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Abstract

This thesis describes the theoretical and experimental investigation of stimulated Brillouin
scattering (SBS) in single mode optical fibres and all-fibre ring resonators. SBS is a
nonlinear threshold effect which occurs in single mode fibres at low optical pump powers,
and can be a limitation in optical fibre coherent transmission systems. High finesse optical
fibre ring resonators are attractive for the study of SBS as their geometry offers a very low
round-trip loss coupled with a significant enhancement of the circulating power over the
input power resulting in low SBS thresholds.

After a review of the SBS theory and an overview of the research work carried out in the
field of SBS in single mode optical fibres, the system of coupled equations which
described the generation of the SBS process is solved numerically. The numerical results
are compared with existing analytical solutions and published experimental data, and the
implications and applications of the results to optical fibre transmission systems and
Brillouin amplifiers are discussed.

The evaluation of high finesse single-mode ring resonator operation carried out, including
the fabrication, alignment, and characterisation of devices fabricated from ordinary and

polarisation maintaining fibre, at 633 nm and 830 nm is described.

The theoretical and experimental investigation of SBS generation in all-fibre single mode
ring resonators is presented. An analytical theory describing the operation and performance
parameters of all-fibre Brillouin lasers is derived, and a numerical modelling of the transient
operation of the Brillouin laser is carried out. The transient and steady-state characteristics

of a Brillouin amplifier based on an all-fibre ring resonator are considered.

The experimental investigation of the operation of all-fibre Brillouin lasers is described.
Particular attention focuses on the semiconductor laser pumped Brillouin laser and the first
demonstration of this device operating at a submilliwatt threshold is presented. The
processes of four wave mixing (FWM) and a related process of Brillouin enhanced four
wave mixing (BEFWM) are observed for the first time in all-fibre ring resonators, and the
physics of these processes is considered.

The applications of the work in this thesis including local oscillators, generation and
distribution of high frequency microwave components, amplification, and phase
conjugation are also discussed.



Acknowledgements

I would like to thank a number of people who have helped in the course of my PhD,
at UCL:

My supervisor, Dr Ian Giles for initiating the project and many interesting discussions in the course of
this work. Dr Paul Radmore, for numerous discussions on the theoretical front and much patient help
in conquering some of the difficult mathematics arising in this work. Dr John Halley is thanked for
many helpful discussions on the theory of SBS. Particular thanks are due to my colleagues in the Fibre
Optics Group: Mahmoud Farhadiroushan and Sotirias Markatos for many hours of discussions,
practical advice and help. Dr Alwyn Seeds and Dr Hugh Griffiths are thanked for valuable and helpful
comments. I am grateful to Tony Kerr for invaluable help with resonator fabrication; Tony Overbury
and Henry Robinson for help in setting up some of the lasers, and Maurice Gillett together with the
Engineering Workshop for their friendly and competent help.

I would also, especially, like to thank the people who have played a particularly important part in my
days at UCL's Electronic Engineering Department:

Special thanks go to Professor Gareth Parry - for immeasurable support, advice, and encouragement, and
seemingly limitless patience and kindness.

My three respective Heads of the Department: Prof Eric Ash, Prof 'D.E.N.' Davies, and Prof John
Midwinter for taking interest in, and encouraging my work at UCL, both during my undergraduate and
postgraduate days. I am, of course, indebted to Dr Roger Giblin, ex-Admissions Tutor, for introducing
me to UCL.

I am exceptionally lucky in having accumulated many very good friends and colleagues at UCL, on
whom I could always rely for general advice, sympathy, goodwill, and diversion - which were and are
much appreciated. I would also like to thank my parents and close friends outside UCL for their much
needed patience and tolerance in the course of doing and writing up of my PhD work.

At GEC Hirst Research Laboratories, I would like to thank:

My industrial supervisor, Dr Ayman El-Fatatry - for encouragement, invaluable suggestions, and
constant interest and support in this work.

Adrian Greenham, Dr Mike Rowe, Dr Peter Ball, and Dr Cyril Hilsum for much advice and help in the
course of this work and my association with GEC Hirst.

I would also like to acknowledge the good advice, optimism, and encouragement of Dr John
McCormack (BICC) during our long term association within GEC Hirst Research Laboratories.

Finally, I am grateful to the Science and Engineering Research Council (SERC) for financial support in
providing a CASE Award scheme together with GEC Hirst Research Laboratories, and for the financial
support of the project.



Abstract

Contents

Acknowledgements

Chapter 1. INTRODUCTION

L1

References for Chapter 1

Chapter 2. THEORY OF STIMULATED BRILLOUIN SCATTERING

2.1.
2.2.

2.3.

2.4.

Spontaneous scattering processes

Stimulated Brillouin scattering (SBS)

2.2.1. Derivation of the SBS coupled equations

2.2.2. Steady-state solutions of the SBS equations

2.2.3. Approximations used in solving the SBS equations
Transient characteristics of SBS

References for Chapter 2

Chapter 3. SBS IN SINGLE MODE OPTICAL FIBRES - AN OVERVIEW

3.1
3.2
3.3.
3.4.
3.5.
3.6.

Early interest

SBS as a limitation to communication systems
Brillouin amplification

Brillouin lasers

Material considerations

References for Chapter 3

Chapter 4. SOLUTIONS OF THE SBS EQUATIONS

4.1.
4.2.
4.3.
4.4.
4.5.
4.6.
4.7.

Description of the numerical method

Discussion of the solutions

Comparison with published experimental results
Implications for practical long-haul transmission systems
Applications to Brillouin amplification

Summary and conclusions

References for Chapter 4

4

Page

13

15
15
21
24
27
35
37
39

42
42
45
53
55
58
63

68
69
73
90
94
97
100
101



Chapter 5. SINGLE MODE OPTICAL FIBRE RING RESONATORS (OFRR)

S.1.

5.2.

5.3.
5.4.

Theory of the all-fibre single mode ring resonator

5.1.1. Steady state characteristics

5.1.2. Resonator finesse and nonresonant coupling

5.1.3. The significance of pump linewidth in resonator
transmission

Experimental investigation of OFRRs

5.2.1. Resonator fabrication details

5.2.2. Investigation of OFRR operation

5.2.2.1. Experiments at 633 nm

5.5.2.2. Experiments at 830 nm

5.2.3. Stabilisation electronics

Summary and conclusions

References for Chapter 5

Chapter 6. STIMULATED BRILLOUIN SCATTERING IN RING RESONATORS:
BRILLOUIN LASERS

6.1.
6.2.

6.3.

6.4.

6.5.
6.6.

Theory of operation of single mode all-fibre Brillouin laser
Justification for using the small-signal approximation in the analysis
of the SBS in an OFRR
Experimental investigation of SBS in OFRRs
6.3.1. Experiments at 633 nm
6.3.2. Experiments at 830 nm
6.3.3. Measurement of the Brillouin gain coefficient, g
Applications of Brillouin lasing to microwave frequency generation
and distribution
6.4.1. Optical techniques for signal distribution in phased arrays
6.4.2. Brillouin laser in microwave signal generation

and distribution
Summary and conclusions
References for Chapter 6

Chapter 7. TRANSIENT AND STEADY-STATE CHARACTERISTICS OF A
BRILLOUIN AMPLIFIER BASED ON AN OFRR
7.1. Transient operation of the Brillouin laser

5

Page

103
106
106
111

115
118
118
120
120
128
131
136
136

140
141

155
159
159
163
173

176
176

181
184
185

188
189



Page

7.1.1. Theoretical description 189
7.1.2. Transient response: results and discussion 197
7.2. Transient and steady-state characteristics of the Brillouin amplifier =~ 207

7.2.1. Results and discussion 208
7.3. Comparison with other optical amplifiers 215
7.4. Summary and conclusions 218
7.5. References for Chapter 7 219

Chapter 8. FOUR WAVE MIXING (FWM) PROCESSES IN

BRILLOUIN LASERS 222
8.1. Theory of nondegenerate FWM 223
8.2. Experimental observation of FWM in an OFRR 224
8.3. Brillouin enhanced four wave mixing (BEFWM) in an OFRR 230
8.3.1. Theory of BEFWM 230
8.3.2. Experimental observation of BEFWM 233
8.4. Summary and conclusions 239
8.5. References for Chapter 8 239
Chapter 9. SUMMARY AND CONCLUSIONS 242
Appendices:
Appendix A. Interference and diffraction view of SBS 248
Appendix B. Polarisation properties in the SBS process 251
Appendix C. Derivation of the exact solution to the SBS equations:
o, =0case 253
Appendix D. Analytical solution to the SBS equations 257
Appendix E. Runge-Kutta algorithm 262
Appendix F. Proof of the energy balance condition for the OFRR 264
Appendix G. Transient response of the OFRR 268
List of Publications 270



Chnapter 1
Introduction

Chapter 1
INTRODUCTION

Advances in quantum electronics in the 1950's and 60's, and the subsequent invention of
the laser! created a revolution in the field of optics, as it made available for the first time a
coherent monochromatic source of optical radiation. The invention of the laser also
provided the impetus for the researchers to view the optical frequency spectrum for
transmission as an extension to the radio and microwave spectrum, with optical
communications systems offering a potentially tremendous capacity. The outcome of this
new view was a dramatic increase in the study of all optical components; sources,
modulators, detectors, waveguides, and complete systems. Since the initial proposals and
demonstrations of the first optical fibres in the late 1960's2, the last two decades have
witnessed massive worldwide research efforts invested into the development of high speed,

low loss fibre communications systems, both for long-haul and local area networks.

In addition to great advances in high speed communications, this work has led to
development of a new research area of nonlinear fibre optics. In conventional nonlinear
optics a focused geometry is used. The optical intensity is then P/na? where P is the optical
power, and the interaction length is limited to L = 2ma2/\ because of the beam waist 2a due
to diffraction. In an optical fibre with the same field size as the diffraction limited beam
waist, the intensity would be the same as for the focussed case, while the interaction length
is limited by the absorption length of the fibre (1/ct,). The enhancement in the (optical
intensity x interaction length) product - a parameter which characterises the strength of
optical probing, is 2ra%/A, and can be as large as 108 - 10? in typical single mode optical
fibres. Although usually considered as linear or passive media, it soon became apparent
that optical fibres presented quite different operating conditions compared with bulk
materials, even for familiar nonlinear processes, including stimulated Brillouin and Raman
scattering, Kerr effect, second and third harmonic generation, and four wave mixing

processes. The small cross-section areas and long interaction lengths possible in optical
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fibres thus mean that many nonlinear effects can be observed in fibres at powers several
orders of magnitude lower than in bulk materials3-10. There has also been growing
appreciation that fibres have characteristics which have no parallel in conventional nonlinear
optics, in particular the important role played by group-velocity dispersion. The
combination of group velocity dispersion and nonlinearity has led to some interesting
effects related to solitons and self-phase modulation”-8, Fibre nonlinearity has grown into a
rich and diverse subject, while optical fibres have thus emerged as convenient media for the
study of nonlinear effects, and their implications in fibre systems: viewed both as a source
of deleterious effects, and for potentially promising applications such as all-optical

frequency generation, switching, pulse compression, and amplification.

Most of the observable nonlinear effects, however, still require optical powers in the range
of tens to hundreds of milliwatts (Kerr effect and four wave mixing) to several Watts
(stimulated Raman scattering), with tens to hundreds of Watts for soliton effects, which are
too high really for practical communication systems. In contrast, stimulated Brillouin
scattering (SBS) is a particularly important nonlinear process since it is the first nonlinearity
which is encountered in optical fibres as the transmitted power is increased, and can be
observed at optical powers of as low as few milliwatts in single mode optical fibres with
lengths of several kilometres. Briefly, in this process an incident optical wave, known as
the pump wave with frequency fp, gives rise to an acoustic wave, fa, and a counter-
propagating scattered optical wave having a lower frequency, fg, known as the Stokes
wave. The Stokes wave is shifted in frequency relative to the pump by the amount equal to
the frequency of the acoustic phonon (= 2nfyv, /c, where v, and c are the speeds of sound

and light, respectively) so that the total energy in the process is conserved.

The pump wave strongly amplifies the Stokes wave, whose growth is proportional to the
pump intensity and to the interaction length, as outlined above. There is a characteristic
frequency bandwidth associated with the SBS amplification. This bandwidth is
proportional to the attenuation of the acoustic phonons, and in optical glasses will be
typically tens of megahertz in the far-red and near infra-red region of the spectrum. This
means that the SBS is a highly coherent process and is most efficient when the pump
spectral linewidth is comparable or lower than the intrinsic SBS linewidths. Discovered in
optical fibres by Ippen and Stolen in 197211, it has since been shown to be a possible
limitation in the practical performance of optical transmission systems that use narrow-

linewidth, single frequency lasers12. Clearly in the SBS process the energy is transferred
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from the pump to the Stokes wave which is backscattered relative to the pump. Thus a
counter-propagating Stokes wave can lead to a severe additional attenuation of the forward
propagating, information carrying pump, and in addition introduces a high intensity
backward coupling into the transmission optics (leading to an increased relative intensity
noise of the laser source). It may, therefore, be necessary to operate at power levels below
the threshold at which SBS becomes a significant effect, so that it could place a severe

limitation on the launch power and thus also the repeater spacing.

The nonlinear Brillouin gain in optical fibres can also be used to advantage in a number of
important applications such as fibre amplifiers and Brillouin lasers. The principle of
Brillouin amplification is to amplify an external signal by coupling into the fibre a certain
amount of pump power, which provides a distributed gain at the signal wavelength.
Although the inherently narrow intrinsic Brillouin gain can be broadened by varying the
fibre composition, and frequency modulation of the pump laser, the narrowband Brillouin
gain is of interest since it can be used to selectively amplify the residual carrier wave in
homodyne detection system, and in densely packed wavelength division multiplexed

systems.

The generation of SBS in a resonator with an SBS active medium can be considered as
lasing where the pump provides the energy for the counter-propagating Stokes wave,
giving a frequency shifted output. Work on fibre Brillouin lasers dates back to 197613,
The first fibre Brillouin lasers were hybrid devices composed of bulk optics (bulk reflectors
and beamsplitters) coupled to long lengths of optical fibre. Consequently such a cavity had
very high losses and a very low Q factor (approximately 4 in the first Brillouin laser).
Devices made of such a long length of fibre had an inherently poor stability and a high
round-trip loss (greater than 70%), and consequently high threshold levels.

The aims of achieving all-fibre systems, in order to eliminate the need for bulk optics
components have led to considerable advances in the optical fibre fused and polished
component fabrication technologies in the 1980's, resulting in high quality, low loss
components. The foremost development was that of a directional coupler with the
evanescent field (polished) devices having the advantages of their inherently low loss,
tunability, and the ability to access the evanescent field of the fibre core by removing some
of the cladding. This work opened the way for realisation of a number of new all-fibre

devices, notably, the ring resonator. Essentially, the all-fibre ring resonator consists of
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two halves of a polished directional coupler fabricated on the same length of optical fibre,
and closed into a loop. Providing the coupler losses are small (losses of less than 0.03 dB
were achieved in this work), very high finesse (> 300) resonators can be fabricated. Such
a low-loss, high-finesse cavity leads to a significant enhancement of the optical intensity
circulating in the loop over the input intensity. This, together with an increase in the
effective path length, means that the power levels necessary for the observation of
nonlinear effects are considerably reduced in these devices!4, thus making the resonator an

attractive device for the study of stimulated Brillouin scattering.

The work in this thesis describes a wide ranging investigation of stimulated Brillouin
scattering in single mode optical fibre ring resonators. The overall aim of the project was
the study of SBS in optical fibres and fibre resonators, interesting both for Brillouin laser
applications in local oscillators, linewidth narrowing, and frequency generation, amplifiers,
and Brillouin gyroscopes, as well as a limitation in coherent fibre systems and resonator

based devices.

A detailed review of the current state of research on SBS in optical fibres revealed that
despite a considerable research effort invested into the experimental investigation of SBS,
the mathematical treatment of SBS has been incomplete, with the adopted approximations
often applied in an unjustified manner. Specifically, although experimental results have
reported conversion efficiencies of the pump power into Stokes power in excess of 50%,
the solutions of the equations describing the evolution of the pump and Stokes powers with
fibre length and input power failed to take pump depletion into account, due to difficulties
associated with finding solutions to the full SBS equations. Although intuitive statements
about the form of the solutions can be made, it was felt that a quantitative approach to the
problem would provide valuable insight into the physics of SBS, and the process of energy
exchange between the pump and Stokes waves, both in the context of optical fibre systems
and Brillouin lasing. A very flexible numerical method adopted in the work allowed the
calculation of stable and accurate solutions which were shown to be in excellent agreement

with published experimental results, and easily applicable to practical calculations.

Initially a detailed evaluation on a number of high finesse ring resonators was carried out.
A number of high finesse resonators were successfully fabricated from standard and

polarisation maintaining fibre and tested at wavelengths of 633 nm and 830 nm, with the
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latter carried out using a single mode semiconductor laser. These experiments showed that
the relatively broad linewidth of semiconductor lasers presented quite different and more
complex experimental conditions than in the case of frequency stabilised gas lasers, but
these experiments were judged as valuable as the use of semiconductor lasers offered an

increased compatibility with current fibre systems for these devices.

The next step was to consider the operation of an all-fibre Brillouin laser. Although at the
start of the work, the principle of all-fibre Brillouin laser operation with submilliwatt
threshold had been established, the absence of any theory describing the performance
parameters of this device as a function of resonator parameters was conspicuous. To
enable the design and optimisation of resonator cavities for a given application, an
analytical theory describing the steady state operation of the Brillouin laser was therefore
derived!3. Following this we proceeded to carry out a detailed experimental investigation
of Brillouin laser operation, with particular emphasis on semiconductor laser pumping.
The lowest reported Brillouin lasing threshold of 70 tW and the highest conversion
efficiency of 23% were observed in a resonator fabricated from polarisation maintaining
fibre at 633 nm16. We also reported the first demonstration of a semiconductor laser
pumped Brillouin laser!?. Very good agreement between the experiments and the
developed theory was obtained in all cases. Because the generation of SBS in a ring
resonator can be considered as lasing, the output linewidth of the Stokes wave is
determined by the stability of the resonator cavity and its intrinsic finesse, and not by the
pump linewidth, so that potentially considerable linewidth narrowing can be expected. The
linewidth narrowing exhibited by the Stokes wave was demonstrated for the first time in
this work in the case of the semiconductor laser pumped Brillouin laser, and this aspect of
Brillouin lasing can be used as a means for narrowing the linewidths of semiconductor
lasers for applications in coherent systems. We also evaluate the transient response of the
Brillouin laser, and show that by operating it below threshold an external signal at the
Stokes frequency can be amplified18. The advantage of such an amplifier is the very low
pump power necessary to achieve a high gain for a range of very low pump powers,

accompanied by a high signal-to-noise ratio.

Another interesting potential application of Brillouin lasing suggested by this work is that
of optical generation and distribution of microwave signals by combining the pump and
Stokes waves on a square law photodetector, to generate a high frequency. In the past,

generation of several Stokes and anti-Stokes components by the four wave mixing (FWM)
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process have been shown in hybrid bulk/fibre cavities at pump powers of hundreds of
mW. Potentially, this could be another useful technique for optical generation of high
frequencies, particularly if this could be shown at low pump powers. For example the
Brillouin shift at the pump wavelength of 830 nm is 20 GHz, and the heterodyning of just
the second-order Stokes and first order anti-Stokes components will result in the generation
of spectrally narrow signal at 60 GHz, and higher at shorter pump wavelength, because of
the A-! dependence of the Brillouin shift. In this work we have observed the process of
nondegenerate four wave mixing for the first time in an all-fibre ring resonator at the lowest
pump powers to date!?. In addition we have also observed?0 a different four wave mixing
process known as Brillouin enhanced four wave mixing (BEFWM), a technique which is
of considerable interest for phase conjugation applications, and which has never previously
been observed in optical fibres. This work opens a number of possibilities for
investigation of phase conjugation through BEFWM in optical fibres, for example, in

image transmission using an all-optical fibre phase conjugator at low pump powers.

The rest of this thesis is arranged as follows. The general background to molecular
scattering processes , together with the physics and theory of stimulated Brillouin scattering
are described in Chapter 2. Chapter 3 gives a comprehensive overview of the research on
SBS in single mode optical fibres and ring resonators. The numerical method used to solve
the SBS equations and the solutions are discussed in Chapter 4, which also describes the
implications of these to optical fibre systems and Brillouin amplifiers. Theoretical and
experimental behaviour of optical fibre ring resonator, together with the fabrication details
are described in Chapter 5, and Chapter 6 is devoted to the all-fibre Brillouin ring laser. In
the first part of the chapter the analytical steady-state theory describing the Brillouin laser is
derived, while the second half of the chapter deals with the experimental investigation of
the Brillouin laser operation, and discusses the possible application of this device in

generation and distribution of microwave signals in phased arrays.

Chapter 7 deals with the derivation of the numerical model describing the transient
generation of Brillouin scattering in the ring resonator. The characteristics of an amplifier
based on this device are assessed, and are considered in the context of other optical
amplifiers. FWM processes observed in Brillouin lasers are described in Chapter 8, and

the summary and conclusions to this thesis are discussed in Chapter 9.

-12-
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Chapter 2
THEORY OF STIMULATED BRILLOUIN SCATTERING (SBS)

In this chapter we explain the concept and physics of stimulated Brillouin scattering (SBS).
Initially in section 2.1 we review the various mechanisms responsible for the spontaneous
scattering of light, and subsequently introduce the idea of a stimulated scattering process,
together with the basic equations describing the process. The main steps used in the
derivation of equations which describe the SBS process are outlined in section 2.2, and it is
shown how the physical constraints and characteristics in this process are clearly described
through the mathematical treatment. The reasons for the difficulties in finding analytical
(and numerical) solutions to the coupled equations and the validity of various
approximations generally used in solving these equations are discussed, while in Section
2.3 the transient behaviour in the Brillouin scattering of the three waves is described

qualitatively.

Much of the mathematical treatment of the SBS process in the bulk optical material and
optical fibres follows similar lines with both the equations and their approximate solutions
being quite general, and applying equally in the case of bulk material and optical fibres.
However, while the important differences between the process in the bulk materials and
optical fibres are pointed out, the full overview of SBS in optical fibres which concentrates
more on the description of SBS in the practical context and on the experimental work, is

covered in the next chapter.

2.1. Spontaneous scattering processes

Although the interest in the scattering of light can be traced back through the centuries to
Leonardo da Vinci and Newton, Tyndall (1868) was the first to demonstrate the scattering

of light off particles small compared to the wavelength of light. This work was continued

-15-
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by Lord Rayleigh (1899), whose calculation for the intensity of light scattered by spherical

particles, small compared with wavelength of light, led to the celebrated formula: I o< A~ 4.
That is, the intensity of the scattered light is inversely proportional to the fourth power of

wavelength.

It is important to differentiate between impurity scattering and molecular scattering. The
former arises from inhomogeneities and nonuniformities of the medium through which
light propagates. One example of this is termed Rayleigh scattering - which is just
scattering of light from material nonuniformities in the limit X << 1, where X = 2ra/A, and
a is the size of the nonuniformity. In other words, Rayleigh scattering occurs in the limit of
the nonuniformity being smaller than the wavelength of light3. This scattering process is
known as elastic since the frequency of the scattered light is unchanged compared to the
incident light. In optical glass fibres, Rayleigh scattering is inevitable as it arises from two
separate effects - density and composition fluctuations (see, for example, Midwinter#).
The density variations originate from thermally induced fluctuations in the density of the
liquid glass before solidification. Constituent oxides and dopants in optical fibre glasses
result in composition fluctuations. Rayleigh scattering determines the absolute minimum

loss in optical fibres.

Molecular scattering arises from fluctuations of the electric permittivity or the refractive
index which are caused by well defined elementary excitations of the medium and can occur
in a homogeneous and impurity-free medium. The fluctuations are caused by local
variations in the thermodynamic state of the medium: pressure, density, temperature, and
entropy. Such variations in the dielectric constant of the medium will affect the amplitude
and phase of the scattered light. A particular variation or modulation in the amplitude and
phase of a light wave will lead to a change in the spectral content of the initially
monochromatic incident light. The spectral characteristics will be dependent on the type of
modulating function, or in other words - on the time dependence of the amplitude and
phase of the scattered light. The molecular scattering of light caused by such fluctuations in
density and anisotropy, resulting in the fluctuation of the dielectric permittivity, is known
as spontaneous scattering. The scattering processes which fall into this category are
Brillouin, Raman, Rayleigh-center and Rayleigh wing scattering. The frequency spectrum

of these is schematically illustrated in figure 2.1, and each process is described below.
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Figure 2.1. Schematic representation of the spontaneous scattering

spectrum for Rayleigh, Brillouin and Raman scattering.

(a) Brillouin scartering is due to adiabatic fluctuations of density or fluctuations of
pressure. These can be viewed classically to consist of propagating thermal elastic or
sound waves. In other words, Brillouin scattered light arises from the variation in the

electric permittivity caused by fluctuations in pressure (and density).

We can consider that each lattice vibration of frequency €2, wave vector q, will induce a
perturbation in the dielectric constant, €qQ SO that the total perturbation to the dielectric

constant £ is:

When a plane monochromatic light wave Ey(r, t) = Epexp j(kp.r - pt ) is incident on the
medium, an excess polarisation 8P = 8€Ep, is induced, which will give rise to a scattered
field Eg(r, t). The scattered field can be shown to be of the form®:

E (r,1) o zexpj [ks.r - (wpi Q)] |exp j[kpi q- ks].r'dV'

q, Q A\
(2.2)

The volume integral in eqn (2.2) gives a d-function in (kp  q - kg) which imposes wave

vector conservation. Wave vector conservation from eqn (2.2), in fact, corresponds to the
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Bragg matching condition which specifies the direction giving maximum diffraction:

p S (2.3)

The scattered light will, therefore, consist of two frequencies - copi Q - which are
symmetrical relative to the frequency of the incident light. The wave scattered with the
negative shift is known as the Stokes wave, and the wave scattered with a positive shift is
known as the anti-Stokes wave. The combination of the Stokes ((:)S =y - Q) and anti-
Stokes (w, g = @, + Q) frequencies is known as the Brillouin doublet, as shown in figure
2.1. From the quantum theory point of view, Brillouin scattering can also be viewed as
due to propagating acoustic phonons (by analogy with the optical photons). Each lattice
vibration can be described in terms of quanta (phonons) of energy hQ, and momentum hq.
Then scattering can be viewed as the creation and annihilation of a phonon, giving rise to

the Stokes and anti-Stokes shifted lines, respectively.
Now, from equation (2.3) we obtain
Iql = kp - kgl = 2lkplsin (6/2) 2.4)

where 08 is the angle between the propagation vectors of the pump and the Stokes waves as
shown in figure 2.2. It should be noted that the acoustic wave vector q is approximately a
factor of 2 larger than the magnitude of the wave vectors corresponding to the pump and

Stokes waves for backward scattering.

Analogously we can consider Bragg scattering of an incident pump wave from the

thermally excited acoustic wave (with reference to fig. 2.2) where:

A (in medium) = kp/n = 2A,sin (6/2) (2.5a)
where Xp, A, are the optical and acoustic wavelengths respectively, and n is the refractive
index. Now, the Doppler shift associated with Bragg scattering from a moving grating is

given by:

g = ) t(v, copc/n) sin(6/2) = @, *2v,n Ikpl sin (6/2) (2.5b)
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where v, is the sound velocity.

The Stokes light will be generated as a result of incident light scattered from the acoustic
wave propagating away from it - or codirectionally with it for 6 = 180°, and anti-Stokes
light will be generated for the acoustic wave moving towards or contradirectionally with the

incident light. Combining eqns (2.5a) and (2.5b) gives:

wg =0y tv, Ikplkpﬂxa =, * 2nv/A, = W, + v,lql (2.6)
and since v,q = Q,
g =0, T Q 2.7

as before. Rewriting (2.6) in standard form yields the expression for the Brillouin
[frequency shift or Stokes shift.

Awg =Q= @, — Og
=+ 2vanlkpl sin (6/2) = + 4nnv, sin (O/Z)Ap (2.8)

ACOUSTIC PHONON
Qq

PUMP PHOTON

(Dp, kp

STOKES PHOTON
s, ks

Q =2nnv, sin (672)/A,,
h=&+q

Ikl =k,

Figure. 2.2, Phasematching in the Brillouin scattering process for Stokes
scattering [the direction of the acoustic phonon wave vector is reversed for

anti-Stokes scattering].
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Equation (2.8) was first derived by Brillouin (1922)7 and independently by Mandelshtam
(1926)1: 8 - who share the name for this scattering process, which is referred to as
Mandelshtam-Brillouin scattering in Soviet literature, and Brillouin (-Mandelshtam) in

Western publications.

Equation (2.8) shows that the frequency shift in the Brillouin scattering process is a linear
function of sin (6/2) so that the maximum shift is obtained for backscattering (0 = ) and
that the shift will tend to zero for ® — 0. This is particularly significant in the case of
optical fibres, whose geometry will allow only forward or backward propagation - and
therefore only backward Brillouin scattering will be observed. While Shelby et al.%, and
Rowell et al.10 show that in the case of optical fibres, the acoustic wavelength will be
comparable with the dimensions of single-mode fibre core, and so the acoustic wave may
be guided, thus resulting in some forward scattering, this scattering will be many orders of
magnitude smaller than the backscattering, and can be considered negligible in the

applications dealt with later.

SBS was first demonstrated by Fabelinskii (1929), and comprehensive reviews of
Brillouin scattering can be found in refs. [1], [6], [11]. Typical Brillouin shifts in optical
glasses are 0.01 - 1 cm1 corresponding to sound with frequencies equal to tens of
gigahertz. Sound with such high frequencies is known as hypersound.

(b) Other scattering process depicted in figure 2.1, When the light is scattered by inter-
molecular vibrations or optical phonons, the process is known as Raman scattering.

Named after its discoverer, this effect was first reported in 19281.2, before the Brillouin-
Mandelshtam theory was confirmed by experiment. The various frequency shifts (100 -
1000 cm -1) generated in this process are determined by different vibrational frequencies of
the molecules. For each molecular vibration, two lines will be generated: Stokes and anti-
Stokes lines are connected with transitions from the ground to the excited state, and vice
versa. An enormous bibliography exists for Raman scattering - a process, which has
proved a very valuable molecular spectroscopic tool4 12,13, Briefly, the other spontaneous
scattering process mentioned are elastic: the unshifted narrow Rayleigh-centre line is
caused by scattering due to non-propagating entropy fluctuations or isobaric density
fluctuations, while the unshifted broad line Rayleigh wing scattering is due to orientation

fluctuations of anisotropic molecules. Because of relatively small deviations of atoms from
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their equilibrium positions compared with the inter-atomic spacing means that these
molecular scattering processes will be negligible in solids, whether spontaneous or
stimulated12:12, We, therefore, will not consider these processes any further, but detailed
accounts of these can be found in numerous texts, including Fabelinskiil, Kaiser and
Maier!2, and LandsbergS. Depending on the experimental conditions Brillouin or Raman

scattering will be the dominant inelastic scattering processes.

2.2. Stimulated Brillouin scattering (SBS

So far we have discussed the cases of light scattering in which optical inhomogeneities
affected the the characteristics of propagation of incident light, and the effect of the intensity
of light on the optical properties of the medium was not considered. When the intensity of
incident light is small, its effect on the optical properties is negligible, and can be ignored.
However, at high intensities of incident light, the effect of the incident and the scattered
light on the character of motion of the medium begins to play a significant role. The effect
of a very high optical intensity on a medium leads to a series of nonlinear effects. One type
of such effects is known as stimulated scattering, All the spontaneous scattering processes
described above have their stimulated counterparts. However, stimulated Brillouin
scattering is a nonlinear effect which occurs at lowest optical intensities, and it is therefore
of most interest in optical fibres in relation to this work. Stimulated Raman scattering is
also an important effect in fibres, and in the course of the discussion, similarities and
distinctions between the two processes will be highlighted. All other molecular scattering
processes, whether spontaneous or stimulated, are negligible in optical glasses in the range

of the milliwatt optical powers of interest.

Stimulated Brillouin scattering can be explained as follows. When an intense optical
signal, known as the pump, is incident on a material - an elastic wave of high intensity
may be generated. This occurs if the electric field associated with an intense optical pump
beam acts on a body to produce pressure in the medium leading to the effect of
electrostriction which in turn produces an glastic or a pressure wave. The induced
pressure wave can lead to scattering of the pump wave. The interaction of these can be

explained by stimulated scattering, and can be considered entirely classically.

When an intense optical pump is incident on the material, the excess pressure produced by
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the electric field associated with the optical wave (through electrostriction) can be shown to
be

(Ap! = (pyE0dedP)E 12 2.9)

where p is the density. This is found by equating the work done in straining a unit
volume Apou/dx, where du/ox is one-dimensional strain due to the change in energy
density, 1/2Ye(0u/ox)E2. Y, is the electrostrictive coefficient, £ypgoe/dp which is related to
the Pockels elasto-optic or strain-optic coefficients. In fact, as the scattering arises from
fluctuations in the dielectric constant - and these are caused by the strains produced by

sound waves, the elasto-optic coefficients are defined by14.15:

8(_') =3(g e qul S

(2.10a)

where the strain tensor components, S Kl are related to the elastic deformation components,
u;, along the coordinate axes x; by Sg; = 1/2[0u;/ox; + 0u;/ox;). In the case of an
isotropic solid, there are only two independent coefficients, p;, and p,4. So that eqn
(2.10a) now reduces to:

8. =-eyY PusS;t plz{zlskk} Si

i
(2.10b)

The Pockels constants are related to the change in the dielectric constant caused in

hydrostatic compression according to14-13;
€, 0€ 2
2= i{pzz + _P44]
% P,
(2.10c)

Hence, the change in the diclectric permittivity can be easily related to material parameters
(for further details see, for example references [12] -[15]), and the significance of this will

be discussed in more details in the section dealing with material considerations.

The next step is to show the physical significance of eqn (2.9).by using the well-known
approximation (for example refs. [1], [16]: the assumption is that the field in eqn (2.9)
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consists of the sum of the incident pump wave E,cos ((opt -kp.r), the Stokes wave
Egcos [(cop - Q)t - kg.r], and the anti-Stokes wave - E4 scos[((.op - Q)t - kpg.r] (these
arose in the medium as a result of thermal (spontaneous) scattering). After squaring the
three terms and using the identities cosAcosB = 1/2{cos(A+B) + cos (A-B)}, and cos2A =
1/2(1 + cos 2A), equation (2.9) becomes:

|Ap! = (pyegde/dp) { E Eslcos[(2w, - Q)t + (kp - kg).r] + cos [Qt - (kp - kg).r]*} +
E E s{cos[(2a, + Q)t - (kp + kpg).r - cos [ Qt - (kp - kag)r] ™} +
EsEs{cos[20t - (ks + kg).r] +cos[2 Qt - (kg - Kg).r] *+
Ep2 {1+cos2[ @ - kp.r] +
Eg2 {1 + cos 2[(, - )t - kg.r] +
E g2 {1 + cos 2[(wp + Q)t - Ky g.r] (2.11)

Now;, this means that Ap consists of high frequency components at optical frequencies @,
and 2y, and hypersonic frequency components Q and 2Q. Clearly, the acoustic
(pressure wave) cannot propagate at optical frequencies (the maximum acoustic vibration
frequency is limited by the intermolecular spacing) and these components can be set to
zero. Considering only the second terms of the cross-products*, it can be seen that if the
pump propagates along the direction of its vector k (isotropic medium), and the Stokes
wave in the opposite direction (8 = 1800 ), then the first component* gives the acoustic or
pressure wave coinciding exactly with the original thermal acoustic wave, since kp - kg =
q, and the acoustic wave propagates in the same direction as kp (since Ikpl > lkgl). The
second term gives a wave of this same frequency and phase, since lkagl > kp|, and
consequently kag - Kp =2q. An acoustic wave of double frequency is similarly
propagated in this direction. Thus, although the field of the scattered waves originally

arose as a result of two thermal waves of single frequency 2 and opposite directions of
propagation * q, the wave of the same frequency and phase as the thermally excited
acoustic wave which produces the Stokes component is amplified as a result of the
electrostriction alone. The anti-Stokes component of stimulated scattering cannot appear in
this approximation (this point is further clarified in Appendix A). As far as the Stokes
component is concerned, it is clearly amplified, because the wave produced by
electrostriction is added to the thermally excited wave, being identical with it in frequency
and phase. Although Eg is initially small, because the pump intensity is very high, the
product E Eg is sufficient such that the Stokes component increases the intensity, and this,

in turn, leads to an increase in Ap and so on... In this process of parametric amplification,
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the energy is transferred from the pump wave into Stokes wave and the acoustic wave.
Thus backscattering as a result of parametric radiation for sufficient intensities of the pump
wave can be used as a useful local oscillator source, emitting at a frequency of o, - Q.
Most of the work in this thesis is concerned with applications of this property.

2.2.1. Derivation of the steady-state SBS equations

Having described the background to the origin of the SBS process in the previous section,
we can derive the equations governing the process in this section. [For most of the
analysis we follow the work of authors of refs. 11, 12 and 18]. The starting point in the
derivation of the SBS equations are Maxwell's equations with a nonlinear polarisation

term. In linear situations, the polarisation is proportional to the electricfield, where Xij

the linear susceptibility, is the proportionality constant. At high electric fields, Xij is no
longer independent of field, and it is possible to write the polarisation induced in the

medium as a power series:

= 1 2 3)
P = zx§j E; + zxgjl)cEjEk + injklEjEkEl te
J hk bkl 2.12)

In isotropic materials, the induced polarisation is always parallel to the electric field, and is
related to it by a scalar factor (the susceptibility) that is independent of the direction in
which the field is applied. In anisotropic materials the latter is no longer true, and the linear
susceptibility, Xij is responsible for natural birefringence, Faraday rotation and optical
activity. The second term of eqn (2.11) is connected with mixing of two light fields,
parametric amplification and oscillation, frequency doubling, and Pockels effect. The third
term describes several processes, including third harmonic generation, self-focussing, Kerr
effect, and stimulated light scattering. For a rigorous description of the third order

susceptibility, see, for example, Shen!3 and Hellwarth!7.

As already mentioned, the density variation in the material perturbs the dielectric
permittivity and produces a proportional variation in dielectric constant, 8€. This, in turn

gives rise to nonlinear polarisation, PNL which is 8¢E, so that,
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ap (2.13)

where the nonlinear polarisation term does not include the variation of the dielectric

constant with temperature, since the latter is small compared with the former!1, 12,

Maxwell's equations which incorporate the nonlinear polarisation term are:

€
VxH = an L E + %Itl
K
0 (2.14a)
and
VXE = - KoM 'aa%
(2.14b)
where the D is the electric displacement vector, and is given by:
D=¢¢cE+P
0 NL (2.14c)

where we have assumed an isotropic material with € = (1 + X,,), and the linear susceptibility
X is a tensor; PNL is the nonlinear polarization vector, as before. In eqn (2.14a), the
linear attenuation term is included. @, represents optical losses, and the first term of
(2.14a) having units of current density (Am-2), and [ 0n((»:O/uO)VZ] having units of
conductivity (Q'lm'l). Moreover, we assume that in non-magnetic materials p. = 1, so that

Hrto = Ko-

Now, taking curl of both sides of eqn (2.14b) and using the vector identity
VxVxe=V(V.e)-V2e

together with the fact that when there are no free charges, from Gauss's theorem,

V°E =0, we get:
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2pNL
&OE _ E . °
VZE=p [an [——=+eg, "+

]

where E and B are the electric and magnetic vectors respectively, o, is the power
absorption coefficient n is the refractive index. Simplifying, using the fact that 1/(ugeg)!/2
= ¢, the speed of light in a vacuum, and n = €1/2 we obtain the wave equation with the

nonlinear polarisation term as:

NL
V2E = noE n’ 9°E 0%P
E _a°_a_ > 2 T My Py
c ot t

(2.152)

The equation for the density variation which describes the driven acoustic wave is derived
from the linearised hydrodynamic equation for density (where p = p, + Ap). Together
with the continuity equation and the Navier-Stokes equation for density variation which

determines the damping of the sound wave, the density variation is described by12, 13, 16:

A AL EEAAT)
t

ot a
(2.15b)

where Ap is the electrostrictive pressure as given in eqn (2.9), v, is (for solids and liquids)
equal to (4/3)n, where m is the shear viscosity and characterises the damping of acoustic
waves. We also define the acoustic damping constant, I" where I' = 'yaqz. An important
relationshipis also'= ava> where a a is the acoustic attenuation coefficient, with 2!
is the characteristic acoustic damping time, and 2/ o, is the acoustic attenuation length. [It
should be noted that there is a factor of 2rt difference between the acoustic damping time
and the inverse of acoustic damping constant I", which will also be shown in eqn (2.23).
In the literature, a discrepancy of a factor of 2 is often noted in the quoted values of the

acoustic damping constants, often causes confusion and unexplained discrepancies].

For most experiments on isotropic media, specifically optical glasses, the acoustic waves
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excited in the stimulated Brillouin process are in the microwave frequency range, and at
room temperature are heavily damped. Typically, the attenuation length will be
approximately 104 m and is proportional to the square of the acoustic wavelengthl8. With
such a heavy acoustic loss, it can be assumed that photoelastically induced acoustic
oscillation will not develop, and one can expect on the basis of the form of the damping
terms in egn (2.15b), the transient solutions to 'damp out' roughly in the time of the order
of the acoustic damping time. Using data available on acoustic attenuation in optical
glasses, [see for example, Heiman et al.14], this will be typically of the order of 107 - 108
seconds. It is therefore reasonable in most experimental situations, especially when using
cw pumping to consider the steady-state solutions of the nonlinear equations (2.15a) and
(2.15b). There are two important experimental situations in which the steady-state
approximation is not valid. The first is the case of pulsed pumping, with pulse duration
shorter than the acoustic damping time and transient effects associated with finite decay
time of the acoustic wave (= 1/I") become important. This must be differentiated from the
second case which is concerned with relaxation oscillations; these are due to depletion of
the gain, and may be much longer than the former. Although, the work in this thesis has
not been concerned in detail with either of these effects, they may be important, and are
explained qualitatively in Section 2.3.

222 - lutions of the SB ion

We are now in the position to obtain the equations describing the relationship between the
pump, Stokes, and acoustic fields. It is possible to write down the expression for the total
electric field in the material as the sum of plane pump and Stokes waves, with slowly '
varying amplitudes. It is assumed (the significance of this will be discussed in the section
on polarisation properties of SBS) that the pump, Stokes, and acoustic waves propagate in
the z-direction, with the electric field polarized in the x-direction, so that:

E(z,t) =E(z, t) x (2.16)
Then, for real field (using scalar quantities):

E(z, 1) = %{Ep(z) expj [k,z - @ 1] + E(2) exp - jlk z - @ 1] +
E(z)exp- jlkz + wt] + E.(z) exp jlk,z + ®,t]} .17

The acoustic wave is also monochromatic:
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Ap(z, = %{A(z) expjlqz-Q t] +c.c} (2 18)

Equations (2.17) and (2.18) can now be substituted into eqns (2.15a) and (2.15b). Since

we are considering steady state solutions all time derivatives can be set to zero.

The slowly varying approximation essentially means that the amplitude factors for the
forward-travelling pump and acoustic waves and the backward travelling Stokes wave are
always slowly varying functions of z when compared with the exponential propagation
factors in equations (2.17) - (2.18), or: kp, kg, q >> ll/Ep(z).aEp(z)/azl,
11/E¢(z)0E(z)/0z, 11/A(z).0A(z)/0zl. After some simplification, equations (2.15a) and
(2.15b) reduce to, for pump and Stokes waves11:12;

jo
aEp(z) +?1E (z) = J_PQ&E (z) A(z) exp [jAkz]
oz 2 P cn gp
(2.192)
[
0E; (z) i &E (2) =- ] QEES(Z) A(2) exp - (jAkz]
oz 2°S cn 9p
(2.19b)
and, for the acoustic wave,
CEPp * .
81;(2) . 32_ A@ = Jqo_o_g—ﬁ- E (2)Ey () exp [iAK]
Z 2 op (2.19¢)

where Ak is the phase mismatch, and is equal to (kp +kg - q).

[Although we do not go into considerable detail here, in order to have a clearer picture of
the relationship between the pump, Stokes, and acoustic waves in the SBS process, we
return to the physical consideration of the scattering by adopting a diffraction grating

description of this process in Appendix A].

Clearly further approximations are needed to simplify the solution of this system of three
coupled differential equations - where we can set the partial derivatives to straight

derivatives in the steady-state case. Tang18 in his paper on stimulated Stokes emission
points out that as the rate of acoustic loss is very high compared to the rate of change of

Eg(2) and Ej(z) due to both stimulated scattering or optical losses. In other words, o, >>
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ll/Ep(z).aEp(z)/azl, 11/E ¢(2).0Eg(z)/0zl. Equation (2.19c) is then just a first order
differential equation dy/dx + ky = f(x), the solution to which can be expressed as:

y(x) = XCXP [f(x) -k] x'dx’ + y(0)
0
Similarly,
AQ@) = jqu E (DE2) Z'exp [jAkz - o /2)(z - 2) dz' + A(O)exp - (ot /2)z
0 (2.20)

Tang was the first to make the following, now generally accepted approximation.

He pointed out, that due to the factor exp [-aa/2(z - )], in the integrand, the major
contribution to the integral must come from the range (z - z') < 2/ap. Following these
conditions the E-field factors have been taken outside the integral and evaluated at z' = z,

so it is possible to integrate directly:

iYq E E‘ z o o
Az)= 4 E(DE@) {exp jAkz - exp -—-12' 1 + A(Q)exp -—12'
o
4 (jAk + 7)
i E E‘ ) o
= Wexp DAkz] + A(O)exp - 7‘2
a
4 (jAk + ?‘)

(2.21)

for z>>(2/oc.). The physical implication of eqn (2.21) is as follows. For negligible
A(0), except for within the distance of 2/c a from the boundary z = 0, the acoustic intensity
(proportional to |A(z)I2, where A(z) is the amplitude of the acoustic wave or pressure, and
was given in eqn (2.18) is approximately proportional to the product of the pump and
Stokes intensities. Since these intensities decay in the forward, + z-direction, eqn (2.21)
implies that the acoustic intensity actually builds up from its boundary value to a peak in a
distance of 2/a.,, and then decays in the forward direction. If the acoustic loss was
negligible, the acoustic wave would build up in the forward direction. Eqn (2.21) also
shows that the acoustic intensity is inversely proportional to the denominator [(Ak)2 +
(aa/2)2]. This characterises the interaction (or scattering) strength in terms of the frequency
detuning from the optimum phase matching condition of Ak = 0, which is more frequently

expressed as:
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(O] (V)
2__s_Q
Ak=--7T-%
a
and since Wy - Og = Q
1 Qva
Ak = V_[ C - Q]
a
or if Qv,/c = Q', then
Ak = -Vl—[Q' - Q]
: (2.22)

In addition, there is clearly a bandwidth associated with the scattering process, even in the
case when the phase matching condition is satisfied, which depends on the acoustic

attenuation. That is,

I'=av =21 Av
aa B (2.23)

where I" is the acoustic damping constant (as defined before) and Avg is the FWHM
intrinsic Brillouin bandwidth, in Hz. This imposes a condition that the linewidth of the
pump should be much less than Avyg for efficient scattering. Indeed, this is one of the
principal differences between the experimental conditions necessary for observation of
Raman and Brillouin processes. Efficient SBS requires a spectrally narrow pump, while
stimulated Raman scattering is effectively a broadband process, which requires high pump
intensities. Thus a spectrally narrow, single-frequency, low power pump will favour

Brillouin scattering, while a high power broadband source will favour SRS.

Substituting eqn (2.22) into (2.19a) and (2.19b) and using I = neoclE12/2, we obtain the

following system of coupled equations:

L e L@ -0l
=-g, 1) -al(z
dz BT P (2.242)
& oL@+ ol @
— =-g, 1 @ @) +al(z
dz 5 5@ > (2.24b)
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where gp is the Brillouin gain coefficient. Making use of the equation (2.24), it can be
shown that12, 16

1
I L S Q-Q
&8 2 2 goll+{ P
2c'n"p v, p av,

(2.25)

where gp is proportional to the imaginary part of the third order susceptibility x(3) as given
in equation (2.12). Since q is proportional to wp and «, is proportional to o?, ggis
approximately independent of optical frequency (the speed of sound and other material
parameters are not strongly frequency dependent). The variation of gg with material
parameters is discussed in the section on material considerations. The frequency
dependence of the Brillouin gain is reflected in the denominator of (2.25), and in most of
the work described it is assumed (unless stated otherwise) that the frequency mismatch wp
- g - Q =0, and Ak =0, and in all further discussion it is assumed that gg is the peak
Brillouin gain coefficient. One important case relevant to this work when the frequency
mismatch should be considered is in Brillouin amplification, when an external signal at the
Stokes frequency is input co-directionally with the Brillouin backscattered wave to be
amplified. If the frequency of this external signal was to drift from the exact Stokes
frequency, it would experience a diminished gain. This is of particular importance to
Brillouin fibre amplifiers and will be discussed later. Another important factor which does
not appear in the above equation is that of depolarisation, P; this factor characterises the
degree of polarisation matching between the pump and the Stokes waves: 0 for completely
mismatched polarisations to 1 (for pump and Stokes with identical polarisation). In the
derivation of the Brillouin equations we have assumed that the polarisations of the
interacting waves are linear and coinciding with each other. In this case, the above
expression of the Brillouin gain coefficient applies. In Appendix B, the polarisation
properties of SBS are considered, and the effects of polarisation mismatch between the
pump and Stokes waves is shown. In particular, in optical fibres, because of long
interaction lengths, polarisation scrambling may lead to polarisation mismatch between the
pump and the Stokes wave, and hence to a reduction of the Brillouin gain coefficient gg,
which in this case should be multiplied by a factor P which varies between 0 and 1 (this is
further discussed in the context of practical systems in the next two chapters), and is
generally taken as 1/2 for ordinary fibre. [In order to minimize the polarisation mismatch,

polarisation maintaining fibre can be used in which P equals 1].
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It can also be noted that the gain coefficient is a function of the intrinsic Brillouin
bandwidth, at,v,. Itis perhaps worth discussing the significance of this. As was

mentioned previously, efficient Brillouin scattering demands that the pump linewidth, Aup

should be smaller than the Brillouin linewidth. If this condition is not fulfilled, and Al)p =

Avp, the gain coefficient becomes:

\ Avg

*s " b Av_® Av
P B (2.26)
where ® denotes convolution of the pump light linewidth and the Brillouin bandwidth; for
Gaussian profiles Avp ® Avg = (A\)p + Avp) 12 and for Lorentzian profiles A\)p ® Avg
= (Aup + Avp). Equation (2.26) is plotted in fig. 2.3 for these two cases, and shows the
gain reduction as a function of the pump linewidth. It should be noted that (2.26) reduces
to (2.25) for Aup << Avg. This is of particular practical significance in the cases when
semiconductor laser pumping is used. This is especially relevant in optical fibre systems
where the broader spectral linewidths of semiconductor lasers are comparable to the
Brillouin bandwidth, particularly at longer wavelengths in the near IR region of the
spectrum, and accounts for the difficulty of observing highly efficient SBS with
semiconductor laser pumping. This is one of the problems which has been approached and

investigated in this work.

The effect of having a multimode pump on the Brillouin gain has been considered by a
number of authors, notably by Dyakov19, Valley et al.20, Narum et al.21 in liquids, and
Lichtman et al.22.23 in optical fibres. Two specific cases emerge from their work, which
can be summarised as follows. Firstly, in the case of a pump consisting of N narrow
linewidth modes, spaced by more than the Brillouin gain bandwidth, the gain coefficient
will be reduced to gg/N. The case when the pump modes lie within the Brillouin
bandwidth is more complicated, since this situation allows interactions not only between
corresponding pump and Stokes modes but also 'cross' interactions between other pump
and Stokes modes within the bandwidth. Depending on the relative phase between the
optical modes affecting their interference, such interactions may enhance or suppress the
Brillouin gain. This was confirmed experimentally in ref. [22], and is again of importance

in consideration of SBS in relation to optical fibre systems.
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Figure 2.3. Showing the dependence of the Brillouin gain the pump

linewidth for Lorentzian and Gaussian profiles [from eqn (2.26)].

Before reviewing possible solutions of equations (2.24), it is important to explain the form
of these equations, and why they are interesting. It can be seen from the rate equations for
the pump and the Stokes wave that both the pump and the Stokes wave decrease in the + z
direction, whilst the attenuation term [ot,, I, s ]is applied in different directions. This is
so, because the Stokes wave propagates in the opposite direction to the pump wave, and in
the case of zero losses (a, = 0), will be amplified in the - z direction, with the rate of
amplification equaling the rate of loss of the pump intensity in the +z direction of
propagation. In the case of finite attenuation, the - alg term is in the - z direction. As the
equations describe the variation of the pump and the Stokes intensities in the +z direction,
this explains the significance of the signs in the above equations. Thus, to solve these
equations, the boundary condition on I(z) should be applied at z = 0; but, since the Stokes
wave propagates backwards, the boundary condition on Ig(z) is applied at z = L where L is

the length of the interaction region. This is illustrated in fig. 2.4.

In fact, this property makes the solution of these equations analytically - impossible.

Whilst equations describing the pump and Stokes waves in stimulated Raman scattering
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process (where the pump and Stokes propagate co-directionally) have been solved by

various authors (see for example ref. [24]), analytical solutions for SBS are not available.

e,

Fig. 2.4. Schematic diagram showing the incident pump beam of intensity,

Ip and the backscattered Stokes wave, Ig in a length of optical material, L.

The difficulty is caused by having the attenuation terms of different signs, and the
equations have been solved analytically with numerous approximations, which are
discussed in the following section.

It can also be noted from these equations, that for the case of finite loss, at a certain pump
intensity, the Stokes wave will be amplified when the Stokes gain gBIp(z) 20, is equal or
exceeds the absorption losses. Indeed, in the early work on SBS it was usual to define the
condition for the amplification of the Stokes wave in the SBS process, as the threshold of
the process, and the threshold pump intensity as the intensity required so that the Stokes

gain is equal to or greater than the absorption losses, such that:

o
. o

Indeed, in the first experimental observations of SBS in quartz and sapphire by Chiao et al.
(1964)25, and in the early studies of SBS this criteria was applied, although the
experimentalists observed that pump intensity significantly higher than threshold was

necessary to observe any significant increase in the Stokes intensity. Since the work in this
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thesis has not been concerned with bulk solids or liquids, these studies are not discussed,
and it suffices to mention that comprehensive reviews of the early work on SBS can be
found in references [1], [12], [13]. Itis perhaps worth mentioning the application of SBS
in phase conjugation which has dominated the research in this area in recent years, as we
will refer to it in later discussion. This application was originally suggested by Zeldovich
et al.26 who showed that the the Stokes wave generated through SBS is in fact phase
conjugated with respect to the pump wave. This arises as a result of a very high effective
gain in the SBS process, which can be shown to be maximum for the Stokes field whose
local maxima coincide with the maxima of the pump field everywhere in space!6. On
propagation, both the pump and Stokes fields vary due to diffraction and interference, so
that intensity inhomogeneities are maintained coordinated throughout the scattering volume
only if the scattered Stokes field is phase conjugated with respect to the pump field, that is
Eg o< Ep*. In this way, the physical mechanism for phase conjugation through SBS is
based on preferential amplification of conjugated components of the Stokes wave in the

field of an inhomogeneous pump wave.

Following the early studies of Zeldovich et al.26 and Nosach et al.?’, numerous studies
have been carried out in bulk solids and liquids%'3°, and multimode optical fibres31:32 o
investigate the feasibility of applications of this effect for phase correction of distortions
both in high power lasers and in phase conjugate mirrors in laser resonators. The main
disadvantages of this method of phase conjugation are the threshold nature of SBS which
requires a high power for the wave to be conjugated, and a reflection coefficient (that is the
ratio between the Stokes and pump intensities) which is always less than 1. For these
reasons, an alternative method of phase conjugation utilising the Brillouin nonlinearity and
known as the Brillouin enhanced four wave mixing (BEFWM) has been proposed, and

which we shall discuss in more detail in Chapter 8.

2.2.3. Approximations used in solving equations (2.24)

As mentioned in the previous section, the form of the SBS equation, complicated by the
presence of attenuation terms of different signs, precludes analytical solutions. The normal
procedure for solving a system of coupled differential equations is to add (or subtract ), and

then to linearise the equations (the procedure which is followed in the solution of the
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analogous equations describing the codirectional Raman process). However, in this case,
addition yields

d(Ty(2) + Is(@)/dz = - 2gp1,(2)]5(2)
which leads to a complex integro-differential equation, which has to be solved numerically.

Subtraction yields a fairly obvious result that
41, (@ - [@dz = - 0 (@) + I5(2)

Indeed, in the solutions of these equations, one of two following approximations is
generally adopted.

a) zero optical loss approximation, o, =0

If o, = 0, the solution of the above equations becomes much easier. These equations can
now be linearized to yield transcendental solutions. Subtraction of one from the other in
this case gives: d(Iy(2) - Is(z))/dz = 0; Therefore I(z) - Is(z) =k (constant). This last
expression is a re-statement of the conservation of energy condition.. The exact solutions
for Ig and I, can be shown to be (these are derived in Appendix C)13:

1(0) - 15(0)

RSN
T exp [gB(IP(O) - IS(O)] -1
() (2.28)
where,
Ip(z) =k +1(2)
1(0) - 10 =T (L) - I;(L) (2.29)

Although, the input pump intensity is known, the output Stokes intensity Ig(0) is not. Itis
therefore necessary to determine Ig(0) from the given Ig(L) (either Stokes noise or an actual
input at the Stokes frequency, as for example, in an amplifier configuration). This
approximation was first adopted by Tang and although the above equations can be solved
exactly, has not been extensively used. In fact, we shall return to this case in the next

chapter when considering the full numerical solutions of the SBS equations.

b) Undepleted pump approximation

This approximation has won by far the most widespread use due to its simplicity. In this
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approximation, it is assumed that the pump depletion by the Stokes wave is small, that is
Ip(z) = constant, (= Ip(O)). In this case integration of eqn (2.24b) yields:

I(2) = (L) { exp [g51,(0) - o J[L - 2]) 2.30)

Clearly, this approximation is valid only for very low values of the Stokes intensity.

Although both the equations, and their approximate solutions are quite general, and apply
equally in the case of bulk optical materials (solids - both crystals and amorphous materials,
liquids, and gases), as well as optical fibres, our discussion will focus on the case of single
mode optical fibres. In fact, we shall return to the discussion of the solutions to the SBS
equations in the the more practical context in the next chapter which presents a review of

the previous work on stimulated Brillouin scattering in single mode optical fibres.

2.3. Transient characteristics of SBS

So far we have considered solely the steady-state intensity solutions of the SBS equations
which form the main focus of the work in this thesis. However, as we later refer to the
transient behaviour in the SBS, it would be useful to consider, at least qualitatively, the
transient characteristics of SBS. The transient growth of light scattered inelastically from
thermal or quantum fluctuations through the SBS process has been examined theoretically
by several authors for a number of particular cases. A typical analysis begins with the set
of coupled equations describing the motion of a limited number of modes of the optical
field and of the medium. These are then simplified using various plausible assumptions

about the mechanism responsible for a particular process analysed.

Kroll (1965)33 has analysed the growth of SBS in the low conversion regime, where
linearised equations are valid. Although Tang's analysis extended the theory of SBS to
cover the high conversion regime in which strong depletion of the pump by the counter
propagating Stokes signal can occur, his equations applied only to the steady-state
situation, and Johnson and Marburger (1971)34 were the first to develop the transient
solutions for the stimulated Brillouin scattering case. They found that both the transmitted

pump and the backscattered Stokes experience relaxation oscillations, which may be
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sustained for a long period of time. The most relevant case is that of finite-cell oscillations
which can occur when the forward travelling pump beam drives a stimulated scattering
beam in the opposite direction, in a finite medium. The period of these oscillations is
proportional to the cell length, L, and therefore no oscillations of this type can occur in an
infinite medium. In fact the period of the oscillations is always 2L.n/c, where n is the
refractive index. Initially, after the pump is switched on at t = 0, a portion of the backward
Stokes signal which begins at the forward pump front grows exponentially throughout the
pulse length, L, during which it 'sees’ the full incident intensity, I,(0). After ime t=
Ln/c, the maximum length of the undepleted pump seen by a portion of the backward signal
diminishes from L, to zero. Consequently, the backward travelling Stokes signal can not
be amplified sufficiently from noise during the low-gain region. The result is a dramatic
reduction in the Stokes level Ig(0) after 2L/v. After the backward Stokes intensity has
drops to a small value, the incident pump beam can pass beyond the input face before being
depleted again. Thus this process repeats periodically with decreasing modulation depth
until the steady state is reached. In this way the gain in the cell is modulated at the cell
frequency.

It has to be pointed out that the oscillations described above will be observed for a pump
which is cw (after being initially switched on) or pulsed with pulse length exceeding the
round trip time. This particular behavior can be utilised to advantage in Brillouin lasers, as
will be seen later. In this way, relaxation oscillations, which are due to depletion, must be
differentiated from other transient effects, namely those associated with finite decay time of
the acoustic wave (= 1/I") and may be much longer than the latter. The transient effect
associated with damping of the material excitation becomes important when the pump pulse
duration is less than the decay time of the acoustic wave; the manifestation of this effect is
in generation of very short pulses (pulse duration less than the acoustic decay time), and the
influence of the finite acoustic decay (relaxation time) has been considered by a number of
authors35-37 who concluded that in situations where the transit time in the medium is less
than acoustic decay time it is possible to obtain very short pulses, whose intensity exceeds

pump intensity.

Clearly, these effects are very interesting and important for possible pulse compression. In
the transient SBS regime, the tail of the Stokes pulse may experience a gain and loss
modulation with the laser field resulting in a break up (and consequent compression) of the

Stokes pulse; for example, Gorbunov38 has theoretically predicted that quite considerable
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pulse compression is possible (25 - 30 fold) providing certain experimental conditions are
fulfilled, while previously Hon39 showed more than ten-fold (20 ns to 2 ns) pulse
compression in tapered waveguides using the SBS process. This technique uses
convergently tapered waveguides with the pump pulse input from the wide end, and Stokes
pulse spontaneously generated. As the pump pulse propagates along the waveguide into a
decreasing area, its intensity increases. The gain is greatest near the exit of the waveguide,
and by a suitable choice of input laser intensity and waveguide taper, a Stokes pulse of
short duration propagates backwards, receiving amplification from the pump pulse.
Amongst many advantages*0 of pulse compression by SBS as opposed to SRS is the fact
that in that the compressed pulse is wave-front reversed (spatially phase conjugated) while
the polarisation state behaves like a mirror reflection?? - important for phase conjugation in

laser cavities.
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Chapter 3
SBS IN SINGLE MODE OPTICAL FIBRES - AN OVERVIEW

The purpose of this chapter is to present a systematic overview of the considerable research
work which has been done in the field of SBS in single mode optical fibres - transmission
media which can offer unique experimental conditions as compared to bulk materials. The
background and the reasons for the early interest in this field are outlined. The review
covers the work on SBS in long optical fibres, considering on the one hand the limitations
to single mode optical fibre communication systems and, on the other, applications in
optical amplification, as well as Brillouin lasers. Finally a section on the material
considerations is included. We shall discuss each of these areas in turn, outline the main
results and achievements, and point out areas where further work is necessary. Itis
thought that a detailed review is necessary for full appreciation and understanding of the
significance of the work in this thesis in relation to other work carried out in the field of the

investigation of SBS in single mode optical fibres.

3.1. Early interest

As was briefly mentioned in Chapter 1, the late 1960s saw the start of the development of
the first low loss optical fibres as transmission media for optical communications systems.
This work was soon followed by the realisation that the advantages offered by optical
fibres such as potential low losses, small interaction areas, and long interaction lengths
would also lead to dramatically reduced power thresholds for the nonlinear stimulated

Brillouin and Raman scattering processes.

Ippen and Stolen (1970, 1972)1.2 were the first to show SRS and SBS experimentally in
optical fibres. For SBS, they used a single mode xenon laser (with pulsewidth of = 1 ps)

with an intracavity etalon operating at 535.5 nm, with a linewidth of approximately 100
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MHz. They observed thresholds of 2.3 Watts for a 5.8 m length of fibre, and a threshold
of less than 1 Watt for a 20 m length of fibre. The loss of their fibre was 100 dB/km.

LASER

PD ———7(]38

Fabry-Perot Interferometer

|

CRO

LASER: single mode narrow linewidth source
ISO: optical isolator

BS: beamsplitter

VA: variable attenuator

PD: photodetector

Figure 3.1. Typical experimental arrangement to observe SBS in a fibre.

They were also the first to observe the relaxation oscillations in the scattered signal at a
frequency of 2nL/c, the round-trip transit time of the fibre. They explained this effect as
due to periodic depletion of the pump wave near the input end of the fibre. This results in
depletion of the gain in the fibre until the depletion region has passed out of the fibre, as
described in the previous chapter. In later work, this effect has been identified as a
mechanism for passive modelocking in Brillouin lasers, and will be discussed in the section
“dealing with Brillouin lasers. [A typical experimental set up for the investigation of SBS in

optical fibres is shown in figure 3.1].

At about the same time, Smith (1972)3 was the first to consider theoretically the optical
power handling capacity of single mode low loss optical fibres (20 dB/km!) as determined
by stimulated Brillouin and Raman scattering. Using the undepleted pump approximation

he derived relationships for threshold (critical) powers at which the attenuation introduced
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by the energy transfer from the pump to the stimulated backscattered wave becomes

significant.

He arbitrarily defined the SBS threshold power as that input power necessary to bring the
backscattered stimulated Brillouin power to the level of the input power, so that the pump
depletion becomes significant. In other words, in optical fibre transmission systems, the
threshold is that absolute limit to the input pump power at which point the nonlinear effect
must be considered. In the case of SBS in single mode optical fibres, Smith derived this to
be:

20Aeff
th = T where: Leff=
Ep'eft o, a1

1 —exp-alL

and the factor 20 is approximately the natural logarithm of the gain required to bring the
spontaneous emission to the level of the input pump power. This figure was calculated for
particular material parameters but, in fact, changes only by about 10% for a variation in
(Acft/gBLefr) Of two orders of magnitude2.3. gp is the Brillouin gain coefficient as defined
in Chapter 2, and Aefr is the effective core area of the fibre. It must be pointed out that the
plane wave analysis of SBS considered in the last chapter can be directly applied in the case
of optical fibres. In the case of a single mode fibre we assume that both the pump and the
Stokes wave propagate in the same mode (or more accurately, as they have slightly
different frequencies, they propagate in the same type of mode with the same polarisation),
so that the overlap integral can be taken as approximately equal to unity#, and where the
mode can be approximated by a Gaussian function E(r) = E(0)exp - (r2/w2) with w equal to
1/e field amplitude, then Agr = nw2. A more accurate approximation for the mode profile
of a single mode fibre is the mode of an equivalent step index fibre#-6. Then a the ratio of
At/ Acore Can be calculated as a function of the characteristic number V (normalised
frequency). Accurate measurements require a technique for determining the core size of the
equivalent step index fibre. However, for simplicity, it is the former approach which is
generally adopted in calculations®. [As an aside, we just mention that the picture is very
much more complex for the case of a multimode fibre, where all pump and Stokes modes
should be considered separately, and overlap integrals which describe the strengths of
coupling between various waveguide modes have to be evaluated for all mode

combinations?].
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Smith also introduced the approximation that the initial or effective Stokes poweratz=L
(in the absence of an external Stokes signal) due to the spontaneous Stokes emission, for a

single mode fibre, can be expressed as:

P.(L) - hfsBef(kT
s Wlege hf, A 32)

where h is Planck’ constant, fg is the frequency of the Stokes wave, Afr is the effective
core area, k is Boltzmann's constant, T is the absolute temperature, and fa is the frequency
of the acoustic phonon or the Brillouin shift. This expression is just the product of thermal
noise kT per unit frequency, the ratio of the Stokes and acoustic energy and the effective
Brillouin bandwidth B¢y, where the approximation of peak gain within the bandwidth Avg
and zero outside the band is made. Assuming a Lorentzian gain distribution with FWHM

bandwidth Avg, and that the peak gain is high, the effective bandwidth is given by Begy:

Jm Avy

B .=
eff
2 [IP(O) gg(l-exp-a, L)/o, ]1/2

(3.3)

In fact both of the above approximations were widely adopted in most of the work on SBS

in optical fibre, particularly in the work concerning communication systems aspects.

2. SBS as a limitation mmunication m

In the 70s, intensive research and development of optical fibre systems led to lowering of
the achievable fibre losses, and increases in potential transmission distances. This was
accompanied by reported reductions in the observed Brillouin thresholds. The main results

are summarised in Table 3.1.

Figure 3.2 (a) shows a plot of L vs fibre length, L for different fibre losses. It is seen
that an increased fibre loss limits the fibre length which can contribute to SBS. Clearly Lqg
= L for zero fibre loss. Fig 3.2 (b) shows the plot of theoretical threshold power as
derived by Smith against the fibre length for several fibre losses, with the 20 dB/km loss
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. Fibre loss |Observed | Max. conv| Theoretical
Fibre length | [lesr] threshold | efficiency | ihreshold* A, Reference
(km) Gm) | @BAm) | ) @wW)|  Avg,
58x10> | 1.7 | 1300» | 2300 - 2200 535.5nm | Ippen ctal
) - 7AMHz | (1972)
| 200x10° I R I D e e
4 1.1 40 30.1 56 15.6 710 nm Uesugi et al
0MHz | (58
13.6 7.7 0.41 5 65 2.8 132 um Cotter ('82)°
31.6 10.1 " " . 20 <1.6 MHz
11
30 143 | 025 2 - 12 1.52 um Cotter ('82)
<1MHz
2 019 | 22 40 M) - 50 5145nm | Tsubokawg,
i et al ('86)
129 6.8 0.47 11.75 . 52 132um | Hadjifotiou
3 MHz etal (86) 19
30 8.7 0.46 9 80 4.0 13um | Aokiet al (87/°
15 MHz
(DFB-LD)

* Theoretical threshold as derived by Smith 3

PM - polarisation maintaining fibre

"' denotes parameter unspecified by author

All experimental parameters are statea with the accuracy specified by the author(s)

Table 3.1. Summary of the main experimental results of measurements of

SBS in long single mode optical fibres.

considered by Smith plotted alongside the more practical losses for low-loss

communication fibres. Itis ideally assumed that P = 1 (no polarisation scrambling), and

the peak value of the Brillouin gain coefficient gg is used (for fused silica, gg =4.6x 10-11

m?2), and the core area, A is taken to be 5.0 x 10- 11 m2.

It can be seen that the SBS threshold decreases as the fibre length increases, and then

asymptotically reaches a constant value which is governed by the fibre loss. This is
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because the effective interaction length, L.gr becomes 1/0, for long fibres.

In a series of careful experiments, Labudde et al.7 demonstrated the importance of
minimising the optical reflections at the fibre ends, which they observed led to the
enhancement of the SBS. This enhancement, however, becomes significant only in shorter
fibres where the 4% end reflection is greater than the round-trip fibre attenuation, and is
virtually negligible in long distance links. In addition, through ineffective isolation
between the laser and the fibre, a substantial proportion (approximately 30%) of the
backwards Stokes light was re-injected into the fibre in the forward direction, and resulted
in the generation of several orders of Stokes and anti-Stokes frequencies by four wave
mixing (FWM) in the fibre. Although a clear limitation in the fibre transmission systems, it
was suggested that this FWM process could be usefully applied in generation of narrow
pulses in Brillouin lasers. Another application of this process proposed in this thesis

(Chapters 6 and 8) is in generation of very high microwave frequencies.

As shown in Table 3.1, Uesugi and Ikeda (1981)8 reported experimental results of SBS in
a 4 km length of single mode fibre (fibre loss = 4 dB/km). They reported a maximum
single frequency input power before the effect of SBS becomes significant, as 14.8 dBm
(4.4 mW). Subsequently, Cotter? observed a Brillouin threshold of 5 mW in low loss
single mode fibre of 13.6 and 32 km lengths at 1.3 pm together with the highest reported
conversion efficiency at that time. From these results it was apparent that the observed
thresholds were actually approximately double those predicted by Smith's formula. The
reason for this was that in these longer lengths of fibre, the polarisation was not
maintained, resulting in polarisation scrambling, and the reduction in the Brillouin gain
coefficient, as outlined in the previous section. Despite this, it became clear that SBS could
be the determining factor in the operating limit of advanced coherent communications
systems. Subsequently a number of modulation schemes for increasing the SBS threshold

have been proposed10-12,

Most of the work has concentrated on the consideration of SBS with the three modulation
schemes of binary ASK (amplitude shift keying), FSK (frequency shift keying) and PSK
(phase shift keying) in the context of coherent communication systems!3. In the ASK
modulation, the pump light is completely amplitude modulated with a periodic square wave

function representing the 1010.. sequence. In the FSK modulation, the optical frequency
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is alternatively changed, where one frequency denotes a '1', and the other - '0' (with the
difference in frequencies 1 and 2 is known as the frequency deviation). In the PSK case,
the phase of the pump light is alternatively shifted from data '1' to '0". The phase shift
used in most PSK systems is 7: 'l' is transmitted by changing the optical phase by =,
while '0’ is transmitted with the optical phase unaltered.

For significant SBS to occur the optical field must be capable of building up a strong
coherent acoustic wave within the decay time 2n/I". Physically, in the case of ASK, optical
pulses are additive to generate a coherent acoustic wave and the Brillouin threshold in an
on-off keyed system can be increased only by a factor of 4 compared with the cw case. In
frequency shift keying (FSK), providing the frequency shift is large, the continual phase
change of optical field will result in a small acoustic excitation, thus enabling some
suppression of SBS. In the case of phase shift keying (PSK) if an appropriate phase shift
(1800) is chosen, the net acoustic excitation can be minimised. Indeed, by using such a
simplistic approach, PSK seems the most useful method of suppressing SBS. In addition,

heterodyne PSK offers advantages in terms on the improved transmission S/N ratios.

Cotter10-12 analysed the transient scattering theory for the various modulation schemes,
although his time domain calculation of the SBS gain did not consider the frequency
domain analysis of the gain as the convolution between the pump spectrum and the
spontaneous Brillouin linewidth, I'/2x. Several experimental results were published
supporting the technique (proposed by Cotter) of imposing phase modulation on the optical
field launched into the fibre to reduce the SBS gain. Instead of using a phase modulator the
technique relied on the mode beating effect produced when the field comprises two
frequencies spaced by greater than the Brillouin linewidth, thus reducing the Brillouin gain
coefficient. This was achieved experimentally by operating a 1.32 um Nd-YAG laser on
two adjacent longitudinal modes simultaneously. An increase from the threshold of 6 mW
(32 km fibre) to above 90 mW (maximum power available from the pump source used in
the experiments), and an SBS threshold increase of more than 20 dB was predicted.
Tsubokawa et al.14 proposed an analogous method of suppressing SBS by using an
acousto-optic modulator (AQO). The principle of the method was to launch into the fibre a
two-frequency beam (obtained from the AQ) with the reported suppression ratio of 30 dB
and frequency difference of 500 MHz between the beams. Although, initially it appeared
that these results corroborated Cotter's predictions, it later transpired that such significant

suppression of SBS was the result of the competition between SBS and FWM!3.16, In this
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way, such a technique would offer only limited SBS suppression. Moreover, to use this
method for suppressing SBS in ASK, it would be necessary to modulate the total optical
field (ie both frequencies), and to use a beat frequency which is larger than the detection
bandwidth. Only one frequency would be detected, so only one half of transmitted power

would be utilised for data transmission.

In a more detailed analysis, Lichtman et al.17 developed the frequency domain solution of
SBS which allowed direct calculation of the SBS suppression for the above modulation
schemes. By representing the input pump and the backscattered Stokes wave as consisting
of discrete equispaced frequencies, and considering a random modulation (ie a stochastic
process which can take values 0 or 1 with equal probability), they showed that the Brillouin
gain for each of the modulation schemes is determined by the parameter I'T, which is the
ratio of the modulation bandwidth Awpoq (= T-1) and the spontaneous Brillouin linewidth,
I". As expected, the gain decreases by increasing the modulation bandwidth, since then,
the pump power spreads over a larger spectrum, and the net contribution to the SBS gain at
the carrier frequency becomes smaller. They found that for the ASK case the gain is
minimised by modulating with a 100% modulation depth. For PSK, minimum gain is
achieved with a phase shift of ©(2n + 1), and in the FSK case the gain condition is
practically independent of the frequency shift, providing the frequency shift, f, >> Avg.
Increasing the modulation frequency (T — 0) results in the SBS gain converging to 1/4 of
the gain in the CW case for ASK and FSK, while for PSK case, it converges to zero. (In
fact the threshold increases by 10 dB for each factor of 10 increase in bit rate). This
analysis is based on two major assumptions. The first is that the fibre length is larger than
the pump coherence length, c/Awy,, - valid in the case of most practical long-haul
transmission systems. The second assumption is that the process is stochastic. The
validity of this assumption depends on the input data and on the specific coding scheme.
However, even in the cases where a stochastic process approximation does not hold, SBS
gain can still be calculated using their method, providing that the spectrum of the modulated
wave (or alternatively, its autocorrelation function) is known. The Brillouin threshold will

then be between the threshold values for the cw and the randomly modulated wave.

Independently Aoki et al.18 have investigated the effects of different modulation schemes
on the SBS gain. Using a relatively simple method of considering the power contained in
the largest frequency component in each modulation scheme, they analysed whether the

reduction in the Brillouin gain as a result of modulating the data depends on whether the
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particular modulation scheme has a fixed or random pattern. Their results indicate that for
the ASK (for a mark-space ratio of 1) and FSK, the gain reduction is virtually independent
of the modulation scheme and bit rate, confirming the work of Cotter (for ASK) and in
agreement with Lichtman et al. However, for the PSK case, the reduction of a factor of

2.5 for fixed pattern modulation, increases to infinity with increasing bit rate.

Experimentally, the threshold increase with PSK modulation was first observed by
Hadjifotiou and Hilll9 using an Nd-YAG laser at 1.3um and an external LiNbO; phase
modulator , but the experiment was limited to input powers of approximately 2.5 times the
SBS cw threshold. Aoki et al.18 have performed experiments confirming their theoretical
predictions for PSK modulated light - using a cw DFB-LD and an external phase
modulator. In fact, a notable feature of this work is that the systems measurements were
performed using a practical DFB semiconductor laser as a pump (see also ref. [20]), rather
than the specially stabilised, narrow single-frequency gas or solid-state lasers used by
other authors. They also carried out some measurements for FSK modulation using a
directly modulated DFB-LD2!. However, their results for these latter measurements could
not be unambiguously confirmed because of the nonlinear FM response of the laser diode
(as indicated by a large spectral broadening: this is characteristic of many commercially
available laser diodes). In the region where the FM response of their laser diode was
linear, weak SBS was observed, with the suppression approximately in agreement with
that predicted by theory. Bolle et al.22-24 also investigated the Brillouin gain curve
dependence on the frequency spectrum of PSK modulated signals and the type of
modulation format, both experimentally and, and theoretically by Cosentino et al25. Using
a colour-centre laser and a modulator, the experiments of Bolle et al. corroborate those of
Hadjifotiou and Hill, Aoki et al. and Lichtman et al.

Recently, two further possible sources of distortion were suggested by Waarts et al.26 and
Horriguchi et al.27 In ref. [26] it was reported that in the case of FM modulation, SBS
gain, which is accompanied by a nonlinear phase shift arising from the interactions between
the different spectral components of the pump and Stokes waves, can lead to the
conversion of FM modulated to amplitude-modulated signal. This could cause distortion in
coherent fibre systems. Horiguchi et al. published some surprising results on quite
substantial (up to 30%) variation of Brillouin gain with polarisation state of pump and

Stokes waves in fibres where the polarisation state is neither maintained nor completely
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scrambled. Such a variation of gain could lead to cross talk fluctuations in frequency or
wavelength division multiplexing systems, and degradation in Brillouin amplifier
performance (discussed later). However, both of the above effects will have to be further

investigated to establish how serious a limitation each would present in a practical system.

The work of Horriguchi et al. appears to contradict their later publication?8 in which he
suggests an application of SBS for measurement of the optical fibre linear attenuation by
measuring the Brillouin gain of the probe signal. This method, however, is only applicable
in the low-gain (undepleted pump) regime, and assumes that gp/A.¢r does not fluctuate
along the fibre length, both through material inhomogeneities and polarisation scrambling -

conditions which clearly are not always fulfilled.

One of the reasons for discussing the current state of the research on SBS as a limitation in
optical fibre systems in some details, is to indicate that in assessing the limitations
presented by SBS, all the calculations were based on the input power threshold arrived at
using the undepleted pump approximation. However, as can be seen, numerous papers
have reported conversion efficiencies in excess of 50%. Indeed, in order to calculate the
exact threshold for SBS, and the steady state pump and Stokes powers, pump depletion
has to be taken into account. This means that the equations have to be solved numerically

with the appropriate boundary conditions.

The boundary conditions - the initial values known in this case are: PP(O), the input pump
power and Pg(L) (in the case of no external Stokes input, it is just the spontaneous Stokes
noise which can be calculated). The final steady-state values of the pump and the Stokes
intensities: Pp(L) and Pg(0) are unknown and have to be calculated. This means that only
two boundary conditions are known. However, if these equations can be solved, for the
given practical parameters such as the input pump power and the fibre length, the solution
will yield the amount of pump depletion for a given fibre link length, and the conversion
efficiency, that is the amount of backreflected Stokes power. This information is
practically very valuable, as it will specify the real limit on the optical power budget. In
fact, this problem is tackled in the next chapter.
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3.3. Brillouin amplification

Although the use of nonlinear SBS gain for amplification has been proposed by Tang as
long ago as 196629, this was not explored in fibre systems until recently, with the

important results summarised in Table 3.2.

The experimental configuration of a Brillouin amplifier is similar to that shown in figure
3.1, with the addition of another laser, serving as a signal and injected at the output end of
the fibre, counterdirectionally to the pump laser. One or both lasers are tunable, so that the
frequency difference between them is locked to the Brillouin shift. Waarts and Braun
(1985)30 investigated the interaction between two counterpropagating waves at different
frequencies (separated by the amount approximately equal to the Brillouin shift) and
observed signal gain of 10 % for one of the waves due to SBS. Thus, the conclusion of
their work was that in coherent optical communications, systems which will use many
narrowly spaced lasers (frequency multiplexing), the addition of one channel in the
backward direction (subscriber channel) may lead to serious power limitations due to
crosstalk. Although the aim of the work was to investigate yet another system limitation
posed by the SBS process, and not Brillouin amplification, it must be emphasised that the
authors were the first to measure the Brillouin gain using commercially available AlGaAs

lasers.

Atkins et al. 31,32 suggested and demonstrated a very elegant application of the stimulated
Brillouin gain, to selectively amplify the signal carrier in coherent homodyne detection,
prior to photodetection. Since homodyne detection offers the optimum receiver sensitivity
and is more efficient in the use of the available electrical receiver bandwidth than
heterodyne detection, potentially such a technique can simplify the application of homodyne
detection in long-haul transmission systems by eliminating the need for electronic phase-
locking. In their experiment the pump was a colour centre laser at 1.5 pm, and a He-Ne
laser at 1.52um was used as the transmitter. Soon afterwards, Chraplyvy and Tkach33
(again, using a tunable colour-centre laser as a pump, but external cavity semiconductor
lasers for signals) showed that SBS amplification can be used for channel selection in
densely packed WDM with direct detection at 1.5 pm. In their experiment they used a
pump wave modulated at 45 Mbit/s to amplify (in a 10 km length of fibre) a
counterpropagating signal from two multiplexed channels with low error (10-8)

transmission for channel separation of 140 MHz . However, to accommodate transmission
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rates higher than the intrinsic Brillouin linewidth (approximately 20 MHz at 1.5 um) it is
necessary to broaden the amplification bandwidth by varying the material composition in
the fibre or by modulating the laser frequency. Both of these methods were used by
Olsson and Van der Ziel who demonstrated the operation of semiconductor pumped fibre
amplifiers34:35, The pump and probe (signal) lasers were 1.5um external cavity lasers.
Fibre lengths of more than 30 km were used, and reported gains of 3.0 - 5.5 dB/mW

achieved, depending on amplification bandwidth.

Fibre | Pum :
1 eln;fh powgr Fibre 1oss | Opserved gain Wavelength Reference
Leg) | W) | (@BAm)
825 nm
35 0.3 2.1 0.4 dB (cw) (AlGaAs 2.2 Waarts et al. ('85)30
LDs) -
20 S 0zs | BaBEw | 1.52 um Atkins etal. (86)°!
20 dB (80 Mbit/s)
375 2 027 | 4.3dBmW 1.52 um Olsson et al. (86)**
(SCLD*)
10 14 1 425 25 dB 1.52 um
(45 Mbit/s) gg(j)aAs Chraplyvy et al. (86)33
30 33 0.3 18 dB (cw) 1.52 um 35
10 dB (90Mbit/s) (SCLD*® Olsson et al. ('87)
12 2.5 30 dB
3.5 600 MHz BW 830 nm Tkach et al. (88)% ,
( 7z BW, (AlGaAs
150 Mbits/s sig) IDs) Tkach et al. (89) 37

Note: Where modulation rates are stated, ASK modulation with
50% duty cycle was used, except in refs. 36,37 where FSK was used.

Table 3.2. Summary of the published data and main results on Brillouin

amplifiers.
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Using the undepleted pump approximation they calculated the gain of the amplifier as a
function of the fibre length, and signal-to-noise ratios (SNR) as a function of receiver
sensitivities. From their calculations it can be concluded that Brillouin fibre amplifiers are
excessively noisy (the noise in a Brillouin amplifier is mainly due to the amplified
spontaneous scattering). This limits their usefulness as receiver preamplifiers, but they
could be used successfully as in-line amplifiers. Recently, Tkach et al.36.37 have published
some impressive results which demonstrate successful optical demodulation and
amplification of FSK signals using simple AlGaAs lasers for both pump and signals, and
reporting 30 dB gain. In a further development of their original work on WDM systems,
they demonstrated the feasibility using SBS to realise a tunable narrowband amplifier to
demodulate, amplify, and select channels in a densely packed WDM network, for up to
1000 channels achieving small channel separation, and very low error rates. Indeed, it
seems that because of the inherently narrowband nature of these amplifiers, and for reasons
which shall be further discussed later (Chapter 7), this seem to be the best application of the
Brillouin amplification. However, some systematic evaluation of potentially achievable
Brillouin gain as a function of pump power and fibre length would be necessary to draw

further conclusions.

When considering the high gain of amplifiers, it is necessary to take into account the
depletion of the pump in order to evaluate the SNR and the gain of the device. In all the
work described above pump depletion has not been considered due to considerable
complexities involved in solving the coupled equations describing the propagation of the
pump and Stokes waves (equations (2.24)). However, in order to assess accurately the
performance parameters of fibre amplifiers, such as the achievable gain and saturation
characteristics, as a function of pump power and fibre length, it will be necessary to solve

these equations fully, taking into account pump depletion.

3.4. Brillouin lasers

Although the initial work on SBS lasers with single mode fibres as the gain medium was
carried out by K. O. Hill, B. S. Kawasaki and D. C. Johnson as far back as 1976 -
197838-40, the state of research in this area at the start of this work had not significantly
advanced beyond these initial experiments. In 1976 Hill et al.33 demonstrated the operation
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of the first Brillouin laser which was also the first observation of SBS with cw pumping.

The ring resonator used in their experiments was a combination of fibre/bulk optics, with

Cavi Brillouin | Lasing | Conv. Wavelength
lengttlyl F laser |[threshold | eff. ave e.ng .(nm) Reference
(m) linewidth| (@W) (%) [pump linewidth]
os | o |20MHz| 250 4 | 514.5025MHz Hill et al. (19765
20 | 6 w100 - . Hill et al. ('76)°°
11 3 - - - t Kawasaki et al. (7810
[IML: 2 W]
83 4 |100kHz| 77 4 514.5 [3 KHz) Ponikvar et al. (81)4
10 93 - 0.43 33 633 [1 MHz] Stokes et al. (1982)%
1.0 | 300 - 0.07 24 633 [1 MHz] Chapter 6
(this work)
40 | 90 |700kHz| 09 8 830* [10 MHz] o
*_SCLD

ML - modelocking

- denotes results/parameters unspecified by author

Table 3.3. Main results on Brillouin lasers.

the beam path defined by partial (bulk optics) reflectors. The Brillouin threshold was

measured as 250 mW (using an argon-ion single mode laser with 25 MHz linewidth as

pump, wavelength 514.5 nm, fibre loss =100 dB/km. The conversion efficiency (that is

the ratio of the output Stokes power to the input pump power) was approximately 1.6%,

and 4% for finesse of =2. [In Table 3.3 we summarise the main results to date for

Brillouin lasers].

Hill et al.39 were the first to suggest that SBS lasers can be used as a source of high-

repetition-rate short duration pulses (picoseconds) (providing modelocking suggested by

atheoretical paper of Lugovoy and Streltsov4! (1973) proved feasible). In that paper they
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observed continuous wave generation of multiple Stokes and anti-Stokes Brillouin shifted
frequencies in a Fabry-Perot configuration. 20 m of single mode optical fibre (loss = 100
dB/km at 514.5 nm) was the gain medium with the high-reflectivity output mirror of the
argon-ion laser as one of the mirrors (at the pump input end) and a 98% reflector at the
output end). They observed 14 Brillouin shifted lines (over a bandwidth of 476 GHz) -
hence the suggestion of picosecond pulse generation. However, this method for short
pulse generation was never shown experimentally. Instead, in 1978, Kawasaki et al.40,
demonstrated mode-locking of the first Stokes component, with pulsewidths of
approximately 7 - 8 ns at the repetition rate of 8 MHz (corresponding to 11 m fibre length:
mode spacing = c¢/nL). The physical mechanism responsible for spontaneous modelocking
is due to the periodic pump depletion in the gain medium as described earlier in Chapter 2.
The pulsing was stabilised by using a Bragg cell in the cavity at the modulation frequency
of cavity mode spacing, and the pulse width obtained represented nearly the full gain-
bandwidth utilisation of the Brillouin line (= 150 MHz at 514.5 nm).

Although Stolen?2 suggested that the lasing thresholds in Brillouin and Raman lasers
would be reduced if polarisation maintaining fibres were used, this was not demonstrated
experimentally for the case of Brillouin lasers until the work carried out in this thesis
(described in Chapter 5).

Thomas et al.(1980)#3 proposed that it might be possible to use an optical fibre Brillouin
laser for inertial sensing, as an all-fibre alternative to the ring laser gyroscope - a proposal
which has only very recently been confirmed experimentally. Smith et al.#4 were the first
to report the measurement of rotation using a He-Ne laser and an all-fibre Brillouin laser.
Their measurements, however, were only preliminary, and a number of issues which will

influence the ultimate performance have to be studied and resolved.

Ponikvar and Ezekiel45 reported the operation of a stabilised single frequency SBS laser
(fibre length 83 m, cavity finesse of approximately 4, with a threshold of 77 mW and a
maximum conversion efficiency of 4%), with the linewidth of the Brillouin laser output
approximately limited by the finesse of the cavity. Bar-Joseph et al.40 further discussed
the operation of single and multi-mode pumped SBS lasers and reported that in both cases
these are spontaneously mode-locked. They observed a stable train of modelocked SBS
pulses 4 ns long (and thus utilizing nearly the full gain bandwidth of 150 MHz available at
514.5 nm). They also showed that at very high pump levels modelocking disappeared due
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to severe gain depletion (in line with their theory, Bar-Joseph et al.47), and that
spontaneous mode-locking is present in the case of a multi-moded pump. (In this case the
threshold is proportional to the number of modes - which can possibly be exploited to
generate pulses much shorter than have been obtained previously). Similar results have
been demonstrated recently by Botineau et al.48 who also analysed the amplification and
compression of the backscattered Stokes pulses as limited by the nonlinear Kerr effect,by
carrying out complex numerical calculations of the three coupled wave equations (for the

pump, Stokes, and acoustic waves).

In 1982 Stokes et al.49 showed the first operation of an all-fibre SBS laser at 633 nm using
a polished directional coupler in a fibre resonator configuration as described in Chapter 5.
The finesse of the resonator was 93, and the Brillouin threshold was observed at 0.43 mW
of pump power in the fibre with the loop length L of 10 m. The advantage of using an all-
fibre ring resonator as a laser cavity is that the round-trip loss of such a resonator is much
lower than that of a hybrid bulk optics/fibre device, resulting in significant circulating
power enhancement in the case of a high finesse cavity. Indeed, this property of the
resonator makes it extremely attractive for the study of SBS, with a view to possible
applications in frequency generation and amplification at low pump powers. This area
forms the main focus of this thesis and the studies undertaken are described in Chapters 4 -
8. Running ahead, for comparison, we can say that using high finesse resonators
fabricated from polarisation maintaining fibre, lasing thresholds as low as 70 pyW were
demonstrated at 633 nm and submilliwatt thresholds at 830 nm using a commercially
available AlGaAs laser. Such low thresholds make these devices compatible with current
fibre systems for a variety of applications, which will be further discussed later in this

thesis.

.5. Matenal consideration

As already mentioned earlier the gain in the Brillouin process is dependent on material
constants. Therefore measurements of the Brillouin gain linewidth and the Stokes shift can
reveal interesting information about the material and can also form a basis for material
characterisation as well as sensing applications30. A more useful expression for the

Brillouin gain coefficient, gg in terms of material parameters is given by (from eqn (2.25)):
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Remembering that oty = 2TAVB/v,, and that Q = 21tnva/)\.p, and for small Brillouin shifts
)\.pls =~ xp2, we obtain the more familiar and widely used expression for gg:
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3.5)
where 2/, is the attenuation length for the acoustic pressure, o,=21AV g/Va

D2 is the elasto-optic coefficient.

n is the refractive index

Po is the material density

V, is the acoustic velocity

AUB is the FWHM intrinsic Brillouin linewidth

For fused silica the currently accepted value for p;, is 0.286, n is 1.457, pgis 2.2 x 103

kg/m3, Va is 5990 my/s, and the most authoritative measurements of ADB putit at

approximately 100 MHz at 633 nm’1,52, These values yield a figure of 4.6 x 10"11 m/Ww
for gg.

In coherent transmission systems, where SBS is a limitation to performance we clearly
want to have fibres with material parameters which will lead to minimisation of gg.
However, for the investigation of SBS for applications in lasers and amplifiers, and for
material characterisation, we want to maximize gg, and minimise the threshold power (eqn
(3.1)) for a given pump wavelength. The value of the Stokes shift or gg can be varied
either by changing the material composition or through the temperature dependence of the

various material constants such as the refractive index and acoustic velocity>3.

There has been comparatively little work done in establishing the effects of dopant
concentration and type on the above material parameters in low-loss single mode fibres.
The variation in doping will mostly affect the material density, and the acoustic velocity, as

well as n and a,. The change in velocity will have a large effect on the Brillouin shift, ,
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and this can be used as a method of material characterisation33:54. A change of 10% inn,
however, results in a factor of 2 change in gg, although the application of this technique for

material characterisation has not been investigated.

It would be desirable, for example, to alter material composition of the fibres, so that the
acoustic frequency is altered (through change in n and py, since the sound velociity v, is
proportional to (po)'m). This would be useful, for example, in multi-charnel nietworks.
A single high power laser pump could be used to launch light into several fibres ‘with
different material characteristics, to generate Stokes waves at different frequencies. These
could be used as local oscillator sources, or for amplification of light at a number: of
frequencies. Another possible application of the material dependence in SES suggested
recently is Brillouin spectroscopy for evaluation of tensile stress in fibres>!. However,
there are technical problems associated with varying the material composition in ifibres>6-57.
Table 3.4. shows the comparison between the change in refractive index and the :sound
velocity of fused silica doped with several common types of dopants. Up sxddoywn

arrows refer to higher and lower than those for pure fused silica, respectively.

GeO, P,05 TiO, B,O3 F, ALO;

n T T T

Table 3.4. Comparison of optical and acoustic properties of fised :silica

with different dopants.

Doping with germanium oxide (GeO,) and P O5 increases refractive index by
approximately 0.005 in n for 5 mol % of GeO,), and density. But high dopnglewels of
some dopants lead to devitrification and fracturing on pulling>9, and in ordertoinccrease the
malleability of the material, it becomes necessary to add substances like fluoin¢ amd! boron
which reduce n with doping (approx 0.5 mol % for 0.002 in n for fluorine).

From the existing information on optical glasses>2- 58 it appears that there isnosiggmifiicant
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variation in the elasto-optic coefficient(s) in silicate classes doped with B, O3, Al O3,
Nay O, PbO, K7 O etc, but a large variation in p;, has been observed in halide and fluoride
glasses>9-61

Recently some results have been published33:61 which reported the variation of the
acoustic frequency with germanium and phosphorus (GeO7, P Os) citing values for the
Brillouin shift coefficient defined by the frequency shift (= acoustic frequency) per unit mol
% concentration, for GeO, and P> Og as 125 and 162 MHz/mol % at 830 nm, and 154
MHz/mol % for GeO, at 1.5 um%2. More recently, Shibata et al.63 quote the Brillouin
shift coefficients as 107 MHz/mol % for GeO, - doped core and 356 MHz/mol % for F,-
doped cladding. However, in all these results there has not been any quantitative or
systematic evaluation of the effect of varying doping levels on density, and on other
material parameters, and their effect on gg. In comparison, the recently measured
temperature variation of the Brillouin shift was reported to be approximately 2.7 - 6.4
MHZz/°C, where the dominant effect producing this dependence is the change of refractive
index with temperature, while the temperature dependence of the acoustic velocity is very
small34,

In addition, there is a large variation in the values quoted in the literature for the acoustic
attenuation constant, and hence the intrinsic Brillouin linewidths, with such differences in
FWHM linewidths of 53 MHz12.63 and 215 MHz for silica fibre at 1.5 um62. [The
experimental set up to measure of the Brillouin linewidth is similar to that used in amplifier
experiments, except in this case, the difference frequency between the pump and probe
lasers is swept (over some frequency range of up to 3 GHz) to give the Brillouin gain

profile.

Related to this, there is also some confusion as to the exact interpretation of the Brillouin
gain spectra. In particular, there is some discussion as to whether the second resonance
peak is due to scattering from acoustic phonons in the cladding30.35 or in the core - for
depressed-core index profile, where the field power of the HE{; mode is mostly
concentrated53, 62-65_ This led to quite a fierce debate, and slightly perturbed the serenity
of the normally quiet scientific media. Some light was thrown on this matter by the work
of N. Shibata et al.65 and Jen et al.96:67 who highlighted some significant and highly
material dependent variations in the Brillouin spectra of different fibres. Particularly they

evaluated the role of acoustic wave guidance on the strength of the SBS process. Since the
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acoustic wavelength is comparable to the optical wavelength, both longitudinal and shear
acoustic waves can be guided in an optical fibre when Vgpear ¢1ad < Vshear, core fOF shear
modes, and Viong, clad < Viong, core for longitudinal modes. Since SBS is an acousto-optic
process, it is enhanced if the optical fibre also guides acoustic waves. It has been found
that the lowest order longitudinal modes have the highest backward collinear acousto-optic
interaction coefficient. The interaction between the HE; mode and these modes generates
extra peaks in the Brillouin spectra, which can be traced as originating from the fibre core
for fibres highly doped with GeO, (9 mol-%). These extra peaks will serve to 'spread’ the
Brillouin intrinsic gain curve (more than by a factor of 2.5 compared to those predicted for
bulk glass63), since the width of each acoustic resonance will be approximately equal to the
intrinsic Brillouin bandwidth. Two points emerge as results of these studies. Firstly, that
Brillouin gain bandwidth has to be evaluated with particular attention to the doping
particulars; for example in commercially available fibres where the germanium doping is
normally limited to approximately 3 mol-% doped core, the frequency interval between the
peaks is so small as to be indistinguishable thus precluding the observation of these peaks
or their existence in ordinary single mode fibre. Consequently, the evaluation of the
variation Brillouin shift shift with doping must be carried out in fibres where Viong, clad ~
Viong, core tO g1ve unambiguous, objective measurements.

Secondly, the acoustic properties of the core and cladding in single mode fibres can
represent a criteria for the choice of fibre for particular application. For example, in
communication systems where it is desirable to minimise the Brillouin gain, fibres with
Va. core > Va, clad should be chosen, since an increase in the velocity difference minimises
the acoustic guidance, and serves to decrease the SBS gain. In addition, the discrete
multiple gain peaks should be avoided in the design of coherent communication networks
such as biderectional FDM/WDM transmission systems, since they can lead to increased
crosstalk. Conversely, in amplification or lasing applications where a high Brillouin gain
with a large bandwidth is desirable, good acoustic guidance is necessary. In conclusion to
this section, it is possible to note that while Brillouin scattering undoubtedly appears to be a
useful spectroscopic tool in characterising fibre properties for a particular application,
further detailed and systematic studies should be undertaken to investigate the material

dependence of the Brillouin gain in different fibres with varying compositions.
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Chapter 4

SOLUTIONS OF THE SBS EQUATIONS IN SINGLE MODE
OPTICAL FIBRES

As outlined in the previous chapter, a considerable amount of research effort has been
invested into the experimental investigation of SBS in single mode optical fibres, viewed
both as a limitation to the operation of coherent systems, as well as for amplification
applications and lasing. In view of this, it is perhaps surprising that the equations
describing the evolution of the pump and Stokes intensities with distance have not been
solved. Although Smith's somewhat arbitrary threshold criterion is valid in the limit of the
undepleted pump approximation, it would be very useful to obtain a continuous variation of
the Stokes power as a function of input pump power and fibre length. Also, while intuitive
statements can be made about the form of the solutions, such calculations would provide
invaluable insight into the physics of SBS generation, particularly into the process of
energy exchange between the pump and Stokes waves, of importance both in the context of

optical fibre systems, and Brillouin lasing.

While, in the past, the absolute limit on the input power was considered to be governed by
the SBS threshold, it is conceivable that operation at a transmitter power above Brillouin
threshold might be acceptable even if it results in a certain amount of pump depletion. In
addition, some recent results indicate that the relative intensity noise (RIN) of
semiconductor lasers for use in communication systems sensitively depends on the amount
of optical feedback into the cavity!; thus a measure for the Brillouin backscattered power
for a given transmitter power would be invaluable in calculating noise margins in
communication links. Moreover, the effects of modulation, pump linewidth, and
depolarisation can all be contained in the expression for the Brillouin gain coefficient, gg,

leading to extremely versatile solutions covering a wide range of practical situations.
Bearing in mind the foregoing discussion, the aim of obtaining numerical solutions to the
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SBS equations is the calculation of pump depletion, coupled with the more precise
evaluation of the Brillouin threshold, and the amount of the Stokes power scattered
backwards. On the other hand, although the Brillouin amplifier is normally pumped below
threshold, the analysis could also be extended to cover Brillouin amplifier applications for
estimation of the maximum achievable gain and saturation criteria in terms of practical
parameters, such as fibre length and loss, Brillouin gain, and pump power. As will
become clear in Chapters 6 and 7, these calculations can also form a tool for characterising

Brillouin lasers.

The theory and the choice of the numerical method used, and its accuracy are explained in
section 4.1, and the results are given in section 4.2. Of particular interest is the effect of
the fibre loss, and the numerical results are compared with the exact analytical solutions
available for the oy =0 case. In section 4.3, the validity of the solutions are further tested
by comparing the theoretical results with published experimental data, both for SBS
generation in long fibre links. The implications of the results are discussed with reference
to long haul submarine type fibre links in 4.4, and applications to Brillouin amplifiers
including a comparison with available amplification data in 4.5. Conclusions to this

chapter are outlined in section 4.6.

4.1, Description of the numerical method

Although the pump and Stokes intensity equations as given by equations (2.25) have not
been fully solved, analytically or numerically, there have been a number of attempts at
these. As stated in the previous chapter, the equations can not be solved analytically. In
fact, it would be more accurate to say that no analytical solutions are known that are valid
over the range of interest. This point is illustrated in Appendix D in which the analytical
solutions of the form: Ip’ s(@) = Ip, S(O)exp - [Kp, sz, where Kp’ S is a constant or a
slowly varying function of z. Although these are in fact solutions to the SBS equations,
their range of validity is such that the inequality gBIp(O)L <1 [or Ip 0)< 2e0-5(a0/gB)] is
satisfied. Thus, although these are analytical solutions, they offer us no additional
information compared to the undepleted pump approximation case. This illustrates the

difficulty of attempting to find a suitable ansatz for solutions in this case.

It would also be unfair to imply that no solutions exist for the three coupled field PDEs
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describing the interaction of the pump, Stokes, and acoustic waves in the SBS process.
Notably, Enns and BatraZ claimed to have analytically solved the intensity equations, while
only obtaining the solutions in the situation analogous to the Raman process. Chu et al.3
have obtained analytical solutions for the two coupled PDEs describing pump and Stokes
fields for the case corresponding to the heavily damped acoustic wave. Recently, Coste
and Montes# have numerically solved the three coupled nonlinear PDEs for the case of zero
optical loss. Indeed, although the Coste and Montes solutions are interesting from the
mathematical point of view, the results can not easily be related to practical values and real
experimental parameters. It also turns out that the role of the optical loss is an important
one, and can not be neglected. Indeed, in our case no additional advantage is gained from
solving the three coupled equations since the strongly-damped acoustic wave
approximation is completely justified. We also limit ourselves to the solution to two

intensity equations for the time-independent, steady-state case.

The numerical method adopted in solving the SBS equations was the 4th order Runge-
Kutta algorithm. As was outlined in the previous chapter, the form of the equations is such
that the boundary conditions have to be applied at the opposite ends of the interaction
region. We have adopted the 4th order Runge-Kutta algorithmS in solving the equations as
the one which is easy to implement and self-starting, as well as resulting in stable
solutions. Because the levels of the pump intensity and the Stokes noise differ by many
orders of magnitude, the accuracy which is available in the Runge-Kutta algorithm was also
a factor in the choice of this algorithm. In fact, the Runge-Kutta algorithm was used by
Coste and Montes in solving the three coupled equations in both time and space, for the
case of a pulsed pump wave. However, the numerical solutions in reference [4] are
complicated by the fact that in the case of PDEs describing counterpropagating waves, a
numerical instability occurs if the spatial step h is larger or equal to the temporal step, h'.
This leads to a considerable complication of the numerical integration, both regarding the
solutions and the CPU time®.

The system being considered is diagrammatically shown in figure 4.1. It is a single mode
fibre of length L, with a Brillouin gain coefficient gg, as before. The equations describing

the evolution of the pump and Stokes waves with z are:
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dI dB
E =- gBBI - (on and -E = - gBBI + aoB
4.1)

where for simplicity Ip(z) =T and Ig(z) =B, and 0 <z < L.

Next, these equations can be normalised, by redefining the space variable, z, so that { =
z/L,and 0 <{ < 1. Itis further assumed that the input pump intensity, at { = 0, is I.
Then, we define normalised intensities, P and S, so that

PQ=1=P and S@)=r=$

I
0 0 4.2)

where P(0) = 1, is the normalised input pump intensity.

P(0) —» P(1) —p
S(0) -— S(1) ~——
£=0 C=
F
z=0 L z=L
1(0) —s— I(L) —
B(0) --— B(L) <—

I - pump intensity B - Stokes intensity

”

P-normalised" " S - normalised "

Figure 4.1 (a). Showing the propagation geometry of the pump and Stokes

intensities in a length L of single mode fibre.

The pump and Stokes equations now become:
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®_. oSP - BP
d
4.3)
and,
ﬁ =-0oSP + 3S
d
¢ 4.49)

where 6 = ggLl is the gain factor, and B = o, L is the loss.

The boundary conditions are then, P(0) = 1, and S(1) = 10 -9 This latter is the value of the
Stokes input noise or spontaneous scattering, and can be calculated from eqns (3.2) and
(3.3) using Smith's approximation that the spontaneous Stokes noise within the Brillouin
bandwidth is equal to the injection of one fictitious photon per mode. Alternatively, a
similar value can be arrived at by calculating the scattered spontaneous Stokes power from

scattering theory?-8,

AS << S(§)
AP << P()

SC+h)=SQC) +AS

S©)
PQ) PC +h) =PQ) + AP

3 I i
¢ £+h

Figure 4.1 (b). IHlustrating Runge-Kutta algorithm for the calculation of
the pump and Stokes intensities in a length of optical fibre L: P({) and S({)
are the pump and Stokes intensities; AP and AS are the incremental

increases in the pump and Stokes intensities calculated over the length h,

where h << L.

The details of the Runge-Kutta algorithm are given in Appendix E. Physically, the Runge-
Kutta method can be explained as follows. The fibre of length L is split up into n sections
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of length h, so that h << L, as depicted in figure 4.1 (b). If at the beginning of a section,
say at {, the pump intensity is P({) and the corresponding Stokes intensity is S(), then at
the end of the section, the pump and Stokes intensities can be taken as P(€ + h) and S({ +
h) respectively. The incremental changes in P and S over the length h are taken to be as AP
and AS respectively. Itis assumed that P and S do not change significantly over the length
h, so that AP << P({) and AS << S({). However, we also assume that the length h is
sufficiently long for the strongly damped acoustic wave approximation (as discussed in
Chapter 2) to hold. [If we consider a length of fibre L =1 km and a step size h = L/1000
giving h = 1 m, which is three orders of magnitude greater than the acoustic damping
length in fused silica in the visible and near infra-red region of the spectrum (= v,/Avg,
where Avg= 100 MHz and v, = 6000 m/s)].

In addition, P and S are assumed to be sufficiently slowly varying with { that evolution
over h does not vary P and S by more than terms of order h. Since the Runge-Kutta
algorithm expresses the difference between P({) and P({ + h), and S({) and S({ + h) in
terms of a series in h (as explained in Appendix E) and matches the terms in the equations
relating P and S up to 4th order in h, the assumption that P and S are slowly varying
functions also applies to their derivatives (neglecting terms involving higher orders of

derivatives of P and S).

The step size h was chosen to be 0.002 (500 steps). Since the truncation error of the
method is of the order of h> [5], the accuracy of this method should be sufficient, even
bearing in mind the small values of the quantities being calculated. The accuracy of the
method can also be verified by comparison with the exact analytical solutions to the

equations, known for the case a,L = 0 (Appendix C).

4.2, Discussion of the solutions

Initially, we plot the spatial dependence of the pump intensity, and the corresponding
Stokes intensity as a function of the fibre loss for different values of gain, gglyL: 0 to 500,
and loss o,gL: O to 8. These are shown in figures 4.2 and 4.3 which show the variation of
the normalised pump and Stokes intensities vs the normalised fibre length 0 <{ < 1. What

immediately becomes apparent is that the linear attenuation plays a very important role in
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Figure 4.2 (i) - (v). Graphs showing normalised pump intensity P vs
normalised fibre length, { plotted for different values of gain, ggIyL (=
input pump intensity), and fibre loss, o L: (a) 0; (b) 1; (¢) 3; (d) 5; and
(e) 8.



Solutions of the SBS equations in single mode optical fibres

Normalised pump intensity, P
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Figure 4.2 (i) - (v). Graphs showing normalised pump intensity P vs
normalised fibre length, { plotted for different values of gain, gglgL (=

input pump intensity), and fibre loss, a,L: (a) 0; (b) 1; (¢) 3; (d) 5; and
(e) 8. , ’
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Figure 4.2 (iii)

Figure 4.2 (i) - (v). Graphs showing normalised pump intensity P vs
normalised fibre length, { plotted for different values of gain, ggIh)L (=

input pump intensity), and fibre loss, a,L: (a) 0; (b) 1; (¢) 3; (d) 5; and
(e) 8.
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Figure 4.2 (i) - (v). Graphs showing normalised pump intensity P vs
normalised fibre length, { plotted for different values of gain, ggIyL (=
input pump intensity), and fibre loss, a,L: (a) 05 (b) 1; (¢) 3; (d) 5; and
(e) 8.
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Figure 4.2 (i) - (v). Graphs showing normalised pump intensity P vs
normalised fibre length, { plotted for different values of gain, ggIyL (=
input pump intensity), and fibre loss, o L: (a) 0; (b) 1; (c) 3; (d) §; and
(e) 8.
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the spatial evolution of the pump and Stokes intensities. Specifically, the graphs emphasise
how sensitively the Brillouin threshold is dependent on the fibre loss. Specifically, the
lower the fibre loss, the lower is the Brillouin power threshold. Fig 4.2 (i) shows the
variation of the pump with low Brillouin gain (ggIgL = 20), with the exponential decay
exp[ - aoL] due only to the linear fibre loss, anL. In fig 4.3 (1), for the low value of the
gain of gglgL = 20, only the Stokes intensity (in the case of op L = 0) is above threshold.
As the gain (and hence the input pump intensity is increased, the figures 4.3 (ii) - (v) show
the corresponding Stokes intensities as they exceed threshold in turn, and the pump
deviates from the exponential decay (figs. 4.2 (ii) -(v)), as it becomes depleted by the

counter-propagating Stokes intensity.

The Stokes intensity is plotted for 0 < { < 0.2, since the significant growth of the Stokes
intensity only takes place close to the input end of the fibre (the Stokes wave is amplified
from noise, starting at the { = 1 (or z =L) end). For gglgL = 50 (figs. 4.2 (ii), 4.3 (ii)),
only the Stokes intensity for o, L = 0, 1 exceed threshold, and is just at threshold for o, L
=3 at gglpL = 80 (fig. 4.2 (iii), 4.3 (iii)). As the gain is further increased, figs 4.2 (iv)
and 4.3 (iv) show that for ggIgL = 100 four Stokes intensities are above threshold, with
conversion efficiencies ranging from 82% to 1% for o,;L = 0 to 5, with the pump intensity
exhibiting severe depletion for the cases of high conversion efficiencies. Figures 4.2 (v)
and 4.3 (v) show the pump and Stokes intensities for the case of very high gain gglgL =
500 and severe pump depletion in all cases with conversion efficiency ranging from 45%
(oL = 8) to almost complete conversion of the pump intensity into the Stokes intensity of
97%. 1t follows that the pump depletion is thus most dramatic in the case of lowest fibre

losses.

The reason for this is that extra gain has to be 'provided’ (by increasing the input pump
intensity) to overcome the higher losses, resulting in a higher threshold and a lower

conversion efficiency.

Before going on to compare these results with some experimental data, it is necessary to
discuss the accuracy and stability of the numerical method used. The first test of the
numerical accuracy is to compare the results of the numerical calculations with the exact
analytical solutions to the equations known for the case ayL = 0. The solutions are derived

in Appendix C and are plotted in figures 4.4 and 4.5 which show, respectively, the
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Figure 4.3 (i) - (v). Graphs showing normalised Stokes intensity S vs
normalised fibre length, {, plotted for different values of gain, ggIyL (=
input pump intensity), and fibre loss, a L: (a) 0; (b) 1; (c) 3; (d) 5; and
(e) 8, corresponding to fig. 4.2.
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Figure 4.3 (i) - (v). Graphs showing normalised Stokes intensity S vs
-normalised fibre length, {, plotted for different values of gain, ggloL (=
input pump intensity), and fibre loss, a,L: (a) 0; (b) 1; (¢) 3; (d) 5; and
(e) 8, corresponding to fig. 4.2.
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Figure 4.3 (i) - (v).
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Figure 4.3 (iii)

Graphs showing normalised Stokes intensity S vs

normalised fibre length, {, plotted for different values of gain, ggIgL (=
input pump intensity), and fibre loss, a L: (a) 0; (b) 1; (c) 3; (d) §; and
(e) 8, corresponding to fig. 4.2.
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Figure 4.3 (i) - (v). Graphs showing normalised Stokes intensity S vs
normalised fibre length, {, plotted for different values of gain, ggI,L (=
input pump intensity), and fibre loss, a,L: (a) 0; (b) 15 (c) 35 (d) 5; and
(e) 8, corresponding to fig. 4.2.
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Figure 4.3 (i) - (v). Graphs showing normalised Stokes intensity S vs
normalised fibre length, {, plotted for different values of gain, gglyL (=
input pump intensity), and fibre loss, o L: (a) 0; (b) 1; (c) 3; (d) 5; and
(e) 8, corresponding to fig. 4.2,
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variation of the normalised pump and Stokes intensities for different values of the Brillouin
gain, gglgL ranging from 20 to 100. The comparison of these graphs with their gL =0
counterparts in figs 4.2 and 4.3, verifies the remarkable accuracy of this relatively simple
numerical method. The main source of error is the value specified for the Stokes intensity

boundary condition (the Stokes noise) at { = 1.

The exact value of the Stokes noise is extremely difficult to obtain, and various estimates’-8
have yielded its value to be approximately 10”9 times the input pump intensity (as itis a
function of the pump intensity, as given, for example in eqns (3.2) and (3.3)); this is the
value which has been adopted in this analysis. As it turns out, above threshold, the change
in the boundary value of S(1) of up to an order of magnitude results in the change of less
than 10% in the value of the output pump intensity P(1) or the output Stokes intensity S(0)
(and hence the conversion efficiency). It also transpires that if in the numerical solutions,
the value of the Stokes intensity S(1) is chosen so as to equal exactly the specified
boundary condition on S(1) in the exact solutions, the error in the numerical solutions is
less than 1part in 108. This implies a very encouraging stability of both the numerical
method used and the solutions obtained.

gplol =0

% = 20
= ggl oL
a
2
g
(=W
2
3 ggl oL = 50
'é ggl oL = 80
2 ggl L= 100

0.0 S—

0.0 0.2 0.4 0.6 0.8 1.0
Normalised fibre length,

Figure 4.4. Showing plots of the the exact (analytic) solution for the
normalised pump intensity vs normalised fibre length for different values

of gain (or input pump intensity); o L = 0.
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To relate these results to some practical (experimental) values it is helpful to plot the
variation of the ousput Stokes intensity S(0) and the pump intensity P(1) with Brillouin
gain gglyL, which can correspond to the increased pump input intensity. In the next
section these results will be compared to experimental results which are understandably

measured in this way. The graphs of P(1) with gain for different values of o L are given
in figure 4.6.
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Figure 4.6. Theoretical plots showing variation of the output normalised
pump power P(1) vs gain for different fibre losses.
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The most apparent feature is that the pump intensity dramatically saturates (from the linear
variation corresponding to linear fibre loss) to a constant value after the Brillouin threshold
has been exceeded. In accordance with earlier figures, higher fibre loss means lower
saturation level in the output intensity, as well as a threshold for a higher value of gain (and
therefore input pump intensity). This again illustrates the sensitive dependence of the
growth of SBS on the linear fibre loss, and is illustrated more clearly in figure 4.7 where

the above curves are re-plotted on a log; scale.

Next, it is important to see how the Stokes intensity varies with the gain. This variation is
shown, as a function of fibre losses , in figure 4.8. As expected, the conversion efficiency
or the normalised output Stokes intensity S(0) exhibits a clear threshold, and increases
rapidly above this. Again, this figure illustrates that the increased fibre loss limits the
conversion of the pump intensity into the Stokes intensity, as well as resulting in a higher

threshold intensity.

103

gploL

Figure 4.7. Variation of the normalised output pump power with Brillouin
gain as a function of fibre loss replotted on a log;, scale. Note the

increased threshold intensity and the decreased saturation power as the loss

is increased.
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It can be seen that the conversion efficiency rises sharply after the threshold has been
reached, and as the gain increases, the growth slows down, asymptotically approaching
100% and signifying increasing pump depletion. It can be seen that for zero loss, almost
all the pump intensity is converted into the Stokes intensity, while the conversion efficiency

decreases for higher values of loss.

An important point which may not be readily apparent from the above graphs should be
emphasised. This is concerned with the definition of Brillouin threshold threshold.
According to Smith's somewhat arbitrary definition, it is that pump intensity (or power)
which amplifies the Stokes noise to the level of the pump. Now, the above results indicate

that the Stokes intensity begins to grow sharply accompanied by the depletion of the pump
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Figure 4.8. The variation of the conversion efficiency (or the normalised
output Stokes intensity, S(0)/100) with gain, plotted for different values of
the fibre loss.

approximately at the normalised Stokes intensity equal to 0.01 - or 1% conversion, the
point which can be termed the Brillouin threshold. From the above normalised graphs, we
can compare the 'threshold' values of gain for the case of zero loss. In this case, the onset

of threshold as defined above is when gglgL = 18. We can directly compare this to
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Smith's criteria of gglgL = 20 - 21, since at zero loss, Lefr is equal to L. This difference of
a factor of approximately e2-e3 implies that some care is needed in the definition of

threshold. Further practical significance of this is discussed in the next section.

4.3. Comparison with published experimental results

Next, it is necessary to compare the results of the numerical calculations with experimental
results. It is quite difficult to make such comparisons since the published data about SBS
measurements are often not complete, omitting to state values of such important parameters
as pump laser linewidth or the effective core area. In addition, easily interpretable data on
the continuous variation of the output Stokes power with input pump power, and hence the
conversion efficiency are generally not available (the output Stokes power is commonly
plotted in arbitrary units), although the data on threshold powers can generally be extracted.
Cotter's works:10 contain by far the most complete details on the measurements carried
out, and thus can be related to the calculated parameters. Figure 4.9 gives the variations of
the output pump power, output Stokes power, and the corresponding conversion efficiency
vs input pump power and allows us to compare Cotter's results with theoretically calculated
ones. It can be seen that the theoretical and experimental graphs clearly follow the same

dependence, with the onset of saturation after the SBS threshold has been exceeded.
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Figure 4.9. Showing the comparison between theoretical (a) and
experimental (b) results for output pump power vs input pump power in a
fibre link; experimental results after Cotter®: L = 13.6 km, loss = 0.41
dB/km.
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A discrepancy of approximately factor of 2.3 can be noted in the two curves. The primary
reason for this is that the theoretical curves have been plotted using the peak Brillouin
coefficient, while in the experiments, depolarisation leads to the reduction of the Brillouin

gain coefficient by approximately a factor of 2, leading to a corresponding increase in the

threshold power, and output saturation power.

If the decrease in the gain due to the a finite spectral width of the laser pump (1.6 MHz)
used in the experiments is calculated from the convolution of the pump and Brillouin
spectrum (assuming Lorentzian lineshapes), the resultant agreement between the
experimental and theoretical data is better than 5%. [It should be noted that in these
comparison curves we deliberately plot the theoretical values without taking into account
the effects of depolarisation and finite pump linewidth, alongside the experimental curves,

to indicate how these effects can be easily incorporated into the calculations].

Conversion efficiency, %

T v T

0.0 5.0 10.0 15.0 20.0 25.0

Input pump power, mW

Figure 4.10. Theoretical and experimental conversion efficiency;
corresponding to figure 4.9.

Indeed, having accounted for the factor of 2, the curves showing the corresponding

theoretical and experimental conversion efficiency (figure 4.10) are in agreement to within a
few %.

The comparison of the theoretical results with the experimental data for a fibre of length 32

km, loss = 0.47 dB/km (ref. [10]) shown in fig. 4.11 indicates an even closer agreement.
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The difference in the threshold and the saturated output power level is again a factor of two
and is due to the depolarisation amounting to the reduction of the gain by a factor of 2. The
conversion efficiency in this case (figure 4.12) is also in close agreement between the

theory and the experiment.
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Figure 4.11. Showing the comparison between theoretical (a) and
experimental (b) results for output pump power vs input pump power in a
fibre link; experimental results after Cotterl0: L = 32 km, loss = 0.47
dB/km.
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Figure 4.12 Theoretical and experimental conversion efficiency;

corresponding to figure 4.11.
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Experimental values Theoretical values
Undepleted pumy
Threshold L;l_a{(. conv;rsion Thresh.old (mW) Corz;;) eff. approimeatiorl: (m\l:,) Reference
(mW) elciency (%) {this work] [this work] [Smith]
30.1 56 30.0 58 32.5 Uesugi et al.
(81)
_ 45.0 _ 50.0 Tsubokawa
40 (°PM) etal. ('86)
11.75 11.5 - Hadjifotiou et al.
- 12.0 (86)
9 80 9.6 83 10.6 Aoki et al. ('87)
13 - 14.2 - 16.0 Aoki et al. ('88)

Table 4.1. Comparison of calculated and experimental results for Brillouin
thresholds in long lengths of single mode fibres. Comparison in
conversion efficiencies are given where experimental data are available.

Complete sets of data are listed in Table 3.1.

Although the above comparisons are extremely encouraging, it would be desirable to
obtainsuch good agreement with other published experimental results. However, as
described above, published data in this field rarely contain enough information to enable
complete comparisons. Consequently, we have carried out calculations to compare the
Brillouin threshold powers (calculated theoretically) with those obtained in recent
experiments, and the conversion efficiency, where given. Table 4.1 shows the results of
these comparisons. The experimental data used are taken from Table 3.1, and Table 4.1
also includes a comparison with the threshold calculated using Smith's formula. In
calculating Smith's threshold, compared with values listed in Table 2.1 the gain reduction
due to depolarisation and finite pump linewidth (where given) was taken into account. The

glpL values at threshold are also listed to enable comparisons between Smith's threshold
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(given by gglgLesr = 20) and the one defined in this chapter, since gglpLesr =

gploL[Lef/L], and L is easily calculable from eqn (3.1).

4.4, Implications for practical long-haul transmission systems

As we discussed in the previous chapter and in the introduction to this chapter, SBS can be
a limitation to the operation of long distance transmission links. Having obtained the
solutions to the SBS equations, in this section we shall assess the implications of above
calculations in the context of practical long-haul transmission systems and indicate how the
adopted numerical method leads to very flexible solutions in terms of practical system
parameters. As an example we can consider an optical fibre transmission system where the
transmitter is intensity modulated (mark-space ratio of 1) at 140 Mbit/s for a 10" BER (the
transmission rate could be higher for a shorter link lengl;h1 1), and 7 dB is allowed for
losses at the transmitter/receiver and connectors. Typically, the telecommunications single
mode fibre has a core/cladding diameter of 8/125 um, with fibre loss of 0.2 dB/km. A
direct detection APD receiver sensitivity would typically be - 47 dBm. However, if
coherent heterodyne detection is used, - 56 dBm receiver sensitivity could be ensured,
allowing an extra 8 dB of losses allowing a further 40 km of fibre. In figure 4.13 we plot
the transmitted power as a function of the input transmitter power, and the corresponding
output Stokes power is plotted in fig. 4.14. The effective core area is taken as 5.0 x 10711
m? and gg=4.6x 10711 m/W as before.

In these plots we have deliberately not taken into account the reduction in the Brillouin gain
due to the pump linewidth, depolarisation, and modulation of the transmitter power, which
we shall calculate in the following discussion. It can be seen that the threshold is observed
at approximately 0.4 dBm of transmitter power. At threshold, the backscattered Stokes

power is approximately - 20 dBm, corresponding to 1% of the pump power. The saturated

level of the transmitted power is approximately - 40.4 dBm.
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Figure 4.13. Theoretical transmitter output power against input power for

a 200 km fibre communications link, fibre loss 0.2 dB/km.
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Figure 4.14. Output Stokes power vs input transmitter power,
corresponding to figure 4.13.
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In order to show how the variation of pump linewidth, depolarisation, and modulation can
be taken into account in systems calculations, in fig 4.15 we also plot the conversion
efficiency (equivalent to the normalised Stokes intensity, S (0)) vs gain, gglgL, for the
fibre loss of . L of 9.2 (=40 dB) The graph of fig. 4.15 shows that the threshold occurs
at the the value of gglgL of 190. Thus, at the peak value of gg, the threshold is then as
given above equals 1.1 mW.

We can now very simply take into account the reduction of the gain due to finite pump
linewidth, depolarisation, modulation, and the effective core area to calculate the realistic

threshold, transmitted power, and the corresponding Stokes power with the help of figure
4.15.
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Figure 4.15. Conversion efficiency (= normalised Stokes intensity,

S(0)/100) as a function of ggIgL (or the input intensity, IO)'

The intrinsic Brillouin linewidth (using values of bulk silica) at 1.55 pm is approximately
20 MHz, but may, in fact, be higher, say by a factor of 2, due to interactions with acoustic
modes, as outlined in Chapter 3. Assuming Lorentzian profiles and an optimistic
transmitter linewidth of 20 MHz, the reduction in gain from eqn (2.27) is between 0.5 and
0.7. The effective core area is approximately a factor of 1.5 larger than the actual core area.

The gain reduction due to modulation, and depolarisation can be taken as 0.25 and 0.5,



heddes 4o

Solutions of the SBS equations in single mode optical fibres

respectively. As a result of these calculations, the Brillouin gain coefficient will be, in
reality, reduced to approximately 0.05 - 0.07 gg. This means that the predicted threshold
is, in fact, approximately 20 times higher, and equals to 11 - 13 dBm (14 - 20 mW), with
the corresponding Stokes power of - 8.5 to - 7.0 dBm. At a specified transmitter power of
0 dBm, the gain gg'IyL where gg' is the effective gain coefficient 0.05 - 0.07gg the
Stokes intensity is - 103 dBm. (If a 30 dB isolation between the fibre end and the
transmitter is assumed!, this implies backscattered power level at the transmitter of =- 130
dBm). According to recent calculations of the effect of backreflected power on RIN of
DFB lasers!, such levels of backscattered Stokes power will not introduce any system
penalty. for a system penalty of < 0.5 dB, a RIN level of less than - 100 dB/Hz is required
for the above bit rate. This can be achieved for reflection of less than roughly 30 - 10 dB
(depending on the output power of the transmitter, as RIN varies as P! for high output

powers, and P3 for low output powers) at the transmitter power of up to O dBm.

It should be pointed out, however, that much research is currently being undertaken to
develop single mode semiconductor laser sources with significantly narrower output
linewidths (< 100 kHz) and able to operate at higher output powers (> 20 mW). When,
incorporated into a long-haul link, the resultant Brillouin thresholds, increased levels of

backscattered power and pump depletion may become far more important than currently.

4.5. Applications to Brillouin amplification

As described in the previous chapter, the utilisation of the Brillouin gain for amplification
has been suggested and explored by a number of authors, and forms a subject of intense
interest at present. [Despite this, systematic evaluation of the achievable gain, gain
saturation, and/or noise characteristics have not been carried out, with the only available
calculations being limited to the work of Olsson et al.12 (undepleted pump approximation)
and Siddiqui et al.13 who unjustifiably used the Raman solutions!4 for calculating the

Brillouin amplifier characteristics].

For amplification, the pump laser is operated at a power below threshold to ensure linear
gain, as above threshold, the output power is no longer linearly dependent on the input
power. This is clearly illustrated on the above figure 4.14. It can be seen that for input

powers below threshold, the output Stokes power varies linearly with the input power. In
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figure 4.16 we plot the amplification (that is the ratio of the output Stokes power and the
input Stokes power) against the Brillouin gain gglgL (or the input intensity). It can be
clearly seen that the maximum linear gain is observed at threshold, since as the threshold is
exceeded, the gain saturates as the stimulated scattering starts. In this case, the output
signal power will not be proportional to the input signal power, and the device will no
longer act as a linear amplifier. Although this particular graph is plotted for a value of
linear loss of 40 dB, different values of linear loss will only vary the gradient of the graph,
while the maximum achievable gain will clearly be the same for any value of loss. It can be
seen that the maximum gain which can be obtained before the onset of saturation is
approximately 90 dB. This figure is not dependent on the value of the fibre losses, and is
actually related to the threshold power condition. Simple calculations show that it in facts
corresponds to the value of exponential Brillouin gain given by Smith's threshold criterion
of gglgLefs = 20. In fact, the amplifier gain becomes slightly nonlinear after the point of
threshold defined in this chapter, i.e.. at gglgLegr = 18, saturating as the input power is

increased.

A difference between Brillouin generation and amplification must be pointed out.

100

Gain, dB

o v 1 v 1 v 1 v 1 v 1 v 1

40 120 200 280 360 440 520 600
gplpL

Figure 4.16. Showing the variation of Brillouin amplification as a function
of the input intensity (or gglgL). Clear gain saturation above threshold is

seen.
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As described above, depolarisation causes the Brillouin gain coefficient to be reduced by a
factor of 2. This is also true in the case of the amplifier, where some additional
depolarisation or phase mismatch can be experienced between the signal and the Brillouin

gain, causing additional gain reduction!5.

Measured gain Calculated gain Reference
dB dB
0.4 0.8 Waarts et al.
48 46 Atkins et al.
20 16
9 19 Olsson et al. ('86)
25 28 Chraplyvy et al.
18 37 Olsson et al. ('87)
10 22
30 32 Tkach et al

Table 4.2. Comparison of calculated and experimentally measured values

of gain for Brillouin fibre amplifiers. Full sets of data are listed in Table

3.2.

Table 4.2 shows the comparison of the published amplifier data listed in Table 3.2, (given
in previous chapter) with the values calculated using the Runge-Kutta method. Itis
extremely difficult to carry out calculations using the published amplifier data, since the
experimental details are even more sketchy than in the case of systems experiments. Itis
thought that the reason for this is the fact that this work is still in the very early stages, and
consequently other workers' priorities have focussed on attempting to show the feasibility

of Brillouin amplification, rather than reporting detailed studies. In calculating the amplifier
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gains using the published data we have taken into account possible depolarisation (resulting
in the reduction of the gain by a factor of 2), but not any further reduction because of phase
mismatch between the external signal and nonlinear gain. Moreover, the value of gg is
taken to be 4.6 x 10"11 m/W. The early result of Waarts et al., and the results of Olsson et
al. exhibit the largest discrepancy with the calculated values.

This can be explained by the fact that in Olsson's experiments the fibre length consisted of
several spools of different fibre spliced together, which means that the overall gain
coefficient (not given in the paper) was markedly different from that of fused silica.
Bearing these points in mind, the comparison between the calculated and measured values
is very encouraging. Overall, good agreement is evident, and it is possible, at first sight, to
conclude that in the amplifier experiments good correlation between the generated and the
externally injected Stokes signals was obtained, without, it seems, any significant
additional depolarisation. It should be pointed out that, although initial calculations are
very encouraging, somewhat more detailed calculations are necessary for a systematic
analysis and evaluation of performance characteristics of this type of Brillouin amplifier,
including noise calculations. The numerical method described here could be easily
extended to evaluate the amplifier noise parameters, by including an additional spontaneous
noise contribution in the Brillouin equations, as for example in refs. [12], [14], where
calculations were carried out for the undepleted pump case for SBS, and SRS,

respectively.

4. mm nd conclusion

In conclusion, we have solved the SBS equations with loss using a relatively simple
numerical method, the results of which can easily be related to practical values and
experimental parameters. The method has been shown to yield stable and accurate
solutions, and the results provide a very useful insight into the physics of SBS generation
and the energy exchange process between the counterpropagating pump and Stokes
intensities. The numerical solutions were compared with the exact (analytical) solutions for
the pump and Stokes equations for the zero loss case, and were shown to be in excellent
agreement. However, the importance of the fibre loss in the evolution of the pump and
Stokes intensities was clearly demonstrated, with higher fibre loss leading to a higher

Brillouin threshold and lower conversion efficiency at a given input pump intensity. We
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have undertaken a comprehensive comparison of our results with published data on
systems and amplifier experiments experiments, and have shown that good agreement was
obtained for both. The implications of these results were discussed in relation to
applications to practical long haul fibre links, where the flexibility and the ease of use of
this particular method are particularly valuable, as the system information, such as the
bitrate, transmitter linewidth, and depolarisation effects can all be included in the value for

gg, allowing easy estimation of the power budgets for a given link length and loss.
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Chapter 5
ALL-FIBRE SINGLE MODE RING RESONATORS

The aims of achieving single mode all-fibre systems in order to eliminate the need for bulk
optics components, have resulted in considerable advances in the optical fibre component
fabrication technology in the early 1980's. This work has led to the development of high
quality fused1.2 and polished optical components and directional couplers3, and
subsequently the all-fibre single mode ring resonator was reported in 19824, The

configuration of the optical fibre ring resonator (OFRR) is shown in fig 5.1 (a).

Polished coupler

— Glass block

Glass block

Fibre loop: length, L

Fig. 5.1 (a). Showing the configuration of the single mode all-fibre ring
resonator (OFRR).

The OFRR consists of two halves of a directional coupler fabricated on the same length of
optical fibre, L. The half couplers are fabricated by the lap - polish technique, discussed in

more detail in Section 5.2.1. Placing the two halves together to close the ring (as illustrated
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in fig. 5.1 (a)), produces a fibre ring cavity of loop length L. As shown schematically on
figure 5.1 (b), if the directional coupler has large coupling, the light in the fibre ring will
couple from port 2 to port 3 and will continue to circulate. Similarly, light from port 1 will
couple mostly to output port 4.

Tunable directional coupler

INPUT FIELD,E,, Z1 __, 1 3__. E,
T I

/E2 4 E4
2

OUTPUT FIELD, E ou¢

Fibre loop length, L

Figure 5.1 (b). Schematic diagram showing propagation of fields in an
OFRR.

When the fibre loop length is tuned (by moving the coupler halves one relative to the other)
for constructive interference at port 3 between fields from ports 1 and 2, the light from
ports 1 and 2 will destructively interfere at port 4. When the coupling is optimum (this
depends on losses), the two destructively interfering components are equal in amplitude,
and cancel completely. From the conservation of energy point of view, the circulating
power will grow until the power dissipated by losses in the loop equals the input power at

port 1.

If the light frequency is continuously varied, the power which couples out at port 4 will
undergo a series of sharp minima when the resonant condition is matched to the input
optical frequency. This behaviour is analogous to the Fabry-Perot resonator, but in the

case of the Fabry-Perot, the output power exhibits a series of sharp maxima at resonance.

The advantages of this device compared with other types of fibre resonators and cavities
such as Fabry-Perot5 and Fox-Smith resonators®, and recently demonstrated fibre loop

reflectors’ are in tunability, relatively simple fabrication process, as well as experimentally
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demonstrated highest finesses, particularly important for applications in fibre lasers7.
Consequently, this device immediately received attention from researchers for these
reasons. Primarily, the all-fibre ring resonator geometry offers a very low round-trip loss
coupled with a significant enhancement of the circulating intensity over the input intensity.
The resonant characteristics ensure that this device exhibits a very steep slope of its output
transmission against phase. This means that any small additional phase changes (for
example in the length of the resonator) result in large changes in transmission. Over the
years very high cavity finesses, and consequently, high phase sensitivities have been
reported3:9- This property makes the fibre resonator very useful for sensing applications,
in particular rotation sensing using both the passive fibre ring resonator10-14 and the all-

fibre Brillouin laser!5 has been an area of much research.

The high finesse which can be obtained with these devices, coupled with small free spectral
range (achieved simply by increasing the loop length) ensures a spectral resolution an order
of magnitude better than is possible with commercially available confocal or parallel plate
Fabry-Perot spectrum analysers. This means that the resonators can provide a tool for

characterising laser sources16,17,

Using a low coherence source the resonators have found application as recirculating delay
lines and filters18.19, In the case of a narrow-linewidth, single mode source, because of
the coherent addition of fields in a high finesse cavity a great enhancement of the intensity
circulating inside the loop over the incident intensity, as well as an increase in the effective
path length are possible. This means that the OFRR is a very convenient device for the
investigation of many nonlinear effects, such as SBS (on which this work is focussed),
SRS20, the Kerr effect?!, and more recently - squeezed state generation and optical
bistability22; these effects can then be observed in resonators at powers which are much
lower than in the case of straight fibres or bulk materials, leading to many novel and
potentially valuable applications. In general, all such research have been carried out using
stabilised, narrow linewidth, single frequency gas lasers. However, as has already been
mentioned in the previous chapter, most optical fibre system applications require a
semiconductor laser as source. To assess the feasibility of achieving this, since these lasers
have an inherently broader spectral linewidth, we first undertook the investigation of OFRR

operation using commercially available single mode AlGaAs semiconductor lasers.

At the start of this work, the highest finesse reported for OFRR was 9314, However, in
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the course of this work, the fabrication process was optimised and improved to result in
resonators with extremely high finesses (up to 600), and very recently high finesse
resonators have also been reported by others8: 22, We have also fabricated and investigated
the operation of high-finesse OFRRs made of polarisation maintaining HI-BI fibre for the
first time, both at stabilised, single frequency gas lasers (at 514.5 nm (described in Chapter

8) and 633 nm), and single frequency semiconductor lasers at 830 nm.

The general theory of the operation of the fibre resonator necessary to the understanding of
the OFRR and subsequent analysis, is derived in Section 5.1. In this section the
significance of the source coherence is also considered. The experimental investigation of
OFRRs are described in 5.2 and this section also includes details of the fabrication process.
Experimental observations at 633 nm and 830 nm are described, and the differences in
resonator operation with the high and low coherence laser sources are explained. It should
be clearly stated that the work on OFRRs undertaken in this project approached the
investigation of OFRRs with a view of optimisation of SBS generation in these devices,

and applications of Brillouin lasing, rather than a general study of OFRR behaviour.

.1 Th f the all-fibre single mode ring resonator

S.1.1 Steady state characteristics

In analysing the ring resonator it is assumed that the directional coupler is a lossless device
with a lumped loss 2¥,(in high finesse (>100) resonators 27, will be less than 2%), and
that the coupler loss is independent of the relative phases of light entering the coupler input
ports, and of the coupling constant. Itis also assumed that all the fields have the same state
of polarisation. With reference to fig 5.1(b), the lumped coupler intensity loss 2y, is given
by (this is proved in Appendix F):

I, +1E,1 = (1-2y)(IE, + IE,") 5
where Ej is the complex electric field amplitude at the i-th port.

The fields in the fibres after the coupled-mode interaction therefore are related to the

incident field amplitude by:
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E.=(1-2 ‘”[(1-1«2)”215 +jkE]
3 ( YO) 1 2 (5.2)

and,
. 2,172
E,= (1.270)”2 [JkEl +(1-%9) E2]
5.3)
where k2 is the intensity coupling coefficient, and k is the amplitude coupling coefficient.
When k2 = 0, there is no coupling, and k2 = 1 corresponds to complete cross-coupling. In

addition the amplitude transmission coefficient in the loop, TL is given by:

T, =E,/E; =exp - (0o +jB)L (5.4)

where o, is the fibre (amplitude) attenuation coefficient (note that in the preceding chapters
o, referred to the intensity attenuation coefficient; the change in notation is to avoid factors
of 1/2 in the expressions for field amplitudes), B is the phase of the field and is equal to
nw/c, o is the optical frequency of the light, n is the refractive index in the fibre, and ¢ is

the speed of light in the vacuum.

To obtain an expression for the field E3 circulating in the loop eqn (5.2) is divided by E3,
and combined with eqn (5.4) to give:

Ey (-1 - 270"
Ev1oka-2y)r,

(3.5)

Similarly, for the output field (dividing (5.3) by E1, and using eqn (5.5)) we obtain:

2 1
(1-15a -2y)1,

y

4
E,

1/ ;
=(1-2y) Qik+
° 1-jk(1 - 2y) "1,
(5.6)

The first term in brackets - jk - is the 'straight - through' component of light from port 1 to
port 4. The through component makes this situation different to that of the Fabry-Perot
resonator, where all components emerging must pass through the cavity at least once. This
special property allows the resonator operation where the output is zero, that is F4/E| =

0.
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That is:
ik (1-jk-27)""T )y + @ -6DA -2y T, =0

where T, = exp - (o + jB)L.
Using the fact that e - JX = cos x - jsin x, and equating real and imaginary parts:
real:

cos BL = 0, and since k, o, Yo, and L are all positive, we must have

sin BL = -1 and BL = 2n~% - 7/2 5.7
and imaginary:
jk=(1-2y,) e -l and k2 = (1 - 2y,) e - 200l = k2 (5.8)

The significance of equation (5.8) is in that for resonator operation, the resonator coupling
coefficient must be tuned to be equal to the round-trip losses (that is, the coupler radiation

loss and the fibre loss).
Both of these conditions must be fulfilled for resonator operation.

The circulating intensity is then given by:

2
B (1-2y)1-K)

2
IE\|

2 20, L 12 -a L
1+k™(1-2y)e +2k(1-2y) e sin BL 5.9)

We further use the fact that, sin (BL) = - (cos BL + 7t/2) = 25in2(BL/2 +m/4) - 1, and

substituting into (5.9), we obtain:

IE, (1-2y)1-K)

2 -a L o L
IE,! [1-k(1-2y)"% %2 4k - 27)!% sinz(BTL +3)

(5.10)
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Figure 5.2. The resonator transmission characteristics for the transmitted
(output) and the circulating intensities (powers) against phase in the loop.
Minima in the transmitted intensity correspond to the maxima in the
circulating intensity and represent the resonant condition for the round-trip
phase delay. [Typical values: 2y, = 0.02, o, = 1.6 x 103 /m (8.5 dB/km),
L = 10 m]. FSR: free spectral range.
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The resonator transmitted and circulating intensity as a function of the round-trip phase
delay are plotted in figure 5.2, and the graphs clearly show the sharp minima at the
resonant value of the roundtrip phase delay, sin (BL/2 + 1t/4) =0 as given by the resonance
condition of eqn (5.7); at this value of the phase delay, the peak circulating intensity I3 =
IE5I2 in the loop is then given by (using eqn (5.10)):

I

_3= (1 - 270)
I1

1-1%

(5.11)

We plot the intensity enhancement I3/I; as a function of the coupling coefficient in fig 5.3.

For practical resonators, we expect k2 to be as close to unity as possible. In this case,
providing the coupler losses are low (ideally approaching zero), it can be seen from fig. 5.3
that the intensity circulating inside the ring will be significantly enhanced over the incident
intensity. This property makes all-fibre ring resonators very convenient devices for
investigation of nonlinear effects. For example, if k2 = 0.99, and the coupler loss is, say
1%, then the circulating power will be enhanced 99 times over the incident power, allowing
the observation of nonlinear effects such as SBS at powers much lower than in straight
lengths of fibre, or in bulk materials. It will be shown quantitatively later by how much the

Brillouin threshold can be lowered in a high finesse, all-fibre ring resonator.

The above analysis implies that the energy is conserved so that the condition, P, =Py +

POU[

losses equals the input power. Py .. represents the power lost to the system as heat, and

is fulfilled. That is, the resonator power will grow until the power dissipated by the

has two contributions: P = P, + P, where P, represents the fibre loss, and P, is the
coupler loss. However, the above condition has never been explicitly proved, and in the
Appendix F, this proof is derived. This is particularly important for the case when there
are additional losses in the system, for example due to nonlinear effects, where these will
lead to a change in the output power, which may be undesirable in many sensor
applications. This situation, its cause, and possible solutions will be further considered in

the next chapter.
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Figure 5.3. Enhancement of the circulating intensity over the input

intensity as a function of the coupling coefficient; coupler loss = 0.

5.1.2. Resonator finesse and nonresonant coupling

The full width at half maximum (FWHM) linewidth of the resonator Af can be found by
equating eqn (5.11) with 1/2IE5/E 2 as given by (5.9). Let ' be the angular frequency
at which the circulating power (or intensity) is half its maximum value (BL = nwL/c), as

shown in figure 5.4, so that:

- 2
e (1-27)(1-K)
2l1-& | nw 'L
=l 1@ )+ 4l sin (== + 5
" o¢ 4
(5.12)
and therefore:
2
. nogL o 4 l‘k,es
Sin (= +) =+ 2k
(5.13)

at resonance, the angular frequency is given by nqu/c = 2mq - ©/2, where the subscript q

refers to g-th mode.
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Resonator linewidth

(FWHM)
Af

Normalised transmitted intensity

Figure 5.4. Showing the linewidth associated with OFRR response - one

resonance dip is shown.

The solution to eqn (5.13) corresponding to this g-th resonance is denoted by coq' and the

(FWHM) linewidth is therefore:

2 2 1 k2
C . -1," " Mres
Af=Zlo -0 'l=22 I
" coq OJq . sin { 2kres }
(5.14)

The free spectral range (FSR) of the resonator is conventionally defined as the frequency
spacing between two adjacent resonant modes, that is:

FSR =c¢/nL (5.15)
Combining equations (5.14) and (5.15), together with the approximation that in order to
achieve a high finesse, the coupling constant, k. is close to one, so that that sin A = A,

we arrive at the following expression for the cavity finesse:

F = Jltl(l'es
1-k
res (5.16)

where k2, was given by eqn (5.8).
Indeed, this equation for the finesse of the cavity is in general true for all values of the
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coupling coefficient k2, and although calculated for the circulating intensity peaks, this
calculation applies to the output (inverted) peaks, as shown in figure 5.4. In figure 5.5 we
plot the variation of the cavity finesse as a function of the coupling coefficient. From this
graph, it is possible to appreciate further the importance of having a high-finesse (and thus
a low-loss) cavity, as we can compare the direct relationship between the circulating power
enhancement (as shown in figure 5.4) and the finesse as a function of the coupling
coefficient. The variation of the coupling coefficient with fibre length for different values
of fibre losses is shown in figure 5.6, from which it is clear that fibre losses can be a
practical limitation in optimising the value of finesse. It therefore follows, that in
designing and fabricating OFRRs, a judicious choice of the loop length must be made in
order to maximise the finesse, or the interaction length (as for the case of observation of

nonlinear effects in these devices, for example) appropriately.

It is interesting to note what happens when the coupling constant is not adjusted to its
resonant value as given by eqn (5.8). For a general value of the coupling constant eqns

(5.6) and (5.10) lead to the output and circulating powers, respectively:

2
k“-x%? .. 2PBL
1-2 —_— 4+ 4% (—+ D)
E, 1-27) "z 2 4
2 b—
IE,| (1-x2)2+ 4lczsin2(B—2L- +L)
4 (5.172)
and:
2 2
Ej (1-27)(1 - %)
2
EF (1 -x22 4 4|c2sin2(B_2L +I
(5.17b)

and k2 = k(1 - 2y,)2exp - o, L. Note that when k2 = (1 - 2y, )exp - 20, L, x reduces to
kres (eqn (5.8)), and the above equations reduce to (5.6) and (5.10).

The result of equations (5.17a) and (5.17b) are as follows. When the coupling constant is
less than the resonant value - this is known as undercoupling, the finesse decreases.
However, for kg < k < 1 (overcoupling), the finesse is higher or the same as in the

resonant case, while the circulating power drops, and the output power becomes non-zero.
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Finesse

Figure 5.5. Variation of resonator finesse as a function of the coupling

coefficient.
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Figure 5.6. Plot of coupling coefficient vs loop length, L for different
fibre losses: (a) 0.4 dB/km; (b) 4 dB/km; (¢) 6 dB/km; (d) 10 dB/km.

-114-



Laapier o

All-fibre single mode ring resonators

In analysing the response of the OFRR we have assumed a single frequency light input. In
this section we consider the effect on the resonator characteristics of having the input light
of finite spectral width. Although all lasers have a finite spectral width, most stabilised
single frequency gas or colour centre lasers have laser linewidths (< 1 MHz) which are
comparable or less than the resolution of even a very high finesse OFRR. However,
semiconductor lasers in general have broader linewidths which are sensitively dependent on
variations in the optical feedback into the laser cavity. For this reason, the effects of the
pump linewidth on the resonator transmission have to be carefully evaluated in the case of

semiconductor lasers.

In the case of high finesse resonator, the resonant characteristic ¢.¢(f) of the output signal

is approximated by the Lorentzian profile as follows!0:

L
0 0= _2__’_5_2
Wres + (f = fo)
an d _ Afl’es
Vs ™75 (5.18)

where f is the resonant frequency. However, in the case of a low-coherence source, such
as a semiconductor laser, the output linewidth of the resonator Af is strongly dependent
on the spectral linewidth of the pump laser (although the actual resonator linewidth which is
governed by the resonator finesse, as given in eqn (5.15), is, of course, unchanged).

Now, it is possible to derive the formula for the resonant characteristics ¢(f) of the ring
resonator with a with a broad linewidth laser source. The power spectral density of a

single mode laser diode ¢y,.(f) is also assumed to have a Lorentzian profile16 so that:

las/ﬂ'
¢, O == 2
\Vlas +
Aflas
and y,, = >

(5.19)
where Af|,q is the laser spectral linewidth. The resonant characteristic ¢(f) is found by

taking the correlation between ¢, (f) and ¢y, (f):

-115-



TR T J
All-fibre single mode ring resonators

00) = [ 0,010, - D

_ (wlas + ‘Vres)/u
(W + W, )2+ (E-£)°

(5.20)

From eqn (5.14), (5.15), and (5.20) an effective transmission characteristic of the entire
system can be worked out. This 'effective’ finesse (‘effective’ because the actual Q-factor
of the resonator, which depends on losses, is actually not altered in any way by employing

a broad linewidth source), F' is given by:

c/nL. cF

F = =
2(\I’flas + Wres) nLF Aflas +c

(5.21)

It can be seen that the effective transmission is strongly dependent on the laser spectral
linewidth. This is illustrated in fig. 5.7 (a) - (c). Graphs on figure 5.7 show this variation
of the 'effective’ finesse, plotted against the actual cavity finesse, as a function of the laser
linewidths, and plotted for different loop lengths. It can also be seen that for longer loop
length, and hence - a smaller FSR, the effective finesse decreases most dramatically. This
follows from eqn (5.15) which states that for a given finesse, an decrease in the FSR leads
to a smaller resonator linewidth. In this case, the resonator transmission becomes
completely determined by the spectral width of the source. The use of a low-coherence
pump source leads to a reduction in the 'effective finesse' and as a result - to a lower
circulating power in the ring. Conversely, when the ring resonator is used as a
recirculating delay line, a low coherence source with coherence much less than the delay
time is deliberately used so that the optical summations are linear in the intensities of the

interacting waves, rather than in amplitudes?3.
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Figure 5.7. Showing the relationship between the 'effective' finesse and
actual cavity finesse as a function of laser linewidth for different loop
Iengths: (a) 1 m; (b) 3 m; and (c) 10 m.

-117-



CAgpier J

All-fibre single mode ring resonators

2. Experimental i igati FRR

5.2.1. Resonator fabrication details

Since the resonator fabrication process has such a profound influence on the resulting
device, and many aspects of the process have been developed and perfected at UCL, it
seems worthwhile to describe some details of fabrication. The resonator high
performance, characterised by its finesse, is dependent upon achieving very high quality,
low loss polished directional couplers. The main steps in the polishing process are outlined

below.

(a) Preparation: for ordinary (polarisation non-preserving) single mode fibre, the fibre is
bonded into glass blocks (generally 1.5 cm x 3.0 cm) in which curved grooves have been
cut (using a diamond impregnated circular saw blade of thickness 200 - 225 um, to achieve
a clean cut). The groove depth is approximately 150 im and the radius of curvature is 25
cm which ensures a convenient effective interaction length of approximately 1 mm, as
derived by Digonnet and Shaw (ref. 3). Approximately 1 - 1.5 cm of the bonded section of
the fibre is stripped of its protective plastic jacket, and the fibre is held in the groove with
quick curing epoxy at the edges, and then cured with UV curing epoxy. For resonator
fabrication, two glass blocks - forming the two halves of the directional coupler are
mounted on one strand of fibre, separated by the required resonator loop length. One half

of a directional coupler is illustrated in figure 5.8 (a).

(b) Polishing: the lapping and polishing was carried out on a Logitech polishing machine
with 1 um resolution. Initially, each glass half is lapped on a coarse lapping plate, until
approximately 25 pm of the glass block surface (for an ordinary 125 pum cladding diameter
fibre) and 40 - 45 pm of the cladding have been removed. The fibre is then examined
under a microscope, and the characteristic ‘ellipse' showing the remaining fibre in the
groove, is measured. When its length is equal to 9.0 - 9.5 mm, the lapping plate is
changed for a polishing plate, to polish away the remaining cladding to within 1 - 2um of
the fibre core until the evanescent field is exposed. The fibre is polished for several
minutes to remove the surface damage from lapping, and then inspected every few minutes
(depending on the polishing speed). The proximity to the core is judged by performing the

‘oil drop' test. This is done by launching some light into the fibre, and then , in turn
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placing a drop of Corning index matching oil of refractive index slightly higher than that of
the core, to test the degree of coupling. The oil of refractive index 1.464 has generally
been used for fibres at 800 and 600 nm. The polishing is stopped when the ratio of the
light coupling out after the insertion of the oil compared to no oil, is 1000 or 30 dB. All
the values quoted in this sub-section on polishing have been arrived at through
experimentation and continual development of the polishing process within the Optical
Fibre Group at UCL, and by considering in detail the coupling vs the degree of polish.
Indeed, these values have been established as optimum in achieving low-loss couplers.

The polished directional coupler is shown on fig. 5.8 (b).

Direction of polishing

ARR

Fibre
Core

— Glass block
Cladding y (a)

Polished half-coupler

Index matching oil

Polished half-coupler

(b)

Figure 5.8. Schematic diagram showing: (a) half-coupler - single mode
fibre is fixed in the groove of a glass block, ready for lapping and

polishing; (b) polished coupler. [Not to scalel.
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5.2.2. Experimental investigations of OFRR operation

5.2.2.1. Experiments at 633 nm

A number of resonators have been fabricated and characterised as a result of this work.
Initially the work was carried out at 633 nm using a Barr & Stroud polarised, single mode,
frequency stabilized He-Ne laser with output power of 0.8 mW. The experimental set-up

used in investigation of OFRRs is shown in fig. 5.9.

R)CLIIIL%ISS[NG TUNABLE DIRECTIONAL COUPLER

| LASER lllllllllllllllllG--u
| ] CIRCULATING
POWER
TRANSMITTED \
POWER
PHASE MODULATOR

LOOP LENGTH, L

I~—00 __—

PC

IS'I"AB. ELEC.: CRO

<?

Figure 5.9. Experimental set-up used to investigate the operation of

OFRR. PC is the polarisation controller.

Because the available laser power was limited, it was necessary to optimise the efficiency
of focussing the light into the single mode OFRR. By considering the Gaussian beam
propagation24 of the laser beam at the launch end of the fibre, it was calculated that the
focal length of the lens for which the numerical apertures (NA) of the fibre and lens are
matched (providing all the lens aperture is effectively filled) is approximately 4 mm for the
NA of 0.14 (York single mode fibre). Following this a 4.5 mm focal length Melles-Griot
anti-reflection (AR) coated lens was used for focussing the light into the fibre, rather than

the more conventional x10 or x20 microscope objectives. The achieved launch efficiency
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into the fibre was approximately 70%. The phase modulator was a PZT tube around which
the fibre was wound tightly, and to which a triangular ramp voltage was applied. In this
configuration, the resonator acts as a scanning spectrum analyser. The directional coupler
is held in a special jig with the lower half being clamped stationary, and the upper half
which can adjusted by two micrometer screws. The resonator can then tuned by moving
the top half of the directional coupler (by means of a micrometer screw) to give a zero
output at resonance. The OFRRs investigated included a 10 m resonator made of York
single mode 600 nm fibre, loss 8.5 dB/km and 1 m resonator made of polarisation
maintaining bow-tie fibre, loss 10 dB/km.

When using resonators made of ordinary single mode fibre, it is necessary to include a
polarisation controller in the loop in order to ensure a single resonance. In the absence of a
polarisation controller, two resonant modes are observed, corresponding to two
polarisation eigenmodes (shown in fig 5.10) which are defined by the net birefringence in
the ring. These two modes resonate at two different scanned positions due to slightly

different propagation velocities of the two nondegenerate polarisation modes.

RN

- 27 >

TRANSMISSION

ROUND-TRIP PHASE DELAY (RAD)

Figure 5.10. Showing the resonator transmission with both polarisation

modes resonant.

A typical transmission response for the 10 m resonator is shown in fig. 5.11(a). A small
notch corresponding to the second polarisation eigenmode can be discerned separated from

the main dip by just over a third of the FSR. The stabilisition electronics used in some
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experiments to lock the resonator length to its resonant value, and is described in Section
5.2.3. The finesse was approximately 100, giving kpes2 of 0.969 (from eqn (5.16)), and
8.5 dB/km (1.96 x 10 -3 Np/m) loss gives the coupler loss of 1.3% or 0.06 dB (eqn
(5.8)). The circulating power is enhanced over the incident power by a factor of
approximately 30 (using eqn (5.11)). In this case when the coupler losses are so low, the
finesse is effectively limited by fibre loss, since for zero coupler loss, the maximum
obtainable finesse for this length of fibre (as limited by fibre losses) can be calculated as
approximately 150. As the main empbhasis of this work was in optimisation of Brillouin
generation in OFRRs, without running ahead too much, it can be mentioned that although
longer loop lengths result in an optimised SBS threshold, the latter is limited by a
correspondingly increased losses, associated with the increased length. Bearing in mind
the foregoing discussion on OFRR finesse, resonators of loop lengths less than 10 m were

subsequently fabricated, in order to ensure maximum possible finesse.

In the course of these experiments, two effects, previously unreported, were observed.
The extra dips on either side of the main dip make the laser source appear multimode, and
are in fact due to the deviation from the linear ramp variation of the piezo-electric
transducer2d, and are evident in high finesse resonators at comparatively low triangular
ramp frequency (< 200 Hz) and applied voltage (< 20 V peak-to-peak). This effect can be
explained by resonator intensity output with a linear ramp variation of path length but with
an additional low level sinusoidal modulation superimposed, describing the PZT deviation
from linear operation with frequency. Figure 5.11(b) shows clearly the main resonator dip
with extra resonances which are discernible on figure 5.11(a). The levels of the side dips
vary with drift in phase offset of the ramp (that is in the optical path), and depend on the
temperature or the frequency drift of the laser. And in this case the linewidth of the
resonator was approximately 200 KHz (FSR/F). No such spurious nulls were observed
with sinusoidal modulation. The result of the theoretical simulation25 of this effect is
shown in figure 5.12. Resonance occurs at a certain phase delay, corresponding to an
integer number of 2x. When in simulation a low level of sinusoidal modulation is
superimposed on the linear ramp, the phase condition for resonance is approached on the
either side of the resonance dip. The level of this effect, thus, depends on the frequency
content of the driving voltage. This effect is important, since it indicates that in all
experiments, modulation at high frequency should be avoided.

For comparison, the transmission of the resonator using a multi-mode He-Ne source (with
three modes spaced over 1085 MHz) is shown in fig. 5.13. Three modes are clearly

observed, and a sinusoidal variation is applied to the PZT to avoid nonlinearities.
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Figure 5.11. (a) Resonator transmission response for the 10 m resonator
for a single mode He-Ne laser at 633 nm: L = 10 m, Finesse = 97; (b)
showing one resonance dip: the spurious resonance dips either side of the

main dip are due to PZT nonlinearity.
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Figure 5.12. Computer simulation of the PZT nonlinearity obtained by

superimposing a sinusoidal variation on the linear phase ramp25.

Figure 5.13. Response of the 10 m resonator using a multimode He-Ne

source with three modes.

- 124



Chapters

All-fibre single mode ring resonators

TIME TIME

Figure 5.14. Experimental results showing the effect of ringing in the
dynamic response of the resonator: (a) linear response; (b) ringing - scale:

1 unit = 200 ns.

The second new effect observed was that of 'ringing' apparent in the dynamic response of
the resonator when driven either (or both) at high frequency (> 1000 Hz) or amplitude of
the ramp voltage (> 15V peak-to-peak) applied to the PZT. This ringing is illustrated in
figure 5.14. It can be seen that the transmitted power does not reach zero at resonance and
the resonance minima appear to be shifted compared to the steady state response.
Moreover, each resonance is followed by an overshoot, resulting in a decaying oscillatory
structure of increasing frequency. Such dynamic characteristics can be explained by
considering the multi-circulation nature of the OFRR deviation of the loop phase delay in
the dynamic case from that at steady state This phase deviation is shown to become
significant in the case of high finesse resonators, and presents another reason for operating
the resonator at very low values of ramp frequency2~ Generally, a high amplitude of the
applied voltage is necessary (except in resonators of very long loop lengths) to be applied
in order to be able to scan the resonator response across at least one FSR. For 1 m OFRR
the voltage amplitude of 40 V peak-to-peak to scan over 1 FSR was necessary. The
importance of this effect will also be realised at the end of next chapter, and with reference
to the Chapter 3, as it effectively rules out the possibility of suppression of SBS in high

finesse resonators by high frequency modulation of the pump wave.
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Although the fabrication of OFRRs out of polarisation maintaining fibre is more complex,
there is no need to use polarisation controllers, and as will be shown in chapter 6, the
threshold power in the SBS process is reduced by a factor of 2 in this case. The fabrication
is more complicated because both halves of the directional coupler have to be accurately
aligned on the same birefringence axes prior to polishing. In addition, alignment of the
fibre principal axes must be themselves accurately aligned with certain device axes to avoid

undesirable polarisation cross-coupling27-30,

POLISHING DIRECTION
SLOW AXIS I
SMALLER
EFFECTIVE AREA
HIGHER CORE FAST AXIS
REFRACTIVE INDEX ,
.............................. o> SRV TSV PREEY: EECETTITTPPPRIOPPRILS
- LARGER EFFECTIVE AREA,
: LOWER CORE REFRACTIVE
INDEX

ELLIPTICAL CORE

Figure 5.15. The cross-section profile of the bow-tie polarisation

maintaining fibre (with elliptical core) used in experiments.

The elasto-optic alignment technique to ensure accuracy was initially proposed by Carrara
et al.27, The technique consists of applying an external force by squeezing the fibre (say,
at an angle O to one of the principal axes) which induces an external birefringence
proportional to the elasto-optic coefficient. If linearly polarised light is launched along
either of the principal axes at the input to the fibre, with analyser aligned to transmit light in
the orthogonal direction, it can be shown that the output power measured after the analyser,
becomes zero when the external stress is along either of the principal birefringent axes.
Moreover, it turns out that the minimum along the slower axis is sharper and narrower than
that of the fast axis. This is explained by the fact that squeezing the fibre parallel to the fast
axis increases the net birefringence, while along the slow axis, the intrinsic and applied

birefringence tend to cancel, resulting in a more sensitive dependence on 0, as the net
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birefringence approaches zero. This allows one to distinguish the two birefringence axes,
and provides a better resolution for the alignment on the slow axes. The cross-section
profile of the elliptical core bow-tie birefringent fibre is shown in fig. 5.15. During
polishing one half of the bow is removed (along the direction of the slow axis ) to reach the
core. Through continual improvement of the technique developed in the Fibre Optics
Group at UCL?28, fabrication of couplers with better than -25 dB polarisation cross-

coupling was achieved throughout this work.

The finesse of the OFRR made of polarisation maintaining fibre with a loop length of 1 m
(fibre loss 10 dB/km) was initially 600 (giving a coupler loss of 0.4% (0.02 dB)), but
within a few days decreased to 300, coupler loss 0.8% (0.03 dB), FSR of 200 MHz and a
linewidth of approximately 600 KHz. Indeed, it has been observed in the process of this
work that the finesse might often be degraded with time. The exact reasons for this are not
known. However, the most likely reason is that the index matching oil used used between
the two halves of the coupler is absorbed in the epoxy with which the fibres are secured in

the slots of the glass blocks, and forces the fibres 'up' increasing the losses on coupling.

The behaviour of this resonator was found to follow the results described above except that
different losses were observed for light launched along the orthogonal polarisation
directions. The polarisation directions of the fibre were identified by examining the cleaved
launch end under a microscope. The bow-tie profile could be easily identified, and the
principal axes directions were marked on the fibre chuck, with accuracy to 1°. Itis
interesting to note that different finesses were observed for the light launched along the
slow axis, compared with that for the fast axis. For all values of finesses, this difference
was approximately 4 - 6% of the higher finesse value. The resonator had to be retuned for
each measurement for the optimum finesse (F = 310) to be obtained for each polarisation
axis. These results imply differential coupling coefficients for the two axes or additional
losses between the fibre losses, either incurred through polishing or due to the inherent
index difference of the two fibre modes. It seems that the differential coupling coefficients
are most likely because of the different effective refractive indices, and hence phase

velocities along the two directions, resulting in differential losses in the two directions.

Incidentally, it was found that the coupler losses are very sensitively dependent on the
refractive index of the index matching oil used between the coupler halves. As the

refractive index of the Corning oils used varies with temperature, this affected which
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particular oil was used, depending on the ambient conditions. It was found that the oil with
the refractive index of 1.58 resulted in minimum coupler losses at room temperature
(approx. 230 C).

5.2.2.2. Experiments at 830 nm

The next stage in the work was to investigate the resonator behaviour using a shorter

coherence semiconductor laser source.

Equation (5.16) shows that the highest cavity finesse F is achieved for the values of kpeg
which approach unity, and as will be shown in Chapter 6 the Brillouin threshold power is
reduced for longer resonator loop lengths. However, as can be seen from equation (5.8), a
longer loop lengths leads to a lower finesse due to higher corresponding fibre loss.
Resonator operation in the near infra-red region of the spectrum both reduces the fibre

losses, and makes this device more compatible with the current optical fibre technology.

The laser source chosen was a temperature controlled, Hitachi HLP 1400 GaAlAs single
mode semiconductor laser, operating at a wavelength of approximately 830 nm, output
power > 15 mW at 110 mA drive current. At the time of this work, this was the only
commercially available, narrow linewidth (less than 10 MHz at maximum output power)
with relatively high power output (with reference to its use as a pump for generation SBS
in ring resonators). The divergent beam from the laser diode was collimated using an anti-

reflection (AR) coated Newport collimating lens.

Although the fibre losses at this wavelength are still comparatively high (2 - 4 dB/km for
York 800 nm fibre), the choice of source wavelength was governed by the availability of

the source - fibre - detector combination for this work.
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Fig. 5.16. Experimental set-up used investigation of the operation of

OFRR using a semiconductor laser source.

The experimental conditions in this case were somewhat different to those described above,
and the experimental set-up used is shown in fig 5.16. Associated with semiconductor
laser sources are the broader spectral linewidth, and fluctuations in the output frequency.
As shown in section 5.3, this results in a lower re-circulating power and 'effective finesse'.
In fact, it was shown in ref. [13] that the lower source coherence is equivalent to having a
higher coupler loss. Moreover, the semiconductor laser sources are very susceptible to
optical feedback into the laser cavity, and it was found that good isolation (better than 25 -
30 dB) is essential between the fibre and the laser. The Faraday isolator used was a 30 dB
Hoya isolator, mounted on a micrometer controlled, rotatable mount. All the optical

components were AR coated.

When the resonator length is scanned, at resonance, when most of the power is stored in
the loop, a large level of backscattered signal is fed back in the direction of the laser. This
causes severe mode hopping and a significant broadening of the laser linewidth. Even with
30 dB isolation, 10 mW .of laser out power can result in several microwatts of optical
power backscattered into the laser. Depending on the phase of this backreflected signal, it
can cause a significant increase in the laser intensity noise31-36; this area has formed a
subject of much theoretical and experimental study, since a reflection of an appropriate

amplitude and phase can in fact lead to a dramatic decrease in the output linewidth. It is
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extremely difficult to evaluate the amplitude and phase of the reflection necessary to result
in linewidth narrowing of a semiconductor laser33.36. However, after carrying out some
careful measurements it was found out that the isolator, positioned appropriately can act as
an effective external cavity, reducing the output linewidth of the HLP1400 to approximately
2 MHz from the specified 10 MHz. Because the output linewidth is inversely proportional
to the output power, the isolator had to be adjusted between measurements to optimise the
back-reflected signal. A series of careful experiments ensured repeatable and temporally
stable (> 2-3 minutes) output linewidth.

The need to use two lenses for coupling the laser output into the fibre reduces the launch
efficiency to a maximum of about 40%. The lens used to focus the light into the fibre was
an AR coated 4.5 mm focal length plano-convex lens, which has a numerical aperture (NA
= (.1) which matches that of the fibre. Although a graded index (GRIN) rod lens or a
'lensed' section of fibre for launching would ensure a higher launch efficiency (maximum
coupling between a semiconductor laser and a single mode fibre using a GRIN lens
reported37 was 1.0 dB (79%) and 70% (1.5 dB) for a 'lensed' ﬁbre38), this would mean
that the direct access to the source would be lost; for example, for linewidth monitoring
and/or control, and for access to the backscattered (Rayleigh or Brillouin) signal, as can be

seen later.

Two resonators were fabricated at 830 nm. A 2 m OFRR made of ordinary single mode
York 800 nm fibre (loss 2.5 dB/km), and a 3.8 m resonator made of polarisation
maintaining fibre (loss 4.0 dB/km). When the isolator was used the resonator transmission
was quite stable. An optimum transmission finesse of approximately 35 (giving an
equivalent coupler loss of approximately 5%) was measured for both resonators, and a
typical transmission response is shown in figure 5.17; The laser noise, clearly evident
from in figure 5.17(b) makes accurate measurements difficult. It was estimated, using a
narrow-linewidth, frequency-stabilised He-Ne laser that the actual cavity F was
significantly higher in both cases, with approximately 85 for the 2 m OFRR and 95 for the
3.8 m OFRR. Because in this case, the 'effective’ finesse was governed by the source
linewidth, differential finesses for the two polarisation directions were not observed. For
the same reason, the extra resonance effects resulting from PZT nonlinearity were not
observed. 'Ringing' (as described above) was seen to be significant above 500 Hz for 20

V peak-to-peak. It was also found that it was much harder to tune the resonators for
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V peak-to-peak. It was also found that it was much harder to tune the resonators for
optimum coupling at this wavelength, and a higher refractive index oil (ngy;; = 1.460) had to
be used.

The experimental results of observation of stimulated Brillouin scattering in OFRRs are

described in Chapter 6.

5.2.3. Stabilisation Electronics

The resonator response is very susceptible to temperature drifts (of an order of 100 rad/°C
m (refs [39, [40]), and acoustic vibrations so that active stabilisation must be employed to
'lock’ the loop length to the resonant value. The principle of the employed technique is to
apply a small ac signal at frequency f,.. The transmission is modulated symmetrically
about the resonance dip if the length is locked to resonance which produces an even
harmonic output at frequency 2f,, as shown in fig. 5.18 (a). When the fibre length drifts
say due to temperature or acoustic vibrations, the transmission is no longer modulated
symmetrically about the resonance dip, and a first harmonic is generated, as shown in fig.
5.18 (b) .The role of the stabilisation electronics is to minimise the first harmonic

correcting the fibre length to its resonant value.
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Figure 5.17. (a) Resonator transmission response at 830 nm: L = 3.8 m,
F= 40; (b) showing single resonance in which laser intensity noise is

evident.
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The block diagram of the adopted control circuit is shown in fig. 5.19. The detected
resonator response is fed into the lock-in amplifier and compared with a local oscillator
signal at frequency f,, and if the two voltages are different, the error proportional to the
difference is amplified and applied to the PZT to appropriately correct for the drifts in
length. Whether positive or negative feedback is applied (and hence the sign of the
correction voltage) is determined from the phase value, measured by the lock-in amplifier.
The lock-in amplifier incorporated a low-pass filter which limited the close loop response to

low frequencies which are characteristic of the slow temperature variations.

The results showing the operation of the stabilisation electronics are given in figure 5.20.
Figure 5.20 (a) shows the transmission of the resonator dip with the second harmonic
output indicating the resonator length locked to its resonant value. The spectrum analyser

output and the 20 dB suppression of the first harmonic is shown in figure 5.20 (b).

Although the system above allowed 'locking' (with > 20 dB suppression of the first
harmonic) of the fibre length for up to several minutes for a finesse of 90, there are a
number of problems with this type of circuit unacceptable in practical application where a
stable, drift-free operation would be required!4. From fig. 5.11 (a), the phase sensitivity
per volt is 1.6 rad/volt. With approximately 9.5 m of fibre wound on the PZT of diameter
125 mm, the amplifier 18 V supply rails allow approximately * 25 rad compensation for
thermal drifts. Given the optical phase sensitivity of light propagating in the fibre is
approximately 100 rad/°C m, implies stabilisation in temperature to not better than a minute
fraction (0.05) of a degree ( it would be necessary to apply several hundred volts to
stabilize the length to, say, within half a degree). In addition, if the ramp voltage necessary
to scan the length over one spectral range is 4V, then for F = 100, the electronics has to
track a 40 mV (0.06 rad) wide transmission dip (which will be narrower for higher

finesses).
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Figure 5.18. Transmission of resonator dip against phase (a) with

resonator length 'locked to resonance; (b) resonator - off resonance.
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Figure 5.19. Block diagram of the stabilisation electronics.
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Figure 5.20. (a) Transmission of resonance dip vs time (phase) with
resonator length locked to resonance - the lower trace shows the ac
correction voltage, scale: 0.2 V/ecm; (b) spectrum analyser output showing

20 dB suppression of the first harmonic fac; fac = ¢ kHz.
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In this chapter we have described the results of a detailed evaluation of high finesse single
mode all-fibre ring resonators, including fabrication, alignment, and characterisation. The
important resonator parameters such as the finesse, free spectral range, and resolution were
defined, and their dependence on the fibre and coupler losses, and the coupling coefficient
were discussed. The coupling coefficient is seen as the most important resonator
parameter. For resonance operation the coupling coefficient must be tuned so as to equal
coupler and fibre losses. Hence the resonator finesse is dependent on the resonant
coupling coefficient. It was shown that the resonator loop length must be carefully chosen
for optimum finesse. In the cases of very low coupler losses, the finesse is limited by the
fibre loss , and if the latter is high, a reduction in the the resonator length would result in a
higher finesse. Similarly, if the coupler loss is relatively high, a longer loop length will not
degrade the finesse (and in addition, as will be shown in the next chapter, will lead to a

reduction in the Brillouin threshold).

We have successfully fabricated and tested a number of high finesse ring resonators, both
using standard and polarisation maintaining fibre, at wavelengths of 600 and 800 nm.
Fabrication of the resonator from polarisation maintaining fibre is more complex, as both
coupler halves have to be aligned on the same axes, but this removes the necessity of
having in-loop polarisation controllers. The effects of PZT nonlinearity and ringing,
evident in high finesse OFRRs were identified, and the corresponding constraints on the

linear operation of OFRRs were outlined.

It was also shown that while the use of a semiconductor laser means lower fibre losses and
increased compatibility with current fibre systems, its short coherence length compared
with a stabilised single frequency He-Ne laser (or other stabilised, narrow frequency gas or

solid state laser), results in a lower circulating intensity and a lower effective 'finesse'.
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Chapter 6

STIMULATED BRILLOUIN SCATTERING IN RING RESONATORS:
SBS LASERS

As we saw in the overview discussion in Chapter 3, most of the studies in this area have
been primarily qualitative, and the state of research on SBS in resonators could be
described as somewhat sketchy. In all the work on Brillouin lasers, the absence of any
theory describing the generation of SBS in a resonator is conspicuous. There is no
description of the conversion efficiency, pump saturation, and the Stokes output power as a
function of resonator parameters (loop length, L, coupling coefficient k2, the fibre and the
coupler losses), whereas as was described in the previous chapter, the resonator operation
is sensitively dependent on the optimisation of these parameters. And yet, it is interesting
to point out that the Raman laser, and Raman amplifier both based on the optical fibre
recirculating delay line have been well characterised, theoretically and experimentally,

including the case of pump depletion!-3.

The main difficulties of solving the SBS equations were already discussed in detail in
Chapter 4. Significant additional complications result from attempting to describe the
generation of SBS in a resonator. The reason for this is due to the difficulty of finding
solutions to equations (2.24) for a resonant cavity - which demands the coherent addition
of fields, while the Raman scattering is effectively an incoherent process. That is, both the
linewidths and frequency shifts are order(s) of magnitude greater in SRS than in the
corresponding Brillouin process. Consequently, the main complication arises from the fact
that in a Brillouin laser it is not possible to add the fields after each circulation for the
Stokes wave (as given in eqns (G.1) and (G.3) in the transient resonator analysis in
Appendix G), since the transmission coefficient will include the growing Stokes intensity
in addition to the fibre losses, and which in this case will not be constant for each
circulation. Full numerical solutions which include the depletion of the pump wave are also

difficult to obtain since it is necessary to know both the phases of the pump and the Stokes
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electric fields as they are propagated in the resonator. Indeed we shall consider numerical
solutions in the next chapter to describe the transient operation of the Brillouin laser and

amplifier.

However, some relatively simple analysis which would describe the variation of the output
Stokes intensity with pump intensity, as a function of resonator parameters, would be
invaluable as it would enable some design and optimisation of Brillouin laser operation, as
well as providing some insight into the physics of the operational limits of this device. In
view of this it was felt that that a derivation of such an analysis was the first step in the
evaluation of all-fibre Brillouin lasers. An analytical steady state theory which describes
the operation of a Brillouin laser has been developed and is presented in Section 6.1. This
theory can be used to predict the threshold lasing power, optimum conversion efficiency,
cavity gain and saturation regime in terms of the resonator parameters, at steady state.
When considering the high conversion efficiency of Brillouin lasers and amplifiers it is
necessary to take into account the depletion of the pump by the counter propagating Stokes
wave, and this theory takes into account the depletion of the pump. The justifications of
the assumptions made in arriving at the mathematical description of operation of the
Brillouin laser are outlined in Section 6.2, and the results of the experimental investigation
of Brillouin laser action in OFRRs using a He-Ne and a semiconductor laser pumps are
described in Section 6.3. Section 6.4 presents a discussion describing possible
applications of the Brillouin laser in optical generation and distribution of microwave

signals, and a comparison with existing techniques.

6.1. Theory of operation of single mode all-fibre Brillouin laser

In this section we going to derive analytical expressions describing the performance
parameters of single mode all fibre Brillouin lasers, at steady state. The starting point of
the analysis are the equations describing the variation of the intensities of the pump and the

Stokes waves in a length of optical fibre:

dI (z)

p
———=-gpl () (2) - 20 I (2)
1z Bp\“'s P 6.1)

and,
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dl (2)
dz

=-ggl @ (2) + 20 I (2)
(6.2)

where I; and Ig are the pump and the Stokes intensities, respectively, gg is the Brillouin
gain coefficient. As in the last chapter we continue with the convention of 2a.
representing the linear intensity attenuation coefficient. As outlined in Chapters 2 and 4, gg
is maximum when the pump and Stokes waves are polarisation matched. This is true in the
case of a resonator fabricated from polarisation preserving fibre. In the case of non-
polarisation preserving fibre, as in the analysis carried out in Chapter 4, gg is reduced to
gp/2 for 450 polarisation scrambling. Reduction in the gain due to finite pump linewidth

can also be contained in the expression for gg, while the rest of the analysis is unaffected.

We make the following approximation in this analysis to arrive at analytical solutions. The
validity of this approximation is discussed in the next section. In general, the resonators
are fabricated with relatively short loop lengths L (less than 15 metres) to optimise the
resonator finesse. This means, that at the pump powers of interest, the total Brillouin gain
over one loop transit is small. Therefore, the above equations can effectively be
decoupled, and the expression for the pump intensity transmission coefficient in the loop,

Ty_2 can be obtained by integrating eqn (6.1) to give:

2 = -
L) =T,* = exp - 20, + gyl OIL )

It can be noted that equation (6.3) now accounts for pump depletion.

Providing the pump wave is at resonance of the ring, Brillouin lasing will occur when the
Stokes wave is also resonant, that is the round trip phase delay is 27, and the resonant
pump mode falls within the Brillouin gain curve. In this case the generation of SBS
introduces only an additional loss, and does not affect the phase of the transmission

coefficient.

The threshold circulating power can similarly be obtained by integrating eqn (6.2) to give:

I (0) = Ig(L) exp [ - 201, + gyL (O)IL 60
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Fig 6.1. Schematic diagram showing propagation of the pump and Stokes

waves in a single mode all-fibre ring resonator.

By considering propagation of the pump and Stokes fields around the resonator loop, at

steady state (with reference to fig. 6.1), it can be seen that:

E L) = jk (1 - 2y )”2E (0)
0 s (6.5)

where Eg is the Stokes field, 2y, is the coupler radiation loss and k is the field coupling

coefficient. Squaring eqn (6.5) and combining with eqn (6.4) gives:

2
1=k"(1-2 -2a +g. I (0L
(1-2%,)exp [- 2a, + gyl (0)] 6.6)

This equation in fact represents the familiar threshold condition for lasing which occurs
when the losses are compensated by gain. In the case of high finesse resonators where k2
> 0.94 (F > 50), we can make the approximations that k2 = exp - [204, L] = 1 - 204, L
where 2oy L is the coupling loss, and exp [- 20 + gBIp(O)]L = {1-(Qa, - gBIp(O)L}.
The error introduced into the analysis through these approximations is less than 1% for k2

> 0.87 (F > 23), with 1% uncertainty in k2 resulting in the accuracy of the finesse of
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approximately 5% at the lower end of k2, and better than 1.5% at values of k2 higher than
0.97 (F > 100).

The above approximations, therefore, yield an expression for the threshold pump intensity

circulating in the loop as:

O =1, = 20(@, +al+ el 6.7

Clearly I, represents both a limiting and a threshold value of the circulating intensity. This
is understandable, since the circulating intensity, at steady state, can not fall below its
threshold value. As we saw in the solutions of the SBS equations in Chapter 4, the pump
intensity saturates after the Brillouin threshold has been exceeded, at approximately its
value at threshold. Any additional pump above the threshold intensity is completely

converted into the counter propagating Stokes intensity.

The cavity finesse, F, is proportional to [(a, + oy )L + Yo)-1, and at resonance o L=
o, L + Yo from equation (5.8). In addition, using equation (5.16) we can see that F = rt(1
- o L)/20y, which after rearranging gives:

1

oL = F
1+—
14

so that equation (6.7) can be directly related to the finesse of the resonator. Thus equation
(6.7) demonstrates the importance of having a low loss, high finesse cavity in order to
minimise the pump threshold power. In fact, for 2F/rn >> 1, equation (6.7) reduces to the

expression for the threshold circulating intensity Iy, = 2n/(ggLF) derived by Stokes”.

From the theory of the optical fibre resonator the equation for the circulating power at

resonance (eqn (5.10)):

[ o1 a-2p-1)
S s Y A W

(6.8)
Where Ijj is the input pump intensity. By equating equations (6.8) and (6.7) and

substituting the expression for the pump intensity transmission coefficient from eqn (6.3),
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we obtain an expression for the output Stokes intensity as:
T I —-1

S,out t
ou out p IO

I
(6.9)
where Tgy; is the output intensity transmission coefficient - {(1 - k2)(1 - 2y,)} and I is the

input pump threshold intensity where

3
Iy =, +a )L +vy T/(1- 2"Yo)(x'kgBLz] (6.10)

From equation (6.10) we see the importance of having the coupling coefficient as close to
unity as possible, that is oy tending to zero, as well as having a long length of low loss
fibre.

We can now define the conversion efficiency of the Brillouin laser, as:

n=Ig out/lin (6.11)
so that,

1 1
n= ToutIp[ ’IOIin Iin]

(6.12)

Differentiating 1 with respect to I;; we find that the maximum conversion efficiency, Nmax »
is obtained when I, = 4. Physically, this represents complete conversion of circulating
pump power above threshold into the Stokes power and represents the saturation of the
gain. At maximum conversion efficiency the threshold power for the second order Stokes
signal with a double Brillouin shift will be reached. The second-order Stokes wave will
propagate co-directionally with the pump. By substituting the expressions for Tgy;, Ip,
and I, we obtain an explicit expression for My, in terms of the resonator parameters:

the coupling coefficient and the losses:

n,_ = (1-2y (L)’

2
(akL + aoL +7,)

(6.13)
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If the coupling constant is tuned to its resonant value, in the absence of SBS, (from
resonator theory) oy resl = @, L +Y,,, maximum conversion efficiency at resonance can
be calculated as 25%. The conversion efficiency can be increased by undercoupling (o >
Oy res)> at the expense of an increased lasing threshold. This is illustrated in figure 6.2,
which shows the variation of the conversion efficiency | with pump power for different
coupling coefficients, plotted for a resonator with parameters equal to the 1 m resonator
described in the previous chapter. The increase in the conversion efficiency for the
undercoupling case is a result in the increase in the output intensity transmission

coefficient, T Ask2is increased, more power can be coupled our of the resonator.
p

out
The graphs of the output Stokes power vs input pump power for different loop lengths
with fibre loss of 10 dB/km are shown in Fig 6.3. From this figure it can be seen that
although longer loop length can be used to reduce the lasing threshold, this decreases the
finesse as a result of a higher fibre loss. Consequently there is a trade off between the
reduction in the lasing threshold associated with a longer interaction length, and the
corresponding reduction in finesse owing as a result of an increased fibre loss. For
comparison, the variation of the threshold lasing power vs loop length for a relatively high
fibre loss of 10 dB/km is shown on figure 6.4.

Figure 6.5 in which we plot the input power threshold (plotted on log,(, scale) against fibre
loop length, L, for different fibre losses clearly illustrates that for extremely low fibre
losses, the resonator length can be efficiently increased. It should be noted that this
dependence of the threshold lasing power on the fibre length and losses is exactly
equivalent to the behaviour of Brillouin threshold power with L, ¢ in the case of straight
lengths of fibre; of course the product [gglyL¢ is considerably higher in the case of
straight fibres as compared to [gBIpL] (where because of very low loop losses, Log = L) in
resonators. For example, for the case of a 1 m resonator with fibre loss of 10 dB/km and a
coupler loss of 1 %, gBIpL can be calculated from equation (6.7) as = 0.01 or 2oy L
compared to gyl ¢r= 18 at threshold in straight fibres with no feedback.
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Figure 6.2. Conversion efficiency vs input pump power for different
values of the coupling coefficient k2: (a) k% = 0.9750 (less than resonant
coupling coefficient); (b) k2 = 0.9897 (= resonant coupling coefficient); (c)
k2 = 0.9905 (greater than resonant coupling coefficient). Fibre loss = 10

dB/km; coupler loss = 1%, and L = 1 m.
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Figure 6.3. Theoretical plot of the output Stokes power vs input pump
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as in fig. 6.2.
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For comparison, figures 6.6 and 6.7 show the variations of the output Stokes power, and
conversion efficiency for a resonator with similar parameters to the one fabricated from the
800 nm polarisation maintaining fibre for the investigation of SBS generation with
semiconductor laser pumping. It can be seen that in this case the lasing threshold is
considerably higher, corresponding to a lower value of finesse, coupled with a
considerably lower conversion efficiency over the same range of input powers as above.
In addition, over this range of input powers, the cavity detuning from the finesse of 38
wasmuch less dramatic, calculated as approximately 31 at the input pump power of 2 mW

for the 4 m resonator.

As mentioned above, the counterpropagating Stokes wave introduces an additional loss in
the resonator. As the pump power is increased, the coupling constant is no longer equal to
its value for resonant operation [as given by eqn (5.8)] since for resonance (equivalent to
ZEro output power) oy .o # (0, L +¥,), but differs from it by the amount given by
equation 6.3 as = [1 - gglgl/2], which represents the depletion of the pump. If the
coupling coefficient is optimised at its resonant value, the increase in the Stokes intensity
has the effect of 'detuning’ the resonator cavity from resonance through progressive
overcoupling, thus reducing the finesse and the modulation depth. This leads to a non-zero
resonator output and can limit the performance of devices using single mode optical fibre
resonators, for example, fibre gyroscopes. Figure 6.8 shows cavity detuning from
resonant values due to the build up of the counterpropagating Stokes wave, calculated with

the help of resonator equations for non resonant coupling coefficient [eqns (5.17b) and
(6.9)].

For input powers above the SBS threshold, the coupling coefficient in the loop can be
optimised to give zero output power at resonance, by retuning the resonator to take account
of the loss associated with a specified Stokes level. Because of the effective additional loss
due to pump depletion, this results in a reduced finesse. Subsequent reduction of the input
power to below threshold will, therefore, result in undercoupling, which actually means
that more power than required to overcome the round-trip losses is coupled into the loop.
This behaviour is illustrated in figure 6.9 which shows the variation of output power from
resonator with input pump power (= counterpropagating Stokes power) for different values

of the coupling coefficient (calculated using eqns (5.17b) and (6.9)).
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The validity of the approximations used in arriving at eqns (6.3) and (6.4) can be verified
by expressing the solutions of eqns (6.1) and (6.2) as series expansions in L:

L) ~LO)(1+aL+aLl’+..)

2+
I, (L) =L (0)(1 +bL+bL ") 614

where L,(0) = I, and Ig(0) =Ig are the steady state pump and Stokes circulating powers as
before. a, and b, are the coefficients in the series expansion of Ip(L) and Ig(L).
Equations (6.14) are substituted into eqns (6.1) and (6.2). For the first equation of (6.14)
and (6.1) we have:

2 2
I(a, +2a)L) =- (200 +gpI (1 +bL +b,L0 +.). (L(1 +aL+al"+.))

If terms higher than L2 are ignored as insignificant, and we equate the coefficients of Ln,
the coefficients a, and by, are obtained as:

LO: a; = - Qo +gglg) b1 =2a, - ggls

LL 2a3 = - (205a; + gpls(a + b)) 2bp = {2015b; - gpl,, (a; + by)}
where a; + b = - gg(Ig + ).

The practically important case to take is when I = Ig, that is the case of 100% internal
conversion efficiency, since as the cavity is detuned above threshold, there is no longer
zero output power from the resonator. Further increase of input pump power leads to
partial conversion into the Stokes power, and a fraction of the circulating power will leave
the resonator. Graphs of figs 6.10 and 6.11 show the relative magnitudes of the above
coefficients as a function of the resonator length, for a fibre loss of 10 dB/km and coupler
losses of 1% and 2%, respectively. It can be verified that a; and b, are sufficiently small
(less than 10 %) compared with a; and b; respectively, to warrant the approximations
used. In fact the approximation is most accurate for shorter loop lengths (10 m and less).
If the parabolic correction terms are ignored, examination of eqn (6.14) shows that they are
identical to eqns (6.3) and (6.4). For comparison we also plot the a, and b, coefficients
for a resonator with finesse of 40 and a coupler loss of 7%, in figure 6.12. It can be seen
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that the ratios of alL/aQL2 and blL/sz2 are correspondingly higher, approaching 25 -30%
for longer loop lengths. [The errors in this case are somewhat more significant,
particularly for the pump intensity solution, as the depletion per loop can no longer be
considered negligible. However, because the absolute magnitudes of a, and b, are small
(less than 0.1), the errors involved in using the small gain per loop approximation need not
preclude the use of this very convenientapproximation for resonators with short loop
lengths. The errors simply have to be evaluated in each particular case]. This means that
this approximation would also not be valid in the case of resonators with low finesse, such
that the gain per loop is large, and also in the case of resonators with a long loop length, L.
For neither of the above cases do analytical solutions exist, and the numerical method has
to be adopted, by evaluating the Stokes field amplitude or intensity over each loop L as in
Chapter 3, circulation by circulation, until steady state is reached, similar to the analysis
carried out in the next chapter. For simplicity, however, we shall only concern ourselves

with the small gain per loop case which is justified for most cases dealt with in this work.

6.3. Experimental investigation of SBS in QFRRs

Experimen h m length of nm

Initially SBS was investigated at 633 nm using a Barr & Stroud frequency stabilised single
mode laser in OFFRs described in Chapter 5. The experimental set up used is shown in
fig. 6.13. The backscattered Stokes signal was deflected by a 50/50 beamsplitter and
detected on the confocal Fabry-Perot with a FSR of 7.5 GHz and on a silicon photodetector
by considering the backscattered signal power. The choice of the 50/50 beamsplitter ratio
was chosen since it optimised the magnitude of the backscattered Stokes power. Consider
a beamsplitter with an arbitrary splitting ratio, M. The output Stokes power, Pg is
proportional to the pump power coupled into the resonator through f(M) such that

f(M)=P_M(1-M)
(6.15)

Differentiating f(M) and equating to zero yields the result that the maximum Stokes power
is obtained when M = 1/2. In fact, the splitting ratio was not exactly 50/50 at 633 nm, and
was measured to be 48/52.
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Fig. 6.13. Experimental set-up used in investigating the generation of SBS

in an OFRR using a frequency stabilised single mode He-Ne laser as a

pump.

The launch efficiency of the input pump power into the fibre was found by measuring the
output power from the resonator, off resonance, and accounting for the fibre and coupler
radiation losses, as, off resonance, the input power is totally transmitted through the
resonator. This could be done by empirically adjusting the coupling coefficient for
resonance, and measuring the finesse which allowed the calculation of the coupler loss,
from resonator theory of Chapter 5. The coupling coefficient was then tuned to an off-
resonance value and the output power from resonator measured. This method was also
verified by separating the coupler halves, cleaning them of the index matching oil, and re-
measuring the power transmitted through the resonator. The pump power was measured
using a precalibrated silicon diode power meter (Coherent, model 212) with a screw-on
light shield to block out external light, and having switchable ranges from 100 nW to 100
mW (full scale deflection).

Light from another He-Ne laser was launched into the resonator at the output end, and its
spectrum was observed on the Fabry-Perot. This method allowed accurate positioning of
the Fabry-Perot cavity, so that only the backscattered light was detected. The Brillouin
threshold was evident as a sharp increase in the 4% backreflection signal which is
proportional to the incident pump power. Rayleigh backscattering is also proportional to
the input power, and could, therefore, be easily differentiated from SBS which increases
nonlinearly with input power once the threshold has been exceeded. The backscattered

Stokes power could then be found by subtracting the linearly varying power from the total
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backscattered signal power.

The Fabry-Perot response was calibrated with a He-Ne laser, and the Stokes power was
calculated by measuring the height of the Stokes peak in the spectrum of the backscattered
light. Although the FSR of the Fabry-Perot was 7.5 GHz, the measurement of the Stokes
shifted signal (Brillouin shift of 20 - 34 GHz at 830 - 514.5 nm) could be made
unambiguously by interpreting the Stokes shift as the measured frequency shift plus the

appropriate number of free spectral ranges.

For the 10 m resonator, F =95, the Brillouin threshold was observed at 0.26 mW * 15
UW in the fibre (74% launch efficiency, 52% power deflected by the beamsplitter). This is
significantly higher than the theoretically calculated threshold of 0.12 mW (from eqn
(6.10)). This is probably due to fibre birefringence causing the pump and Stokes waves to
be mismatched in polarisation, as described in Chapters 3 and 4. Since the pump power
available from the He-Ne is only very marginally above the threshold power, no accurate
measurements of the continuous variation of Stokes output power with variation with the
input pump power could be made. The Brillouin shift measured from the Fabry-Perot was
calculated to be 27.8 GHz + 75 MHz (5.3 GHz + 3 free spectral ranges). This figure is in
good agreement with the theoretical 27.6 GHz calculated using eqn (2.8) with v, = 5990
m/s, Neore = 1.46.

More accurate measurements could be taken with the 1 m resonator, F of approximately
300 (k2 o5 — 0.9897, coupler loss = 0.8%, power enhancement of circulating power over
input power of 96!!) made of polarisation maintaining fibre. The pump light was polarised
and initially aligned to one of the axes of the fibre (slow axis, effective core area A = 1.5
x 10-11 m2, measured at the GEC Hirst Fibre Optics Division).

The graph in fig. 6.14 shows the variation of output Stokes power against the pump power
(these measurements were taken by R. Kadiwar, Optical Fibre Group, UCL) for different
values of finesse. The lasing threshold for F = 310 was measured as 65.5 £ 3.5 puW and
the conversion efficiency of 23% was measured, while for F = 290, the threshold was
77.0 £ 4.0 pW and the conversion efficiency of 22% over the the experimental range of
input pump powers. This compares extremely well with the theoretical values calculated
from the analytic solutions, which are 64.1 uW (23.5%) and 73.6uW (22.4%)
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respectively.

Output Stokes power, uW

0 50 100 150 200 250
Input pump power, pW

Figure 6.14. Typical experimental graph of the variation of output Stokes
power with input pump power as a function of cavity finesse F: (a) 310;
(b) 290.

The threshold for the F = 300 was considerably lower than for the 10 m resonator,
measured as 70 pW (-11.5 dBm) + 3.5 uW (-24.6 dBm). This is in close agreement with
the values predicted in eqn (6.10) of 67.9 uW. Progressive detuning of the cavity finesse
of F =303 to F = 190 for the increase of input pump powers of 70uW to 225 uW was
observed, due to the depletion of the pump by the counterpropagating Stokes wave, and is
shown in figure 6.15. This is in excellent agreement with the theoretically predicted results
of fig. 6.3. The maximum conversion efficiency was measured as 23% which is again in

very good agreement with theory (see fig. 6.2).

The Stokes shift was measured as 26.3 GHz £ 75 MHz, giving v, of 5690 m/s somewhat
lower than expected. This could perhaps be accounted for by the stress-induced
birefringence leading to a decrease in the Young's modulus and a higher density in the

core, resulting in a reduced acoustic velocity (where v, is given by [Y/p 0] 172 and Y is

Young's modulus).
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Finesse
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Figure 6.15. Typical graph showing the variation of finesse with input
pump power; coupler loss = 0.8%. (The corresponding theoretical curve

is shown in figure 6.8).

2. Experimen h mp wavelength of nm

The experimental set-up used in investigating the operation of the Brillouin laser using a
semiconductor laser (Hitachi HLP 1400, wavelength 830 nm) as a pump is essentially the
same as for 633 nm, with the addition of an Faraday isolator between the pump and the
beam splitter as shown in fig. 6.16.

The experimental conditions in this case were quite different to those described in the
experiments with the He-Ne laser. This is because the semiconductor laser is very
susceptible to feedback as described in Chapter 5. Contrary to the case of a He-Ne laser,
above the Brillouin threshold, the backscattered Stokes signal is wittin the semiconductor
laser gain bandwidth, and high isolation is necessary to prevent the Stokes signal being fed
back into the laser cavity. Although a 30 dB Hoya magneto-optic (Faraday) isolator was

used (insertion loss 1 dB), inevitably some power was still fed back into the cavity.
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Fig. 6.16. Schematic of the experimental set up of the all-fibre Brillouin

laser with semiconductor laser pumping.

As described in the previous chapter, this feedback had either a favourable effect in
narrowing the output laser linewidth, or conversely, resulted in some considerable
instabilities of the output power and frequency. All the possible causes of the the
instabilities such as electrical noise, mechanical or acoustic vibrations and temperature
variations were investigated, and as many as possible minimised or isolated. The entire
experimental set up was mounted on an anti-vibration optical table, and the resonator was
enclosed in an insulated perspex box which helped to minimise the effect of mechanical and
acoustic vibrations. After careful investigations, it was found that there was no appreciable
noise from the power supply or the laser drive electronics. However, the intensity noise
(measured on the spectrum analyser) was found to decrease significantly when the sources
of optical feedback were blocked. This made the measurements of the SBS rather difficult,
since the resonator could not be properly stabilised, and the Stokes power was generated

only when the pump frequency was stable and resonant.

The measurements were made on the resonators described in Chapter 5. The SBS
threshold could not be reached in the resonator made out of ordinary fibre. The series of
measurements described below were carried out using the 3.8 m polarisation maintaining
resonator. The resonator transmission finesse, F', was measured as approximately 35,
although the actual cavity finesse F was estimated to be approximately 90. The

transmission coefficients of all the optical components before the fibre were carefully
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measured, and the launch efficiency optimised. The maximum power which could be
launched into the fibre was 1.25 mW (having taken into the account the transmission

coefficients of the various optical stages and the launch efficiency of 40%).

Output Stokes power, uW

0.5 0.7 0.9 1.1 1.3

Input pump power, mW

Figure 6.17. Typical graph of output Stokes power vs input pump power
for 3.8 m HI-BI resonator; fibre loss = 4 dB/km; coupler loss = 6%; A =
1.6 x 10-11 m2,

Initially, the polarised laser output was aligned to the slow axis of the fibre (smaller area,
higher core refractive index) by rotating the fibre holder on which the axes directions were
marked. The Stokes power was measured in two ways: by monitoring the Stokes
frequency component on the confocal Fabry-Perot, and by measuring the level of the
backscattered signal on the photodetector. The Fabry-Perot was carefully calibrated with
the HLP1400 pump laser. The Brillouin threshold was measured at 0.89 mW £ 20 UW of
optical power in the fibre, and a typical experimental curve of output Stokes power against
input power is given in fig. 6.17. [The corresponding theoretical graphs of the Stokes
output power and conversion efficiency against the input pump power were shown in figs.
6.6 and 6.7 , and it can be seen that there is close agreement between the two.]. The output
power of the laser was varied by means of precalibrated neutral density filter plates, while

monitoring the resonator output response. An alternative method is to vary the drive
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current to the laser and waiting several minutes between measurements for the temperature
and frequency to stabilize. Clearly, such a method is not ideal, since the spectral
characteristics of the pump change slightly on the corresponding measurements. It is
interesting to observe that no significant cavity detuning was obtained, since in this case the
resonator transmission is determined by the laser linewidth of approximately 2 MHz. The
state of polarisation of the backscattered Stokes signal was measured and was found to be
linear, in the same direction as the pump. The conversion efficiency was measured as

approximately 7% at the maximum input pump power of 1.25 mW.

The Stokes wave was shifted from the pump wave by 20.2 GHz + 75 MHz, as measured
from the confocal Fabry-Perot (see fig. 6.18). This figure is in very good agreement with
the theoretical figure of 20.6 GHz for the Brillouin shift, and with the results of the 633 nm

measurements, in conjunction with the Kp'l dependence of the Brillouin shift.

Next, the fibre holder was rotated, to launch the pump along the fast birefringence axis.
The pump power was varied from zero to the laser output maximum of 1.25 mW, but no
Brillouin threshold was obtained, while the transmission finesse was the same. The reason
for this is thought to be that because the core of the York HI-BI fibre is inherently elliptical,
with the diameters typically in the ratio of = 4:6 m [measured in the GEC Hirst Fibre
Optics Division using a SIRA refractive index profiler based on the refracted near-field scan
technique1 la; the core ellipticity could also be verified by examining the fibre under the
microscope]. Hence the power density in the effective area of the fast axis of 3.0 x 10-11
m2 compared with 1.6 x 10 -11m2 (from GEC fibre measurements) for the slow axis is
nearly 1.9 times lower. Thus the threshold predicted for the fast axis is approximately 1.6

mW, which is higher than the maximum power of the laser.

To verify this, in another experiment, the fibre holder was rotated, so that each time a small
percentage of pump power was launched along the fast axes of the total power was
launched along the direction of the fast axis, and the measurement of the output Stokes

power with pump power was repeated for each.
The graph showing these results are given in fig. 6.19. In this case the nonlinear increase
in the backscattered power was observed only on the inverted resonance peak

corresponding to the resonance of the slow axis, when the threshold was exceeded. It can
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be seen that a considerably higher lasing thresholds were measured in this case, ranging
from 0.9 mW to 1.1 mW as the percentage of the total power launched into the fast axis
was increased from 0 up to approximately 22.5%, over the range of input power used.

The output Stokes power, however, followed the same dependence in each case, with a

clearly defined threshold, and progressively lower conversion efficiency for a given power.

Stokes

Figure 6.18. The output of the scanning Fabry-Perot showing the residual
pump (small peak) and the Stokes frequencies. The Brillouin shift is
calculated to be 3 x FSR (7.5 GHz) plus the difference between the pump
and Stokes frequencies as 20.2 GHz.

167



Cner 0
Stimulated Brillouin scattering in ring resonators: SBS lasers

100

Output Stokes power, uW

0.7 0.8 0.9 1.0 1.1 1.2 1.3
Input pump power, mW
Figure 6.19. Output Stokes power vs input pump power as a function of

the percentage of total pump power launched in the slow axis: (a) 100%;
(b) 90%; (c) 85%, (d) 78%.
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Figure 6.20. Showing the increase in measured threshold for Brillouin

lasing as a function of % of total pump power launched in the direction of
the fast axis (A, = 3.0 x 10-11 m?2),

The polarisation of the Stokes wave in this case was also linear, in the same direction as the
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pump. However, the output of the resonator was elliptically polarised, due to some power
having been launched into both modes. These results are very important for a number of
reasons. Firstly, it confirms that maximum gain occurs when the pump and the Stokes
waves are polarisation matched. Secondly, this means that since the two polarisation axes
have different lasing thresholds, and if the Brillouin laser is biased at a particular operating
point, below the higher threshold, this will ensure that the output of the Brillouin laser will
be linearly polarised.

It was also discovered (for the case of all the pump power launched into the the slow axis)
that the resonator response for the backscattered signal has a narrower resonator response
peak than the transmitted pump wave. This is illustrated in fig. 6.21. [The laser intensity
noise is evident in the transmitted and backscattered signals is due to the reflection of some
pump power (mainly from the isolator, as was already described in section 5.2.2.2 and

illustrated in fig. 5.7) into the laser cavity].

A best linewidth narrowing of approximately a factor of 2.8 was obtained for a conversion
of approximately 8%, pump power 1.25 mW. This corresponds to a finesse of 88 which
approaches the cavity finesse of the resonator. Measurements were repeated to ensure that
real linewidth narrowing was being measured, and not incidental linewidth narrowing due
to feedback into the laser. It is thought, that as the generation of SBS in the ring resonator
is considered as a lasing action, and since the Stokes wave is generated inside the ring it
will have the spectral characteristics of the cavity. In this way, the backscattered Brillouin
laser output has the linewidth which is a function of the resonator linewidth, providing the
resonator linewidth is smaller than the pump linewidth. This again is a very significant
result, since Brillouin lasing could be used as a means of linewidth narrowing. Itis
thought that better linewidth narrowing could be achieved for higher conversion efficiency,
since the output linewidth decreases with gain as [ggIpL]- 12[7,8]. Indeed, the Stokes
signal exhibits most significant linewidth narrowing where the circulating pump intensity is

the highest, as can be seen from figure 6.21.
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(a) Transmitted Pump (b) Backscattered Stokes Signal
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Figure 6.21. Resonator response (a) for transmitted pump wave; (b)
resonance peak for the backscattered Stokes wave [same scale for both].

The Stokes wave exhibits clear linewidth narrowing.
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At first sight it might appear that the resonator linewidth, as determined by the resonator
finesse, is the limiting factor in output linewidth of Brillouin laser. In actual fact, the
limiting factor as in all lasers?10 is the phase noise associated with the circulating laser field
which is due to quantum mechanical fluctuations, and it can be shown10 that the output

spectral width of the laser output Af , is proportional to {hf_(Af},)?P

ot 1 }» Where fout

ut
is the output frequency of the laser (in our case, the semiconductor laser pumped Brillouin
laser) and is the result of the weighted average of the two frequencies, fg and f . as shown

in figure 6.22.

Brillouin gain bandwidth

Aot I
|

Afes

|
L ]I
=1
I\ J\
— | |

fp fout fres Frequency

Figure 6.22. Brillouin gain curve, resonator (cavity) mode, and the
Brillouin laser output: fg is the frequency at the peak of the Brillouin gain
curve, f_.  is the frequency of the resonant mode falling within the
Brillouin gain curve, and f , is the resultant output frequency of the

Brillouin laser.

This figure shows the resonant curves of both the Brillouin gain (centred on fy and of
width Avp) and of the resonator mode (centred on f.; and of width Af ). In the case
when the resonant mode does not necessarily coincide with the peak of the gain curve, it

can be shown that f,

out Will be in some intermediate position between f . and fg which

means that f, may not be coincident with f . but may be 'pulled' towards the centre of the
Brillouin gain curve. [This phenomenon of mode-pulling is well known in laser theory and
discussed in texts such as ref. 10, for example]. When mode pulling occurs, the output

frequency of the Brillouin laser f,; is given by:
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(E/Avg) + € /A¢

out

(1/Avg) + (1/Af, )
(6.16)

Now, as in our case Af . <<Avg we can simplify the above equation to yield the value of

= fres, and differentiation also leads to the

the output frequency of the Brillouin laser f,

ou
result that Afou

¢ = Af s This means that for very small output powers the value of the
output laser linewidth predicted by the phase noise relationship is so small that in practice
other spectral broadening mechanisms dominate in establishing the actual laser linewidth.
In fact, the actual linewidth is limited by the stability of the resonant cavity , since any
fluctuations in the resonant frequency Af . will lead to the fluctuations in the Stokes output
Af,, resulting in a broadened linewidth. So that if the cavity length is properly stabilised,
the resultant Brillouin laser output linewidth should be extremely narrow - not limited by
the pump or cavity linewidths. This is an extremely valuable property of this device, and

its possible applications will be discussed in the next section.

In order to observe possible modelocking of the Brillouin laser, as described in Chapters 2
and 3, we measured the output of the Brillouin laser using a fast photodetector (reverse
biased silicon p-i-n diode, Antel AR-S2, risetime (10 - 90%) of 35 ps and pulse response
(FWHM) of 60 ps. The output was displayed on a Tektronix (7704) digital fast
oscilloscope. However, the expected train of stable SBS pulses at the repetition frequency
of approximately 18 ns (given by the = c¢/nL), arising as a result of passive modelocking
associated with these devices, was not obtained. However, this is not surprising when we
consider the Brillouin laser characteristics of the experimental device with regard to the
cavity length used. For the 3.8 m resonator, the FSR of the device of approximately 54
MHez is comparable to the intrinsic Brillouin gain bandwidth at the experimental wavelength
of 830 nm. This means that because the Brillouin laser is homogeneously broadened, it
can not operate cw on more than one mode. Although this property does not prevent
instabilities (such as mode competition) which can lead to oscillation on several modes,
resulting in steady oscillations (or passive modelocking), this can only occur if 1/Avy is
much greater than the cavity transit time, since the pulsewidth of the resultant pulse train is
limited to the inverse of the gain bandwidth of the lasing medium8.11. However, in our

case, only one cavity mode can oscillate near the peak of the gain curve, and even very
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weak, low-modulation oscillations are not expected. Itis suspected that some low-
modulation oscillation will be obtained by increasing resonator loop lengths, but short
pulses are not expected until the condition of FSR << Avy is fulfilled by dramatically

increasing the resonator length8'12'13.

6.3.3. Measurement of the Brillouin gain coefficient, gg_

It is perhaps of interest to consider the value of the Brillouin gain coefficient, gg. So far
the value of g adopted in all calculations was equal that of fused silica. However, the
results of the measurements of the Brillouin shift lead to the assumption that the
polarisation maintaining York HI-BI fibre used in experiments has a higher core density
and a reduced Young's modulus (as compared to values for fused silica), and the specified
refractive index of the core (1.462) is higher than that of fused silica (1.457) at 830 nm. In
view of the discussion on the dependence of gg on material parameters, we have, therefore,
undertaken measurements to determine the value of gg in a length of single mode optical
fibre. Because the threshold in straight lengths of fibre are considerably higher than in
resonators, neither of the sources used for pumping in the resonator experiments could be
used. The only available suitable source was the argon pumped, cw tunable Styryl 9 dye
laser, with an intracavity etalon to provide single frequency operation at approximately 860
nm. The spectral linewidth was measured on a confocal Fabry-Perot interferometer with a
FSR of 300 MHz and a resolution of 2 MHz as 40 MHz. The maximum output power was
90 mW, and the maximum power which could be coupled into the fibre was approximately
28 mW( having taken into account the the transmission coefficient of the beamsplitter
(0.52) and the coupling efficiency (60%). The measurements were carried out on a 1 km
straight length of York HI-BI 800 nm fibre with beat length of 1.2 mm and loss of 6
dB/km. The experimental set up used was the one normally used for Brillouin scattering
measurements and sketched in figure 3.1, Chapter 3. The Stokes power was measured as
in resonator experiments on a confocal Fabry-Perot with FSR of 7.5 GHz and resolution of
40 MHz, and the nonlinear increase in the level of backscattered power was measured on a
silicon photodetector. The launch end of the fibre was positioned so that the linearly
polarised output of the laser was aligned along the slow axis of the fibre having an effective
core area of 1.6 x 1011 m2. Typical experimental graphs showing the variations of the
output Stokes power and the transmitted pump power vs pump power are shown in figures
6.23 and 6.24.
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Figure 6.23. Output Stokes power vs input pump power for 1 km length of
York HI-BI fibre.

The measured Brillouin threshold was measured as approximately 20.1 mW of pump

power in the fibre, and the maximum conversion efficiency was approximately 22%.
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Figure 6.24. Transmitted power vs input pump power corresponding to
figure 6.23.

We used the analysis in Chapter 4 to evaluate the Brillouin gain coefficient in the following
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way. For the given attenuation of 6 dB/km, the linear attenuation of the fibre 2o L = 1.3.
For this value of loss, the Brillouin gain gglpl at threshold is 33.0. From above values of
threshold power of 20.1 mW, A of 1.6 x 1011 m2, and L of 1 km, this yields the value
of gg as 2.6 x 1011 m/W. The assumption that in the absence of guided acoustic mode
interaction, the intrinsic Brillouin linewidth varies as the square of the pump wavelength
gives the value of the Brillouin linewidth as 58 MHz. Given that the pump linewidth was
40 MHz, and assuming Lorentzian profiles, deconvolution yields the value of Brillouin
gain coefficient as 4.7 x 10" m/W. This value is indeed approximately equal (within the
limits of the experimental error of + 5%) to the value of the gain coefficient in fused silica.

The Brillouin shift was measured as 19.9 GHz + 50 MHz. The calculated value for fused
silica is (from eqn (2.8)) 20.3 GHz at the experimental wavelength of 860 nm. Taking into
account the difference in the core refractive index of the HI-BI fibre, the acoustic velocity is
less in this fibre by a factor of approximately 0.96 as compared with fused silica. Since the
acoustic velocity is varies as (po)'lfz, it can be seen from equation for g, that it is
approximately proportional to [n7/(p0)1/2]. In this case, the Brillouin gain coefficient is
approximately unchanged from its value for fused silica, in agreement with the above

result.

The Brillouin threshold could not be observed when the pump power was launched in the
direction of the fast axis. This can again be explained by the fact that the effective area for
the fast axis is 1.9 times that for the slow axis, which means that the expected threshold of
approximately 38 mW is above the maximum output pump power which can be launched
into the fibre (even when the increased coupling efficiency of 65% has been taken into
account). However, the graphs of the output Stokes power when 10% and 20% of the
total pump power were in turn launched along the direction of the fast axis are shown in
figure 6.27. Similar result as in the case of the Brillouin laser have been obtained with the
brillouin threshold increasing with the decrease of the total pump power in the slow
polarisation axis. The threshold was measured at 22.3 mW of pump power in the fibre for
the case of 90% of the total pump power in the slow axis, and 24.6 mW for 80%, in good

agreement with theory.

Once again, the polarisation state of the Stokes light was measured and was found to be in

the same direction as the pump.
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Figure 6.25. Output Stokes power vs input pump power as a function of
the percentage of the total pump power launched in the slow axis:(a) 100%;
(b) 90%; (c) 80% for the 1 km of York HI-BI fibre.

6.4. Application of the Brillouin laser to microwave frequency generation and distribution
6.4.1. Optical techniques for microwave signal distribution in phased arrays

One of the possible and very interesting applications of the work on the Brillouin laser is in
the all-optical signal distribution in phased arrays. A phased array is a form of a
microwave antenna in which the radiating aperture comprises a number of radiating
elements!4. The resultant radiation pattern is determined by the relative amplitudes and
phases of the currents at the elements. Accurate control of these parameters can configure
the radiation pattern to give a number of functions, including the rapid scanning of radiated
beams, the formation of multiple beams, and adaptive nulling of sources of interference.
Indeed, the beam agility and adaptive antenna pattern control made possible by the
electronically scanned phased array antenna has been shown to be of great importance in
coping with the high demands placed on future radars. In the past, however,
comparatively few phased array radars have been constructed, with the main limitation

being their enormous cost. Recent advances in the development of the microwave
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monolithic integrated circuits (MMIC) offers the prospect of reduced element cost in active
element phased arrays, and so the signal distribution network is likely to become an
important limitation in the array cost requirement. Conventional arrays use precision
waveguides and coaxial cable or space-feeds which are lossy, bulky, and expensive. For
this reason optical fibres which are compact, lightweight, immune to interference, and have
extremely low losses coupled with wide bandwidth, have attracted considerable interest
from the microwave and optics fraternities, particularly for applications in signal
distribution in phased arrays!3-18,

With a modular approach to array hardware, each element will need to be interfaced with a
variety of signals which will generally include a microwave phase reference, receive (or
transmit), and control and monitoring signals. The phase reference signal is at microwave
frequency which is mixed with the incoming microwave receive signal to generate a signal
at the intermediate frequency (IF) which can then be processed (similarly the transmitted
signal is at IF which is mixed with the microwave reference signal to generate a microwave
transmit signal). However, the demands placed on the distribution system are quite severe
because of the stringent inter-element phase error requirements. It is for the generation and

distribution of this microwave phase reference that the optical fibre solution has been

proposed1 5,
! o | <
3
Transmit/Receive
Intensity
modulated I I
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Figure 6.26. Optical network for distribution of microwave signals.

Optical fibre signal distribution systems will generally use single mode fibre to minimise
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modal noise and single mode semiconductor laser sources between 830 nm - 1.5 um. The
schematic diagram of such a system is shown in figure 6.26, where an optical source is
intensity modulated at the microwave reference frequency, by one of the methods described
below, and summarised in figure 6.27. The modulated signal passes through a distribution
network which may include phase shifting for beam forming purposes, to a fast
photodetector, for detection, demodulation, and amplification. The amplified signal can

then be used as a local oscillator for transmission or reception.

The optical output power of the semiconductor laser can be modulated either by direct
intensity modulation of the drive current or using an external modulator, for example,
lithium niobate, so that the modulated power is proportional to the laser output power for a
given modulating signal. Although lasers with modulation bandwidths of about 30 GHz
have been demonstrated!7, microwave modulation of semiconductor lasers at appreciable
modulation depths still presents practical difficulties and can perturb the laser
characteristics, particularly through the increase of the relative intensity noise (RIN) of the
device, and breakdown into multimode operation!>. Because the modulation bandwidth
varies as the square root of the bias point of the laser, high frequency operation requires the
drive current to be set to a high level, close or at the limit of the laser linear operation. Such
operation can result in harmonic distortion at the output, as well as reduction in the device
lifetime17:19,

Lithium niobate electro-optic modulators with bandwidths of up to 40 GHz have been
fabricated, but these require considerable electrical driving power of greater than 100
mW17. The electrical power requirements can be reduced considerably by using multiple
quantum well modulators which have been shown to be capable of high-contrast, low
voltage operation, at frequencies of up to 5.5 GHz20. However, the maximum optical
power which can be applied to both conventional and multiple quantum well modulators is
limited by the exciton bleaching effects (which reduce absorption] to about 1 kW/cm? 171,

while modulator size controls the modulator bandwidth.

Alternatively, microwave frequency generation can also be achieved using the optical
heterodyne system. The principle of this system is to combine two optical frequencies of
slightly different frequencies which can be simply represented by E;cos ;t, E,cos m,ton
a square-law photodetector to generate the beat signal (using the fact that 2cosAcosB = cos
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(A +B)+cos(A-B)):

Cnapiér 0

2 2 2
IElcos ot + Ezcos mztl = IEzllcos ot + IEzzlcos ot + E]Ez{ cos (m1 + (x)z)t + cos (co1 - (oz)t}
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Figure 6.27. Optical techniques for generation of an intensity modulated

signal at pwave frequencies: (a) direct modulation; (b) external modulator

(¢) heterodyne system

where the first two terms represent the unmodulated intensity components. Assuming that

the detector bandwidth is less than (®; + ®,) but greater than (®; — ,), the sum frequency

term will be filtered out yielding a beat frequency at the difference frequency (®; — ®,)
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with a modulation index m given by:
2E.E,

I + I
1h (6.18)

This approach is simplistic because it assumes monochromatic signals. In order to
calculate the full dependence of the detected photocurrent spectrum on the phase
fluctuations of the interfering signals complicated statistical treatment of complex fields has
to be invoked, as for example in reference [21]. We can however simplify the analysis by
assuming that spectral linewidth of the heterodyne signal is given by the convolution of the

two linewidths (as given by eqn (2.26)) which for Lorentzian lineshapes is just their sum.

Practical systems would employ semiconductor lasers whose wavelength can simply be
tuned by several nanometers by varying the temperature and drive current. This would
result in a beat frequency Af, (Af = cAA/A2) of greater than several hundred gigahertz at A
= 830 nm, where a change in the wavelength of 0.1 nm represents a change in frequency of
approximately 40 GHz, so that the maximum heterodyne frequency which can be generated
would, in principle, be limited by the photodetector frequency response. However, the
technical limitations in implementing a stable practical heterodyne systems are due to the
same factors which make such systems potentially very attractive: the easy variation of
laser characteristics with temperature, drive current and optical feedback. Because of the
very high sensitivity of the output laser frequency to variations in temperature ( = 30
GHz/K) and drive current (= 1 GHz/mA), very accurate control of the laser temperature
and drive current is necessary. Generally a phase-lock loop (PLL) would be used where
the heterodyne signal is compared with a microwave reference signal to control the laser
frequency by feedback. This task is further complicated by the necessity of controlling

two sources, one with reference to the other. In addition, recent calculations22 have
indicated that for stable operation where the PLL would not lose lock, the PLL bandwidth
must be significantly greater than the laser linewidth. In practice such performance is very
difficult to achieve. For a commercially available semiconductor lasers (with linewidths of
10 - 20 MHz) at 830 nm, the loop delay time, both electrical and optical, would have to be

much less than 1 ns, requiring very stringent and compact loop design.

Indeed, although the principle of optical heterodyning has been demonstrated16:23, a stable,
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long-term, high frequency, all-semiconductor laser system has yet to be reported.

2. Brillouin laser for mi ve signal distribution and generation

As we saw from the preceding discussion, the existing optical signal generation and
distribution techniques are still at the research stage with a number of outlined technological
problems which have yet to be solved. It is therefore believed that the Brillouin laser as a
means of microwave signal generation and distribution can offer an interesting and
promising alternative to the above techniques. This section is therefore devoted to a

discussion of the feasibility of this method.

As was shown in the first part of this chapter that Brillouin lasing is fully compatible with
semiconductor laser technology. As will be described in Chapter 8, Brillouin enhanced
four wave mixing can be used to generate several Stokes and anti-Stokes orders which can
be combined on a square law photodetector to result in very high frequency beat signals.
However, even considering the first order Stokes laser it is clear that combining the pump
and the Stokes waves on a square law photodetector, as illustrated schematically in figure
6.28, will result in an automatically intensity modulated beat signal at a frequency given by
the Stokes shift, which at 830 nm is approximately 21 GHz, and varies as A"} (as described
in Chapter 2).

Brillouin laser

B 1
Laser B 3 dB coupler

Backscattered Transmitted
Stokes power + pump power

PD

Figure 6.28. Schematic diagram of microwave frequency generation using
an all-fibre Brillouin laser. [Not shown is an optical isolator which is
necessary in all optical fibre systems to prevent undesirable feedback into

the laser cavity].
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In fact, the Brillouin shift in this technique will then determine the absolute working
frequency. An important system consideration, particularly for military radar applications
is the frequency range over which this frequency can be tuned. In this case (from eqn 2.8)
fg = 2nv,/A, so that the tunability range can be expressed as Afg/fg where Afg =
2nv,AL/A2. Assuming that the pump wavelength can be tuned by say 10 nm, the tunability
in this case is limited to approximately 1 - 2% about fg. Although this tunability range is
somewhat limited, this feature of this particular technique will also guarantee outstanding
stability of the microwave signal as a drift in the laser frequency of even as much as 100
GHz (corresponding to several K and mA in drive current) would correspond to
microwave signal stability of better than 0.01%. Thus the need for complex stabilisation
electronics would be eliminated, as well as the necessity for an external microwave signal
generator, as in the cases of the PLL for the heterodyne system, as well as both types of
intensity modulated systems. The frequency of operation in the case of the Brillouin laser
could also be varied by the appropriate choice of pump wavelength (830 nm - 1500 nm).

Another crucial factor in systems consideration is the electrical output power which can be
detected, as it determines the efficiency of the system, but even more importantly, the
signal-to-noise ratio (SNR). SNR in turn determines the number of array elements, N

which can be controlled using the optical system.

We can calculate the electrical power which could be detected for the resonator at 830 nm as
described in the first part of this chapter. For operation of the Brillouin laser at resonant
coupling, the peak conversion efficiency which could be achieved is 25%. From figures
6.6 and 6.7, this would be at a pump power of 2 mW. The detected electrical power is

proportional to m? which we can calculate [by squaring eqn (6.18)] from the expression

L/

2_ in’ ”S,out

a 1]2
[( m/IS.out) + ] (6.19)

to be 0.16 (or m = 0.4). Then the peak photocurrent can be expressed as mR (P Where

m

Py is the output optical power given by (P, +Pg ) and R is the detector responsivity.

Then the rms electrical power which is dissipated in a load R, is:
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P = LmRPOPYR

out [4)

ol

(where a factor of 1/2 arises because we are calculating the rms value of electrical power)
and where

Poutlopt =24 mW

Ry = 50Q

m =04

R =0.4 A/W [GEC high frequency GaAs photodiode]

which gives the value for the rms electrical power as:

elec

P = 3. 7uWor -24.3dBm

out

we can now work out the output SNR for a network of N elements which is given
byl7:

elec

SNR = Pout
out —

opt, 2 opt 2
2B[NL MP )Y +2Nn Pm“ + 4N kTeﬂ/R]

out’

(6.20)

where B is the bandwidth and Nj is the ratio of detected laser intensity noise and detected
optical power per unit bandwidth (for commercially available lasers N} = - 130 dB/Hz),
T is the effective noise temperature for the photodiode and amplifier (= 580 K), and k is
Boltzmann's constant. It is clear from equation (6.20) that the three terms in the
denominator represent the main sources of noise, which are, respectively: laser intensity
noise, shot noise in the photodetector, and Johnson noise for detector and amplifier, and
their relative magnitudes depend on the number of array elements, N which can be fed by
the electrical power available from the network. As the number of elements is increased,
detector and amplifier thermal noise will dominate, and become the limiting factor in the
SNR. Using a conservative estimate of the SNR required at each array element as 100 dB
(1 Hz bandwidth), we can calculate the number of elements as N as approximately 100.
This figure compares very well with that calculated in reference [17] for N = 90 for the
intensity modulated laser where the output optical power was analogously calculated by
considering the system losses (coupling and splitting losses) which are approximately 70 -
80% and a modulation index of no greater than 0.7 to avoid excess RIN and mode-hopping
at the output.
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In the case of the Brillouin laser, the spectral linewidth of the heterodyne signal will be
limited by the pump linewidth, since as was described earlier, the Stokes signal will always
be linewidth narrowed above the lasing threshold. The lasing power and hence the
heterodyne output power is also dependent on the pump linewidth, and the number of
elements which can be fed can be increased by using a linewidth narrowed external cavity
semiconductor laser?#-25, The main advantage of the Brillouin laser method over the
conventional two-laser heterodyne method is the generation of the second signal within the
fibre, and thus the elimination of the need for the second laser and PLL. As already
mentioned, this removes the necessity for complex stabilisation circuitry, and significantly
improves the stability of the output microwave signal - possibly removing the need for an
external microwave signal generator, required in both the intensity modulated and
heterodyne systems. Additionally, in the heterodyne system polarisation controllers must
be provided to ensure that both signals are polarisation matched - a condition which is
automatically fulfilled in the case of the Brillouin laser. The advantage over the external
modulator solution is in the fact that the Brillouin laser operation power is not limited by

modulator characteristics.

6.5. Summary and conclusions

In this chapter we have considered theoretically and experimentally the operation of all-fibre
Brillouin ring lasers. In the first part of this chapter the analytical theory which describes
the steady-state operation of the Brillouin laser was derived, in terms of the resonator
parameters. This theory enables the design of resonator cavities for optimisation of device
operation in given applications. Detailed experimental investigation of Brillouin laser
operation was carried out, with particular emphasis on the semiconductor laser pumping.
Experiments on Brillouin lasing in resonators fabricated from ordinary and polarisation
maintaining fibre, using a He-Ne laser at 633 nm and the first operation of the
semiconductor laser pumped all-fibre Brillouin laser at 830 nm, with a submilliwatt
threshold were described. The experiments confirmed the reduction in the Brillouin
threshold in polarisation maintaining fibres by a factor of 2 as compared to ordinary fibres.
Very good agreement between the experiments and the developed theory was observed in
all cases. The Stokes wave was polarised, and exhibited linewidth narrowing, measured as

approximately a factor of 3. It is expected, however, that the Stokes output spectral width,
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as in gas or solid-state laser systems, is limited in principle by phase noise, and in practice
by fluctuations in the resonator linewidth due to drift in the cavity length. Hence, proper

stabilisation of the resonator would result in a stable, narrow-linewidth output signal.

No temporal variation in the laser output were observed, and the reason for this was
thought to be because the cavity length was too short, and hence the laser operation is
believed to be single mode and cw. The measurement of the Brillouin gain coefficient was
carried out in 1 km length of York polarisation maintaining (HI-BI) fibre and gg measured
for the slow axis of the York fibre was found to be approximately equal to that of pure
fused silica, as calculated in section 3.5. It is thought that the value for gg for fast axis
would differ very little from this, primarily through the effect of slightly different refractive
indices for the two axes. However, an investigation of the frequency spectrum of gg, as
well as possible acoustic guidance phenomena (as discussed in section 3.5) would be

valuable for conclusive material evaluation of the fibre.

The obvious applications of this work lie in the area of narrow linewidth all-fibre lasers and
local oscillator applications for coherent optical fibre systems. However, it is also believed
that the Brillouin laser can provide a very promising alternative to the existing optical
techniques for rfxicrowave signal generation and distribution in phased arrays. Although
the tunability range of this device is limited, the stability of the output frequency and the
efficiency in this technique, as well as the pump wavelength and power flexibility, compare
very favourably with both intensity modulated and heterodyne systems. It was shown on
the basis of the results of the Brillouin laser operation described in this chapter that optical
signal generation and distribution to an array of approximately 100 elements using a single
commercially available AlGaAs laser at 830 nm, is feasible, at a frequency of
approximately 21 GHz. However, effective isolation between the semiconductor laser and
the resonator, and proper resonator stabilisation are expected to be necessary for application
in practical systems to significantly reduce the intensity noise evident in the Brillouin laser
output. A detailed study of Brillouin laser noise properties would be necessary for

conclusive remarks to be made.
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Chapter 7

TRANSIENT AND STEADY STATE CHARACTERISTICS OF A
BRILLOUIN AMPLIFIER BASED ON AN OPTICAL FIBRE RING
RESONATOR (OFRR)

" So far we have considered the steady state response, operation and applications of the all-
fibre Brillouin ring laser. In the last chapter we have described the demonstration of low
threshold Brillouin lasing using a commercially available AlGaAs laser at 830 nm, making
this device compatible with current coherent fibre systems. In this chapter we consider

another application of the generation of Brillouin scattering in an OFRR - for amplification.

With rapid development of the coherent fibre communications systems, there has been a
considerable interest in optical amplification!. Substantial theoretical and experimental
research efforts have been invested in the investigation of semiconductor ampﬁﬁers24, and
more recently modified vapour-phase techniques for fibre fabrication have led to the
realisation of the rare earth doped fibre amplifiers>’. Due to inherent index and mode-
matching, the all-fibre geometry offers the advantage of low insertion loss and direct
splicing into an all-fibre system. The uses of gain in the nonlinear Raman8-11, and as we
have already seen in Chapter 3, Brillouin scattering processes for amplification have also

received much attention in recent years.

All-fibre amplifiers based on scattering processes are attractive because they require a
minimum of additional components, essentially only a pump source. The principle of
operation of scattering amplifiers is to amplify an external signal, by coupling into the fibre
a certain amount of the pump power (below lasing threshold) which provides a distributed
gain at the signal wavelength. Considerable amount of work has been directed towards the
investigation of Raman gain and noise characteristics both theoretically and experimentally
in fibre transmission systemss'“, as well as in low-loss, all-fibre recirculating delay
lines!2. We shall be discussing the differences and trade-offs between different optical
amplifiers towards the end of this chapter, but it can be briefly mentioned here that fibre
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Raman amplifiers have a very broad bandwidth (approximately 12 THz), but require
substantial amounts of pump power. Moreover, when using Raman amplifiers in long-
haul coherent systems, various schemes for suppression of stimulated Brillouin scattering
(SBS) which causes pump depletion, have to be employed10. And yet, in Chapter 4 (and
reference [13]) it was shown that SBS threshold dramatically decreases in the presence of
linear gain (which serves to cancel linear fibre loss) - provided by the Raman process in

this case.

By operating the Brillouin laser below threshold, a signal at the Stokes frequency can be
amplified. However, the amplification applications require knowledge of the transient
characteristics of this device to enable evaluation of amplifier response time and speed. In
this chapter we present the calculations for Brillouin amplifier parameters of a device
configuration based on an all-fibre ring resonator. Initially we present the analysis and
results of a theoretical model which describes the transient operation of an all-fibre
Brillouin ring laser in section 7.1. The model which accounts for pump depletion,
describes the build up of the amplified spontaneous scattering (ASS) and calculated the
lasing thresholds as a function of the number of circulations and cavity parameters. Then,
the theoretical evaluation of the Brillouin amplifier is presented in section 7.2, with the
signal gain, signal-to-noise ratio (SNR), time response of the device, and the limits on the
gain and the output signal power due to saturation are calculated in terms of the cavity
parameters. It is shown that the transient Stokes intensity in the ring can significantly
exceed the steady-state value and that there is a good agreement between the model and
experimentally obtained lasing thresholds and steady-state values. The different methods

available for optical amplification are compared in Section 7.3.

7.1. Transient operation of the Brillouin laser

1.1 Theoreti

The schematic diagram of the device which can operate as a Brillouin laser (above the
Brillouin lasing threshold) or as a Brillouin amplifier (below Brillouin lasing threshold)
based on the all-fibre ring resonator is shown in figure 7.1. Initially we consider the
operation of the Brillouin laser, in the absence of an external Stokes signal, S;;;. The pump

field E;,, circulates in the resonator to amplify the counterpropagating spontaneous Stokes
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noise. To describe the coherent build-up of SBS we start off with the coupled equations
for the slowly varying complex amplitudes of the pump and Stokes waves: pump and
Stokes rate equations [(2.24)]:

dEm +1
gz =- % [y+ gBIE?IZ]E:Hl
(7.1)
dE;‘H 1 +12 _m+1
==[y-gg|E, IlEg
z 2 d (7.2)

where E, and Eg are the pump and Stokes field amplitudes, and gg is the peak Brillouin

gain coefficient in m/W, as before.

The pump light propagates in the +z direction: from z = 0 to z = L in the loop. The Stokes
light travels in the opposite direction (from z =L to z =0). The index m (where m =1, 2,
3...) refers to the number of pump and Stokes circulations the number of circulation around
the loop, that is the integer number of transit periods, where T = nL/c, where L is the loop
length, n is the refractive index, and c is the speed of light in a vacuum. The propagation
of the field once around the loop is considered as 1 circulation, where we assume that the
time taken for the light to propagate the length of the directional coupler is insignificant
compared to the length of the loop. Thus the build up of the pump and Stokes fields as a
function of the number of circulations effectively gives us the transient response of the

device.

In eqns (7.1) and (7.2), Y= 2(o, + jB) where (20.,) is the intensity attenuation coefficient
and P is the propagation coefficient of the pump and Stokes fields. We assume that both
pump and Stokes waves are resonant (as given by the resonance condition of eqn (5.7)).
That is, providing the pump wave is at resonance, Brillouin lasing will occur when the
Stokes wave is resonant (ie whenever a resonant mode falls within the Brillouin gain curve,
as discussed in the last chapter). [This assumption can be justified if we consider that the
FSR of a 10 m resonator (=20 MHz) is some three orders of magnitude smaller than the
Brillouin shift (=20 GHz at 830 nm), ensuring a resonant Stokes mode]. In this case, the
round-trip phase delay BL/2 will be equal to 2x for both pump and Stokes waves. We
shall return to this point later in this section.
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Because the pump and the Stokes waves propagate in opposite directions, the boundary
conditions for them have to be applied on the opposite boundaries. As we have already
discussed, this means that the equations (7.1) and (7.2) have no analytical solutions, and
generally the numerical calculations are carried out using the assumption that pump
depletion is negligible. However, as was already seen in Chapters 4 and 6, pump depletion
is an important factor in the calculation of the lasing threshold and conversion efficiency of
Brillouin lasers, and in the evaluation of SNR and gain of Brillouin amplifiers. In addition,
the fact that we are considering the coherent addition of fields inside the resonator further
complicates the solutions, necessitating numerical analysis of considerable
complexityl413, while the results for amplification for this configuration have not been

previously calculated.

We adopt the same approach as for the analytic solutions of the Brillouin laser, derived in
the previous chapter, by using the small gain per loop transit approximation. Although this
approximation is valid for the cases considered in this work, in general, as shown in the
previous chapter, its range of validity has to be carefully evaluated. In cases of longer
resonator loop lengths, and lower finesses, where the accuracy of the small gain per loop
approximation is considered insufficient, the numerical method of calculating the pump and
Stokes intensity per loop of length L can be adopted. Considered in detail in Chapter 4,
this method has been shown to yield excellent accuracy and stability, and can be applied to
the following analysis as a relatively straightforward extension. However, for simplicity

we limit the analysis below to the small gain per loop approximation.

In this case we can directly integrate equations (7.1) and (7.2) wrt z from O to L.
We obtain, for the pump:

E, ™1 (L) =E,;™"! (0) exp- { %[74- g5 [Es™ (O)L)
(1.3)

The factor gg/E™M (0)I2L in the exponential now accounts for the pump depletion.

Similarly, for the Stokes wave, integration of (7.2) yields:
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Es miL)=Es™ Oep (51-2E " OFL)
7.4)

To simplify the mathematics, in this case, we have implicitly accounted for the coupler

radiation loss by including it as a lumped loss in the expression for the coupling coefficient.

TUNABLE DIRECTIONAL COUPLER

INPUT PUMP FIELD
INPUT STOKES SIGNAL, S,

i ——

OUTPUT STOKES FIELD

CIRCULATING /
STOKES WAVE

CIRCULATING

\, PUMP WAVE

LOOP LENGTH, L

Figure 7.1. Propagation of the pump and Stokes fields in an all-fibre ring
resonator; field transmission coefficients: T3 = T,4 = (1 - k2)1/2

Tiq = Ty3 = jk

From figure 7.1, it can be seen that the boundary conditions are, for the pump wave:

By (0) = KEJ@) + (1 - ) E,

P (7.5)
k is the field coupling coefficient, as shown in figure 7.1.
Rearranging eqn (5), we obtain:
{(E ™1 (0) - Ey)
m —__P 0
E @) — %
(7.6)
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where Eg = (1 - k2)12E;;, and k includes the coupler radiation loss - Yy, with (1 - Y,)
being transmitted through the coupler, as before.

The inclusion of all the losses is important to make the calculations practical, and applicable
in experimental situations. This is necessary, because as discussed previously, the cavity
finesse or quality factor is determined by the losses in the ring. In the passive resonator
(that is in the absence of SBS) the losses consist of the coupler loss (2y,), and fibre loss
(20,). It was shown in Chapter 5, which described the resonator theory, that for
resonance the coupling coefficient, k2 should be equal to {(1 - 2y,)expl - 20411}, as
derived in eqn (5.8). The resonator finesse, which determines the sharpness of the
resonant dip, and is given by the ratio of free spectral range, ¢/nL and the FWHM width of
the resonator dip, Af, is proportional to k/(1 - k2). Analogously to the Fabry-Perot cavity -
the finesse determines the enhancement of the circulating field over the input field. In
addition, the important parameter - the cavity decay time or damping coefficient is also

determined by the losses, and hence by the cavity finesse.

Now, in the absence of an external signal at the Stokes frequency, the boundary condition

for the Stokes noise present in the ring is given by:

Ezm+l ==‘kffn 0
s (L)=jkEg(0) )

Next, substituting (7.6) into (7.3) and simplifying, we obtain:

E™(0) - B L) =B O)exp - ~(v+ ga E™ O)PIL - —] +5
(7.8)

Equation (7.8) effectively gives us the incremental change of the pump field Ep, with each
circulation or dEp(L)/dm.

In a similar manner, we want an expression for the Stokes wave, ES“‘*I(O), and

combining (7.7) and (7.4) we get:
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m+l

+ m 1 + 1
Eg " (0)- Eg(0) = Eq ™ W) {exp (v~ gp [y~ O))L - % .

Equations (7.9) and (7.10) give the variation of the pump and Stokes waves in terms of
Epm+1 (0) and Esm"'l (L), respectively. We do, however, require to obtain the change in
the pump and Stokes fields per circulation as a function of their values from the previous
circulation, to enable as to calculate the change in the pump and Stokes field amplitudes
per circulation, so as to give their effective temporal variations. So we make use of
equations (7.6) and (7.7) again.

Substituting (7.6) into (7.8), we obtain for the pump wave:

+ . om 1 1. E
By () - E)L) = (KEJ(L) + o) fexp - 0 + g EGOIL - ] - 2
(7.10)

Equation (7.10) can be re-arranged to give the 'new' value of the pump field circulating in

the loop on the (m+1)th circulation in terms of the previous m-th value:

E’:*‘(L) = jkE‘;‘(L){exp - %[y + g |E‘S“(0)|2]L} +Eexp - %[y+ gIE'S“(O)Iz]L
(7.11)
Now, similarly for the Stokes wave; Using (7.7) and (7.9) we get:
E™0) =jkE™(0 1 E™ )L}
S = JjkEg (0){exp -{Y-gpE; ( 012

Equations (7.11) and (7.12) completely describe the evolution of the fields of the pump and
spontaneous Stokes noise per circulation (pass) around the ring: in terms of the resonator
and fibre parameters. Because each of the above expressions represents the change of the
pump and Stokes field amplitudes over one loop transit, then if we now iteratively solve

the above coupled equations, we will obtain the transient build up of the pump and Stokes
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fields as a function of the integer number of circulations in the ring. It can also be noted

from (7.9) and (7.10) that the difference Eg™*! (0) - Eq™ (0) grows with each circulation

as the Stokes field is amplified on each circulation. And consistently, Epm+1 @L)- Epm @)

decreases with each circulation - due to depletion by the counterpropagating Stokes.

The following points confirm the validity of the model. It can be verified that in the
absence of any Stokes components, equation (7.11) reduces to the transient resonator
response for the passive case, as derived in Appendix G. Setting both equations (7.11)
and (7.12) to zero, that is Epm+1 (L) =Ep"(L) and Eq™*1(0) = Eq™ (0), yields the steady-
state SBS equations which describe the all-fibre Brillouin ring laser, as derived in the

previous chapter.
Equations (7.11) and (7.12) were solved numerically with the following initial conditions.

For the pump wave,

Ep" (L, - | =Eoexplv2] (7.13)

The initial Stokes field in the absence of an external Stokes signal is due to the spontaneous
Stokes emission, as in the straight fibre case. For a single mode fibre, the effective input
Stokes intensity is given by eqn (3.2): where we again use the approximation that the
summation of amplified spontaneous Brillouin scattering weighted by the relative gain over

the length L is approximately equal to the fictitious injection of 1 Stokes photon per mode.

As stated earlier, we assume that the build up of Stokes noise starts after the pump wave
has traversed the ring once, although final results are not very sensitively dependent on the
exact initial value of the Stokes field amplitude, a behaviour which is not dissimilar to the

straight fibre case, considered in Chapter 3.

The Stokes noise Esm"'l(O)|m — 1 can be evaluated over the length of the ring L from eqn
(3.2). Using practical values for loop lengths between 1 and 15 metres and for a ranges of

input pump powers of 1 - 5 mW, the input Stokes power intensity at room temperature

-195-



ARApCr /
Transient and steady-state characteristics of a Brillouin amplifier based on an OFRR

approximately equals =10 *9 times the input pump intensity, |[Ej2. The other parameters

used in the calculations are listed in Table 7.1.

In solving equations (7.11) and (7.12) we have assumed, for simplicity, that the pump and
Stokes waves are resonant, and therefore, the roundtrip phase delay BL/2 is 2x. This
assumption is justified on two counts. Firstly, the coupler is not very strongly frequency
dependent, and in addition, the frequency difference in the pump and Stokes waves is
negligible in terms of the optical frequency. Therefore, the difference in the roundtrip
phase delay for both the pump and Stokes waves is correspondingly negligible to allow us
to consider it to be the same for both. The second justification is concerned with the fact
that Brillouin lasing will occur when the lasing threshold is exceeded, a situation, which is
clearly optimised at resonance. Therefore, any frequency detuning of the pump from

resonance, will simply result in a significantly reduced Brillouin gain.

Brillouin gain coefficient, g g 4.6x 10°11 m/w

Brillouin shift, Afg 27 GHz at 633 nm
20.5 GHz at 830 nm

Brillouin gain bandwidth, Avg ~ 90 MHz at 633 nm
= 50 MHz at 830 nm

Typical fibre parameters (York fibre):

Fibre loss, 20, 10 dB/km at 633 nm
4.0 dB/km at 830 nm

Fibre core refractive index, n 1.462

Effective core area, A ¢ 1.6 x 10-11 m2

(slow axis, Hi-Bi fibre)

Coupler loss 2% (0.03 dB)

Table 7.1. Coupler and fibre parameters used in the calculations.
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In addition, it is interesting to note that since the phase change experienced by the pump
and Stokes waves in traversing the directional coupler (jk) is 7t/2, and as we are solving the
equations for the pump and Stokes waves at opposite boundaries, the phases of the pump
and Stokes waves are in quadrature. That is, the phases of Esm+l(0) = Esm(()) and
E,"*!(L) = E,™(U) differ by /2.

It should also be noted that the additional loss due to the recirculating Stokes wave which
serves to deplete the pump - does not affect the resonant phase delay (or - 'detune’ the
cavity) - only the optimum coupling coefficient, which no longer will allow zero output

power. This last point is consistent with the steady state analysis carried out previously.

Transien isti he Brillouin laser - r nd di i

The results of above calculations giving the evolution of the circulating Stokes field with
the number of circulations as a function of loop length, L, for different values of the pump
intensity ranging from 1.0 x 106 W/m? to 25.0 x 106 W/m?2 (corresponding from Table
7.1, to pump powers from 70 uW to 0.4 mW) are presented in figures 7.2 (i) - (iv).

As mentioned above, the build up of the Stokes noise represents the amplified spontaneous
emission and it can be seen that initially (fig. 7.2(i)) the Stokes noise level is small, and the
fibre loss exceeds the Brillouin gain. However, for higher input pump intensity, the
circulating Stokes wave starts to build up and deplete the pump wave - as the threshold for
stimulated scattering is reached, and Brillouin lasing starts. it should be noted that in this
context the threshold is defined as that pump power (or intensity) at which the roundtrip

Brillouin gain just exceeds the roundtrip system (fibre and coupling) losses.

From figs 7.2(iii) and 7.2(iv) it can be seen that the transient Stokes intensity significantly
exceeds the steady-state value. The corresponding curves for the circulating pump intensity

are shown in figure 7.3, plotted for a loop length L =2 m. Figures 7.3 (a) and (b)
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correspond to the pump intensity being below threshold, and hence undepleted - and are
analogous to the transient response of the circulating intensity for the passive resonator

case, described in Appendix G). It can be seen that the transient peak in the Stokes

intensity (curves (a) in figs. 7.2(iv) and 7.2(v)) exactly corresponds to a minimum in the
pump intensity (7.3(c) and 7.3(d)). This, in fact, represents the depletion of the pump by
the counterpropagating Stokes wave and is a characteristic feature of the stimulated
scattering processes operating in a high conversion efficiency regime. Figure 7.4 illustrates
this in showing the variation in the resonator finesse for different values of the input
intensity corresponding to figure 7.3. It can be seen that, initially, below the Brillouin
threshold (figs. 7.4(a), (b)), the finesse remains unchanged. However, the cavity is
detuned for higher pump intensity representing the depletion of the pump by the growing
counter-propagating Stokes wave (figs. 7.4(c) and (d)).

The effect of a longer loop length is to reduce the Brillouin threshold, since longer loop
length results in a higher loop gain gBlEpm(O)lzL. However, longer loop length also has
the effect of reducing cavity finesse as a result of a higher fibre loss, and consequently
results in a lower level in the Stokes intensity circulating in the ring, at steady-state (Figs
7.2(iv) and (v)). Again this behaviour is consistent with the steady state analysis carried

out in the previous chapter.
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Figure 7.2. Evolution of Stokes circulating intensity, |[Eg(0)|2 vs number
of loop circulations, m, as function of loop length L for different pump
intensities {E;p)2: (i) 1.0 x 106 W/m2 ( Py = 18 uW or -17.5 dBm);

(ii) 4.0 x 106 W/m2 (Py = 72 uW ; - 11.5 dBm);

(iii) 9.0 x 106 W/m? (Pg = 0.16 mW; - 8.0 dBm);

(iv) 25.0 x 105 W/m? (Py = 0.45 mW; - 3.5 dBm)
(@L=2m;(b)L=Smjand (c)L=10m
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Figure 7.2, Evolution of Stokes circulating intensity, |Eg(0)|2 vs number
of loop circulations, m, as function of loop length L for different pump
intensities |E;,12: (i) 1.0 x 106 W/m2 ( Py = 18 uW or -17.5 dBm);

(i) 4.0 x 106 W/m2 (Pp = 72 pyW ; - 11.5 dBm);

(iii) 9.0 x 106 W/m? (Py = 0.16 mW; - 8.0 dBm);

(iv) 25.0 x 106 W/m? (P, = 0.45 mW; - 3.5 dBm)
@L=2m;Mb)L=5Sm;and (¢c)L=10m
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Figure 7.2. Evolution of Stokes circulating intensity, [Eg(0)|2 vs number
of loop circulations, m, as function of loop length L for different pump
intensities [E;;[2: (i) 1.0 x 106 W/m2 ( Py = 18 uW or -17.5 dBm);
(i) 4.0 x 106 W/m2 (Pg = 72 uW ; - 115 dBm);
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" (iv) 25.0 x 105 W/m? (Py = 0.45 mW; - 3.5 dBm)
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Figure 7.2 (iv)

Figure 7.2. Evolution of Stokes circulating intensity, |[Eg(0)|? vs number
of loop circulations, m, as function of loop lehgth L for different pump
intensities |E;p|2: (i) 1.0 x 106 W/m2 ( Py = 18 pW or -17.5 dBm);

(ii) 4.0 x 106 W/m? (Py = 72 uW ; - 11.5 dBm);

(iii) 9.0 x 106 W/m? (Py = 0.16 mW; - 8.0 dBm);

(iv) 25.0 x 106 W/m2 (P, = 0.45 mW; - 3.5 dBm)
@QL=2m;MbB)L=Sm;and (¢c) L=10 m
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Figure 7.3. Pump circulating intensity, |Ep(L)|2 vs number of
circulations as function of the input pump intensity |[E;,|2: Curves (a) -
(d) correspond to 7.3 (i) - (iv) above; L = 2 m.
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The additional effect of higher cavity losses caused by a longer loop length is in,
effectively, increasing the damping coefficient in the resonant system. This decreases the
response time of the device, that is the time delay taken for the circulating pump and Stokes
intensities to reach their steady-state values. For example, at the pump intensity of 25.0 x
106 W/m2, the time delay for a 5 m loop length corresponds to approximately 200
circulations (i.e. 200 times the loop transit time T = nL/c or = 5 us) compared with
approximately 400 circulations for a 1 m loop. Indeed, these time delays govern the time

response of this device, and as can be seen limit the operating speeds of practical devices.

In all the above calculations, for simplicity, the coupling coefficient k was taken to be at its
optimum value for a resonant operation, in the absence of SBS; that is k was set equal to
the roundtrip loop loss comprising of the fibre and coupler losses. Detuning the cavity (by
setting the coupling coefficient to a non-resonant value) simply leads to a higher Brillouin
threshold, for a particular value of the input pump intensity, as discussed in the previous

chapter, and in the description of the OFRR in Chapter 5.

It is interesting to note that the above solutions are very similar to those calculated in
references [14] and [15] giving the temporal behaviour of SBS in optical fibres and fibre
lasers, using considerably more complex analysis and numerical calculations. The
difference lies in the fact that in since both [14] and [15] calculated the variation of the
pump and Stokes intensities explicitly with time, their solutions exhibit the characteristic
relaxation oscillations of stimulated Brillouin scattering. The period of these oscillations is
equal to the mode spacing of the SBS laser cavity or the loop transit time T, and are due to
the periodic depletion of the pump in the Brillouin medium. Described earlier (Chapters 2,
3 and 6), this gain modulation causes locking of the modes. Because in our analysis the
variation of the pump and Stokes intensities is given in terms of an integer number of loop

circulations, no oscillatory behaviour can be expected.
However, it must be pointed out that the calculations in [14] and [15] were carried out for

fibre loop lengths sufficiently long (greater than 50 m) so that a number of Brillouin laser
modes within the Brillouin gain bandwidth could be supported. In our case, the analysis
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Figure 7.4. Variation of the resonator finesse with the number of

circulations as a function of input pump intensity: (a) - (d) as in fig. 7.3.
deals with all-fibre resonators of loop lengths less than 10 m corresponding to a mode

spacing of ¢/nL of greater than 40 MHz. Since this is approximately equal to the Brillouin

gain bandwidth at 633 nm and 830 nm, the situation in our case concerns a single mode cw
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Figure 7.5. Comparison of theoretical and experimental results for
Brillouin lasing threshold at pump wavelengths of 633 nm and 830 nm.

operation of the Brillouin laser. Indeed, this is in agreement with the experimental results
described in the previous chapter, where the passive modelocking was not observed,
andfollowing earlier discussion, it seems that no useful additional information can be
gained by increasing the complexity of the analysis to incorporate the explicit time

dependence.

As a further test of the validity of the model, the steady-state values from our transient
model were compared with all recent published experimental results, both obtained in this
work and described in the previous chapter, and those published by other workers16-19,
[No comparison of the transient characteristics could be made as no transient experimental
data on Brillouin lasing was available]. In figure 7.5 we show the experimental data
obtained for Brillouin lasing thresholds for resonators of different loop lengths plotted
together with theoretically predicted curve using the above model. We have plotted these
curves in terms of powers to relate the theory to experimental values. It can easily be
verified that the variation of the output steady-state power with input pump power for
different loop lengths is also in agreement with the experimental values described in the
previous chapter. The solid lines represent the theoretical curves, and the points -
experimentally obtained data. It can be seen that there is a very good fit between the theory
and the experimentally measured values. The predicted reduction in threshold with

increased loop length is evident. The reduction in resonator finesse with an increase in the
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circulating Stokes intensity which was discussed in the previous chapter is again in
excellent agreement with the results from the model developed here and with the steady

state analysis.

2. Transient an - h istics of the Brillouin amplifi

It is now possible to consider the characteristics of the Brillouin amplifier based on the
OFRR. When operated below threshold - the Brillouin laser can act as an amplifier. In this
case, analogously to the Raman amplifier, a small signal at the Stokes frequency is input at
the (pump) output end of the resonator, as shown in figure 7.1. We make the assumption
that this input signal has the correct phase to be resonant and that the amplified Stokes noise
present in the ring is also resonant. (In practice it was found out that the phase of the input
Stokes signal has no effect on the results of the numerical calculations). In this case, the
circulating Stokes noise and signal amplitudes can be simply added, so in exactly the same

way as above we arrive at the Brillouin amplifier equations:

Es™"(0)-Es™(0) = KET (0){exp-—w gy E'“*‘(O)FL]--J

+Sgexp - —[7 gg | E'"+1(O)I2L
(7.16)

where Eg™(0) is now the total Stokes field which is the sum of the spontaneous Brillouin
noise ( calculated as above) and the external Brillouin signal - evaluated at z=01in the
loop; Sg = (1- k2)1/2S;,. In this case we are considering polarisation maintaining fibre,
and hence the Brillouin gain coefficient gg is equal to its peak value. However, care must
be taken when considering the amplification in resonators fabricated from ordinary
polarisation non-preserving fibre, where the twofold gain reduction, each by a factor of 2,
due to the depolarisation must be taken into account: both between the pump and the Stokes
wave, as well as between the distributed Brillouin gain and the external Stokes signal to be
amplified. This is exactly equivalent to the Brillouin amplification as discussed in Chapter
3 with respect to straight fibres.

The output Stokes field is found by combining the circulating Stokes with the 'straight
through' component of the input signal:
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. 1 m +1
S, =jkS, +(1-KHEs™ 1) -

The amplifier optical power gain G can now be defined as the ratio of 1Sy, 2/1S;, 12, for a
particular pump intensity. The amplifier noise at a particular pump power is found by
setting the input signal to zero - this gives the noise due to the amplified spontaneous
scattering (ASS) - and is in fact the same as the value calculated above for the Brillouin
laser biassed at a pump power below threshold power. From this the SNR of the Brillouin
amplifier can be evaluated as the ratio of the output Stokes signal and the amplified

spontaneous emission for a particular value of the pump intensity.

7.2.1. Results and Discussion

We have solved equations (7.11), (7.16), and (7.17) for a range of values of the input
Stokes signal and pump intensities. The results of these calculations are shown in figures
7.6-17.9. In fig 7.6, we have plotted the steady state gain G in dB's (10log;oG) as a
function of the input pump intensity for different values of input Stokes signal and loop
lengths. From figure 7.6 (i)-(iii) it can be seen that the gain is dependent on pump
intensity, and as would be expected in a power dependent process, the gain is most linear at
low input Stokes signal levels. It can also be noted that although the largest gain is
obtained at high pump intensity values, this is accompanied by rapid gain saturation (as can
be seen from 7.6 (a) - (¢)). Gain saturation also means that for a particular value of the
input pump intensity, the saturated gain is lower for an amplifier with a longer loop length
(figs. 7.6 (ii) and (iii)). In fact there is also a clear trade-off between the gain and the
linearity: although the higher input pump intensity increases the gain , the high gain
saturates rapidly as the Brillouin lasing threshold is approached. Indeed, the range of
signal intensities which can be amplified in this type of amplifier can be quite high by
decreasing the pump intensity used for higher signal intensities - to avoid pronounced gain
saturation. It should also be remembered that in these calculations the steady state values of
the gain in the loop have been used and the transient Brillouin gain is considerably higher

than the steady-state value.

SNR is plotted in figure 7.7 in the bandwidth equal to Begr. In fact it can be verified that
the output SNR is practically independent of the detection bandwidth higher than Begt’.
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This accounts for the fact that after a sufficiently large number of circulations, both the

Stokes signal and the noise spectra are narrower than the detection bandwidth. It can be
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seen that a very high SNR is predicted which increases with increasing input pump
intensity as the lasing threshold is approached. This is expected as the ASS decreases with
increasing Stokes input signal intensity owing to gain competition. Similarly, it should
also be noted that the SNR improves with increasing amplifier loop length where gain
saturation is more pronounced - analogously to the noise build-up in rare earth doped fibre
amplifiers33. In order to help relate these results to practical system parameters, we have
replotted the steady state gain G and SNR of figures 7.6 and 7.7, as a function of the input
pump power in dBm: -55 dBm to - 35 dBm, covering the range of powers of 3 nW to 0.3
KW in figures 7.8 and 7.9.
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Figure 7.8. Signal gain vs input Stokes signal power as function of input
pump power: (a) - 16.8 dBm; (b) - 15.2 dBm ; (¢) - 14.6 dBm; (d) - 13.6
dBm; (e) -12.7dBm. (i) L=2m; (ii) L =5 m.
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From these graphs, the power dependent gain characteristics are evident, as is the fact that

best linearity (albeit coupled with a lower gain) is obtained at lowest signal levels.
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Figure 7.9.
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SNR vs input Stokes signal power as function of input

pump power corresponding to fig. 7.8.

Conversely, it is thought that if gain variation as a function of signal power is
acceptable, and can be accomodated by calibration, this characterisitic need not represent
a shortcoming of this type of amplifier. The variation of the output Stokes signal is
plotted vs the number of circulations is plotted in figure 7.10 as a function of the input
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Stokes signal. As expected, the time response of the amplifier is considerably less for a
higher Stokes input level, which results in a more rapid saturation. As explained earlier,

the peak transient output Stokes intensity is again higher than its steady-state value.

mparison with other optical amplifi

As was indicated in the introductory section to this chapter, much research effort has been
invested into the field of optical amplification. The important device criteria which have to
be considered in assessing amplifier performance parameters are the pump power
requirement for sizeable signal gain (greater than 10 dB), noise characteristics, gain
bandwidth, required fibre length, sensitivity to polarisation, and operating signal
wavelength. A full comparison of these in the context of system requirements, and a
review of their advantages and limitations taking into account the current state of research
has not been carried out, but a number of qualitative comparative statements can be made

which identify in general sense the potential role for Brillouin amplifiers.

Although the optical semiconductor amplifier technology has matured significantly since the
realisation of the first GaAs laser diodes, with best reported facet reflectivities around 10~ 6
- 103, gain of approximately 30 dB, and saturation output powers of =5 - § dBmat 1.3 -
1.5 um3+4, the outlook for the future is not without problems. One of the major tasks
which has yet to be realised is the design and fabrication of an optical amplifier that is
polarisation independent, as even the best state-of-the-art amplifiers have several dBs gain
difference for the TE and TM polarised light, with both the facet reflectivity and internal
gain being polarisation dependent?!. Another potential problem is that of crosstalk in
amplifiers due to presence of several transmitted channels, particularly through gain
saturation and four-wave mixing. This can present considerable restraints on channel
spacing, and maximum output power from the amplifiers. An inherent disadvantage of this
type of amplifier is also in the fact that some 10 dB of gain are lost (= 5 dB insertion loss
per facet) on light coupling to and from the fibre - a figure which is unlikely to be reduced

in the near future21,

The two main single mode fibre amplifier types are nonlinear scattering amplifiers (Raman

and Brillouin) and doped fibre amplifiers (primarily erbium doped), all being polarisation
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insensitive. For SRS, gains in the range of 30 - 40 dB can be achieved with high power
cw or pulsed lasers, at pump powers above 1 W which are clearly not practical for
communication applications, although low gain for fibre loss compensation can be achieved
using a high power semiconductor laser22; this means that practical applications of SRS to
optical communications (if any) seem to be limited to signal boosting and distributed gain
for loss compensation in very-long-haul links, which is also amenable with soliton
propagation, and has been demonstrated for 4000 km link using 300 mW of optical

power24,

High gain (> 30 dB) and low noise have been demonstrated in high bandwidth (= 1 THz )
erbium doped fibre amplifiers, several metres long, at approximately 30 mW of pump
power with saturation powers of around 10 dBm. However to date best performance have
has been obtained using impractical argon and dye laser pump sources at wavelengths of
514 and 660 nm, while similar performance has yet to be demonstrated with more realistic
solid-state lasers6-2325, Potential pump-bands in the erbium absorption spectrum exist at
wavelengths 520 nm, 670 nm, 807 nm, and 980 nm, as well as the recently demonstrated
in-band pumping at 1.48 pm. Research indicates that a phenomenon of excited-state
absorption (ESA) which drains the pump power and limits the available gain affects the
most practical pump band at 807 nm where multi-stripe laser diodes are available, while the
other bands at 520, 670 and 980 nm are relatively clear of ESA. Very recently, the
operation erbium doped fibre fibre amplifier at 1.48 pm using high power laser diodes was
demonstrated by several authors, with best performance of 20 dB gain, at 30 mW pump
power and approximately 3 dBm saturation output power26. However, the noise
characteristics have not been analysed for this pump wavelength, and further work is

required to assess the practical feasibility of this solution23.

In contrast to both of the above, Brillouin amplifiers (the existing results on amplification in
long fibres were summarised in Chapter 3), have the advantage of the high gain capability
(up to 40 dB in ordinary fibre) at low pump powers (= 10 mW) and complete flexibility in
the choice of the pump wavelength, and thus are fully compatible with semiconductor laser
pumping. Indeed, the pump power levels required in the case of the Brillouin amplifier
based on the OFRR as calculated above, are the only ones which comply with the inherent
laser safety standards for Class 1 laser as specified by British Telecom and British Standard
(BS4803) (approximately - 2.7 dBm of optical power in the fibre at 1.3 pm). The

noncompliance with the laser safety standards could ostensibly be permitted in submarine
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systems, but in land-based systems it may preclude distributed (remote) amplifier pumping.

Because of the narrow bandwidth SBS gain, which limits the signal bit rate, which in the
case of the OFRR based device is also limited by the transient response, it is thought that
the most promising application for the SBS amplifier is in densely packed wavelength
division multiplexed (WDM) systems or coherent multi-channel systems (CMC) such as
the one illustrated in figure 7.11.

AMPLIFIER A
l A’l ’ A’z v A‘N ._l
1
NxN Ay
A 5 COUPLER
1 WAVELENGTH
| SELECTION
I
Ay
x’l ’ 3v2 ’ x'N

Figure 7.11. Schematic diagram of a coherent multi-channel (CMC) system

making use of a Brillouin amplifier.

Indeed, Tkach et al.27 have demonstrated system capability of a network operating with
channel spacing as small as 1.5 GHz (or approximately 3.5 picometers) with 1000
channels at 250 Mbits/s, using commercially available AlGaAs lasers. In comparison, even
the most optimistic researchers quote channel spacing of greater than 1 nm (greater than
150 GHz) for the conventionally multiplexed/ demultiplexed WDM systems using DFB
lasers at 1.3 -1.5 pm, consisting of typically 16 channels28. However the penalty paid in
the case of Brillouin amplification within WDM networks is the need for a pump laser per
channel. Alternatively, a better utilisation of the Brillouin amplifier would be in CMC
applications where N-channels are transmitted along a single fibre, and at the receiver end,
the amplifier can than be tuned (by tuning the pump frequency) to select one of the
channels, as shown in figure 7.11. In such a case, if the channels are closely spaced, and
the amplification covers the transmission bandwidth, a single pump source would be
sufficient?8. Another application of the Brillouin amplifier which exploits its inherent
narrow bandwidth is the selective amplification of the carrier component of the received

signal in self-homodyne coherent transmission. In applications where modest data rates
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would be acceptable, additional benefits could also be achieved by utilising OFRR based
Brillouin amplifiers, which could be fabricated from differently doped fibres to provide
different Brillouin shifts. [Following the same principle, if operated above threshold, such
OFRRs could be used to generate different Brillouin frequencies for applications as local

oscillators, using just one pump laser].

Overall, the comparison of different methods of optical amplification reveals that it is
unlikely that any method will provide a universal solution, applicable to all types of optical
fibre systems. The particular application of any of the amplifier types described will need
careful consideration of the system requirements. It has been shown that the OFRR based
Brillouin amplifier has the lowest pump power requirements, coupled with favourable
noise characteristics. It seems, therefore, that in some applications it may find a niche
amongst other fibre amplifiers. However, to be able to assess accurately the advantages
and limitations of Brillouin amplifiers, both in long fibres and OFRRs, it would be
necessary to carry out a systematic and comprehensive investigation to characterise these
device in terms of gain, saturation, and noise parameters: both theoretically (particularly in
the case of the former) and experimentally, taking into account gain variation due to

depolarisation finite pump linewidth, and modulation.

7.4. Summary and conclusions

In conclusion, a simple model which describes the transient operation of an all-fibre
Brillouin laser and amplifier has been developed. The model accounts for pump
depletion, and describes the build up of the amplified spontaneous Brillouin noise. The
model can be used to predict the Brillouin threshold intensity, cavity gain and saturation
- in terms of practical fibre resonator parameters, specifically cavity loop length and the
coupling coefficient. It was shown that the transient Stokes intensity in the ring can
significantly exceed the steady-state value, and that the steady-state solutions are in
agreement with existing steady-state model of the Brillouin laser. Moreover, the
theoretically predicted values are in good agreement with all experimentally obtained data

on Brillouin thresholds and steady-state values.

It was shown that by pumping the resonator below the Brillouin lasing threshold, it can

act as an effective amplifier of signals at the Stokes frequency. The amplifier
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calculations yielded a number of important results. Firstly, a high intensity gain is
predicted - for a range of very low pump intensities (less than 0.1 mW), and resonators
with short loop lengths. Although, the gain is intensity dependent due to the nature of
the Brillouin scattering effect, this need not be a shortcoming. By varying the pump
intensity to take account of gain saturation, a wide range of signal levels can be
amplified, including signals at extremely low power levels (as low as fractions of
nanowatts). The corresponding output signal-to-noise ratio is very high (greater than 55
dB), even for very small signals, and improves with increasing signal intensity and loop

length.

It was pointed out that there is a trade-off between the time delay of this device and the
cavity losses, and consequently, the Brillouin threshold intensity. This means that for
resonators with highest finesse - the time delay is longest, approximately 0.1 - 1 us for
a resonator with finesse of 200 and loop length 5 m. This relatively slow time response
effectively limits the uses of such an amplifier to applications as a low-frequency power
booster for amplification of low intensity signals - with very low pump powers, and in
closely spaced WDM or CMC systems. However, further analysis and experimental

investigation are necessary to evaluate the usefulness of these devices in this context.
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Chapter 8
FOUR WAVE MIXING PROCESSES IN BRILLOUIN LASERS

As briefly described in the chapter on the overview of work in optical fibres, Brillouin
lasers have attracted much interest for frequency generation. Generation of several
Stokes and anti-Stokes components by four wave mixing (FWM) process have been
shown in long (greater than 20 m) hybrid bulk/fibre cavities at pump powers of
hundreds of milliwatts1-3. Potentially, as in the case of the Brillouin laser discussed in
Chapter 6, this could be a very useful technique for optical generation of very high
frequencies by mixing Stokes and anti-Stokes optical frequency components on a
square-law photodetector, particularly if this could be shown at low pump powers. For
example, the Brillouin shift at the pump wavelength of 830 nm is 20 GHz. Thus,
heterodyning just the 2nd order Stokes and first order anti-Stokes components will result
in the generation of a spectrally narrow signal at 60 GHz, and higher at shorter pump

wavelengths because of the A1 dependence of the Brillouin shift.

In this chapter we describe the experiments carried out to observe the nondegenerate
FWM in a single mode OFRR. In this process, the signal at the anti-Stokes frequency
(disallowed in the normal SBS process because of phase matching restrictions) was
generated by mixing the pump and the first two Stokes Brillouin shifted frequencies, at
low pump powers. In the second half of this chapter we describe the process known as
Brillouin enhanced four wave mixing (BEFWM), observed for the first time in fibres in
this work. BEFWM has been shown to be tremendously promising as a phase
conjugation technique in which a very high reflectivity is achievable. The physics of the
process shall be discussed, and we shall show that BEFWM in fact represents an
extension of the type of FWM process described in Section 8.3.
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Th fthe n

In the nondegenerate FWM process*, frequency w, can be generated by mixing of

frequencies, @}, ©,, and ®;:
Wy =0 +0y — 0 8.1)

through the real part of the third order electronic susceptibility 3. Physically, the FWM
process can be explained as follows. When two intense light beams beams of @, and
5 propagate in an optical fibre, the fibre refractive index is modulated at the beat
frequency (w, - ;) and this periodic index variation (or a grating) in turn modulates a
third signal at ®;, so that W, = ®; + (W, — ®3). In degenerate FWM , = ®,, and ©,
=20, - 3. Conservation of momentum is necessary for most efficient frequency

generation, so that: k, =k, + k, - k3. In general, no power threshold is necessary for
observation of FWM.

Although in single mode fibres material dispersion prevents complete phasematching,
approximate phase matching can be attained over significant lengths of fibre for small
frequency shifts. The field intensity at the output frequency w, strongly depends on the
phase mismatch, AkL, expressed in terms of the coherence length, Lgp = m/Ak.
Efficient FWM at low pump powers requires long coherence lengths, and it can be
shown that#,

2
4nlc

L .=
2M(A®)2D\)

coh

8.2)
where Aw is the frequency difference between the components being mixed, A is the
wavelength, and D(A) = A2d2n/dA2 is the material dispersion function which equals
0.08 at 514.5 nm*. The power of the signal generated via the FWM process follows the
dependence?»3: Py o x32P1 PyP3 Leffz' where Lefris the effective interaction length, Legr

= (1 - exp - 2a,4L)20,, and (20) is the fibre attenuation coefficient.
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8.2. Experimental observation of FWM in an OFRR

The experimental set up used to investigate the FWM process is shown schematically in

figure 8.1.

Ring resonator: BS
—. _\\_ PD2
PAS |
PM —b |
Loop
length, L ~ | CRO
V l
Pump !
L —— |
CRO
P F-P
Bs — »

Figure 8.1. Schematic diagram of the experimental set up used for
observation of FWM: PM - phase modulator; F-P - scanning Fabry-Perot,

VA - variable attenuator.

A cw argon-ion laser with an intracavity étalon to provide single frequency operation at
514.5 nm was used as the pump. The spectral linewidth of the laser was approximately
1 MHz at output powers of up to 2 W. The ring resonator used was fabricated from
York polarisation maintaining single mode fibre at 600 nm, with measured attenuation
loss of 22 dB/km at 514.5 nm, loop length 4 m and a measured finesse of = 30. The
launch efficiency was approximately 60%. As before, the nonlinear increase in the level
of the first-order backscattered Stokes power was monitored by the photodiode PDy,
and displayed on a CRO. In the absence of an isolator between the input fibre end and
the laser, the Stokes signal was reflected by the output mirror of the argon laser
(reflection coefficient of approximately 70%) and coupled back into the fibre. The

output power from the resonator is detected on a photodiode, PD, and a scanning
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Fabry-Perot to monitor the spectral content of transmitted light. Because the magnitude
of the Brillouin shift is considerably larger the gain bandwidth (= 5 GHz) of the argon
laser, the counterpropagating Stokes signal coupling into the argon-ion laser cavity does

not significantly perturb the oscillating mode, as was confirmed experimentally.

Initially, the polarised laser output power was aligned along the direction of the slow
axis, and the variation of the backscattered Stokes power with pump power was
measured on the confocal Fabry-Perot; the Brillouin threshold for the first Stokes
component was measured at 2.4 mW of optical power in the fibre. This is in agreement
with the value of 2.26 mW calculated using the theory of SBS lasing as derived in
Chapter 6. The Stokes shift, Awgwas measured as 33.8 GHz, and is in good agreement
with the calculated figure of 34 GHz. The confocal Fabry-Perot was then aligned for
measurement of the output power of the resonator. As the pump power was increased
(using a variable attenuator), the circulating Stokes power builds up until the threshold
for second order Stokes is reached, and for powers of above 12.2 mW in the fibre,
second order Stokes component, propagating in the forward direction, was detected.
This value :sl threshold power is somewhat higher than the predicted value of 9.1 mW.
The reason for this is that the resonator was detuned for high conversion efficiency, so
that the finesse, and the corresponding enhancement of the pump power circulating in
the loop over the input power in was reduced for with increase in the pump power,
through pump depletion by the growing Stokes power. Almost concurrently, the
generation of a forward propagating anti-Stokes component was detected, in conjunction

with eqn (8.1),

[0

s = @p + ((oP - Aa)B) - (wP -2A0p) = o, + AmB

(8.3)

where @, and W, ¢ are the pump and anti-Stokes frequencies, respectively.

The Fabry-Perot spectra of the resonator output, measured at just above the pump power
of 12.5 mW are shown in figure 8.2. The variation of the output powers for the
detected frequencies with input pump power is shown in fig. 8.3. Significantly above
the threshold
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(@) (b)

re 8.2. Output spectra from the ring resonator for a range of input
ers: (a) below 12.5 mW; (b) above 12.5 mW, showing the pump,
ces, and anti-Stokes frequencies. The Brillouin shift is 33.8 GHz.

12
10
oo
8 ¢ Ist order Stokes
6 o 2nd order Stokes
4 m Anti-Stokes
2

0 10 20 30 40 50 60

Input pump power, mW

Figure 8.3. Typical variation of the powers for the frequencies output

from the ring resonator as a function of the input pump power: (a) 1st

order Stokes; (b) 2nd order Stokes; (c) Anti-Stokes. All the power

launched in the direction of the slow axis (smaller AefY).
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for the second order Stokes, it can be seen that the level of the first order Stokes power

is lower than the second order Stokes, since the former is scattered backwards.

The generation of the anti-Stokes power exhibited a threshold, in agreement with the
FWM power dependence, that is, starting only after the threshold for the second order
Stokes has been exceeded. [It must be pointed out, however, that in this case the
constant of proportionality is not the electronic susceptibility x3 (for fused silica =~ 0.6 x
10-33 Cm/V3, or in the esu system still used in much of the literature: = 0.5 x 10-14
cm3/erg) which is used to describe the fast nonlinearities, such as degenerate FWM in
optical glasses, as explained below]. The conversion efficiencies of the pump power into
the first-, second order Stokes, and anti-Stokes signals at the maximum input pump
power of 50 mW were measured to be approximately 24% (in the direction counter to
the pump), 21%, and 5% respectively. Clearly, a higher conversion efficiency can be
expected, and will be observed at lower pump power, for resonators with a higher
finesse. The fibre input end was then rotated to launch the pump power along the
orthogonal fast axis, having a larger effective core area, A, as already described in
Chapter 6. The measurements were repeated, and as expected, higher thresholds for the
1st order Stokes, and 2nd order Stokes, and correspondingly anti-Stokes powers were
observed. For the same launch efficiency of 20%, the threshold for the first-order
Stokes generation was measured at 4.4 mW of pump power in the fibre - approximately
a factor of 1.8 higher than for the case of slow axis, implying that the ratio of the
effective areas for the two principal axes was approximately 1.8; the second-order
Stokes (together with the anti-Stokes) threshold power was measured a 22.1 mW. It
can be verified from figure 8.4 that the variation of the respective output powers follows
the same dependence as for the case of the 100% of the pump power launched along the
direction of the slow axis. Over the correspondingly higher range of input powers,
similar conversion efficiencies were measured for the three waves, as 23%, 20.5%, and

4%, respectively for the 1st- order, 2nd-order Stokes, and the anti-Stokes waves.

As the level of the input pump power is relatively high, the high intensity in the fibre

was accompanied by significant heating, which presented two experimental difficulties.
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Figure 8.4. Typical variation of the powers for the frequencies output
from the ring resonator as a function of the input pump power: (a) 1st
order Stokes; (b) 2nd order Stokes; (c¢) anti-Stokes. All the power
launched in the direction of the fast axis (larger A g).

Firstly, the approximate finesse of 30 results (from resonator theory, Chapter 4) in the
enhancement of the circulating pump power over the input pump power of
approximately a factor of 10. At lower levels of the input pump power, the heating in
the coupler due to the high level of the circulating intensity resulted in the heating of the
index matching oil, changing its refractive index (according to temperature dependence
of the refractive index of dn/dT of = - 0.0005/°C), and necessitating retuning of the
coupler, and as the pump power was further increased, the change of oil to a higher
index one. Secondly, in earlier experiments the heating associated with the high
circulating intensity resulted in the destruction of the coupler in a resonator with similar
characteristics to the one above at a pump power of approximately 60 mW in the fibre
(launched along the direction of the slow axis), corresponding to the circulating power
of greater than 0.5 Watt!! After the examination of the coupler under the microscope,
severe nonuniformities and buckling of the fibre in the interaction region were observed,

which were thought to be due to the possible melting of the epoxy , and resulting in the
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deformation, and subsequent buckling of fibre, particularly susceptible to strains in the
polished region. Indeed, these constraints present another motivation for using high
finesse resonators and low pump powers in practical devices. Governed by this the
input pump power was not increased above 50 mW for the slow axis (and 90 mW for

the fast axis).

Over the range of applied input powers, only two Stokes orders and one anti-Stokes
order were detected, but it is thought that in principle (provided the destruction of the
coupler could be prevented) a number of anti-Stokes orders can be detected at higher
pump powers!-4. This, however, may not be immediately obvious from the simple
consideration of the phase matching. In a ring resonator, the coherence length can not
be compared directly to the actual loop length because of the multiple recirculations in the
loop. However, the effective length, Leg¢ is limited by the fibre attenuation and coupler
losses in the loop. From transient resonator theory of the passive resonator (as derived
in Chapter 7) and for the Brillouin laser, described in Chapter 6, the number of
circulations is calculated as approximately 100, leading to Legs = 400 m (a similar result
is arrived at by assuming the fibre attenuation being the dominant factor and letting Legr
= 1/20,; = 400 m for the fibre used). A comparable figure is arrived at for the coherence
length calculated from eqn (8.2) with A® = Awg = 27 x 33.8 GHz (rads). Hence,
initially, it is possible to conclude that anti-Stokes lines of higher than first order can not
be efficiently generated due to phase mismatching. Indeed, this reasoning was originally
suggested by Hill et al4 to explain the early results on frequency generation by FWM in
optical fibres. However, a closer examination of the physics of this process reveals that
the phase matching mechanism in this FWM process, and the process itself, are different
to conventional nondegenerate FWM process as observed, for example in optical glasses

or 1iquids4'9.

Primarily, it should be pointed out that the proportionality constant for the generation of
new frequencies as a result of four wave mixing is not the electronic susceptibility X3,

as already mentioned above. The reason for this is that the electronic susceptibility is
generally used to describe fast nonlinearities (= picoseconds), where the polarisation
adiabatically follows the electric field such as formation of gratings in optical glasses and
liquids, and the term electronic refers to the fact that the refractive index variation (or the
resultant grating) is due to the redistribution of electrons caused by the modulating

field1011, In our case, the formation of a grating is not governed by the electronic

-220-



wrdaics U

Four wave mixing processes in Brillouin lasers

distribution, but rather by density variation, or the process of electrostriction. Indeed,
because the frequency separation of the three waves (pump, 1st Stokes, and 2nd Stokes)
that generate the anti-Stokes is by integer multiples of the Brillouin shift, then there is
resonant coupling to the acoustic phonon field. One can, in fact, think of the
interference grating being formed between the 1st and 2nd Stokes components, at the
acoustic frequency, and propagating counter to the pump field (in contrast to the acoustic
field which results from the scattering of the pump field into the 1st Stokes , which
propagates in the same direction as the pump field). A pump field photon then scatters
from this acoustic grating gaining the energy from the acoustic phonon to become an

anti-Stokes phonon. The process is then pseudo phase-matched as in eqn 8.3.

In other words, the mechanism by which the anti-Stokes wave is generated is effectively
the same, once the Ist and 2nd Stokes are present, to the SBS process by which the
Stokes components are generated, both in conversion efficiency and power level
requirements12, which is confirmed by the anti-Stokes generation starting almost
concurrently with the threshold for the 2nd order Stokes. It is thought that the waves
not separated in frequency by integer multiples of the Brillouin shift would not be as
efficient at generating the first order anti-Stokes wave equivalent because of the absence
of resonance with the acoustic field. In this sense, higher powers are required to
observe the non-resonant (electronic) four wave mixing® than in this resonantly
enhanced process. The proportionality constant governing the power dependence in our
case, would then be some complex function of the third order nonlinear susceptibility
X3  (written in italics to differentiate it from the electronic susceptibility), resonantly
enhanced through the coupling to the acoustic field!1. This same mechanism is
exploited in the Brillouin enhanced four wave mixing process which is described in the

next section.

8.3. Brillouin enhanced four wave mixing (BEFWM) in an all-fibre ring resonator
8.3.1. Theory of BEFWM

As we saw in the previous section, Brillouin nonlinearity can enhance the process of

frequency generation through FWM. In this section we describe the experimental
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observation of a different four wave mixing process in all-fibre ring resonators at low
pump powers. It is believed that this particular four wave mixing process represents the
fibre equivalent to the process observed in liquids and known as the Brillouin enhanced
four wave mixing (BEFWM)!3-17_ and is the first observation of this process in optical
fibres. The principal difference between the BEFWM process reported here and the
frequency generation associated with the FWM process described in the last section, is
in the fact that in the latter, the three waves being mixed are all generated within the
resonator, whereas in the BEFWM process, the mixing can occur between waves, with
one or more of which can be externally generated, and having appropriate
(Brillouin)frequency shifts, as described below. In a way, the BEFWM process

represents an extension of the resonantly enhanced FWM process described above.

kas(wp + Agy
ks (0p - Awy )

k) (0p) Kk, (0p )

Figure 8.5. Propagation of the four waves in the BEFWM process. kj;
and k,, are the wave vectors of pump beams 1 and 2; kg is the wave
vector of the Stokes shifted wave, and and ks g - of the anti-Stokes wave
conjugate wave. The acoustic grating in the process propagates co-

directionally with kj.

BEFWM is a technique which has recently been receiving considerable attention because
of its ability to achieve phase conjugation with extremely high reflectivities (up to 105 -
100) using high power pulsed lasers. The advantage of this technique over the
conventional SBS method of phase conjugation as described in Chapter 2, is that in the
latter the reflection coefficient is limited to 1 (or 100%). In addition, it has been
suggested that this method has advantages over the conventional FWM in a number of
respects, primarily because the conditions required to produce high reflectivities in the

BEFWM process are considerably relaxed as compared to the FWM process, where the
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fulfillment of extremely precise conditions and and high quality beams are
necessary®13.16,

The technique is a form of nearly-degenerate four wave mixing in which the four waves
are coupled by the Brillouin nonlinearity. In this process (schematically illustrated in
figure 8.5) the incoming signal beam, wave vector kg (frequency, wg) has a Brillouin
frequency shift, Awpg (g = Wp - Awp) with respect to one of the pump beams, wave
vector k1, (frequency - wp), so that the interference pattern they produce moves at close
to the acoustic velocity and drives an acoustic wave. This moving acoustic grating
scatters the incoming second pump beam Kk, (wp) to form the conjugate bearh, which

will have a frequency,

[V

As=cop+cop—ms=m+AmB

8.4)

that is, it will have an anti-Stokes shift relative to the pump frequency. Alternatively, the
generation of the anti-Stokes wave can be viewed as the second pump P2 acquiring a
positive Doppler shift through being scattered by the acoustic grating moving towards it.
With reference to the above discussion, the signal beam can either be generated through

the SBS process within the mixing medium, or input externally.

Clearly, this process is not phase matched since the two wave vectors kag and kg have

different magnitudes, and the magnitude of the phase mismatch, AKL, is given by:

2n

n
|AKLI =E{mp + 03— 0, — coAs}L =?AmBL

P
(8.5)

where L is the length of the interaction region. The described configuration, in which a
Stokes shifted signal is used, has the advantage over an analogous BEFWM
configuration which uses an anti-Stokes shifted signal (to result in a Stokes shifted
conjugate) in providing the maximum sensitivity in a BEFWM mirror, - thus allowing
the conjugation of very small signals. For further details, the reader is referred to a very

thorough and comprehensive review of BEFWM given by Scott and Ridley (Ref. 16).

Generally, experimental studies of BEFWM has been carried out in highly multimode
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glass waveguide cells filled with CS, with a Brillouin shifted beam generated in a
separate cell. Because the BEFWM cell is very short (approximately 10 cm) pulsed
lasers with very high pump powers (peak powers greater than 1 MW) have to be used.
However, because of much smaller interaction areas and increased interaction lengths,
the use of optical fibres will allow the Brillouin nonlinearity to develop at considerably
lower powers. On the other hand, longer interaction lengths result in a higher phase
mismatch, which has the effect of reducing the acoustic coupling, and hence, the
conjugate reflectivities achievable. Bearing this in mind, the demonstration of BEFWM

in optical fibres gives a very useful indication of physical limits of this process.

8.3.2. Experimental observation of BEFWM

The schematic diagram of the experimental set up used is shown in figure 8.6. The
same cw argon-ion laser with an intracavity etalon to provide single frequency operation
at 514.5 nm, as above was used as the pump. The ring resonator used was made from
York polarisation maintaining single mode fibre at 600 nm with loss of 22 dB/km at
514.5 nm, loop length 1 m, with finesse of approximately 25 at this wavelength. We
used this particular resonator as it had the shortest available loop lengths, in order to
minimise the phase mismatch. The second pump beam was provided by reflecting the
transmitted pump (P1) by the mirror M. The level of P2 was monitored on a
photodetector PD1. The Stokes wave was generated in the resonator, and detected on a
photodetector and a scanning Fabry-Perot. Indeed, this configuration of the Stokes
shifted signal beam propagating counter to the strong pump beam has been shown to

have the advantage of maximum sensitivity in the BEFWM process!16,

An isolator comprising of a polariser and a A/4 plate was inserted to minimise back
reflections into the laser. The fibre launch was misaligned - in order to prevent the
coupling of the Stokes and pump light into the laser cavity, and being reflected and re-
injected back into the resonator, resulting in ‘conventional four-wave mixing', as
described in the earlier section. This, however, had the effect of reducing the launch
efficiency to approximately 20%. The A/4 plate (equivalent to A/2 after double pass) in
front of the mirror M is used to vary the polarisation state of the pump beam, P2 in order
to verify that the process observed was indeed BEFWM. The forward propagating

phase conjugate anti-Stokes signal was deflected by a beamsplitter onto a photodetector
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PD2 and a scanning Fabry-Perot which was used to measure its frequency shift.

Its polarisation state was also monitored by an additional A/4 plate and a polariser. The
use of polarisation maintaining fibre prevented polarisation scrambling, allowing
accurate measurement of the transmitted state of polarisation.The Brillouin threshold for
the first Stokes component was measured at approximately 12 mW of optical power in
the fibre. This figure is in good agreement with theoretically calculated figure of 11.54
mW calculated using equations derived in Chapter 6. As the pump power was increased
to 100 mW in the fibre, an output conversion efficiency (ie the ratio of the input pump
power, P1, and the output Stokes power Pg) of approximately 18% was obtained. The
internal conversion efficiency is somewhat higher, since only (1 - k2) of the Stokes
power circulating in the ring couples out, where k2 is the resonator coupling coefficient

as before, and is approximately equal to 0.9 for F = 25.

PD1
I
Tunable ¢ P2 | M
—_— directional
ARGON coupler | BS
LASER — —_— - — —
I Phase |
modulator yVZ!
| plate
1 1 I
lock-in
electronics I
POL _ '
2l — — U W _ _ _ _ _ _ |
SCANNING FABRY-PEROT
N4 plate

Figure 8.6. Schematic diagram of the experimental set up used for the
observation of BEFWM in an OFRR; POL - polarizer, BS - beamsplitter,

M - mirror.
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The measured variation of the Stokes output power with input pump power is shown in
fig. 8.7 (a).

Although the resonator response was electronically locked to the transmission minimum,
the increase in the Stokes level represents an additional loss, and tends to detune the
cavity. This detuning varies the level of the transmitted pump power, Py ..., and hence
P,, and was continually monitored. Over the range of pump powers used P, = 0.05 -
0.1 x P;. There was no significant variation in the measured reflection coefficient with
these values of P,. It should be pointed out that the level of P; is below the Brillouin
threshold.
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Figure 8.7 (a). Typical variation of the output Stokes power with pump

power, Pj.

As the pump power was further increased, at approximately 40 mW of input pump
power in the fibre, the start of the anti-Stokes generation was detected. The variation of

the anti-Stokes signal output power with input pump power was measured , and is
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shown in figure 8.7 (b).

It can be seen that the growth of the anti-Stokes conjugate signal also exhibits a well-
defined threshold. This is expected, since the conjugate intensity, [Exgi2 o

{Ep1 |2|EP2 |2|ES P, and the generation of the anti-Stokes component starts when IESI2 is
significantly above threshold. The constant of proportionality in this case is also, as

discussed earlier, some complex function of the third-order susceptibility y;.
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Figure 8.7 (b). Variation of the conjugate anti-Stokes output power with

input pump power, P;.

It was experimentally verified that the polarisation state of the anti-Stokes signal was the
same as that of the weak pump P,. Because the polarisation maintaining fibre used was
linearly birefringent, it was not possible to perform experiments to measure
unambiguously the ellipticity of the anti-Stokes signal. Ideally, it would be desirable to
establish the handedness of the anti-Stokes signal by varying the ellipticity of the
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polarisation of the input pump, P\. Since a phase conjugate mirror behaves just like a
conventional mirror by reversing the handedness of circular and elliptical polarisation 16,
polarisation measurements are used to indicate the quality of the phase conjugation

process.

The spectral characteristics of the resonator output were analyzed on the Fabry-Perot and
are shown on figure 8.8. The Fabry-Perot trace shows the transmitted pump, residual
Stokes (reflected by the fibre end), and the conjugate anti-Stokes signal. The Stokes
shift was measured to be approximately 33.8 GFlz which is in good agreement with the

value measured in FWM experiments, described in section 8.2.

Figure s.s. Output spectra from the scanning Fabry-Perot showing the
transmitted pump, residual Stokes and the conjugate anti-Stokes

frequencies.

The reflection coefficient, R = IE~s121Eg|2 can be deduced from the above graphs to be
approximately equal to 0.001. This result for the reflectivity needs some further

discussion. In general, the reflectivity in the BEFWM process must be computed.
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Following Scott's approximations!7, at low intensities gg|Ep; L, gglEpyPL << 1,

2 2 2. 2
R = &2 B, I'IE,, 'L *sinc’(——}

AKL
2 (8.6)
where gp is the peak Brillouin gain coefficient equal to 4.6 x 10 -11 m/W. Using our
values this yields a reflection coefficient of the order of 10 -0, since the phase mismatch
over one resonator loop, L - AKL, is very high ( approximately 600 ). However, since
the intensity of the strong pump is high, resulting in gg|Ep; PL>1 (typically between 1
and 5), a more useful indication of the maximum steady state reflectivity may be the
expression |[Ep; |2/|Epzl2 (ref. [17]) which however assumes a very small phase
mismatch (< w). In our case, since the |Ep,; |2 =0.05- 0.1 |Epy |2 so that the maximum

reflection coefficient would be 10 - 20.

In our case, a reflection coefficient of 0.001 was obtained. This is considerably higher
than would be expected on the basis of the above estimate with a very high phase
mismatch. This can be explained by the fact that the build up of the acoustic wave, and
the scattering off it takes place over a distance much shorter than the total interaction
length, since maximum coupling occurs when the acoustic and Stokes waves have
reached their maximum intensity. This would tend to occur over a much shorter
distance, at the front end of the resonator (since the Stokes wave propagates counter to
the strong pump, P1). In this way, the effective phase mismatch which corresponds to
this shorter interaction length and would therefore be considerably reduced, particularly
at higher pump (P ) intensity, and for resonators with higher finesse. The foregoing
discussion just provides an ddditional explanation of the apparent pseudo phase
matching associated with this process in which the frequency generation is enhanced by

the Brillouin nonlinearity through the resonant coupling to the acoustic field18,

In fact, the highest reflectivities reported in the BEFWM process have been explained to
be the result of an instability in which the conjugate intensity grows exponentially in time
until pump depletion prevents further growth. This will be true providing the pump
beams exceed a certain intensity (gg/Ep) 2L > 25 - 30), and are of long enough duration
(in the case of pulsed lasers). However, since in our case the scattering occurs below
this instability threshold, this fact (in addition to the high phase mismatch) will

contribute to the low value for the reflection coefficient.
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8.4. Summary and conclusions

We have observed FWM in an all-fibre ring resonator for the first time. The threshold
for the generation of anti-Stokes component was approximately 12 mW which is an
order of magnitude lower than previously demonstrated, and expected to be considerably
lower for resonators with higher finesse. The phase matching and efficiency in the
FWM process of several Brillouin orders were discussed, and the difference between
this process and the conventional FWM process resulting from fast nonlinearity
governed by the electronic susceptibility, was explained. Specifically the former process
is more efficient (and thus can be observed at lower optical powers) as the
proportionality constant governing the frequency generation is resonantly enhanced
through the acoustic field coupling. The potential application of this process is in an all-

fibre generation of very high microwave frequencies, at low pump powers.

A four wave mixing process believed to be the BEFWM process below the instability
threshold has been observed in an all-fibre ring resonator. This is believed to be the first
observation of BEFWM in optical fibres. The fibre resonator allows the use of
significantly lower pump powers than previously measured. The Stokes shifted signal
was generated in the ring, and the threshold for generation of the conjugate anti-Stokes
signal was measured at 40 mW. Despite a very high phase mismatch associated with the
long interaction length and high Brillouin shift, a reflection coefficient of 0.001 was
measured, and it is expected that a much higher reflection coefficient would be
achievable at higher pump powers and higher resonator finesse. These experiments give
a useful insight into the absolute physical limits associated with this process. In optical
fibres, phase conjugation through BEFWM can be used, for example, in image
transmission19-20 using an all-fibre phase conjugator. However, further investigations
into the physics of the process, and particularly measurements of phase conjugation

fidelity, are necessary.
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Chapter 9
SUMMARY AND CONCLUSIONS

This thesis has been concerned with the investigation of stimulated Brillouin scattering
(SBS) in single mode optical fibres and all-fibre ring resonators. The project had two
specific aims. Firstly, the identification and study of the deleterious effects of SBS in
coherent optical fibre systems and devices, and secondly, the investigation of the wide
range of potential applications utilising the nonlinear Brillouin gain. In particular, attention
focussed on the investigation of the Brillouin lasers, four wave mixing (FWM), and to a

lesser extent, amplifiers.

SBS is a very important nonlinear process as it is the first nonlinear effect to be observed as
the optical power is increased. Despite this, a detailed and systematic review of the existing
theoretical and experimental research in this area has revealed that a number of important
characteristics of SBS have not been fully investigated, both in terms of the numerical as
well as the experimental treatment. Primarily, it was shown that the numerical treatment
must consider full solutions of a system of coupled equations which describe the generation
of SBS. Having established that the approximations adopted by most authors have, in
general, a limited range of validity, we proceeded to solve the SBS equations numerically.
The method has been shown to yield stable and accurate solutions, and the comparison of
the numerical solutions with the exact (analytical) solutions for the pump and Stokes
equations available for the case of zero fibre loss, has revealed an excellent agreement. The
results of the calculations for non-zero loss provide a valuable insight into the process of
SBS generation, particularly into the energy exchange process between the
counterpropagating pump and Stokes intensities. The calculations allow the exact
evaluation of the SBS threshold, the value of Stokes intensity, and the degree of pump
depletion for a given input pump power, fibre length, and losses. The importance of
including the fibre loss term in calculating the evolution of the pump and Stokes intensities

was clearly demonstrated, with higher fibre loss leading to a higher Brillouin threshold and
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lower conversion efficiency at a given input pump intensity. These calculations are
significant as they have implications to practical long haul fibre links and fibre amplifiers,
with the results easily related to practical values and experimental parameters. All the
system information, such as the bit rate, transmitter linewidth, and depolarisation effects
can be included in the value for the Brillouin gain coefficient gg. The flexibility and the
ease of use of this particular method are extremely valuable, allowing easy estimation of the
power budgets for a given link length and loss. Although previously it had been thought
that pump depletion in the SBS process is a limiting factor in fibre transmission systems, it
was shown that Brillouin backscattering below the SBS threshold can be damaging to
system operation through increasing the RIN of the transmitter laser.

A comprehensive comparison of our results with published data on systems and amplifier
experiments was undertaken, showed that good agreement was obtained for both. The
Brillouin gain coefficient gg was calculated using this method, from the measurements
carried out in a 1 km length of York polarisation maintaining (HI-BI) fibre at 860 nm, and
was found to be 4.7 x 10711 m/W - approximately equal to that of pure fused silica.

The operation of an all-fibre Brillouin laser was considered. In addition to the difficulties
in solving the SBS equations in a straight length of optical fibre, the description of SBS
generation in a resonator is more complex, requiring a coherent addition of circulating
pump and Stokes fields. Using a small gain-per-loop approximation - justified in the case
of short (less than 10-15 m) resonator lengths, a steady-state analytical theory was derived.
This theory takes into account pump depletion, and can be used to predict the threshold
lasing power, optimum conversion efficiency, cavity gain and the saturation regime, as
well as giving a continuous variation of the output Stokes power with input pump power -
in terms of the resonator parameters. A comparison of the theoretical and experimental
results described in this thesis has confirmed an excellent agreement in all cases, and it was
shown how the results of this theory can be used to design or optimise the fibre cavity by
finding the loop length and coupling coefficient for optimum conversion efficiency,

threshold power, and operating conditions.

A numerical model which describes the transient operation of an all-fibre Brillouin laser and
amplifier was also developed. The model accounted for pump depletion, and described the
build up of the amplified spontaneous Brillouin noise, with the theoretically predicted
values in good agreement with all experimentally obtained data on Brillouin thresholds and
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the steady-state values. It was suggested for the first time in this work, that by pumping
the Brillouin laser below threshold, it can act as an effective amplifier of signals at the
Stokes frequency. The amplifier calculations were carried out, and showed the resonator-
based Brillouin amplifier would have the lowest pump power requirements of all fibre
amplifiers, coupled with a high gain and favourable noise characteristics. This relatively
slow time response, however, effectively limits the uses of such an amplifier to
applications as a low-frequency power booster for amplification of low intensity signals

and coherent multi-channel systems.

From a comparison of various methods of optical amplification - all currently at the
research stage - it can be concluded that it is unlikely that any one method of optical
amplification will provide a unique and universal solution which would be applicable to any
type of optical system. A careful evaluation of the particular system requirements is
necessary to identify the particular type of amplifier most suitable for a given application.
The application of the nonlinear Brillouin gain is in all-fibre amplification is promising,
mainly because of the low pump power requirements, as compared with other optical fibre
amplifiers, namely Raman and rare-earth doped fibres. The results of the numerical
method developed yielded the value of the achievable gain as approximately 90 dB, and it
was outlined how the described method could be extended to enable complete calculations
of the achievable gain, noise and saturation characteristics, as well as gain reduction due to
depolarisation and finite pump linewidth. This analysis and the associated experimental
investigations should be carried out to consider the the usefulness of this method of
amplification. Indeed a full and accurate assessment of the advantages and limitations of
Brillouin amplifiers in systems context, both in long fibres and ring resonators, is required.
It is thought further work in this field would undertake systematic systems experiments, as

well as further theoretical evaluation of the performance characteristics of these devices.

The study of SBS in all-fibre ring resonators included a detailed theoretical and
experimental evaluation of high-finesse all-fibre ring resonator operation, and involved
device fabrication and characterisation. (This work formed part of an intensive component
fabrication programme carried out in the UCL's Fibre Optics Group.) A number of high
finesse resonators were fabricated using both standard and polarisation maintaining fibre, at
wavelengths of 600 and 800 nm.



cnapier ¥

Summary and conclusions

The important resonator parameters such as the finesse, free spectral range, and resolution,
and their dependence on the fibre and coupler losses, and the coupling coefficient were
considered. It was shown that the employed fabrication technique allowed the achievement
of very low coupler losses. In such cases, the resonator finesse is limited by the fibre loss,
and if the latter is high, a reduction in the resonator length would result in a higher finesse,
and a greater enhancement of the circulating power over the input power. In connection
with this, the experimental results showed that while the use of a semiconductor laser
means lower fibre losses and increased compatibility with current fibre systems, its short
coherence length compared with a stabilised single frequency He-Ne laser (or other
stabilised, narrow frequency gas or solid state laser), results in a lower circulating intensity

and a lower effective 'finesse’'.

We have described the experimental investigation of Brillouin laser operation carried out,
with particular emphasis on the semiconductor laser pumping. We have described and
compared the experiments on Brillouin lasing in high finesse resonators fabricated from
ordinary and polarisation maintaining fibre, using a He-Ne laser at 633 nm, and a
commercially available GaAs semiconductor laser at 830 nm. A number of interesting and
novel features have characterised this work. Brillouin lasing in resonators fabricated from
polarisation maintaining fibre has not been demonstrated prior to this work. The first
experimental observation of Brillouin lasing using semiconductor laser pumping and
having a submilliwatt threshold was also achieved. These results are particularly
significant as they establish the compatibility of this device with semiconductor laser

technology and current fibre systems.

Notably, the measured Brillouin thresholds of 70 pW at 633 nm and 0.89 mW at 830nm
represent the lowest experimentally demonstrated values, while the conversion efficiencies
of 23% (at 0.22 mW) and 8% (at 1.25 mW), respectively, are the highest reported. These
results also represented the first experimental confirmation of a factor of 2 reduction in
Brillouin threshold in polarisation maintaining fibres. However, the high conversion
efficiencies were shown to be accompanied by cavity detuning due to the build up of the
counterpropagating Stokes wave in the resonator cavity - an effect which has been
observed for the first time, and can limit the performance of all-fibre resonator-based
devices. In the case of the semiconductor pumped Brillouin laser, several additional
interesting results were obtained. The Stokes wave was polarised, and exhibited linewidth

narrowing. It is expected, however, that the Stokes output spectral width, as in gas or
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solid-state laser systems, is limited in principle by phase noise, and in practice by
fluctuations in the resonator linewidth due to drift in the cavity length. Consequently,
proper stabilisation of the resonator cavity can establish this aspect of Brillouin lasing as a
means for narrowing the linewidth of semiconductor lasers for applications in coherent

systems.

The applications of this work lie in the area of narrow linewidth all-fibre lasers and local
oscillator applications, as well as Brillouin laser gyroscopes. In addition, a potential
application of the Brillouin laser in microwave frequency generation and distribution in
phased arrays has been suggested. From the comparison of the existing optical techniques
for microwave signal generation and distribution it is thought that the Brillouin laser can
provide a very promising alternative to the existing optical techniques. Although the
tunability range of this device is limited, the stability of the output frequency and the
efficiency in this technique compare very favourably with both intensity modulated and
heterodyne systems. On the basis of the results of the Brillouin laser operation it was
shown that optical signal generation and distribution to an array of approximately 100
elements using a single commercially available AlGaAs laser at 830 nm and currently
available components is feasible, at the frequency of approximately 21 GHz. These
calculations were performed using the data for currently commercially available
components and based on results obtained with a relatively broad pump source. Itis
expected that the development of lower noise amplifiers, high speed detectors with better
efficiency, and most importantly, stable, narrow linewidth, high power lasers will render
this method particularly attractive. In the meantime, future work should focus on the
experimental demonstration and development of a system based on the all-fibre Brillouin

laser for stable, narrow linewidth microwave generation and distribution.

We have also observed FWM in an all-fibre Brillouin laser for the first time. The threshold
for the generation of anti-Stokes component was approximately 12 mW obtained in a
resonator with a relatively modest finesse. This figure is more than an order of magnitude
lower than previously demonstrated in bulk/fibre cavities, and expected to be considerably
lower for resonators with higher finesse. A possible application of this process is in all-
fibre generation of very high microwave frequencies, extending the possible range of
frequencies achievable with a Brillouin laser emitting only a first order Stokes frequency.
To realise the considerable potential offered by this technique, this process should be

demonstrated using a semiconductor laser. It is expected, however, that considerable
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advances in the development of the high power semiconductor technology, and continuing
improvement in component fabrication will allow the observation of semiconductor laser

pumped FWM process.

The experimental investigation of Brillouin enhanced four wave mixing process resulted in
the first observation of this process in optical fibres, which, in addition, represent the first
observation of all-fibre phase conjugation. It could be concluded, that this process
represents an extension to the FWM process in so much as it allows the mixing of
internally generated and externally input waves. The Stokes shifted signal was generated
within the ring, and the threshold for generation of the conjugate anti-Stokes signal was
measured at 40 mW. The fibre resonator allows the use of significantly lower pump
powers than previously measured and even lower powers are predicted for higher finesse
resonators. Despite a very high phase mismatch associated with the long interaction length
and high Brillouin shift, a reflection coefficient of 0.001 was measured, and it is expected
that a much higher reflection coefficient would be achievable at higher pump powers and
higher resonator finesse. These experiments provided a valuable and fascinating insight
into the physical limits associated with this process which is of interest in optical fibres for
phase conjugation applications, although it is thought that a considerable amount of further

research is necessary to establish the practicality of this technique.

In conclusion, it is expected that future work will focus on further development and
optimisation of the applications considered in this thesis. In addition, it is worthwhile to
point out that there is a considerable scope for a systematic investigation of the effects of
fibre dopant concentration and type on the gain and bandwidth in the Brillouin process.
The results of such an investigation would enable further device optimisation in the context

of this thesis.
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APPENDIX A
Interference and diffraction view of SBS

As we have seen in Chapter 2, the density variation Ap, which arises in the SBS process

produces a proportional variation in the dielectric permittivity, given by:

8£=§£Ap
P (A.1)

and leads to the appearance of a travelling volume diffraction grating in the permittivity.
As we have seen the scattering of the pump wave (eqn (2.8)) occurs with a frequency
shift Wy, — 0g and gives rise to polarisation at frequency wg while the scattering
produces a wave with the spatial dependence exp (jkg.r) corresponding to the signal
direction - that is the Bragg phase matching condition for travelling gratings is
automatically satisfied.

This in fact is a general property of the third order susceptibility! which appears in the
expression of the polarisation of the medium, as given in equation (2.12). However, the
appearance of a component proportional to exp j[kg.r - Wgt] in the polarisation (or
displacement) does not necessarily mean the transfer of energy in the direction of of the
Stokes wave from the pump wave caused by the grating &€ o< exp - j(q.r - Qt]. In fact,
there is already a wave at the Stokes frequency present in the medium (which arose as a
result of spontaneous scattering], and therefore, the additional field excited by the
nonlinear polarization interferes with the initial field Eg. The result of the interference
depends on the relation of these two contributions and may lead either to an increase
(reinforcement) or attenuation of the initial field, or to an additional phase shift. The
additional term in the electric displacement vector at the Stokes frequency can be written
as (from equations (A.1) and (2.22)):

8Dg = (3€)E, (z) exp j[kpz - o]
=8€eff(wS)ES(z) exp jlkgz - at]

and Beeff(ws) po[aelap] IEp(z)l A2)

This result can be explained that as far as the Stokes wave is concerned, the interaction
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with the pump leads only to the change in permittivity by an amount

&eﬂ(a)s). It should also be emphasised that the result of the interference of the pump
wave E;, with the Stokes wave Eg depends on the phase of the field E},, whereby (from
2.22)):

8e(z, 1) = E,()E(2) exp jlgz- ] (A3)

However, the result of the scattering of the pump wave by the interference grating

created,
0D E P(z)&z(z, t)
2 .
o< |E(Z)I"E(z) expj [kez - o t]

P S S S (A.4)
does not depend on the phase of Ep and is only determined by the pump intensity
IE,2.

The amplitude of the pump wave Eg(z) varies in space as:
s 1
E(z) o exp J?ZES

® o, o€

S 11 S_ UCeff

oc eXp J—C—ZEO + JZ_C 81/2
0

(A.5)

where the permittivity ((:‘0)1/2 represents the refractive index of the material assumed to
be the same for both pump and Stokes waves. In this way, the intensity for real &y, is
then :

ms Im(8£)
ES(z) <exp| "¢ 172 | =expl-az]
€

0 (A.6)

where o is the coefficient of additional attenuation (m-1) of the intensity. This equation
is very interesting as it describes quantitatively the effect of phase relationships on the

energy exchange between the waves. In fact, equation (A.2) describes the variation of
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the Brillouin gain for the case of the Stokes and anti-Stokes scattering.That is when Awg
> 0 (ie Stokes scattering), Im (8€) < 0 and the signal is amplified. The amplification and
hence, the Brillouin gain is maximum when Wy - W = Q, when the phase matching
condition is met precisely, and the phase shift between the electrostriction pressure Ap
and the density is equal to /2. On the contrary, when Wp - O < 0, that is for anti-
Stokes scattering, Im (3€) > 0 and the anti-Stokes signal is attenuated, as described in

Chapter 2. In this case the Stokes wave Eg plays the part of the pump with respect to

Ep,.

1 B. Ya. Zeldovich, N. F. Pilipetskii, and V. V. Shkunov, "Principles of phase
conjugation”, Springer-Verlag, Berlin, 1985
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APPENDIX B
Polarisation pr i f the SB

In the foregoing discussion it has been tacitly assumed so far that for maximum Brillouin
gain the polarisations of the interacting waves are linear and coinciding with each other.
The effects on situations of this not being so are considered here. As we have seen, in
SBS, the scattering mechanism is the build up of a scalar parameter of the medium, viz., its
density. The part of the density perturbation Ap which is of interest builds up due to the
interference term is proportional to Ep*(z)E 5(z). In an isotropic medium the scalar
parameter Ap can be proportional only to the scalar product of the fields

Ap o< Ep*(r)Es(r) exp - jlq.r - Qt] (B.1)
The perturbation of the dielectric susceptibility tensor is also of scalar form

e = (2’—8>Ap
P (B.2)
The scattering of the pump field E, by the perturbation e gives rise to the dielectric
displacement vector:
dDg o< Ep(Ep*.Ey) (B.3)

In fact, the stimulated scattering processes with the nonlinear dielectric displacement are
called scalar mechanisms. In SBS, 8Dg from (B.3) immediately satisfies the condition of
being orthogonal to the wave vector. The shortened equation (without linear loss) for Eg

is of the form;

S

23 = 28 (OIE D Eg(o)]

(B.4)
If we let the pump field be completely polarised, so that E,= e;E, where ey is a unit
polarisation vector. It is convenient to project the field Eg onto ej and another unit vector
e, defined by the condition, e;*.e, = O:
Eg(z) =s(z)eq + sp(z)ey (B.5)
Then,
Eg(z) = s5(0)ey + s1(0)exp[(gpl E p(z)l2)/2]e1 (B.6)

This means that the orthogonal component sy ey of the Stokes field does not interfere with
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the pump, or in other words, it does not build up a perturbation in density and the pump is
not scattered into this orthogonal component. In contrast, the component s;(z)e; with
coinciding polarisation is amplified in full. Therefore, in scalar type stimulated scattering,
and SBS in particular, the Stokes wave tends to reproduce the polarisation unit vector of
the pump. It should also be pointed out that the circularly polarised pump is reflected into
the Stokes wave as if from a conventional mirror, i.e. a right-hand circularly polarised
photon of the pump is converted into a left-hand circularly polarised photon of the
counterpropagating Stokes wave. As the light waves are transverse, the dielectric
displacement , for non colinear kp, kg, should be projected onto a plane, perpendicular to
the direction of kg, and then the solution becomes rather more complicated than in eqn
(B.6). Itis important that in this case the Stokes wave polarised orthogonal to the pump is
not amplified eitherl.

In optical fibres, because of long interaction lengths, polarisation scrambling may lead to
polarisation mismatch between the pump and the Stokes wave, and hence to a reduction of
the Brillouin gain coefficient gg, which in this case should be multiplied by a factor P
which varies between 0 and 1 (this is further discussed in the context of practical systems
in the Chapter 4). This factor characterises the degree of polarisation matching between the
pump and the Stokes waves - 0 for completely mismatched polarisations to 1 (for pump
and Stokes with identical polarisation). P is generally taken as 1/2 for ordinary fibre. In
order to minimize the polarisation mismatch, polarisation maintaining fibre can be used in
which P equals 1.

1B va. Zeldovich, N. F. Pilipetskii, and V. V. Shkunov, "Principles of phase
conjugation", Springer-Verlag, Berlin, 1985
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APPENDIX C

Derivation of X lution to the SB ions:

As derived in Chapter 2, the SBS equations with zero loss are:

dI dB
5= ggBI and = = ggBI
(C.1)
where for simplicity, I.p(z) =IandIg(z) =B,and 0<z<L.
Subtracting the equations, we get:
% - %% =0, and therefore, I - B = k, constant
(C.2)

dr dI
Thus, -a; =- gBI(I - k) , so that,: I—m =-ggZ +C
.. 11 1
giving:  — -EI{T - n}dl =-ggz+C

1 I
. T(.{ln I-In(I-k)} =-ggz+C, where: ln{I_-E} =kggz +E

[E = const]

which gives:

I
—=Ke [K = const]

and rearranging, yields for the pump intensity:
kz
kKegB

(C.3)

Similarly, for the Stokes intensity, eqns (C.2) and (C.3) give:
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B=I-k= K
ggkz

Ke™ -1 (C.4)

where 1(0)/B(0) = K. As in Section 4.1 (Chapter 4), these equations can be normalised by
defining new variables { = z/L, where 0<{ <1, and o = ggIyL, with I being the input
pump intensity at { = 0, as before. Then the equations (C.3) and (C.4) can simply be re-

written as
ok§
KK
Ke™ -1
and (C.5)
K
S = —
Ke™ .1

(C.6)
where k =P - S, K = P(0)/S(0), and P(0) = 1.

The known boundary conditions are then: P(0) = 1 and S(1) =b (= 10’9), as before.
Applying these, eqn (C.5) then gives, for the pump:

KK kel
POl 1-k
(C.7)
and for the Stokes, using eqns (C.6) and (C.7):
S()=b = G’:LE)__
e -(1-k (C.8)

Multiplying through by the denominator in (C.8) and rearranging, yields a transcendental

equation in k:

ok 2_n_
be” -1+ (b- 1Dk +k°=0="1f(k) (C.9)

Clearly, ¢9 =1, and k = 0 are trivial solutions, and the function can be represented

graphically by fig. C.1
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f(k) |

eOlp- —————

pr— —

p—
[
I

Figure C.1 Schematic representation of the function f(k).

It can be seen that the root must lie somewhere in the range 0 < k <1, and can be simply
calculated by Newton's method:

_ f(k)
n+l 11-?7E7
where f'(k) is from (C.9):

fk) = boe™ +b- 1 + 2k

The value of k can then be substituted back into eqns (C.5) and (C.6) to evaluate the pump

and Stokes intensites.
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0.0
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Gain, &
Figure C.2. Graph of k ( = I - B) vs gain; k represents pump depletion.

Figure C.2 shows the plot of k with ¢ = gglyL, varying from 0 to 600. It can be seen that
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the effect of increasing o results in the decrease of k. Physically, this represents the
growth of the conversion efficiency of pump intensity into the Stokes intensity as the gain
is increased. In other words k also represents the amount of pump depletion, where for
low values of gain, the pump intensity I is virtually unaffected by the Stokes intensity, with
I = 1. However as the gain is increased, the growth in the counterpropagating Stokes

intensity B results in more severe pump depletion.
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APPENDIX D

Analytical solution to the SBS equations

In this appendix we are going to illustrate the problems with finding the analytical
solutions to the SBS equationsl. Specifically, although analytic solutions are derived, it

is shown that their range of validity is limited.

From Chapter 2, the nonlinear coupled SBS equations including loss terms which we

are trying to solve are (eqn (2.24)):

Pump: -:-IZ— =-glB-al Stokes: %Z-B =-gIB+aB
(D.D

where, for simplicity I, s@z)=1,B,andg=g g,anday =o;and 0 <z <L.
Subtracting the above equations, we obtain:

I'+oal=B'-aB
(D.2)

where ' indicates the derivative
In the light of the discussion in Chapter 2, it seems logical to assume that the solutions to
(D.2) will be some exponential functions of z, and as a first approximation we try the

substitutions of:

I[=Ipexp-[kz] and B =Bgexp -[Kz] (D.3)
where I is the input pump intensity, and By, is the output Stokes intensity, atz=0. k
and K are constants or slowly varying functions of z.
Substituting these into (D.2), we get:

-k I,exp -[kz] + alexp -lkz]=-K Boexp -[K z] - aBocxp -[K z]

(D.4)

Now, it can be seen that only the condition & = K will lead to a solution. [This is
reasonable as it implies that the rate of growth of the Stokes wave is equal to the rate of
attenuation (or depletion) of the pump wave, a result which was obtained in Appendix C
while solving these equations for the case of o, =0. In this case, simplification of

equation (D.3) results in the following expressions giving the spatial dependence of the

pump and Stokes intensities:
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K -a
K +a

I=Iexp- [k z] and B= Io[ ] exp -[K z]

(D.5)

Since we would like the solution for the Stokes intensity, B 2 0, the condition K 2 o
clearly signifies threshold for the onset of SBS. Correspondingly substituting (D.4) into
the pump equation of (D.1) yields:

12 K -a
- K Iexp -[K z] = - gl % ol -[2K z] - ol exp -[K z]
(D.6)
Simplifying (D.5) results in:
K =glexp-[Kz]-a
’ ®.7)

where K is the function defining the rate of growth of the Stokes intensity with distance
z in the - z direction - or attenuation in the +z direction (and the rate of the depletion of

the pump intensity by it in the + z direction].

The values of K can then be analysed easily for the following cases (where only K >0
is a physical solution, as K must decrease in the + z direction):

(a) when z =0: K = gl - a, indicating that maximum pump depletion or Stokes
amplification occurs at z = ().

(b) when z — oo: the only possible solution is K — 0. [That is, if we assume that K
= £ where € is very small, and assuming that z is very large, we get,

K = glyexp -[€z] - a with K > 0; it can then be seen that €= glyexp -[&z] - a is

satisfied for a very small € where In d =0orez — 1]

Z — oo
(c) when K = a: from (D.4), B = 0 which as before gives the threshold condition for
the onset of SBS. Therefore the pump intensity necessary for threshold is then obtained

from the condition, gly - a = a, or:

[ >
0" g
(D.8)
Note that this is twice the threshold (as defined by Brillouin gain exceeding linear loss)
value obtained from the undepleted pump approximation as derived in Chapter 3. At this

value of X, the pump intensity, from (D.4) is I = Ijexp -[az], meaning that at
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threshold, the pump intensity is attenuated only through the linear attenuation term.

These cases are schematically is illustrated on figure D.1.

K
gl -a

’K = gloexp-[Kz] -

Shaded area: B >0 forz <z

Figure D.1. Schematic variation of K with z.

In summary, we have obtained complete analytic solutions for the variation of the pump
and Stokes intensities with distance. Moreover, these calculations show that, providing
Iy is not too large compared with 20/g,and K is a slowly varying function of z, the
Stokes intensity B is zero below threshold (given by Iy = 2a/g); the pump and Stokes
dependences are given by (D.4). The transcendental equation (D.6) giving the variation
of K can be solved very simply using a graphical or numerical method.

Ran validi

Although the simple ansatz of (D.2) yielded analytic solutions to the SBS equations, it is
necessary to investigate their range of validity. The solutions of (D*) are valid,
providing that K varies slowly such that:

d(exp -[K z] _

=-Kexp -[K z]
dz (D.9)
and if K is a function of z, that:
_____d(ex;:i;[K 2l =-exp -[K z].{K + z%]
(D.10)

with |zdK/dzl << K. Substituting the expression for K (eqn (D.6)) into (D.10) we
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get:

% = - glexp -[K z].{K + z%}
D.11)

Making use of (D.6) again to give glyexp -[K z] = (K + ) equation (D.11) requires
that:

dK, KK +a)z

Izdz 1+ +a)z <K
(D.12)
Clearly, this will always be fulfilled for z = 0, so that our solution for X is valid for
such z that:
ze— 1
K +o) ©.12)
with K = gl - a at z=0, from above, so that
Z<—
& (D.13)

Indeed, for a full solution, we have to calculate the value of z, say zgy, where K = a,,
i.e. at point of Brillouin threshold. Then (from (D.6), a = glyexp -[K zg] - o we
obtain the value for z, the point of threshold as:

1 [glo
z,.=—In]—

0 200
o (D.14)

From (D.12) we get that zy < 1/2a as K = a , and combining with (D.14) we obtain,
after simplification, that the input pump intensity must fulfill

[,<32%
g
(D.15)

for a full solution for all z, where the factor 3.2 is equal to {2exp[0.5]}.

To try and estimate the range of input intensities covered by (D.15), consider 1 km
length of fibre with attenuation of say, 1 dB/km (0.23/km), the Brillouin gain
coefficient of 4.6 x 1011 m/W, and core area, A of 5.0 x 1011 m2. Substituting these
values into (D.15), we obtain that Py (= Ip/A) must be less than = 0.8 mW. Now,

Smith's threshold criterion for the fibre with above parameters gives the threshold
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power, Py, as =25 mW. This means that the range of validity for these solutions is
limited to significantly below the threshold. They, therefore, do not provide any
significant new information as compared to the undepleted pump approximation.
However, this solution might nevertheless be of some use to amplifier calculations since

the pump power in amplifier applications is kept below threshold.

Ip, C. Klipstein, Physics Department, Imperial College: personal communication
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APPENDIX E

The Runge-Kutta algorithm

The equations which have to be solved numerically are:

9P __GSP-PP or P'=£(P, S)

dg (E.1)
and

§=-08P+BS or S'=g(P,S)

dt (E.2)

As with many numerical methods for solving differential equations, the interaction length is
divided into n steps, with step size h whose value depends on the desired accuracy of the

approximate values.
In the Runge-Kutta algorithm, four auxillary quantities are computed at each stepl:

a, =hf(P_, S )
b, = hg®_, S )

3 b,
a2 = hf(Pn+-2—-, Sn +T)

4 b,
P2 =gt St )

a b
2 2
a3 = hf(Pn +?, Sn +7)

a, b2
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a, =hf(Pn+ a,, Sn+ b3)

b4 =hg(Pn+ aj, Sn+ b3)

And then the new values:
—_ 1 p 2 2
Pn+l —Pn+€(a1 +2a, +2a, +a4)

1
Sm_1 = Sn +3—(b1 + 2b2 + 2b3 +b,)

and so on for n steps.

In our case, the starting values P, and S, are P(0) = 1, and S, (0) which is unknown, and
a 'guess' is made. The solutions are calculated at the other boundary, to give P(1), and
S(1), which is known - being the value of the input Stokes noise. If the algorithm yields
the correct value of S(1), then the initial 'guess’ was correct. Alternatively, another 'guess'
is made, until the correct end value is reached. The stability of the algorithm can be
checked by noting the effect of varying the initial values.

The step size, h, is chosen to guarantee a sufficient accuracy of the method, since the
truncation error in this method is of the order of h3. The choice of the number of stepsis a
trade off between the desired accuracy and the computation (CPU) time. As the end value
S(1) which we are trying to calculate is of the order 1079, the minimum number of steps
necessary is 1/h = 100. In fact, it is thought that h = 0.002 (500) steps would generate

reasonably accurate solutions.

1 E. Kreyszig, "Advanced engineering mathematics", John Wiley & Sons Inc, New York,
1962
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APPENDIX F
Proof of the energy balance condition for the OFRR

So far it has been assumed that in a resonator the circulating power will grow until the
power dissipated by the losses equals the input power. Below it is proved that the

condition:

Pin = Ploss + Pout
is indeed fulfilled.

The power lost to the system as heat has two contributions:

Pioss = Po+ Py (F.1)
where P, represents the fibre loss and Py - the loss in the coupler.

(i) Power loss in the fibre: is the difference between the power at z = 0, and the power

leaving at z=L. Thatis if 2a, is the attenuation coefficient as before,

P(L) =P(0) exp - 20, L.
so that: Py =P(0) - P(L) = (1 - e~ 2%L)AL, (F.2)
where I3 is the circulating intensity as before, and A is the fibre cross-section area.

Substituting for I3 from eqn (5.10), we obtain the expression for power loss in the fibre

as:

(1-TDADI
P = 5
¢  1+Fsin‘0

2 12
1-k(1-2 4lk(1 - 2y)T

P a0 0=(L+D)

(1- k(1 27T, 1) (1-K(1 - 27T ]2 4

(F.3)
and T =exp - 2a,5L.

(ii)) Coupler losses: The power lost as heat in the coupler is the difference between the
entrant and the exit powers.

2 2 2 2
AP=P =A{lIAI"+IB.I"-1A_I"- IB,I"}
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where A1, Ay and By, B; are the field amplitudes entering and exiting the coupler,
respectively, as shown in figure F.1.

\A1 A2/

BN

/ B2

B1

Figure F.1. Showing the fields entering and exiting the coupler

and where:

12 2,12 .
A, =(1-27)"((1-k)"A, +kB,}

B, = (1-2y) " 2(GkA, + (1 -K)'’B,)

and

2 2 2 2
A"+ IB,I"=(1-2y){IA,I" +IB,I"}
2 2 o 1 1 (FS)

Thus the proportion of power lost in the coupler is simply 27, of the total entrant power
as stated in Chapter 5 (Section 5.1).
Then, the power loss in the coupler is:
Py =2Y,{Pin +P3)
Py =A2y,{I; + T I3}
and using eqns (5.10) and (F.5) above:

T,D
P =A2yl {1+ > }
1+Fsin'¢ (F.6)
Thus substituting expressions (F.3) and (F.6) into (F.1) to find Pjgg:
{2yT, +(1-T)}D
P = AL|2Y,+ ————=
088 1 + F sin”¢ E7)
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Having related B, By, and A1, it remains to find the relationship between A1 and Ay,

that is the difference in the input and output powers.

. 2
C +Fsin
_arf1- @St

Pin- Pout 2
1+ Fsin"¢

[T (1-27 )1 +k

- 1/2
LKA 20T o

where eqn (5.6) for the output field has been used.

If the second expression inside the [] of eqn (F.8) is re-arranged, so that 1 + Fsin2¢
appears only in the denominator (by adding and subtracting 1 from the numerator), we

have:

(1-27)(1-C)
1+ F sin’6

P_-P_ =AL|2Y +

t
(F.9)
This should be exactly balanced by the power losses in the fibre and coupler. Equating

eqns (F.7) and (F.9), we have:

DQ@yT, +(1-T,) a1-2y)a-¢)
ar2y, + ot (2 Ul _ arfor s 20
! 1+ Fsin"¢ !

1+F sin2¢

(F.10)

LHS represents the total losses (fibre + coupler) and RHS the power difference between
input and output power. This will be true only if the numerators of the RHS and LHS
are equal, ie:

D2y, +(1- T =1 - 2y,)(1- C)
Substituting expressions for C and D, it is found that

LHS=RHS =1 - Ty (1 - 2y,) Q.E.D.
and the energy balance condition is indeed satisfied.

This proof is extremely relevant for the case when there are additional losses due to
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nonlinear effects. These will lead to a change in the output power due to detuning from

the optimum coupling condition, as is shown in Chapter 5.
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APPENDIX G
Transient response of the OFRR

So far we have considered the steady-state response of the resonator. We can also arrive
at expressions for the circulating and pump intensities by considering the transmission of
the incident field component through the resonator loop by loop. The transmission
coefficients (with reference to figure 5.1) are:

Ty3=Tog =[(1 - K2)(1 - 2y,)]12

iT23 =T14 = jk(1 - 2y,)12
where the lumped coupler loss has been included in the modified transmission
coefficients. TL is the transmission coefficient around the loop as defined above. Then,
considering the output field components after n circulations:
n=0: E4=ET14
n=1: =E T4+ E1T13TL T4
n=2: =E1T4 + E1T13TLTag + E1T13jT23TL To4 etc.
This is in fact a geometric progression, so that:

N
. n-1
E 1T13T24TL21(TLJT23)
. ns=
E,=EjT ,+ 7T
2 (G.1)

At steady state, when N — oo, so that we can evaluate the series using

Za" =2 forlal<1

= 1-a
which yields:
ET.T,T
. 1713724°L
E,=EjT ,+

1-T, T
(1-T(jTy) (G.2)

and which is in fact an identical expression to that derived using the coupled mode
theory in Chapter 5.

The significance of the above expressions is as follows. Equation (G.1), in fact,
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represents the complex, time dependent amplitude transmittance of the OFRR. The n-th
term of this series represents the contribution to the light output which has circulated the
ring n times. It can be seen that the magnitude of the n-th term is a decaying function of
n (as To3Ty, < 1) that the light suffers on each roundtrip. Hence, it takes a finite number
of circulations (N — o) to reach steady state. We shall return to the dynamic
characteristics of the OFRR when we consider the transient response of the Brillouin

laser in Chapter 7.

The series for the circulating field is obtained in the similar manner.
n=0: E3=E|T3

n=1: =E T3 + E{T13TLiTy3
n=2: =E T3 + E1T13TLiT3 + E1T13TLiT23TL T23
etc.
N
. n
E;=E T ;2 (T1iTy)
n=0 (G.3)

and at steady state:

E. = E1T13

37 T-TyT,

(G.4)

which is again identical to eqn (5.5).
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