements have been incorporated including 

interference filters [Iwatsuki], acousto-optic filters [Smith], liquid crystal filters 

[Smith 1991a] and fibre Fabry-Perot filters [Zyskind 1991], with tuning ranges 

exceeding 60nm being demonstrated. In each case a filter is used in conjunction with 

an optical isolator, the isolator ensuring single-frequency operation and the filter 

providing wavelength selectivity.

5.3 TRAVELLING-WAVE FIBRE LOOP LASER

The travelling-wave erbium fibre ring laser described in Section 5.2 clearly 

demonstrates the effectiveness of the travelling-wave approach to achieving very 

narrow linewidths from an erbium fibre laser operating in the in the 1.5/zm 

telecommunications window. However, an important consideration for many 

applications of narrow-linewidth lasers in this wavelength region, such as coherent 

communication systems, is precise setting of the operating wavelength of the laser. 

For accurate absolute wavelength control the most attractive type of wavelength 

selection device is a diffraction grating or DBR reflector. However, it is not possible 

to incorporate such a device in a travelling-wave ring laser. The travelling-wave fibre 

laser described in this section uses a novel cavity configuration which allows the 

incorporation of a frequency-selective distributed Bragg reflector. The resonator 

configuration permits very precise control over the operating wavelength, while 

obtaining single-longitudinal-mode operation with less than lOkHz linewidth.
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The resonator configuration of the fibre loop laser is illustrated in Figure 5.8. The 

resonator is based on a single four-port coupler with two output ports joined to form 

a fibre loop in a Sagnac-like arrangement [Siegman] [Mortimore] by a length of 

erbium-doped fibre. The interferometric operation of the loop is prevented by the 

inclusion of an optical isolator in the loop which establishes uni-directional operation 

in the fibre loop. The two remaining coupler ports are used to introduce pump light 

and to incorporate a reflector to form a resonant cavity. The reflector can be of 

several forms, a dielectric mirror and distributed Bragg reflector will be discussed.

Figure 5.8 Experimental configuration of travelling-wave Er^*- 
doped fibre loop laser.
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5.3.1 Fibre Loop Laser Experimental Configuration

The fibre loop laser schematically illustrated in Figure 5.8 was formed by joining two 

output ports of a 1.55^m 3dB fused fibre coupler by a length of phospho-alumino­

silicate erbium-doped fibre (Er^"^ cone. =800ppm, Xc = 1525nm, NA=0.15) and a pig­

tailed, polarisation-independent isolator. The isolator provided isolation of 45.2dB 

with insertion loss ,<0.4dB, return loss >60dB, and polarisation sensitivity of only 

0.02dB. Pump light was introduced into the resonator via port A as indicated in 

Figure 5.8, with the fibre end angle polished at —15® to minimise Fresnel 

reflections. The coupler used was a standard telecommunications 3dB coupler which 

had the favourable characteristic of coupling 95% of the pump wavelength light 

launched through port A into the section of doped fibre.

To form a resonant cavity, a reflector was arranged at the end of port B. The 

reflector for fixed-wavelength operation took the form of either a dielectric mirror 

(70% reflectivity @ 1.5/zm) or a distributed Bragg reflector (DBR) capable of 

accurate wavelength selection. The DBR used in the experiments had a reflectivity 

of 70% and half-power bandwidth of 0.3nm, centred at 1.552/nm. The grating was 

fabricated by Plessey Research Caswell, by side-polishing a single-mode fibre 

mounted in a flat silica V-groove and holographically exposing a diffraction grating 

in a thin photoresist layer which was spin-coated onto the surface. To enhance the 

reflectivity the grating was etched into the fibre and a layer of high-index material 

sputtered on the surface [Bennion] [Rowe] [Ragdale]. A polarisation controller was 

used in the loop to overcome the polarisation sensitivity to reflection of the DBR. The 

use of the controller enabled the light in the loop to be optimised for maximum 

reflection. The round-trip laser cavity length was 9.5m, corresponding to an adjacent 

passive cavity mode spacing of 21MHz. For convenience the fibre laser was pumped 

at 980nm by a Ti:sapphire laser.

By virtue of the isolator and the location of the doped fibre whin the fibre loop, the
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signal in the 1.55jum region generated by the Er^'^-doped fibre travels in only one 

direction in the fibre loop, consequently preventing the build-up of a standing-wave 

in the gain medium and eliminating spatial hole-burning in the gain medium. The 

single-mode fibre coupler acts as the output coupler of the laser and couples half of 

the signal which passes through the isolator to the reflector on port B. Half of the 

signal returned from the reflector is fed back into the active fibre thus forming a 

resonant structure. The laser resonator is travelling-wave in the doped fibre gain 

medium, and hence the manner of achieving single-longitudinal^mode operation is 

thus similar to the travelling-wave ring laser, but because this laser cavity incorpor­

ates a reflector, accurate wavelength selection is possible by the use of a wavelength 

selective DBR.

5.3.2 Loop Laser Spectral Characteristics

The fibre loop laser was first operated with the dielectric mirror reflector on port B, 

as indicated in Figure 5.8. This resonator anangement is a more rigorous test of 

single-longitudinal-mode operation than operation with a frequency-selective reflector, 

which will provide a narrow-band cavity response. When pumped by the Ti:sapphire 

laser operating at 980nm, narrow-linewidth operation of the fibre laser was observed 

centred at 1.5577jum, as indicated in the monochromator-generated spectrum shown 

in Figure 5.9, with the monochromator resolution being O.lnm. As in the case of the 

travelling-wave ring laser, the wavelength of operation is that wavelength at which 

the gain first overcomes the intra-cavity losses. Single-frequency operation was 

verified using a scanning Fabry-Perot spectrum analyser with free spectral range 

1.3GHz and finesse in excess of 100. As additional proof of single-longitudirial-mode 

operation, no intermodal beat signal was detectable at multiples of the passive cavity 

mode spacing when the current from a photodiode upon which the laser signal was 

incident was analysed by an RF spectrum analyser.
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Figure 5.9 Spectrum of fibre loop laser with 70% mirror 
reflector, measured with monochromator with O.lnm resolution.

Operating the laser with a mirror reflector offers no significant advantage over the 

travelling-wave ring technique, notwithstanding the experimental verification of 

single-longitudinal-mode operation of the novel cavity configuration under demanding 

conditions in which the resonator has no explicit wavelength selectivity to narrow the 

lasing bandwidth. The advantage of the loop laser configuration lies in the ability to 

accurately determine the operating wavelength when incorporating a frequency- 

selective reflector. This was demonstrated when the mirror on port B was replaced 

with the DBR with maximum reflectivity at 1.552;im. With this reflector, the lasing 

wavelength shifted to 1.552^m, as illustrated by the monochromator spectrum 

reproduced in Figure 5.10. Analysing the spectrum with a scanning Fabry-Perot
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whose free spectral range was sufficient to resolve adjacent modes spaced by 21MHz, 

only one mode was evident as illustrated in Figure 5.11. Moreover, no intermodal 

beat signal was detectable.
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Figure 5.10 Spectrum of loop laser incorporating DBR reflector 
measured with a monochromator with O.lnm resolution.

The linewidth of the loop laser was determined by the delayed self-heterodyne 

technique using a 25km delay line. The RF spectrum from such a measurement is 

illustrated in Figure 5.12, and corresponds to a full width at half maximum of about 

9.5kHz, fully resolvable by a 25km delay line. Variation of the laser linewidth when 

the laser power was varied was not significant or quantifiable, implying that the 

linewidth may be determined by the stability of the laser cavity with respect to
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Power
(linear)

Figure 5.11 Spectrum of loop laser incorporating DBR reflector 
measured with Fabry-Perot spectrum analyzer, showing two free 
spectral ranges with FSR = 1.3GHz.

temperature effects and vibrations. Certainly the measured linewidth was far larger 

than would be expected from the Schawlow-Townes limit (~ IHz).
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Frequency (kHz)

Figure 5.12 Instantaneous self-heterodyne beat spectrum of fibre 
loop laser, measured with self-heterodyne interferometer with 
25km delay line and 300kHz frequency shift.

5.3.3 Loop Laser Power Characteristics

The laser power characteristic was determined for the signal output from port A and 

is illustrated in Figure 5.13. Lasing threshold was measured to be 6mW launched 

pump power at 980nm, while the slope efficiency with respect to launched pump 

power was 29%. Taking into account the loss associated with the isolator and 

coupler, this slope efficiency translates to a conversion efficiency within the doped 

fibre of at least 95 %, which is the result of the negligible excited state absorption for 

pumping at 980nm.

The presence of the 3dB coupler in the cavity results in a laser which is inherently 

lossy, as half of the reflected power from the minor or DBR is lost. However the
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980nm launched pump power (mW)
Figure 5.13 Power characteristics of fibre loop laser pumped by 
Ti:sapphire laser.

laser characteristic illustrates that good performance can still be obtained. This results 

from the large output coupling where the intra-cavity power is greatest, before the 

signal reaches the lossy cavity element. The laser configuration has not been 

demonstrated in other types of lasers, therefore it is important to examine the 

properties of the resonator. The resonator can be modelled for steady state conditions 

as shown in Figure 5.14. The coupler is characterised by coupling ratio a: 1-a (a < 1) 

and excess loss which results in transmission E% through the coupler, the doped fibre 

is modelled simply by the saturated gain G for steady state conditions, the isolator

137



Chapter 5 

passes T% of the light in the low-loss direction while passing 0% in the opposite 

direction, transmission of A% accounts for excess loss due to splices and the loop 

polarisation controller, and the reflectivity of the grating or mirror is R%.

Figure 5.14 Schematic description of fibre loop laser lumped-element 
model used for power and efficiency considerations.

The conditions for lasing threshold can be considered from power conservation 

considerations. Maximum signal power occurs in the resonator at the output of the 

single-pass doped fibre amplifier. If this power is denoted P, then by energy 

conservation of the signal travelling around a single pass of the resonator we require:

G a<\-a^RE^ATP = f

Therefore the gain required to achieve threshold is:

a(3--a>RE^AT

(3)

(4)

To calculate the coupling ratio a required to achieve minimum threshold, equation 

5.4 is differentiated with respect to a to give:
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— = 0 wAfn a = 0.5 (5)

This confirms that the choice of a 3dB coupler is the optimum choice for low 

threshold operation.

The two cavity parameters most easily controlled in the loop laser are the coupler 

splitting ratio and the reflectivity of the mirror or grating completing the cavity. It is 

of interest to see how variation of these parameters will affect the expected laser 

performance. The variation of the gain required to reach threshold as a function of 

the coupler splitting ratio for R = 25%, 50%, 70%, 99% is shown in Figure 5.15, 

assuming for the sake of these calculations T=98%, E=98% and A = 100%. From 

Figure 5.15 it can be seen that the gain required to achieve threshold is symmetrical 

about the minimum at a = 0.5. The resonator is inherently lossy as illustrated by a 

minimum gain of about 4 being required for threshold with a 99% reflector rising to 

gain of 17 with a 25% reflector. However as the erbium-doped fibre is capable of 

very high gain (>40dB) and > lOdB/mW, lasing threshold is still easily achievable 

in these cases. This illustrates one of the benefits of a high gain lasing medium for 

complex resonator designs, i.e., that it allows the incorporation of lossy intra-cavity 

elements in order to achieve desired spectral qualities while still achieving threshold 

for reasonable pump levels.

As the resonator is lossy it is useful to examine the efficiency of the resonator with 

a view towards optimising the resonator. Using the steady state model of Figure 5.14 

the output power can be expressed in terms of the maximum power in the loop as:

P^^ = a ATEP (6)
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Coupler ratio

------R-0.99 ------R-0.7 .......R-0.5 ------R-0.25

Figure 5.15 Gain required for threshold in fibre loop laser plotted as 
a function of coupler ratio for R=0.25,0.5,0.7,0.99. E=98%, 
T=98%.

while the intrinsic power losses are:

P^ = (l-a)(l-PMETP + (l-a)2^p2227p + (i-7)p

+ (l-^)rP + a(l-P)^PEP

The resonator efficiency tj^ is defined by:

P Md
P +P

(8)

with Pout and P,oss as given in equations 5.6 and 5.7 respectively. The resonator 

efficiency is plotted in Figure 5.16 for R = 25%, 50%, 70%, 99%, as a function of 

the coupler splitting ratio. Figure 5.16 indicates that the resonator efficiency is a 

monotonically increasing function with respect to increasing percentage of power split 
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out of the resonator by the fibre coupler. With a = 0.5, the condition for minimum 

threshold operation the resonator efficiency is only about 55% for a 70% reflector, 

but would increase to >85% if the coupler splitting ratio were 0.2:0.8. Returning to 

Figure 5.15 it can be seen that with a = 0.8 and R = 70% the gain required to reach 

threshold is a factor of about 13, easily achievable with the erbium-doped fibre 

system. Thus depending on whether threshold or output power is the most important 

characteristic the fibre loop laser can be optimised to achieve the desired characteris­

tic. Obviously higher resonator efficiency is at the expense of low threshold operation 

but if high powers are required and sufficient pump power is available, this tradeoff 

could be made.

-------- A = 0.99 — A = 0.70 ...........A = 0.50 -------- A = 0.25

Figure 5.16 Resonator efficiency as a function of coupler splitting 
ratio for R—0.25,0.5,0.7,0.99.
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5.3.4 Single-frequency Tunable Fibre Laser

The results presented thus far have been concerned with single-longitudinal-mode 

operation at a fixed wavelength, with little scope for tuning the operating wavelength. 

A small degree of tuning would be possible however by changing the refractive index 

of the index-matching oil overlayer on the etched DBR [Ragdale]. By using a 

different type of grating reflector, a bulk grating, a large tuning range can be obtained 

as described in this sub-section.

The tunable loop laser was realised by replacing the DBR with a bulk diffraction 

grating in the Littrow or autocollimation mount, as illustrated in Figure 5.17. The 

grating used was an aluminium-coated 6001ine/mm grating blazed at 1.25jum. To 

couple light to the grating the fibre end was angle-polished to minimise extraneous 

reflections and the light was either collimated or focused onto the grating with a x 10 

microscope objective which had high transmission in the 1.5/itm region. The distance 

between the grating and the fibre was typically 25cm. The range of wavelengths 

reflected into the fibre can be calculated from [Hecht]:

AX 10®X
Ax 2tanpF

nmimm (9)

where F is the focal length of the collimating lens, /3 is the angle of the grating and 

X is the distance over which diffraction occurs. With the experimental parameters as 

given AX = 0.012nm. This technique clearly will give sufficient wavelength 

discrimination to allow tuning, although the overall reflectivity is only estimated at 

about 10%, which will result in increased threshold over the previous results. 

However the high gain available because of the ability in this gain medium to produce 

complete population inversion allows high-loss components to be incorporated in the 

resonator. Rotating angle of the grating with respect to the direction of the collimated 

beam (/3 in Equation 5.9) will alter the centre frequency of the light fed back into the
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Figure 5.17 Experimental configuration of fibre loop laser incorporat­
ing a diffraction grating in the Littrow configuration for wavelength- 
selective feedback.

When pumped at 980mn from a Ti:sapphire laser the fibre laser was observed to lase 

once the grating was adjusted to provide feedback into the resonator. Rotating the 

angle of the grating, without requiring adjustment of the loop polarisation controller, 

the lasing wavelength was observed to change as indicated in Figure 5.18. Measure­

ments with a Fabry-Perot spectrum analyser and the absence of any inter-modal beat 

signal indicated that the laser was instantaneously single-frequency across the tuning 

range, which is plotted in Figure 5.19 for constant pump power, close to the 

threshold power. The laser was tunable from 1525nm to 1565nm, a tuning range of 

40nm. Some variation in the output power across the tuning range is evident, in 

particular the 3dB dip in the 1.54jum region, the result of the low-Q cavity due to the 

small reflectivity into the fibre from the grating in combination with the lossy cavity 

due to the 3dB coupler. The doped fibre used in this experiment did not have a flat 

fluorescence spectrum, but exhibited a dip in the 1.54/xm region. It should be noted 

that until this work was performed very few [Wyatt] tunable erbium fibre lasers 

exhibited continuous tuning without a break in the tuning range in the 1.54jum region.
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Figure 5.18 Tuning of fibre loop laser with Littrow grating reflector, 
achieved by rotating grating.

1.52 1.525 1.63 1.635 1.54 1.546 1.65 1.666 1.56 1.566 1.67
Wavelength (nm) (Thousands)

Figure 5.19 Tuning range of fibre loop laser with Littrow grating 
reflector achieved by rotating the grating. Fixed pump power, close to 
threshold.
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53.5 Diode Pumped Loop Laser

The laser characteristic of the fibre loop laser shown in Figure 5.13 indicates that low 

threshold operation is possible in the loop laser configuration. To take advantage of 

the low pump power requirement and to realise a potentially cheap and reliable 

single-frequency source at 1.55^m, it is of interest to pump the fibre laser with a 

diode laser. This pumping scheme was realised with the set-up indicated in Figure 

5.20 in which a 980nm laser diode was used as the pump source. Where as in 

previous measurements the signal was taken from a beamsplitter at the pump input, 

this arrangement introduces the pump signal and taps off the fibre laser output using 

a wavelength division multiplexing (WDM) 980nm/1550nm fibre coupler. Although 

in this case the diode laser was not fibre pigtailed, this pumping scheme would be 

most attractive with a pigtailed pump diode to result in a all-fibre scheme with 

resulting launch stability and overall reliability.

980njn
Laser diode

Figure 5.20 Schematic of diode-pumped fibre loop laser. Pump light 
is introduced via WDM coupler for ‘all-fibre’ arrangement.
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The laser characteristic and the spectrum (via monochromator) of the diode pumped 

loop laser are shown in Figures 5.21 and 5.22 respectively. The launched power in 

this case refers to the pump signal launched into the 980/1550 WDM coupler. The 

threshold is higher than in the Ti:sapphire-pumped case illustrated in Figure 5.13 for 

three reasons; the 3dB coupler used in this experiment had high loss (25%) at the 

pump wavelength, there was also 10% loss of the pump signal due to the WDM 

coupler and the spectral characteristics of the pump laser were such that only about 

50% of the pump signal was at the peak of the erbium absorption band, with the 

remainder in two lines about 4nm on either side of the absorption peak. Nevertheless 

a diode pumped single-frequency source was demonstrated at 1.55jum with over ImW 

output power.

Figure 5.21 Power characteristic of diode-pumped single-frequency 
loop laser.
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Power
(dB)

Figure 5.22 Spectrum of diode pumped fibre loop laser taken 
with monochromator with resolution O.lnm

5.3. 6 Discussion

The fibre loop laser is a novel fibre laser configuration which operates on a single­

longitudinal-mode by the elimination of spatial holeburning due to travelling-wave 

operation in the gain medium. A linewidth of less than lOkHz in the 1.5^m 

telecommunications window has been demonstrated, with 6mW threshold and 29% 

slope efficiency. By suitable choice of reflector fixed wavelength operation or tunable 

operation is possible. A tuning range of 40nm has been demonstrated, however this 

cavity configuration is most suited to fixed wavelength operation taking advantage of
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the wavelength stability furnished by a grating reflector. Although such a cavity 

configuration will always contain an intrinsic loss, it has been shown that suitable 

choice of coupler ratio enables efficient energy extraction to be obtained. Low 

threshold operation is possible, allowing for the use of diode lasers as pump sources, 

resulting in the possibility of stable and compact single-frequency fibre laser sources.

5.4 LINEWIDTH LIMITS

The measured linewidth of both the travelling-wave fibre ring laser and the travelling­

wave fibre loop laser are several orders of magnitude larger than the linewidth 

predicted by the Schawlow-Townes expression (see Chapter 3), from which linewidths

-IHz would be expected. In addition, no significant amount of linewidth variation 

was measurable when the laser power was varied as would be expected from the 

Schawlow-Townes expression. However the Schawlow-Townes expression only takes 

into account noise fluctuations arising from spontaneous emission. As variations in 

linewidth according to the Schawlow-Townes expression do not occur, such as 

variations in linewidth with lasers power, other noise mechanisms must be dominant. 

It is believed that the measured linewidths arise from instabilities in the resonator. 

These instabilities may be due in part to refractive index changes arising from 

changes in temperature and from cavity length and hence phase variations due to 

acoustic disturbances. In this manner it is the cavity stability rather than spontaneous 

emissions giving rise to the measured linewidth. The measured linewidth thus appears 

to be limited by thermal and mechanical design parameters. To date the Schawlow- 

Townes limit has most successfully been approached using mechanically stable 

monolithic minature solid-state lasers such as nonplanar ring oscillators [Day] [Fan].

The temporal variation of the laser mode frequency, Au(t), which occurs as a 

consequence of fluctuations in the cavity length, AL(t), and fluctuations in the

148



Chapter 5

refractive index, An(t), can be expressed as:

Av(t) - ------ ^-tn^MXt) + AM(f)A,) (10)

where Lq represents the average resonator length and n^ represents the average 

refractive index [Hall].

It is not surprising that fibre lasers should be sensitive to temperature and pressure, 

single-mode fibres are used in sensing external stimuli such as temperature, pressure, 

strain and acoustic waves. Silica has a refractive index thermo-optic coefficient of the 

order of -WV^C [Jeunhomme]. This sensitivity will lead to a frequency shift of a 

few gigahertz in a 1.5;tm laser for a degree Celsius temperature change. A lOkHz 

variation at 1.5^m will result from temperature variations of the order of 5^°C. To' 

minimise the laser linewidth will, hence require accurate stabilisation and isolation of 

the fibre laser cavity.

The magnitude of any disturbances will determine the. nature of the effect on the laser 

spectrum. Small cavity length or refractive index changes will result in a continuous 

drift of the laser frequency, contributing to the laser mode’s intrinsic linewidth, but 

only if these disturbances are small and result in changes of the same order as the 

linewidth. Larger variations will result in frequency drifts which cannot be tracked 

by the laser, resulting in mode-hopping. Both types of variation, as well as full noise 

measurements require further characterisation.
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5.5 SUMMARY AND CONCLUSIONS

In this chapter several novel travelling-wave erbium-doped fibre laser structures have 

been described which operate in a single-longitudinal-mode by virtue of the 

elimination of the prime cause of multi-mode operation, spatial holebuming in the 

gain medium. They offer single-frequency operation in the 1.5/xm telecommunications 

window with linewidths of the order of tens of kilohertz.

The travelling-wave ring laser represents the first operation of a fibre laser as a 

travelling-wave laser. This first demonstration, with a linewidth of less than 60kHz, 

illustrates the strength of the technique which can result in single-frequency operation 

without the need for a strongly frequency-selective resonator as required in standing­

wave resonators.

The travelling-wave loop laser is a novel laser configuration which has not been 

demonstrated in other types of lasers, which also eliminates spatial holebuming within 

the gain medium. This configuration allows for the incorporation of an wavelength 

selective element in the form of a diffraction grating to determine the wavelength of 

operation. Single-frequency operation was demonstrated with a linewidth less than 

lOkHz. The use of a distributed Bragg reflector permits stable operation at the 

reflection centre of the DBR, while the use of a bulk grating in the Littrow 

configuration was used to demonstrate a tuning range of 40nm. Although an 

inherently lossy cavity, high resonator efficiency can be achieved, allowing for the 

demonstration of diode-pumped operation of the laser.
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Chapter Six

Optical Amplification of

Narrow-Linewidth Signals

6.1 INTRODUCTION

To achieve high output power from a single-frequency erbium-doped fibre laser 

operating in the 1.5jum region, the pump power introduced to the laser resonator can 

be increased significantly above the lasing threshold, as is seen in a standard laser 

characteristic. An alternative approach to producing a high power single-longitudinal- 

mode fibre laser source is to optically amplify the output of a fibre laser or 

equivalently to distribute the gain medium partly in what is the conventional laser 

cavity and partly at the output port of the resonator. In this manner that part of the 
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gain produced at the output port is not used to overcome the cavity losses, but is used 

purely in converting pump light to narrow-band signal light. The amplifying medium 

at the output port could either be pumped with the same pump source or by a 

different pump source, in the latter case it could be treated as a conventional erbium- 

doped fibre amplifier located on the output port of the single-frequency fibre laser. 

This approach to high-power operation is attractive for lossy resonators.

An important consideration in using the gain medium to amplify a narrow-bandwidth 

signal is to ensure that the direct optical amplification of the laser signal does not 

significantly degrade the spectral purity of the source. This same consideration is 

important when using erbium-doped fibre amplifiers in coherent communication 

systems, which are currently the subject of much research effort and may be used in 

the future. Any significant broadening would have a detrimental effect on the bit­

error-rate performance of the coherent communication system. For systems employing 

phase-sensitive detection, phase noise induced by an EDFA needs to be studied in 

addition to simple gain and amplitude considerations. It has been noted that using 

semiconductor laser amplifiers in this application may induce significant amounts of 

spectral broadening and it is important that if fibre amplifiers are used for this 

purpose they do not have similar drawbacks [Hinton].

This chapter describes the first measurements to have been performed to characterise 

the spectral broadening to be induced to a narrow-band signal passing through a fibre 

amplifier. Section 6.3 describes an experimental system developed to measure spectral 

broadening in an EDFA. The amount of broadening resulting will be seen to be very 

small, less than 0.1% of the input signal spectral width. Section 6.3.1 describes the 

measurement technique while Section 6.3.2 presents the results of the measurements. 

A statistical model is employed to model the origins of the spectral broadening and 

predict broadening levels. The model and its predictions for spectral broadening are 

discussed in Section 6.3.3. Because of the very small impact of the amplifier on the 

signal spectral width, direct optical amplification could be used to produce a single­

longitudinal-mode high power fibre laser source in the l.S^im region. It will be
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evident from the measurements that spectral broadening is unlikely to impact on the 

performance of future coherent communication systems.

6.2 AMPLIFICATION OF NARROW-BAND SIGNALS

Erbium-doped fibre amplifiers (EDFAs) operating in the 1.5^m telecommunications 

window [Mears] [Desurvire] have in recent years had a considerable impact on the 

thinking concerning communications systems architecture, and will play an important 

role in future communication systems. They will see applications in trunk and 

undersea networks, often eliminating the need for regenerative repeaters and 

improving the performance of local communication systems [Henry] [Marcuse]. Used 

as pre- or post-amplifiers, or as intermediate line amplifiers such devices offer high 

gain, low noise and high efficiency [Laming 1989], and have been characterised for 

amplitude and frequency modulation at frequencies up to 15GHz [Laming 1989a]. To 

date most experimental systems have concentrated on intensity-modulated direct- 

detection schemes. Advanced coherent communication systems employing optical 

amplifiers in combination with phase or frequency modulation will allow for greatly 

increased system capacity and are therefore of considerable interest for long-haul 

routes and for high-capacity local area networks [Okoshi]. The work presented in this 

chapter represents the first time the phase-noise statistics of amplified light from an 

erbium-doped fibre amplifier have been investigated, that is, the effect of amplified 

spontaneous emission (ASE) within the signal bandwidth on the signal spectrum. The 

statistics of the signal spectrum are important when coherent phase or frequency 

detection are employed. As will be seen, amplified spontaneous emission photons 

result in a small change in the power spectral density of the signal, which is however 

unlikely to have an effect on most applications. It is nevertheless a real effect which 

may ultimately have to be accounted for.
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Recent results in which 25 amplifiers were employed, inserted every 80km in an 

experimental communication link [Saito] have demonstrated the possibility of 

concatenating many amplifiers in series to achieve coherent transmission over long 

distances without the use of regenerative repeaters. However, coherent systems 

require narrow-linewidth signals to achieve good bit-error-rate performance to take 

advantage of the available bandwidth [Linke], Homodyne detection of phase shift 

keying (PSK) modulation can achieve a theoretical receiver sensitivity of 9 photons 

per bit, but requires a beat linewidth of 0.05 times the bit rate. Asynchronous 

heterodyne detection of narrow deviation frequency shift keying (FSK) can achieve 

sensitivity of 36 photons per bit, but requires a beat linewidth at the detector of 0.3 

times the bit rate [Henry].

High sensitivity coherent communication systems require narrow-linewidth signals and 

may suffer reduced performance if significant spectral broadening to the signal were 

to be introduced in the optical link, in particular by phase noise in optical amplifiers 

or other system components. Early work on direct detection amplification for 

communication systems looked at semiconductor optical amplifiers [O’Mahony]. 

Besides being capable of less gain than EDFAs and suffering from polarisation 

sensitivity, it has been shown that these devices suffer from considerable phase noise, 

imposing limits on the number of devices which may be concatenated in a coherent 

optical link [Hinton]. It is of interest to determine whether similar problems will 

impact on the performance of the EOF A for the amplification of narrow-bandwidth 

signals.

Phase noise in fibre amplifiers can be caused by various effects in the active fibre, 

but is thought to be dominated by the addition of randomly-phased spontaneous 

photons to the signal field. These phase variations add to the intrinsic phase variations 

of the signal passing through the amplifier, thereby causing the signal linewidth to be 

broadened. The statistical content of the signal at the amplifier output must be altered 

since the randomly-phased spontaneous photons not correlated to the signal are added
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within the signal bandwidth. For coherent system applications and for the amplifica­

tion of narrow-band signals it is important that these phase variations must be 

insignificant compared to those of the signal field.

6.3 SPECTRAL BROADENING DUE TO FIBRE AMPLIFIER PHASE 

NOISE

In order to determine the effect of phase noise originating from the addition of 

amplified spontaneous emission to a amplified narrow-linewidth signal, measurements 

were performed to determine the amount of spectral broadening induced by an Br^*- 

doped fibre amplifier to a narrow-linewidth signal passing through the amplifier.

6.3.1 Measurement Technique

To measure spectral broadening due to phase noise in a fibre amplifier, a measure­

ment system was required which had sufficient resolution to a measure signal 

broadening component a small fraction of the signal width passing through the 

amplifier. A direct measurement such as a self-heterodyne measurement of the 

amplifier output is unlikely to provide sufficient accuracy. To realise such measure­

ments an EDFA was incorporated in a balanced Mach-Zehnder single-mode fibre 

interferometer, as shown in Figure 6.1. As will be shown, if the paths of the 

interferometer are accurately matched the phase noise of the probe signal passing 

through the amplifier is cancelled at the detector and the power spectral density (PSD) 

of the signal at the detector is simply the spectral broadening response of the fibre 

amplifier.
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DFB

Argon TkSapphire

980nm 
pump laser

Matched

1.535pm

Figure 6.1 Experimental set-up for measuring spectral broadening due 
to EDFA phase noise. Mach-Zehnder interferometer has exactly 
matched paths.

The response of the measurement system and its ability to measure spectral 

broadening can be seen by calculating the power spectral density of the system 

output. The first step is to calculate the optical signals incident on the photodetector. 

The output from the probe CW signal laser, which was either a distributed feedback 

(DFB) semiconductor injection laser or a narrow-linewidth external-cavity semicon­

ductor laser was split into two paths by the 3dB fibre coupler. One path passed 

through the EDFA and is up-shifted in frequency by an acousto-optic modulator
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(AOM), while the other passed through a single-mode fibre delay line. The two paths 

were recombined in a 3dB coupler and detected.

The system response can be analysed by assuming that the time-varying field of the 

signal laser, E(t), is of the form:

a%. g/"^ (1)

where & is the laser frequency and (/)i(t) is the time-varying phase of the laser field, 

while the amplitude E of the signal is assumed to be constant. It is assumed that the 

phase variations introduced by the amplifier from amplified spontaneous emission 

gives rise to an additional phase term (/)a(t) to the signal passing through the first arm 

including the EDFA. It is also assumed that as the signal strength is significantly 

stronger than the ASE strength that amplitude fluctuations can be ignored. The signals 

from the two paths which are combined onto the photodetector via a 3dB coupler can 

be written as:

E/f) = E^ (2)

^(0 . JE; (3)

where ^^ is the modulation frequency of the acousto-optic frequency shifter and t^ 

is the propagation time difference between the light passing through the two fibre 

arms from the probe signal laser to the detector. The frequency shifter gives rise to 

a beat component in the photo-detector current, centred at frequency f^, and of the 

form (when shifted to baseband):

z(r) « e"'*-^'^ /*X‘)-4>K'-=^) (4)

The PSD of the beat component of the detector signal can be determined by taking 
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the autocorrelation and then Fourier Transform of the detector current in Equation 

6.4. The autocorrelation R(t) can be expressed as:

^^;) (^^j^Jh g/W-4./f-T,))^* ^g/W) /4f(O)-*,(-Tj))^^

(5)

= ^g7(*/0)-t(h) ^(A4,(f-t^-A4Kf))^

where A^(t) = ^i(t) - ^i(0). Assuming that the phase noise of the amplifier is 

independent of the phase noise of the signal laser, Equation 6.5 can be written as:

7?(r) = (e/(*t>,(0)-4>„(0)^ ^^(A4)^i-t^-A4)XO)^
(6)

- ^j(f) ^/O

where R^t) = (exp(j((/)a(0)-(/)a(t)))) is the autocorrelation of the amplifier phase 

variations and R,(t) = (exp(j(A</)(t-7(i)-A(/),(t)))) is related only to the laser beat signal.

To obtain the PSD the Fourier Transform (FT) is taken:

PSD = FT (F/r)} * FT {F/0} (7)

Looking at the two terms in the above equation separately, it can be shown ( for 

example see the derivation of the self-heterodyne scheme in Appendix 1) that the 

second term, the Fourier Transform of the autocorrelation of the laser signal, S(f), 

can be expressed:

—-—11 cos(27i:/t^) +
sin(27T/T^)' (8)
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where t^ is the coherence time of the signal laser, defined by [Moslehi]:

^^FWHM

where A&fwhm is the angular full width at half maximum spectral width of the laser 

spectrum.

Examining Equation 6.8 it can be seen that if the delay time, t^, between the two 

paths from the signal laser to the detector is much less than the coherence time of the 

signal laser, i.e., t^-^t^ then the power spectral density in Equation 6.8 reduces to 

a delta function. In this limit the measured PSD from the experimental system reduces 

to:

PSD = FT (R/O) = FT {(Z*'™"*'*')} (10)

This term represents the contribution of spectral broadening introduced by the fibre 

amplifier phase noise. Hence by measuring the PSD with the set-up of Figure 6.1 

with the optical paths matched so that t^^t^, the spectral broadening due to the fibre 

amplifier can be determined by cancelling the phase noise of the probe signal. The 

actual spectrum of the signal at the output of the amplifier, Sout(f), is given by the 

convolution of the spectral broadening term of Equation 6.10 with the PSD of the 

input signal, Sin(f) to obtain:

(11)
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6.3.2 Spectral Broadening Measurements

Spectral broadening due to fibre amplifier phase noise was measured using the 

technique described in Section 6.3.1 and illustrated in Figure 6.1 with two laser 

sources, one with a 30MHz spectral width and one with a 50kHz spectral width. The 

amplifier fibre used for the series of measurements was an 11 metre length of 

germaho-silicate composition Er^'*’-doped single-mode optical fibre, with an Er^* 

concentration of 250ppm, NA=0.2 and X,.=975nm. Pump light was introduced 

through a dichroic or wavelength division multiplexing coupler from a CW 

Ti:sapphire laser operating at 980nm. The gain characteristic of the amplifier 

configuration for constant signal power of 61^W at 1.535/xm from the DFB laser is 

shown in Figure 6.2. A frequency shift of either 40MHz or lOOMHz was introduced 

by one of two acousto-optic modulators following the fibre amplifier.

980nm pump power (mW)

Figure 6.2 Gain characteristic of EDFA used for spectral broadening 
measurements. Probe signal at 1.535gm with constant power of 61^W. 
Amplifier pumped by Ti: sapphire laser operating at 980mn.
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The first signal source employed was a DFB semiconductor laser operating at 

1.535/zm, with a spectral width of —30MHz, This spectral width corresponds to a 

coherence length of about 6 metres in optical fibre, thus to ensure that the condition 

Td<Tc was satisfied, the two optical paths of the Mach-Zehnder were matched from 

one fibre coupler to the other to a path difference of within a few millimetres. In 

order to confirm that the two arms of the Mach-Zehnder were accurately matched the 

length of doped fibre was replaced by an equal length of undoped fibre. The PSD 

centred at the frequency shift 4 arising from the DFB signal passing through the 

control system was measured and is shown in Figure 6.3. As expected from Equation 

6.8 the PSD is a delta function, since in this case <^a=0 with no EDFA. Expanding 

the scale when measuring this PSD it was possible to resolve this signal to have a 

width of less than 15Hz, being the limit of the detector and spectrum analyser 

response. This figure of 15Hz is an indication of the ultimate absolute resolving 

power of the Mach-Zehnder in this arrangement.

Power 
(dBV)

Figure 6.3 Power spectral density of output of matched-path Mach- 
Zehnder interferometer without amplifier. Delta function width 
< 15Hz.
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With the amplifier fibre in place the PSD of Figure 6.4 was measured, centred at the 

beat frequency f^. The measurement conditions for the plotted results were a pump 

power of 20mW and signal power 50;iW, with the amplifier providing 17dB gain. 

Comparison with Figure 6.3 shows that with the amplifier in place the PSD is quite 

different from the delta function of the control-configuration. The spectral broadening 

due to phase noise in the EDFA gives rise to a PSD with an approximately Lorentzian 

lineshape, with a half-power width of about 15kHz for these measurement conditions. 

The control experiment indicates that the path lengths were accurately matched when 

the experiment was configured and that the PSD of Figure 6.4 is due to spectral 

broadening arising from phase noise generated in the fibre amplifier from amplified 

spontaneous emission photons.

— 60

-65

Power —"70

(dBV) -75 

— SO

-85 

— 90 

-95 

- 1 OO 

- 1 05

39.8 39.9 40.0 40.1 40.2
Frequency (MHz)

Figure 6.4 Power spectral density of spectral broadening measured by 
balanced Mach-Zehnder interferometer. Signal at 1.535^m with 
30MHz width, amplifier providing 17dB gain. Half-power width of 
broadening - 15kHz.

The degree of spectral broadening indicated in Figure 6.4 shows a spectral width of 

about 15kHz, however the amount of broadening induced by the amplifier was
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observed to change with input signal power with constant 980nm pump power, as 

shown in Figure 6.5. The signal power was varied by introducing attenuation to the 

laser output while keeping the DFB drive conditions constant in order to prevent 

linewidth changes of the signal source. It can be seen from Figure 6.5 that the degree 

of spectral broadening introduced by the amplifier decreases with increasing signal 

power. This behaviour is expected if the spectral broadening is due to spontaneous 

photons, since increasing the signal power brings about an increase in the ratio of 

signal to amplified spontaneous emission, the ASE photons within the signal 

bandwidth giving rise to the spectral broadening. Another contribution to the decrease 

in spectral broadening with increasing signal power could be that as the signal power 

increases for fixed pump power, the population inversion decreases, thereby reducing 

ASE power. When the signal power was kept constant and the pump power was 

varied the change in spectral broadening was not quantifiable, being very small. In 

this case there is very little change in the ratio of signal to ASE.

Thus the Er^'^-doped fibre amplifier contributes to the phase noise of a signal passing 

through the amplifier, resulting in a small degree of spectral broadening. The 

measurements above, performed with a 30MHz width signal passing through the 

amplifier show that the amount of spectral broadening is very small, typically less 

than 15kHz, or less than 0.05% of the signal width for a 30MHz probe signal width.

In order to determine whether the amount of spectral broadening was affected by the 

signal source spectral linewidth, additional measurements were performed, replacing 

the DFB laser source by an external-cavity semiconductor laser source with a spectral 

width of —50kHz. A typical PSD measurement of the beat signal centred at f^ is 

shown in Figure 6.6, for a signal power of lOO/iW and a pump power of 20mW. 

Under these conditions no spectral broadening was measurable. A small amount of 

change in the PSD was detectable approaching the noise floor of the measurement, 

but insufficient to accurately quantify a change in the 3dB width of the PSD. Bearing 

in mind that the measurement scheme could resolve a delta-function width down as
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Figure 6.5 Variation of spectral broadening PSD with signal power. 
Signal at 1.535/xm with spectral width 30MHz.

far as 15Hz, this implies that any spectral broadening is of this order of magnitude 

or less, this resolution corresponding to 0.03% of the signal spectral width. Although 

broadening could not be quantified, the absolute magnitude of the spectral broadening 

was determined to be dependent on the signal spectral width passing through the 

amplifier.
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Figure 6.6 Power spectral density of spectral broadening measured 
with 43kHz width signal at 1.55;im. Broadening is not measurable, 
minimum measurable width 15Hz. Centre frequency lOOMHz.

6.4 MODELLING OF FIBRE AMPLIFIER SPECTRAL BROADENING

The amount of broadening induced by the phase noise of the fibre amplifier measured 

in Section 6.3.2 was very small, and as such is unlikely to impact on the amplifica­

tion of narrow-linewidth signals or on the performance of coherent communication 

systems. For coherent systems, other factors such as accumulation of ASE, power 

penalties due to Rayleigh backscattering, and signal broadening due to non-linear 

effects in the transmission fibre, will predominate in the accumulation of noise to 

limit system performance [Yariv 1990] [Gordon] [Staubli]. However, the spectral 

characteristics of a signal at the output of an amplifier will be different from those at 

the input of the amplifier, and hence it is useful to calculate the amount of spectral 

variation arising from the use of an EDFA. The spectral nature of the signal at the
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amplifier output must be altered since randomly-phased spontaneous photons which 

are not correlated with the signal are added to the signal field.

In order to calculate the effect of the addition of ASE photons to the amplified signal 

field a statistical model is used in this section, as the PSD of the measured field is 

fundamentally a statistical phenomenon. The model assumes that the total signal at the 

output of the amplifier consists of a narrow-band amplified signal and broadband ASE 

noise, however the detection process is not able to determine the origin of individual 

photons and hence it is not possible to distinguish signal photons from ASE photons 

within the signal bandwidth. This is why spectral broadening is measured from the 

detector current power spectral density. It is assumed that the amplification process 

directly amplifies the signal photons without altering their statistics, whilst the ASE 

photons are assumed to be randomly phased across the signal bandwidth and are 

hence effectively white noise compared to the signal bandwidth.

The signal is modelled as the sum of a rotating phasor and a random phasor sum, as 

indicated in Figure 6.7. This type of model is commonly used when calculating laser 

linewidth, however in this case we work backwards from a known linewidth to the 

fundamental phasor components. The ASE noise is included as an additional 

statistically independent, random phasor sum added on top of the rotating vector of 

the signal field. Hence the modelling can simply be viewed as the addition of white 

noise due to ASE to the signal with a known spectrum, or the shifting of the power 

level of this known spectrum by the effect of white noise. The average rate of arrival 

of the ASE photons or the average number of ASE spontaneous noise vectors added 

in a given time determines the amount of spectral broadening, in the same way that 

the rate of arrival of spontaneous photons into the laser mode determines the laser 

linewidth. The model proceeds by calculating the arrival rate of spontaneous photons 

making up the input signal. This is compared with the arrival rate of amplified 

spontaneous emission photons to calculate the increase in spectral width of the signal 

at the amplifier output. .
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Figure 6.7 Phasor model of spectrum used to model spectral broaden­
ing. Signal is represented by a rotating vector, spontaneous emission 
photons add on top of the rotating vector with unit amplitude and 
random phase.

A Lorentzian signal is assumed for the laser signal with a linewidth (Ar)i„gr) and only 

a CW carrier is considered. The input signal is first analysed. Using the standard 

phasor model of laser linewidth [Yariv] this is assumed to be modelled as a rotating 

phasor onto which is added a random phasor sum representing spontaneous emissions, 

giving rise to a finite linewidth. The laser field is represented in the form:

e(f) = Re\_E(ty^*^‘*^^‘'>'>^ (12)

where E(t) is the field amplitude, w is the laser frequency and 6(t) is the field phase. 
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Without loss of generality the phasor model can be taken as the sum of a constant 

phasor which is entirely real and a random phasor sum made up of phasors with unit 

amplitude and phase uniformly distributed on (-tt^tt). In the case under consideration, 

the constant phasor is also assumed to be much stronger than the random phasor sum, 

a valid assumption for a highly coherent light signal [Goodman].

With this assumption the angular change due to one spontaneous emission, A6, is 

given approximately by:

A 6 = -^ cos4) 
\/n

(13)

where h is the average number of photons comprising the constant phasor signal and 

4) is the random phase of the ASE photon. </> is uniformly distributed on (-tTj-tt). The 

mean squared angular deviation after N spontaneous emissions, A6(N), becomes:

tA6(jV)f) = ((Ae)2) N = A (cos^(t>) jV (14)

The RMS phase variation after time t can be calculated from the number of 

spontaneous emission photons detected in a time t in the signal bandwidth. Following 

the standard laser theory [Yariv] the RMS phase variation after time t can be 

expressed as:

Ae(t) = ([A6(t)]^)=
(15)

1 yt

where the variables are t^, the laser inversion factor and t^ the photon lifetime in the 

resonator, which are constants characteristic of the laser source. If we calculate
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directly the laser field spectrum, by taking the autocorrelation and Fourier transform 

of e(t) from Equation 6.11, the spectral density function can be shown to be of the 

form:

S(o>) = --------- (16)

which is a Lorentzian lineshape with FWHM linewidth given by:

(Aci)) (17)

The RMS angular deviation in the phasor description can hence be expressed in terms 

of the laser linewidth by:

A 6(0 = ([6(0]^)'
1 pf (18)

To calculate the effect of the ASE noise on the phasor model and hence the measured 

linewidth we must add a second random phasor sum to that used in modelling the 

laser linewidth. Since the ASE photons are uncorrelated to the laser photons we can 

simply add them to the original random phasor sum, thus increasing the inter-arrival 

time of the noise photons, from both the signal laser and the amplifier spontaneous 

emissions, at the amplifier output. Using the ASE power at the amplifier output, we 

can calculate the average inter-arrival time of ASE photons at the amplifier output. 

Hence if the ASE power P^se at the amplifier output in a single polarisation is given
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by:

f^ = MvAv(G-I) (19)

where hp is the photon energy, zXp is the bandwidth over which the ASE power is 

measured, which in this case is the probe signal spectral width, as only spontaneous 

photons within the signal bandwidth are of interest, p^ is the amplifier inversion factor 

and G is the amplifier gain, then the average time between the emission of ASE 

photons from the amplifier end is:

^5® nAv(G-l)
(20)

Thus in the average time for one ASE photon to be emitted by the amplifier the RMS 

angular deviation in the phase of the laser signal is:

27t(Av)^^^
^^^^AS^ (21)

p, Av (G-1)

In order to modify the random phasor inter-arrival time by the addition of the 

amplifier ASE photons, we must know the angular deviation induced by one 

spontaneous emission in the laser model. Assuming the case of a large constant 

phasor and a random phasor sum, the angular deviation from one spontaneous 

emission can be approximated by:

Ae^ 1 A—^ COSq> (22)
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and hence the RMS angular change due to one spontaneous photon is:

((A6,)y = 1
(23)

The number of signal photons in the time t^sE at the amplifier output can be expressed 

simply as:

1
^Ig h\ pAv(G-l)

(24)

The average number of laser signal noise photons in the output signal during the 

average time for one ASE photon to be detected is simply the RMS angular deviation 

during the time Iase divided by the RMS angular deviation induced by one ASE 

photon:

((A6,)y p"(Av)2/zv(G-1)2
(25)

If we take jXv = k(Ay)iasgr, then:

411 Pin G
K^Avt:(Av)^(G-lf

(26)

The model assumes that spectral broadening occurs due to the addition of randomly- 

phased spontaneous photons during the time Iase- The spectral width at the amplifier 

output hence scales with the mean square angular deviation, which is proportional to 
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the number of noise photons detected. Spectral broadening is thus in the ratio:

^sponl

Hence the amount of spectral broadening measured by the detector can be approxi­

mated in proportion to the signal spectral width as:

5v = (Av)^,, (28)

To verify the validity of this model to predict spectral broadening due to randomly- 

phased ASE photons adding to the signal field calculations were made using constants 

taken to approximate the experimental conditions described in Section 6.3.2. Figure 

6.8 shows the predicted spectral broadening to a 30MHz signal passing through an 

amplifier providing 17dB of gain. As can be seen, for input powers in the range 

lO^W to lOO^W the predicted spectral broadening is of the order 20kHz, with slowly 

decreasing spectral broadening resulting as the signal power is increased. These 

predictions agree well with the measured results plotted in Figure 6.5, particularly for 

signal strengths greater than 10/zW. The accuracy of the model decreases for signals 

less than lO^W. This is due to the assumption of the rotating vector length being 

much greater than a single photon becoming less valid.

The projections of the model for a 50kHz signal passing through an amplifier are 

plotted in Figure 6.9. As can be seen, the predicted amount of spectral broadening 

in this case is typically less than 2Hz. Recalling the measurements of spectral 

broadening for a 50kHz signal, it was not possible to resolve any spectral broadening. 

The model predicts broadening of ~ 2Hz, while the resolution of the Mach-Zehnder 

interferometer was — 15Hz, so in this case the amount of broadening in the half- 

power width of the PSD would not be measurable.
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Figure 6.8 Predicted spectral broadening as a function of signal power 
for a signal with spectral width 30MHz.

Figure 6.9 Predicted spectral broadening as a function of signal power 
for a signal with spectral width 50kHz.
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Prompted by the publication of the measurements previously described in Section 

6.3.2, Okamura and Iwatsuki attempted to measure spectral broadening from an 

erbium-doped fibre amplifier using a 1.4kHz linewidth input source [Okamura]. They 

were not able to measure any broadening, however their measurements were 

performed by passing the amplified signal through a self-heterodyne interferometer, 

not a system as developed in this work and described in Section 6.3.1. The 

measurement scheme of Okamura and ‘Iwatsuki does not have the same resolving 

power as the measurement scheme described in Section 6.3.1, and is probably only 

capable of accurately measuring spectral width changes of - 10%. Figure 6.10 shows 

predictions of spectral broadening for a IkHz signal passing through an amplifier, 

indicating that spectral broadening in this case will be of the order of milli-Hertz, 

unmeasurable with the previously described matched Mach-Zehnder, and well beyond 

the resolution capabilities of a self-heterodyne measurement.

Figure 6.10 Predicted spectral broadening as a function of signal 
power for a signal with spectral width IkHz.
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The predicted variation of spectral broadening as a function of the spectral width of 

the signal is plotted in Figure 6.11 for a range of spectral widths from lOOkHz to 

IMHz. As can be seen the function is a monotonically increasing function with 

increasing slope with increasing signal width, indicating than the effect of spectral 

broadening becomes more dominant for larger signal spectral widths. This can be 

understood intuitively by seeing that the spectral width of the signal does not affect 

the amplification within the EDFA, while greater spectral width allows a greater 

number of randomly-phased spontaneous photons to fall within the signal bandwidth. 

Thus if two signals containing the same number of photons pass through the 

amplifier, both will be amplified by the same amount while the broader signal will 

have more ASE photons added within its signal bandwidth, causing a more significant 

change in the statistical nature of the field.

The other important prediction of the model, which was borne out in the experimental 

results, can be seen from Figure 6.8, which shows that spectral broadening becomes 

more pronounced as the input signal power decreases. As the ratio of signal to ASE 

increases the effect of the spontaneous emissions on the laser field becomes less 

pronounced. Only when the ASE power becomes close to the signal power will 

drastic spectral broadening occur. From the point of systems applications of fibre 

amplifiers it would thus be favourable to employ amplifiers before the signal power 

approaches the ASE power in the signal bandwidth. For the application of making 

high-power single-longitudinal-mode fibre lasers the use of an amplifier on the laser 

output port will have negligible impact on the laser signal spectral width.
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Figure 6.11 Predicted spectral broadening as a function of signal spectral width for
a lOjuW signal and an EDFA producing gain of 50

6.5 SUMMARY

This chapter has presented the first measurements looking at the fundamental phase 

properties of the spontaneous emission photons generated in an erbium-doped fibre 

amplifier and their effect on the statistics of a signal passing through the amplifier. 

Spectral broadening of a narrow-band signal passing through an EDFA has been 

measured with a matched-path Mach-Zehnder interferometer capable of resolving 

power spectral densities with 15Hz width.

Measurements with a 30MHz linewidth signal revealed spectral broadening of less 

than 20kHz for typical values of signal power and amplifier gain. Such levels of 

broadening, less than 0.1 % of the signal width are unlikely to have any consequences 

for the bit-error-rate performance of future coherent communication systems or cause
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any significant broadening when amplifying narrow-band optical signals to produce 

high-power single-frequency sources. Measurements with narrowband (< 50kHz) 

signals found that the amount of broadening was too small to measure. It was 

determined that the amount of broadening was a function of the input signal spectral 

width. The amount of broadening also decreased with increasing input signal strength. 

A statistical model was developed to predict levels of spectral broadening, the results 

of the model agreeing well with the measured trends and levels of broadening.
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Summary and Conclusions

This thesis has been concerned with techniques for achieving single-longitudinal-mode 

operation in Er^"*'-doped fibre lasers operating in the principal telecommunications 

window. The approach has been to experimentally develop novel fibre laser 

resonators for narrow-linewidth and single-longitudinal-mode operation. Several 

significant results have been described which contribute to the development of the 

technology of fibre lasers. These include the first demonstration of a travelling-wave 

fibre ring laser, and the operation of the travelling-wave fibre loop laser.

Resonator design for narrow-linewidth and single-frequency operation has been
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investigated both for standing-wave and travelling-wave configurations. Although the 

standing-wave designs investigated did not reliably achieve single-frequency 

operation, novel resonator configurations have been fabricated and analyzed, with the 

modifications necessary for achieving single-frequency operation noted. An empirical 

observation is that to achieve single-longitudinal-mode operation the passive cavity 

mode spacing must be such that less than 50 passive cavity modes fall within the 

passive cavity bandwidth.

Very narrow-bandwidth distributed Bragg reflectors have been seen to be extremely 

important elements in narrow-linewidth operation of fibre lasers, and fabrication 

techniques under development for achieving such devices were described. The 

fabrication techniques improve the length and uniformity of surface-relief gratings, 

and initial results indicate that reflection bandwidths less than 0.2nm are achievable. 

These fabrication techniques will see application beyond fibre devices, to the 

production of narrow-band gratings on planar waveguide lasers.

A novel coupled-cavity fibre laser resonator was described, which operates by the 

interaction of orthogonal polarisation modes in a high birefringence resonator. The 

resonator took the form of a polarimetric Michelson cavity. A spectral width of less 

than 5GHz or 0.04nm was achieved in this configuration.

It has been demonstrated that although single-frequency operation is possible in 

standing-wave fibre lasers, the nature of the erbium-doped fibre gain medium and 

techniques for resonator construction indicate that single-frequency operation is very 

difficult to achieve in practice. This work has seen the pioneering of travelling-wave 

operation in fibre lasers to achieve single-frequency operation. Travelling-wave 

operation overcomes the obstacle of spatial holeburning, which limits the performance 

of standing-wave fibre laser resonators.

The first demonstration of travelling-wave operation in fibre lasers is described, in
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the form of a uni-directional ring laser. Another novel travelling-wave fibre loop laser 

is also reported. Such laser resonators have been demonstrated to be capable of 

linewidths of less than lOkHz. It has been demonstrated by these results that all that 

is required to achieve single-longitudinal-mode operation in erbium-doped fibre lasers 

is to eliminate the effects of spatial-holebuming. By these results it has been 

demonstrated that although the phospho-alumino-silicate host erbium-ion fibre gain 

medium has mixed homogeneous and inhomogeneous broadening components it acts 

as a homogeneous medium. This demonstration of single-frequency operation by the 

elimination of spatial holebuming operates in a gain medium in which the homogene­

ous and inhomogeneous broadening have similar widths, so although substantial 

inhomogeneous broadening exists the gain medium acts as if homogeneously 

broadened. The measured linewidth of these lasers appears at this stage to be limited 

by thermal and mechanical design limitations.

This thesis has also considered the amplification of narrow-linewidth signal in the 

A..55pm region by erbium-doped fibre amplifiers. It has been identified and measured 

for the first time that the use of fibre amplifiers results in spectral broadening to a 

signal passing through the amplifier. Although this phenomenon exists, the magnitude 

of the broadening has been identified to be very small. This noise source is unlikely 

to impact on the performance of coherent communication systems or cause significant 

broadening when amplifying narrow-bandwidth signals to produce high-power single­

longitudinal-mode sources. A novel measurement scheme was described which was 

capable of measuring the small changes in spectral width of a signal passing through 

a fibre amplifier, and a model proposed to predict the effects of spectral broadening.
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