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Abstract

This thesis describes the development and
characterisation of single-mode optical fibre lasers and
amplifiers. Although the fibre laser configuration was
first employved over twenty vears ago, its application to
conventional optical fibre technology has not been demon-

strated previously.

The new devices are based on single-mode fibres doped

with rare-earth ions, notably neodymium and erbium. The
combination of strong absorption bands, long fluorescenc
lifetimes,. low fibre losses in the infra-red and small

fibre cores have made possible very low threshold and
efficient fibre lasers. Experiments on the tunability,
output spectra and pulsed operation of these devices are
described. A number of world firsts, including the lowest
threshold and widest tuning range of a doped glass laser,
and the efficient CW operation of an erbium-doped three
level laser, have been achieved. High-gain amplification
at 1.54um, the preferred wavelength for optical communi-
cation, has also been demonstrated. The results have been
model led by adapting conventional laser theory to the
single-mode fibre configuration, and some simple design

criteria are considered.
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CHAPTER 1 : INTRODUCTION

1.1 Active Fibres

One of the most striking features of the optical
fibre is its ability to convey light for long distances
within a core of glass dimensionally similar to the
optical wavelength. The potential for lightwave communi-
1,

cation was first recognised in the 1960's following the

advent of the laserz, and the large bandwidth of optical

signhals (greater than 1THz 3) has served to establish the
optical fibre as a major long-distance telecommunications
medium. This progess has been made possible by signifi-

cant advances in fibre fabrication techniques4'5’6 which

have resulted in a reduction in fibre loss from many

7

is of dB/km to the state-of~the—-art level of
a wavelength of 1.55um ‘. The optical fibre

is not simply a transmission medium. The high light
intensities that can be generated within the small core of
the fibre make it possible to design optical fibres which
actively process light. The idea behind the majority of
the work described in this thesis i1s the design of a fibre
which amplifies light rather than attenuating it8. The
critical difference 1is in the glass composition. Whereas
the current trend is towards greater material purification
in order to minimise losses, the key to the amplifying
fibre described here 1is the addition of small amounts of

special dopants to the silica glassg.

In its simplest form the optical fibre amplifier
is a step-index single-mode fibre with a doped core
region. When light of an appropriate wavelength (the
pump) 1s launched into the fibre, the dopant ions absorb
strongly and fluoresce at a characteristic wavelength. At
sufficient pump powers, the fluorescence is amplified by
stimulated emission as it passes along the fibre. If
feedback is provided (usually in the form of mirrors

butted to the fibre ends), then at a particular pump power



(threshold), the round trip gain will overcome the :.und
trip losses, and the fibre will lase at the fluorescence

wavelength. Without the feedback, the fibre simply acts as

an amplifier.

The dopants which have been exploited to date in
optical fibre lasers and amplifiers are rare-earth ions,
notably neodymium (Nd3+)8, erbium (Er>+)10,11 and praseo-
dymium (pr3")12, The ions differ in their absorption and
fluorescence wavelengths, and span much of the optical
wavelengths of interest for communications. There remain
a wide variety of other dopant materials to be investi-
gated, including the transition metal ions, and research
is continuing. The level of doping need only be a few
parts per million {ppm), and the most heavily doped fibre

. - 5 H £ F N
in this work has an icon concentration ¢f a few

used
hundred ppm. It is possible, however, to add dopant ions
up to tens of thousands of ppm whilst maintaining the

glass structure. These heavily-doped fibres have exciting

prospects for future research.

1.2 Review of Fibre Lasers and Amplifiers

1.2.1 Background

The neodymium glass laser was one of the first
solid state lasers to be demonstratedl3. Since then,
glass lasers have received considerable attention, and
reviews of much of the work are to be found in papers by
Snitzer and Youngl4’15. Many rare-earth 1ons have been

made to lase 1in glass, 1ncluding neodymiuml3, erbiunl®

and
holmium!’. Of these ions necdymium has received the most
attention, because it can be operated at room-temperature

with high efficiency.

Glass lasers differ from crystal lasers in a
number of respects. The fluorescence linewidths of dopant
ions are considerably broader in glass, than in crystal

hosts, resulting in higher thresholds for lasing. In




return, glass lasers are tunablels’19 and can produce
pulses of shorter duration and higher energyzo. The
thermal conductivity of glass is much smaller than that of
crystals, resulting in considerable thermal problems for
continuous wave {(CW), or high repetition rate, glass
lasers. For this reason, the majority of CW solid-state
lasers commercially available are based on crystalline
hosts. Glasses and crystals can be doped with a variety
of ions, but glasses are the more versatile in their

physical properties, and can acconmodate a large number of

different 1ions.

The two disadvantages of glass lasers are thus
higher thresholds and thermal problems. Both of these can
be overcome in the optical fibre laser configuration. The
threshold power for laser oscillation is generally
ortional to the cross-sectional area of the active
um. Fibre lasers have thresholds which are orders of
ude smaller than their bulk counterparts. 1In order
to absorb the pumping radiation effectively, a longitu-
dinal pump scheme and a relatively long interaction length
are required. The fibre waveguide 1s 1i1deal in this
respect. Furthermore, the extremely large length/diameter

ratio {up to 108), and efficient pumping, act together to

eliminate thermal problems.

1.2.2 New fibre from old

2
2

Snitzer's first glass laser! employed a cladded
glass rod, i.e. a crude optical waveguide, in order to

reduce the oscillation threshold, and some of the early
observations of fibre wavegquide modes were made in such

deviceszl. If the field of fibre optics is dated from Kao

1

11

)
o}
o}
)

kham's proposal to use dielectric waveguides for

c
ptical communicationl, then fibre lasers could be argued

0

to pre-date fibre optics! Nevertheless, since that time,
glass lasers have played little part in optical fibre

research and vice versa. The few exceptions include the



demonstration of lasing in a multimode Nd3+—doped fibre
with a GaAlAs diode laser pump, by Stone and Burrus22 in

1973, and a paper by Galant et 2123 in the same year.

The fabrication technigques for optical fibres have
progressed dramatically since the early 70's. The
invention of the modified chemical vapour deposition
technique (MCVD) in 1975 5'6, and further refinements in
purification and drying have resulted i1n a reduction in
fibre losses by orders of magnitude. It is timely, there-
fore, that a re-examination of the advantages of fibre
lasers be made, in particular with emphasis on the appli-
cation of active fibres to the expanding fields of optical

fibre devices and circuitry.
1.3 Contents

The thesis is divided into five main chapters
which describe the mest important aspects of optical fibre
lasers and amplifiers. Chapter Two begins with a review
of the properties of rare-earth ions in glass and a
description of the optical fibre laser configuration. The
gain in three-level and four-level fibre lasers 1is
evaluated using a simple model which includes the mixed
homogenous/inhomogenous broadening mechanisms. The model
ig applied to the CW operation of lasers and the calcula-
tion of the threshold power, output power and spectral
broadening. Temporal relaxation and Q-switching are also

considered.

Chapter Three describes the fabrication and
characterisation of doped-fibres, concentrating
specifically on neodymium-doped and erbium-doped fibres.
Measurements on ground-state and excited-state absorption
as well as spectral and temporal fluorescence are
provided, and the chapter ends with a description of the

fibres studied in laser and amplifier experiments.



Chapter Four deals exclusively with CW single-mode
fibre lasers. The operation and optimisation of 3-level
and 4-level neodymium-doped and erbium-doped lasers is
first described. The threshold and slope efficiency
results are amongst the best achieved for these systems.
It has also been possible to fully exploit the tunability
of the doped-glass lasers, which approach the performance
of dye lasers. The chapter ends with a description of

line-narrowing experiments.

Fibre lasers can be Q-switched and mode-locked to
produce pulses of short duration and high peak power.
Results on these topics are described in Chapter Five.
Amplification is particularly suited to the fibre configu-
ration because of its very small active area (typically
10711 n2). The chapter continues with a description of
the properties of fibre amplifiers at 1.088um (neodymium)
and 1.54um (erbium). The latter wavelength is of
particular interest for optical communications. Other
power-dependent effects described in this chapter are
Raman generation from pulsed fibre lasers and a

pump-dependent bistability.

The majority of the laser experiments described so
far have been based on bulk optical components in
conjunction with optical fibres. There is, however,
considerable scope for the application of optical fibre

components to create all-fibre laser devicesS.

Chapter Six describes the fundamental fibre
component, the coupler, and its application to all-fibre
ring lasers. During the work, a new model of operation of
fused fibre couplers was developed, which accurately
describes the influence of wavelength and refractive-index
changes. Wavelength-selective couplers have been employed
in efficient ring lasers, which are particularly robust,

and fully compatible with other fibre devices.



Finally, in Chapter Seven, the future prospects
for fibre lasers and amplifiers are considered, and

conclusions drawn.
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CHAPTER 2 : THEORY OF OPTICAL FIBRE LASERS

The aim of this chapter is to outline a model for
the operation of fibre lasers and amplifiers, based on
conventional solid-state laser theoryl’z. A number of
analyses of waveguide lasers have been made previously3'4,
the most pertinent to the optical fibre laser being the
paper by Digonnet and Gaeta. Although the question of
modal overlap is addressed, their analysis is aimed at
crystal fibre lasers and is restricted to homogenously-
broadened four-level systems with negligible pump
saturation. It was considered necessary in the present

work to outline a theory which includes the effects of

inhomogenous broadening, pump saturation and amplified

evel and four-level

L2
O
-
>
v
-+
oy
-
o
e
(
M
I
et

spontaneous emission for both £

transitions.

The chapter begins with a review of the properties
1

of rare-earth ions in glass, followed by a description of

o
the optical fibre laser configuration. The gain of three-

[ B GY - &

&

level and focur-level transitions in the glass fibre and
the effect of amplified spontaneous emission are
evaluated. The analysis 1s applied to the (W operation of
fibre lasers and the chapter ends with a brief description

of relaxation oscillations and Q-switching.

2.1 Rare-earth ions in glass

The new fibre lasers and amplifiers are based on
silica optical fibres which have been doped with one, or
more, rare—-earth ions. This section reviews the

properties of rare-earth ions in glass.

2.1.1 Rare-earth energy levels

An energy level diagram for selected trivalent
rare-earth ions is shown in Figure 2.1. The information is

taken from a study of the free ions summarised in a paper
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by Dieke and Crosswhite”. The electronic configuration of
these i1ons 1is (Xe)4fN, where (Xe) represents the closed

shell electronic configuration of xenon, and N is the
+

number of 4f electrons (N = 3 for Nd3+ and 11 for Er- ).

The partially-filled 4f shell 1s shielded by the closed
outer shells of the xenon configuration and thus the
rare-earth ions have similar physical and chemical
properties. The shielding also reduces the influence of
the local electric fields when the ions are incorporated
into a solid material. The energy shifts relative to the
free ion levels are only of the order of a few hundred

1 1 =23

cm - {(one cm joules) and thus

is equal to 2.0 x 1
the information in Figure 2.1 is sufficient to identify

the transitions observed in the soclid-state.

The labelling ¢f the energy levels or "terms”
{e.qg. 4F3/2) follows the standard LS coupling notation.
The presuperscript represents the value of 2S+1; the
capital letter indicates the value of L according to the

sequence

and the postscript is the value of J. The quantum numbers
S, L and J describe the spin, orbital angular momentum,
and total angular momentum, for atoms in which the
coupling between individual electron spins and between the
orbital angular momenta exceeds the coupling between the
total spin (8) and total orbital angular momentum (L).

The reader is referred to any text on atomic physics (e.g.
Woodgate6) for a more detailed discussion of atomic
spectra. The importance of the angular momentum J 1s that
it determines the multiplicity of the term i.e. the number
of different orientations of the angular momentum in an
external field. The multiplicity is glven by the value of

2J+1.
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When rare—earth ions are placed in a glass matrix,
the local electric fields remove the 2J+1 -order
degeneracy of the individual enerqgy terms. The number of
possible sublevels (known as Stark levels) is given by
Kramer's rule for electric fields as J+¥ for half integral
J and 2J+1 for integral J. The actual number observed
depends on the symmetry of the material, but the full
number 1s usually observed in glass since 1t is of lower
than tetragonal symmetry7. The magnitude of the splitting
depends on the glass composition and is typically of the

order of 100cm~!.

The ground state (unexcited state) of an ion is
determined by thermal equilibrium between the lowest lying
energy levels. The relative electronic populations in

these levels 1s given by the Boltzmann distribution

My |
~———~ = eXPp
&M j i
where

th

th and j enerqgy

n: - are the populations of the 1
levels

g;,4 are the remaining degeneracies of these levels

k 1is Boltzmann's constant

T is the absolute tenperature.

1 and so

At room temperature kT 1is approximately 200cm”
only the first few Stark levels of the lowest term are

significantly populated.

2.1.2 Rare—-earth transitions, cross-sections and

lifetimes

Although the rare-earth energy levels are
adeguately described by the L-S§ notation, the probability
for electron dipole transitions within the 4£N configura-
tion 18 zero. In order to permit dipole transitions

between the levels, the states of the 4£N configuration



must be perturbed by those of the higher lying 4fN"15g
configquration. Details of the perturbation calculations
are given 1in papers by Judd® and ofelt?. The transition
probabilities are typically three to four orders of magni-
tude smaller than for allowed transitions between electro-
nic configurations. A further discussion of rare-earth

spectra can be found in Reisfeld and Jorgensenlo.

The results of transition probability calculations
are usually given in terms of the oscillator strength fij
(see reference 6) which 1s related directly to the

Einstein Bij coefficient for absorption11 by

2 e, m

fij = -__Eﬁ_ Bij f vy {(2.2)
M e

where

€, 1s the vacuum dielectric permittivity

m 1is the electron rest mass

e 1s the electron charge

% = h/2% where h is Planck'®s constant

Yy 5 is the angular fregquency of the transition

In the solid state, the energy levels are considerably
broadened (see section 2.1.3) and it is usually more
convenient to consider an absorption {or stimulated

emission) cross-section ¢(v) defined by

—— = n 6(v)S (2.3)

where
S 1is the photon intensity at frequency v
2z 1s the direction of propagation
n 1is the number density of absorbing or

emitting lons)

14
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The cross section ¢(v) has the dimensions of area and can
be considered in a ballistic sense as the area subtended
by the absorbing or emitting i1on. The relationship

between the oscillator strength and the cross section is

given by12
2 ,.2
£ - Tel R n ( s(vidv (2.4)
1] 2 2
g m ¢ (n<+2) J
over band 1i]
where n 1s the refractive 1index

The importance of the cross-section is that it i1s the
parameter most closely related to experimental
measurements of absorption {or gain). The results of the

fibre laser theory are expressed in terms of the cross-section

wherever possible.

Once a particular rare—-earth ion has absorbed
energy, 1t can relax to the ground-state by a variety of
mechanisms. The most direct route is the emission of a
photon corresponding to the energy difference between the
excited level and the ground-state. 1In the majority of
cases, however, the probability of this occurence i1s far
outweighed by the probability of relaxation to an inter-

mediate level via the excitation or one or more

)

vibrational modes (optical phonons) of the host matrix.
The lifetime of a level under multi-phonon decay is
proportional to the energy difference with the next lowest
level, and rises rapidly for larger energy differences.
The lifetime is typically lns for energy gaps of 1000em™ !

or less, rising to 1lms for a gap of 4000-5000cm~1 10,

A further decay mechanism 1s the transfer of
energy from one ion to another, either resonantly {(energy

levels of the two i1ons significantly overlap) or



non-resonantly (energy difference accounted for by
excitation or absorption of phonon(s)). The dependence of

the resonant transfer rate p on the inter-ionic distance

r, goes as’

( ro}
I (2.5)

where r_ is typically 4 x 10" %n.

For a concentration of 1019 ions/cm3, p is approximately 1
s ! and is thus much smaller than either the radiative or
non-radiative rates (typically 103871 or greater). At
higher concentrations, or 1if there is significant
clustering of ions, inter-ion relaxation can be signifi-
cant. For Nd3+—doped glass the critical concentration is
usually about 2 x 104 ppm NdS " ions, 1.e. approximately

two orders of magnitude greater than for the glass fibres

studied here (see Chapter 3).

et

a

~
-

i

e rare-earth 1

T
oo

n levels in

[N

Certa

ons
her, lower, levels that the

t

sufficiently removed from o
probability for radiative emission (fluorescence) becones
significant. Because the radiative probabilities are
relatively small, these levels have lifetimes ranging from
a few microseconds to many millaiseconds, and are called
metastable levels. The most important levels from which
3+

: - + .
fluorescence 1is observed 1in Nd3 and Er ions are the

4F3/2 and 4113/2 levels respectively. Fluorescence

measurements on doped fibres are described in Chapter 3.

2.1.3 Homogenous and inhomogenous broadening

The fluorescence emitted by the rare-earth ions
consists of broad bands, typically tens of nanometres
wide. It is important to understand the origins of this
broadening. As an example, the fluorescence resulting

from the 4F3/2 - 419/2 transition 1n Nd3+ 1is considered.

16



The local energy fields 1in the glass matrix split
the 4F3/2 and 419/2 levels into two components, and five
components, respectively. The splitting of the 4F3/2
level is typically of the order of kT at room temperature,
so that, in accordance with equation (2.1), both sublevels
are significantly populated. There are thus a full ten
components in the fluorescence spectrum. Each component
ig thermally broadened by the absocorption or creation of
low-energy phonons (acoustic phonons) during the transi-
tion. This broadening i1s determined by the temperature
and by the material properties of the glass, in particular
the velocity of soundl3, and 1s typically of the order of

50cm™ Y. It is known as homogenous broadening because it

is common to all ions in the glass.

Glass is an "inorganic product of fusion cooled to

t 1s

2]

a rigid condition without Crystallising7".
characterised by a high short-range order corresponding to
the constituent molecules, a low long-range order and a
low symmetry7. The local electric fields which give rise
to the Stark levels vary between ionic sites and thus so
do the magnitudes of the level splittings. The resultant
variation in transition energies 1is typically of the order
of 100ecm™ 1. The broadening is called inhomogenous, and
makes it possible to distinguish between classes of ions
in different sites. A schematic of the effects of the

different broadening mechanisms is given in Figure 2.2.

2.1.4 Basic 3- and 4-level lasers

The various relaxation rates determine the pumping
rate required to significantly populate the metastable
level. TIf this population 1is larger than that to which a
transition 1is allowed (i.e. there is a population
inversion), then stimulated emission of that transition
will produce gain. A four-level system is one in which
the terminal level of the transition is not normally
populated at the operational temperature. Thus any popula-

tion of the metastable level can give rise to gain. In a

17
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three-level system, the terminal level 1s the ground
state. The pumping rate must be sufficient to deplete the
ground state before a population inversion can be
achieved. The CW operation of a three~level glass laser
1s usually prohibited by the very high pump power that 1is
required and the associated thermal problems. However,
because of the intense and efficient pumping scheme for a
fibre laser, its large length/diameter ratio which
minimises thermal effects, and the long lifetimes of the
metastable levels, efficient CW laser operation of three-

level systems has been achievedl4, and 1is described 1n

Chapter 4.

2.2 Optical Fibre Laser Cavities

In this section a number of features particular to

cal fibre laser cavities are described. It 1s assumed

(=D

.
pu

hat the reader has a basic knowledge of optical fibres

ct O

u
1]

e, for example, references 1 and 15). An excellent
description of the theory of optical waveguides is to be
3

found in Snyder and Love™~.

I
o))

ro

2.1 Modal considerations

The fibre laser can be designed to operate
intrinsically and continuously 1n a single transverse mode
at both the pump and laser wavelengths. This property
offers unparalleled pumping efficiency. Because of the
small modal spot-size (typically lO_llmz), low pump powers
of a few milliwatts can maintain high intensities for long

distances, and thus very low oscillation thresholds can be

achieved.

Since the pump and laser wavelengths differ, it is
unlikely that a perfect overlap will exist between the
excited gain medium and the oscillating mode. The
evolution of a pump or laser mode along the fibre can be
expressed in terms of the local intensity of the mode

using equation (2.3)
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gg = P ¢ j 5 n{x,y,z)dxdy (2.6)
Acw
where § is the normalised mode intensityl6 (s = PS). The

overlap integral between the mode intensity and the
population inversion arises because the gain at any point
in the fibre is proportional to both the local intensity

and the local inversion.

Strictly speaking, the modes of the absorbing, or
amplifying, waveguide are not the same as in an ideal

lossless waveguide, since the loss or gain adds an

ct

e 1in Ne. For

A
<

+ - ~ o~
n: to the refracti

i
the relatively low-doped fibres described in this thesis;

O 7 Aammanant
ags n th’\)ll\_/llb

“diay Lzl

Q

[0 _
'E‘l < 107> (2.7)

and so the influence on propagation 1is negligible.

2.2.2 Polarisation

The evolution of a mode, j, in an optical fibre

can be expressed byl6

E = Eoexpj(pjz—ut) (2.8)

where E 1s the electric field, Py is the propagation
constant (complex for absorbing or amplifying fibres) and

w is the optical (angular) frequency.

In the circularly-symmetric, step-index, fibre, the
propagation constant B 1s independent of polarisation.
For any real fibre, however, core asymmetry, material

anisotropy and external perturbations such as bends or




21

pressure, act to make the fibre birefringent (i.e.
Bix * Pjy where x and y describe two orthogonal

polarisations). Fibre birefringence can cause problems
whenever a fibre is used interferometrically, since the

interference conditions for the two polarisations are

different.

The coupling between the polarised modes is a

function of the difference in propagation constants Agp,

and is strongest for perturbations with period 21/A517.

The value of 21/Ap is called the beat length Lp. By
designing a fibre to have a high intrinsic birefringence,
the beat length can be reduced to be much less than the
typical period of any external perturbations. Thus light

launched in one polarised mode remains 1in that mode and

s
-3 St €
ise to modal interferenc

¥
£

D)
m

1]

) +
cannot

L=
CGrail i

giv
The fibre laser frequently has a polarised laser
he pump source. It is usually assumed that informa-

tion about the pump polarisation is lost as the 1on

ct
m

ey
a0

s ~rme o
Il

P = ~ 4+ —_ —~
vel, and that the cross-

D

relaxes to the upper lasing 1
section for stimulated emission is 1ndependent of
pelarisation. The availability of doped high-
birefringence fibres makes 1t possible to test this hypo-
thesis closely. The theory developed in the remainder of
this chapter is chosen, for clarity, to be independent of
polarisation, but can be extended to include polarisation
prhenomena with the definition of two cross sections, Sy

18

and ¢ for the two orthogonal polarisations—°.

Polarisation phenomena in fibre lasers will be discussed
in more detail in a future reportlg. It should be noted
that for the majority of fibre laser measurements (e.g.
efficiency, spectral broadening, output power and
wavelength), polarisation anisotropy is a second-order
effect, and that very good agreement between (polarisation

independent) theory and experiment has been obtained.




2.3 CW Gain Evaluation

In this section the basic equations for the gain
of three-level and four-level fibre lasers are derived
under some simplifying assumptions and consideration 1is

given to the effect of amplified spontaneous emission.

2.3.1 Gain in four-level fibre lasers

A four-level laser system {(such as Nd3+ at
1.088um) is shown schematically in Figure 2.3. The usual
starting point for analysis is the simplified rate

equation

dn- n4

3
=== = fn R -~ -——— - qn W (2.9)
dt 1 Tyo 3

and the expression for the total 1on population per unit

volume nm

o
o]

np 7 3 7 Op
where ny 1s the population of level j per unit volume
is the pumping rate from level 1; R:SPGP/hvp
op 1s the absorption cross-section {(see equation
(2.3))
Yh 1s the pump frequency
W is the stimulated emission rate

T35 is the lifetime of level 3

and 1 is the excitation efficiency from level 1 to

level 3

Implicit in these equations is the assumption that the
lifetimes of levels 2 and 4 are so short that their
populations may be neglected. For Nd3* ions the 4-level

scheme at 1.088um 1s shown in Figure 2.4. The lifetimes

4 _ 4 4
of the "G5,y F3/2 and I11/2 - 419/2 transitions (non-

radiative) have both been estimated to be of the order of

22



Figure 2.3. Four-level laser
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a few nanosecondslo 1.e. much smaller than the fluore-

scence lifetime of ~450us, and so the assumption is good
for CW operation. The finite lifetime of the

4111/2 419/2 transition has been known to cause bottle-
necking 1in Q-switched operation20, but this has not been

observed in the fibre laser to date.

The rate equations are complicated by the
different broadening mechanisms discussed in Section
2.1.3. In the Nd37 system, the 4F3/2 level is split by
the crystal field into a doublet and the 4111/2 is a
sextet. Transitions between these multiplets are
characterised by a homogenous broadening due to vibration
of the ion {(phonon interaction) and an inhomogenous

broadening because the crystal field, and hence the Stark
£

D

3 - o+
I Crie

1

+ + +
L% [ ) [ 9%

(.

1 Site si1te in

ot

3 3 3 VD]’\117 >N
ing, varies considerabl Yo

n

tt
tt

Jus

1
a

i e)
=
1

disordered glass matrix.

Following a standard technique for a description
0of i1nhomogenous broadening (see for exanmple Yyarivl) the

- 3 3 3 9 3 2N T oy ~171 .23
on opulation is divided into sublevels labelled

kel
S R

[N

3 g

containing indistinguishable i1ons (1.e. lons in identical
siteg)., The probability of an ion being characterised 1in

class £ 1s given by p(f) where

[eo]
j p(f) df = 1 (2.11)

-

Within each class the ions are homogenously broadened with

a lineshape gf(v) such that

o]
[ efev) dv = 1 (2.12)

u
-

The overall lineshape g(v) is then

[o4]

plv) = fp(f)gf(v)df (2.13)

-
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Equation (2.5) can be rewritten as

f f
I fg - o2 Pyt (2.14)
§ETT T OMMIR - F; T M ‘

Strictly speaking, the probabilityv distribution p(f) 1is

determined by the pump wavelength; i1if the ions are pumped
in the wings of an absorption rather than the centre, the
selection of ionic sites changes and so does the distri-
bution. By restricting the sites selected, the effective
inhomogenity can be reduced21. However, at room tempera-
ture the relatively large homogenous broadening ensures

that a broad distribution of sites 1s selected.

The stimulated transition rate We(v) due to an
intensity (per unit frequency interval) S(v) can be

. 1
expressed as-

b
=t
—~

v) = ---5——1 ~~~~~ Bg(v) S(v) (2.15)
8mn thspont

n is the refractive index
spont 1is the contribution of the lifetime of

level 3 that 1s due to spontaneous emission

The relationship between equation (2.15) and the semi-
empirical expression of (2.3) is given by the Fuchbauer-

Ladenburg relationship,

6(y) = =—m=fo—~ g(v) (2.16)

An experimental determination of the spectral and temporal
fluorescence characteristics of a particlar ion can

therefore be used to calculate the stimulated cross-section

(see Chapter 3).
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Integration of equation (2.15) gives the total

stimulated rate Wf;

Weg = ——-zmm—mmme [ S(viggl(v) dv (2.17)

The steady-state population inversion n3f is given by

putting d/dt = 0 in eguation (2.10);

(2.18)

The power generated per unit volume, due to stimulated
emission from subset f, is n3fwf(v)hv. In order to calcu-
late the power generation per unit length this expression
nmust be integrated over the cross-section of the fibre,
and over all possible values of f. Substituting from

equations (2.18} and (2.,153) gives

{\
|

-——- = b s e mm—m e e gglv)S(v)dida
] ;

(2.19)

Writing S(v) as PS(v) and integrating over the length of

the fibre, we obtain an expression for the single pass

gain G(v)
£
‘ S(u)Out r ro. f an; Ty,
G(v) = dn --=----—- = J S(v)IR j ——————————
S(V)in 1+W T32
0 Aw
3 2
—————————— ge(v) dfdadz
8tn2t (2.20)
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2.3.2 Neodymium laser gain

As 1t stands, equation (2.20) is somewhat
unwieldy. 1In order to derive a simple expression for
four-level systems, such as the Nd3+—doped fibre laser at
1.088um, some simplifving assumptions must be made. The

first is the small-signal approximation,
wit ., « 1 (2.21)
32 y

In the case of lasers, equation (2.21) 1s only true at, or

below, threshold.

The second approximation 1s that

[{®]
3]
N

ny “lp(f)
This is equivalent to the statement that the distribution
of 1onic sites selected by the pump {(p(f)) 1s independent
of pump power. In order to evaluate the area integral it
is further assumed that the dopant is restricted uniformiy
to the fibre core. Using these agsumptions the

expression for the single-pass gain is then

Pabs noe(v) T32
G(yv) = === —-cewm———
hv

Aeff p

where use has been made of equations (2.6), (2.13) and

e 1 £
V2410,

i
_ dP)
Pabs - j [ dz dz
0

1s the absorbed pump power (due to population n 1) 1in

length t, and the effective area, A ¢¢, 1s given by



1 { a
! S,5,dA (2.24)

p

v

core

Equation (2.23) has proved remarkably accurate in determi-

ning the gain, and hence the threshold, of the Nd3+—doped
fibre lasers described in this thesis. The equation
illustrates the dependence of the gain on the effective
area of the fibre waveguide, which is defined by the
overlap of the pump and laser intensities. It is evident
that the single-mode fibre, which can maintain throughout
its length a diffraction limited spot-size for the pump
and signal, offers the optimum gain/power ratio for any

laser cavity.

2.3.2.1 Gain Optimisation

The most important factor determining the laser

gain 1s the effective area, Aj¢eg. The overlapﬁintegral of
equation (2.24) has been evaluated by Digonnet” for the
lowest-order modes of a fibre. 1In the region of single-
mode operation at the signal (laser) wavelength the
greatest overlap occurs (as would be expected) for the
pump in the lowest-order mode. Under these conditions,
equation (2.24) reduces to
1
2 2 j2
1 4(n o -no¢9) irw Wy Jo(U R YT (ULR )]
i R B R | 27R7dR’
Aggs ) v vy I Uy
0
(2.25)
2
4(n,,“-n, 1)
= o memmmmmm—- ﬂeff (v, )\p/)\) (2.26)
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where

Neor Nej] Aare the core and cladding refractive
indices

G, W, V are the modal parameters for the laser
mode

Cp,wp, Vp are modal parameters for the pump mode

R = r/p is the normalised radius, where p is
the core radius

JO, Jl are Bessel functions

The advantage of equation (2.26) is that the V-value
dependence and laser parameter dependence are clearly
separated (NB this is not the case for the F coefficients
of reference 3). The variation of 1/A_¢¢ with signal

V-value is shown in Figure 2.5. The optimum V-value

ct
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and 1s 1.7 for a -laser pumped at 820nm.

strates the 1mportance of

2 2)%

Equation (2.26) also 1llu
the fibre numerical aperture, N.A., (i.e. (n_ % - ny,

n determining the gain. It is evident that the N.A.

should be made as high as possible. 1In practice a limit
is set by the minimum pump spot size (w_ ) attainable from
the launch optics. Thus i1f the numerical aperture 1is
inceased too far, the pump spot size in the fibre (wp)

falls below v, and the launch efficiency is impaired.

Equating w, to wy at the optimum V-value yields an

expression for the minimum effective area A_fr¢: pin

2
Aeff min l.5‘ﬂu0 (2.27)

It should be noted that since the launch efficiency

depends on the ratio wp/uo whereas the threshold depends

o
size results 1n an even higher gain. However, the

on up2 (via {(ng ‘- nc12)>, a further reduction in spot

absorbed power, and hence the maximum attainable output

power, 1s reduced.
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The optimum length depends mainly on the excess
loss of fibre o, which is usually very small. If « is

given by anp/K then the optimum length is

- ) [
Lopr = 2= 1n[ K Gmax} (2.28)
T p
where
Gphax 1s the gain resulting from total absorption
of the punp power
2.3.3 Gain in three-level lasers

The analysis for a three-level system such as Er-"

at 1.54um proceeds in a similar manner.

The simplified rate equation can be written

Ny ) n . ¢
so- =t R - gt - weny T (2.29)

£ £ o nf (2.30))

A schematic of the three-level laser is shown 1n

e

3+ system {(shown 1n

igure 2.6. It is assumed that Ty is much smaller than
1+ An estimate of Ty, for the Er

T

2
Figure 2.7) is put at T35 * 10us (see Chapter 3) i.e.
T

< —'3 m
2 < 10 .L21-

(98]

In a three-level system both the upper and lower
levels of the lasing transition are populated. Gain is
only available when the rate from level 2 exceeds that of

£ f

level 1 i.e. Nyt > npT.

From equation (2.29)

f _ f _ .= o f
ﬂ2 nl nR + 1/’1‘21 + zwf nT (2.31)

By analogy with equation (2.20) the gain 1s expressed as



Figure 2.6. Three-level laser
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2.3.4 Erbium laser gain

Under the small~-signal approximation, egquation

{2.32) reduces to

G(v) = {(R,4,V) npo(v)i (2.33)
where
i
( 4 V) { ] 3 nRo- }/T21 . i
§(R,£,V) = | ! S¢ sr-r-177-- dadz (2.34)
JoJ ' s 21
0 core
The gain is thus expressed as a fraction, t, of the

maximum gain available 1f the total ground state were

ro

inverted. The value of the pump intensity for which 1R is

equal to 1/T,q is known as the saturation intensity. This

value determines a pump threshold which must be exceeded

if a three-level system is to exhibit gain. The small

core of the single-mode optical fibre makes 1t possible to

achieve the necessary intensity at relatively low power

levels.

In Figure 2.8 the dependence of { on the signal
V-value is plotted for various values of the pump rate.
In order to illustrate the V-dependence, equation (2.34)

is evaluated for incremental z, i.e. R 1s constant. it
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can be seen that the optimum V-value is a function of the
available pump rate, and lies typically in the range
1.3-2.3. At low pump rates (R1:50, P = 5mW for a typical
device) the optimum V is approximately 1.6. At higher
pump rates the optimum value increases to above 2, largely
because the excited population is assumed to be confined
to the core. (The fraction of laser power confined to the
core lincreases as V 1s increased). Before the total gain
in the fibre can be computed, the dependence of the pump
rate on the length must be accurately known. It 1is shown
in Chapter 3 that punp absorption from the excited-state
population should be taken into account in addition to the
usual ground-state absorption. The pump absorption

coefficient is given by

r 1]
! ad i
(1) I P N PO S L Y
= ——— e o ———— -+ —— ——g Tem e - —— i
~ "% | %p [ARS,FI7T,7) 5, ) el wRE;FT7T,7) M
lcore core ‘
L J
(2.35)
where
dR/dz = -«(4)R
o is the pump absorption cross-section
S5 is the excited-state absorption cross-

section

The dependence of the overall gain in the fibre on the
pump rate is shown in Figure 2.9. Note that, in practice,
the ratios of the cross-sections are provided by absorp-
tion measurements {(see Chapter 3) and that the maximum
gain nq6(v)4{ can be compared to the small-signal absorp-
tion at the laser wavelength (see Chapter 5). From the
figure it can be seen that the presence of excited-state
absorption seriously reduces the available gain. The
maximum length that can usefully be employed in the laser
or amplifier is governed by the value of the pump rate, R,
for which $(4) is zero. Once the pump rate falls below

this value the additional fibre length contributes loss,
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rather than gain to the device (see Chapter 5, Appendix
A). The value of £ at which ({(4) is zero depends on the
threshold pump rate, R, and the absorption coefficient «,

and thus the fibre length needs to be optimised for each

device.

2.3.5 Anmplified spontaneocus enission and gain saturation

The expressions of Sections 2.2.1 and 2.2.3 for
the single-pass gain contain the term W, the stimulated
emission rate. Even 1in the absence of feedback there is
always radiation in the fibre which contributes to W
because of the fraction of spontaneous emission that is
captured by the fibre core. It is the purpose of this

section to evaluate the effect of spontaneous emission on

the fibre gain.

The fluorescence, as discussed in Section 2.2,
“““““ ts primarily from dipole radiation.
The standard result for the fractional power
emitted by a dipole aligned to the x, or y axis into a

fibre mode is given byl6

2 ~
B o= __-3AT____ 5, (2.36)
16ﬁnconcl
where N., = core index
n,y; = cladding index

The fractional power emitted by a dipole aligned to the z
axis is of order (NA)2/2 smaller (typically 2%) and is

neglected here.

Thus the total capture fraction averaged over all

possible directions of the dipole is given by



B = —mommmmme- S, (2.37)

The power captured per unit length and unit frequency

interval dP(v) 1is given by

f
i
dP(v) = hv gi{v) [ [ T gf(v)BdA dz (2.38
JoJ il
Aw £
where 1 =3, 73 =2 for a 4 level laser
i =2, 3 =1 for a 3 level laser

The captured fluorescence experiences gain as it

‘

[T I 3 U GRS
muiv in equatr 1on

i
e
e}

ip
{(2.38) by the gain (from z to one end) and integrating

i
this over the entire fibre length

L 5 90 W1

£
A B
Poyt(v) = } hvg(v) j 7T Bda
J 1)
o] A
)
[t ]
exp L /M TETHY dfdadz J dz
z Ao 1 (2.39)
where nlf = n3f for 4 level laser
= n2f—nlf for 3 level laser.
2.3.6 Amplified spontaneous emisgsion in Nd3' lasers

For the approximation of section 2.3.2

4

Pout(v) = I hv g(v) I npRBdAA
0 Ao
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ng the fibre. The total power at frequency v at



dz

| I

exp

[anmm—

j | ngRTj50(0) 8, da
Z Aw

(2.40)
Since the differential of the exponent of the above

equation also occurs in the integrand, the equation can be

partially integrated, yielding

Poar(v) = ETGY—TSE_ {exp G(v,W) -1} (2.41)
where
B’ = S LA (2.42)
8mn. n.q

If the average stimulated emission rate W{(v) in the fibre

Q2

is taken to be equal to the value at one end then

W(v) = ==2-2% {exp G(v,W) -1} (2.43)

where G(v,W) 1is given by equation (2.20). Expression
{(2.43) i1ndicates that the amplified spontaneocus emission
rate in the fibre 1s given by the capture fraction multi-
plied by the lineshape and gain, divided by the upper
level lifetime. Anplified spontanecus emission 1s thus

significant (i.e. greater than the spontaneous emission

rate) when

Woop = f 2BV dexp GGy W) -1hdy > 1Ty, (2.44)
Typically, amplified spontaneous emlission can be neglected
(has less than 10% effect on gain) provided G € 3. This
criterion is well met by the majority of fibre laser
cavities, except for those relying on feedback simply from
the fibre ends. In that case expression (2.44) can be
used in an iterative program with equation (2.20) to

calculate the saturated gain.
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2.4 Threshold and Output Power of Fibre Lasers

Whenever a doped fibre fluoresces there is a
contribution to the stimulated emission rate W from the
spontaneous emission captured by the fibre. If the feed-
back is present, either from mirrors or fibre circuits or
from Fresnel reflection at the fibre ends, and if the gain
in the fibre initially exceeds the round trip losses, the
stimulated rate will grow until the gain is saturated.
This is the basis of laser action. For a given cavity
configuration there is a particular pump level, the
threshold, at which the small-signal gain reaches the
round trip loss. Any increase in power beyond this point
results in a corresponding increase in the stimulated
{laser) output. The ratic of these two is known as the
slope efficiency. In this section the threshold and

output power of both three-level and four-level fibre

lasers are evaluated.

2.4.1 Fibre laser threshold

The gain of the fibre laser is given by equation
{2.20) (four-level system) or eguation {(2.32) (three-level
system). At threshold this value is equal to the round-
trip loss. If we consider the cavity shown in Figure 2.10
with a fibre of length {f and attenuation «(Np/m),

reflectivities Rl and R2 and excess internal loss Li’ then

at threshold;

6(v) = Gy = o4 - 1o JRyR,(T-L}) (2.45)

where Gp is the threshold gain.

The threshold is optimised by maximising G(v) according to
Section 2.3 and by reducing the cavity loss, and hence Gg.
Although the threshold is reduced as the output reflectai-

vity 1is increased, the slope efficiency is also related to

the reflectivity, and it 1s usually necessary to
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Figure 2.10 Fabry-Perot laser cavity.
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compromise the threshold in order to operate the laser
efficiently. A comparison between the predictions of the

models described here and experimental measurements is 1in

Chapter 4.

2.4.2 Power output and spectral broadening

One of the major reasons for developing a model
which includes the effects of homogenous and inhomogenous
broadening is to describe the spectral characteristics of
fibre lasers. Two cases are considered here; the free-

running {(spectrally~broad) laser; and the line-narrowed

laser.

2.4.2.1 Spectrally-broad lasers

In the free-running laser, oscillation at a single
frequency is not sufficient to saturate the gain uniformly
over the laser bandwidth because of {a) the inhomogenous
broadening and (b) spatial hole-burning. As a result, a

rge number of modes reach oscillation threshold, and

[

compete for gain. The spectral profile is particularly
sensitive to the frequency dependence of the feedback (see
Chapter 4). 1In the interest of simplicity it 1s assumed

here that the feedback is independent of wavelength.

The free spectral range of the resonator, Avggg, is given

by

_ C
AVPSR = 3L (2.46)

where

n is the effective index of the oscillating mode

L is the fibre resonator length,
For a typical fibre cavity of 1lm length, the mode spacing
is 103-10%4 times smaller than the homogenous linewidth; so
that any variations in the modal amplitudes do not affect

the overall gain saturation.



When the punmp power 1s raised above threshold, the
stimulated emission rate We increases, so as to clamp the
gain to the value Gp over a bandwidth Av. In general,
both We and Av increase as the pump power is raised.
Calculation of the output power and spectral width
proceeds by assuming a profile for P(v) (the internal
stimulating power in the definition of Wg) and iterating
the profile height and width to match the required gain

saturation. Further details of the model are given in

Appendix A.

The predicted variation in the linewidth of the
neodymium fibre laser as the pump rate is increased above
its threshold value is shown in Figure 2.11. It can be

seen that considerable linewidth broadening is achieved if

the laser i1s pumped far above threshold, the limit being

set by the magnitude of the inhomogenous broadening.

The total power generated from stimulated

emission, Ppap., is given by the expression

{ j hyWe(v) njpdfdadzdy (2.47)

Protr = S J
v £ A

The dependence of Pror ON pump rate for a Nd3+—doped fibre

laser is shown in Figure 2.12. The cutput power 1is given
by
T
Pout = TIL Pror (2.48)
where

T is the output transmission

L 1s the excess cavity loss

In keeping with standard laser analyses, the stimulated
power Ppgp. can be expressed as a function of the excita-
tion efficiency, 1, the guantum efficiency Vl/up' a
parameter, f, or order unity, which accounts for the

reduction in efficiency due to the line broadening
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mechanisms, and the difference between the absorbed power,
P;,, and the threshold power, Ppny. The output power 1is
thus expressed

vp LAvH

The slope efficiency increases slightly as the pump rate

T vy [”AVIH 1‘
P = === n -- f |
J

out I (Py,~Fry! (2.49)

in

is raised, Figure 2.12, due to the linewidth broadening,
which increases the energy extraction from the
inhomogenously-broadened inversion. The dependence of
f(AvIH/AvH), and hence the efficiency, on the magnitude of

the broadening mechanisms, 1s discussed in the next

section.

o e 3 o oy A

fibre lager, the t gely determined by the
saturation intensity (cf Section 2.3.4). The variation of
slope efficiency with output transmission for various

values of the internal cavity loss 1s shown in Figure

2.13. The highest slope efficiencies are expected for

low-gain {(high reflectivity) lasers, but this advantage 1s

rapidly lost if there are additional loss mechanisms in

the cavity. Since high galns are readily achievable in

erbium-doped fibre lasers (Chapter 5) it is possible to
DT et

naintain efficient coperation with 4% Fresnel reflection

from the fibre end. The increased efficiency expected
from a reduced ocutput coupling is offset by the increased
cavity loss incurred by the application of a mirror
{(typically 5%). Note that whereas in four-level lasers
the threshold varies considerably with reflectivity,
little penalty is paid in three-level lasers since the
threshold is mainly determined by the saturation intensity
t

re
rather than the cavity loss.
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2.4.2.2 Line-narrowed lasers

Line-narrowing of a fibre laser can be achieved
with wavelength-selective feedback which restricts the
oscillation bandwidth. Because of the various broadening
mechanisms it is important to ascertain the influence of

the feedback on the threshold and efficiency of the laser.

It i1s assumed that the laser bandwidth is now

determined by the cavity, and is much smaller than the

homogenous broadening, Avg. Equation (2.17) becomes
32
Wy = SomgTTTmTmos Sav 8f(vy) (2.50)
81n tspont hv
where
[
Sav = J S{vidv
laser
line
and
v: 1s the centre frequency determined by the
cavity

The threshold is determined by condition (2.41)
G(Vl) = GT

where G(vy) is given by equation (2.20) or (2.32). Since
the threshold is calculated for We=0, it 1is unchanged from
the line-broadened case provided that vy corresponds with

the natural centre frequency of the laser.

In order to analyse the influence of the
broadening mechanisms, the relative slope efficiency has
been calculated for different ratios of the inhomogenous

to homogenous linewidths (AVIH/AVH). The calculation was
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made by adijusting the absolute magnitudes of the
broadening so as to maintain the same threshold (via

(2.16)Y). The results are plotted in Figure 2.14.

equation

It can be seen that the efficiency relative to a
purely homogenously-broadened laser is approximately 80%

2., This ratio is typical for

for a laser with Avyy/bvy
a neodymium-~doped silica fibre laser. The narrow spectral
line at 1.536um in erbium-doped silica (see Chapter 3)
suggests that the ratio may be even lower for this laser.
Thus it is expected that the efficient operation of

line-narrowed laser should be readily achievable.

2.5 Temporal Effects
The foregoing analysis relies on a state of
equilibrium being established in th ibre such that

e f
the conditions under which the
the methods for exploiting
the rate equations to produce short pulses of light are

outlined.

2.5.1 Relaxation oscillations
When the pumping light is switched on, the laser
responds in a damped oscillatory fashion, (see Figure
4.3). From standard laser theory1 the oscillation period
Toge fOr a four-level laser 1s given approximately by
s
- ye | 18222 1 (2.51)
Tosc ~ TRy 5D
where r = G(o)/Ggp, G(o) 1s the gain at zero stimulating
rate (We=0), t, = nt/cGp, £ is the fibre length.

rate exp(-at) where

(2.52)
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If the pump is not constant, but has an intensity
fluctuation spectrum with a significant component close to
Wp T 27/T,gc- then the oscillation 1s driven. Modulation
of the pump can thus produce a pulsed ocutput. Typical
modulation rates for fibres lasers are of the order of
100kHz~1MHz and pulse widths range from 5uys - 0.5us.
Relaxation oscillations are discussed further in Chapters

4 and 5.

2.5.2 Q-switched fibre laser

In the preceding section the oscillatory response
of the laser to small changes in the gain was described.
Unless this oscillation 1s driven, the laser gain tends
towards the steady-state value G determined by the cavity
logses. The technique of Q-switching is based on an
instantaneous reduction of Gp to a value much less than
the single-pass gain. The laser intensity builds up
rapidly and 1is usually sufficient to completely sweep out
the population inversion. Thus the energy stored in the

3 TR N P | R - . S oam e Y
1 or to switching is released as a single

)

ctive medium pri

o
’.-.J
v}
£

[

ntense pulse.

Following a standard analysis of Q—switchingl, the

differential equation describing the laser intensity 1is

[G(v) - GTI S(y} (2.53)

where c/n 1is the speed of light in the fibre
1 is the fibre length.

The gain G{(v) is related to the population inversion
through equation (2.20) (four-level laser) or equation

(2.28) (three-level laser).

The rate equation for the population inversion is
given by equation (2.14) (four-level) and equation (2.25)
three-level), where Wy 1is defined by (2.17). Since the
Q-switched pulse 1s typically of 10ns-100ns duration i.e.



much less than the spontaneous lifetime, the effect of the
pump rate R and spontaneous emlission during Q-switch ng is
negligible (<0.1%). Q-switched Nd3+-doped and Er3+—doped
fibre lasers have both been modelled using equation (2.53)
and the appropriate expressions for the gain from Section
2.3. A typical Q-switched pulse for a Nd3+—doped laser 1is
shown in Figure 2.15. The inhomogenous broadening results
in a small temporal broadening of the overall pulse since
the gain for different spectral components is slightly
different. Nevertheless, for a laser with a ratio
Avig/Avy = 2, the penalty is less than 1%. Thus the
homogenous broadening ensures a relatively even depletion

of the population inversion.

In three-level lasers the rate of depletion of the

y 1 1 3 . -~ . SR T P
populaticon inversiocn is twice that of an eguivalent four-

o«

level system since stimulated emission results in an
increase in the ground-state absorption. The maximum
energy extraction is thus limited to less than 50% of the
excited population energy. Fortunately the level lifetime
Ty 1
storage of energy from a CW pump source than for
neodymium ions (T37 450us). A high-power Q-switched

Er3+—doped fibre laser is described in Chapter 4.

ms), enabling greater

18]

> 5 5 P - 1 4
ium ions 1s rather long (

Summary

A model has been developed for three- and four-
level optical fibre lasers and amplifiers. The analysis
takes account of the homogenous and inhomogenous
broadening mechanisms in glass hosts, the high degree of
pump saturation and the significant variation of pump
power along the fibre. Previous analyses of waveguide
lasers have been restricted to four-level homogenously
broadened transitions, and are therefore not applicable to

the optical fibre configuration.
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Typical Q-switched pulse for a
neodymium-doped fibre laser
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The remainder of this thesis 1s devoted to the
study of two particular laser ions; neodymium, which 1is a
four-level system at a wavelength of 1.088um; and erbium,
which 1s a three-level system at a wavelength of 1.54um,.
Predictions of laser threshold, efficiency and certain
spectral and temporal characteristics have therefore been
made, and are compared with experiment in Chapters Four
and Five. It is hoped that the theory presented here will
prove useful in the continuing process of rare-earth-doped

fibre laser development and optimisation.
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APPENDIX 2A : SPECTRAL BROADENING IN SLOPE FIBRE LASERS

The homogenous broadening gg(v) is assumed to take

a Lorentzian profile

gf(V) e ————— e (A2.1)

where Avy 1is the homogenous linewidth.

This broadening is appropriate to a damped oscillator of

decay time 1 (e.g. an atom interrupted by a phonon) where

1
= (A2.2)
vAuH

The distribution of sites is assumed to correspond to a

Gaussian

, 2
Cin2k [ (f-v )< ]

piry = 25 ingy %

w Avig L Aviy 4
(A2.3)

where vy 1s the centre fregquency

Aviy is the inhomogenous linewidth
For Nd3+—ions, Avy and Avyy are taken to be 60cm™ ! and

120cm™ 1 respectively13. These values correspond with a
stimulated cross-section, ¢, f{(equation (2.16)) of

-24 2
1.5x10 m“ (for tspont

to compare the influence of the broadening mechanismg the

2T 35 and Tqy = 450us). In order

. . . . . ¢ .
ratio of Aviy/bvy 1s varied whilst maintaining a constant

value of ¢.

Experimental data on the ratio of homogenous and
inhomogenous broadening in erbium ions is not readily
available. The narrow fluorescence and absorption line-

widths at 1.536um suggest a smaller value of Aviy than in
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neodymium, whereas the homogenous broadening is a more
fundamental glass property, (it depends on the phonon

spectrum of the material and hence the acoustic velocity)
and is expected to be similar in magnitude

(i.e. ~ 60cm 1),
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CHAPTER 3 : CHARACTERISATION OF RARE-EARTH DOPED FIBRES

The optical fibre lasers and amplifiers described
in this thesis are based on low-loss silica fibres doped
with rare-earth ions. Chapter 3 describes the fabrication
and characterisation of the doped fibres. Before
efficient devices can be constructed, it 1is essential to
have a knowledge of the absorption and fluorescence
characteristics of the laser material. Section 3.1
reviews the doped-fibre fabrication process developed by
S.B. Poole and D.N. Payne. Although the technique has
recently been superceded, 1t has proved successful in
producing high-quality doped-fibres. Section 3.2 covers
the absorption and fluorescence properties pertinent to

the subsequent laser and amplifier experiments. Measure-

o

nent of the metastable level lifetime in Nd°'-doped, and
al

w

Er°"-doped, silica and modelling of the non-exponenti

ecay according to the inhomogenous broadening is also

Q

presented. The chapter ends with a description of
excited-state absorption and the problems this

lager design.

3.1 Review of Doped-Fibre Fabrication

One of the most important developments in the
application of optical fibres to telecommunications was
the invention of the Modified Chemical Vapour Deposition
processl'3 (MCVYD), which resulted in the production of
very-high~-quality optical waveguides. The original aim of
the doped-fibre fabrication research was to produce fibres
of telecommunications quality incorporating low levels of
rare-earth dopant. It was thus essential to base the

fabrication technique on the MCVD process.

Rare-earth-doped silica has received relatively
little attention as a laser material?’® because of its
high fictive temperature (~ 1800°C) and poor ionic

solubility. Nevertheless, its high transparency, high



durability and low thermal expansion coefficient make it
an excellent host. The fluorescence linewidths of the
rare-earth 1ons in silica are amongst the broadest in any
glassG. A chemical vapour deposition system for the
production of neodymium-doped silica was described by
Namikawa’. The technique has been adapted to the MCVD
process by S.B. Poole and D.N. Payne.

3.1.1 Gas phase deposition of rare-earth ions

The first technique to achieve low-loss doped
fibres is based on a modified MCVD processg. The basic
reaction for the production of high purity wavequides is
the oxidation of silicon tetrachloride,

SiCly + 0, » S5i0, + 2Cl,
h is deposited as a soot on the inside of a silica
te tube and then fused to form a glass. The
refractive index of the deposited glass is changed by the
germanium tetrachloride, boron trichloride or
phosphorus pentachloride to the silicon tetrachloride
/oxygen mixture. All these reagents are gaseous at the
deposition temperature, enabling the use of mass flow

controllers to determine the precise composition.

The starting materials for the deposition of

ns are the rare-earth halides (e.g. NdCl3).

i
o

rare-earth
Unfortunately these materials are solid at room
température, and have low vapour pressures even at the
deposition temperature. A separate chamber i1in the deposi-
tion tube which permitted the independent heating of the
rare-earth halides was therefore designed, Figure 3.1. A
major contaminant of optical waveguides at infra-red
wavelengths 1is the water molecule, H50, which has
bsorption bands at 950nm and 1380nm. Fusion of the rare-
earth halides to the chamber walls in a chlorine atmos-
phere removes the water of crystallisation and also
permits a more even deposition. Any rare-earth chloride/
oxides deposited in the tube during this process are

removed by passing a SFg etching gas through the tube.
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Figure 3.1
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Fabrication of the preform proceeds 1n the usual
mahner, except that the "core" of germania-doped silica is
left unfused. The dopant chamber is then heated to
approximately 1300°C (the precise temperature determines
the dopant concentration) and rare-earth oxide deposits
in the core according to the oxidation reaction

4RCl3 + 30, » 2R,04 + 6Cl,
where R is the trivalent rare-earth ion. The deposition

process is shown in Figure 3.Z2.

In order to produce low-loss fibres, a further drying
stage using Cl, was found to be necessary before fusing
and collapsing the tube into a solid preform.

The fibre drawing is accomplished using a graphite
element furnace designed by D.N. Payne. A schematic of
the drawing process is shown in Figure 3.3. The preform 1is
heated to between 2100 and 2200°C and fibre is given a

UOV-cured acrylate coating before reaching the take-up

3

drum. The diameter of the fibre is measured with a

-

Anritsu laser diameter-measuring system, and controlled

via a feedback loop to the drum motor.

3.1.2 Results and limitations

The fabrication technique described above has
proved successful in producing low-loss fibres with dopant
concentrations of up to a few hundred parts per million
{ppm). At this doping level, absorptions of up to 100dB/m
can be attained, whilst at wavelengths where ionic
absorption is negligible, the fibre loss is comparable to
conventional silica fibres. The fibre has made it
possible to study laser devices ranging in length from a

few tens of centimetres to many hundreds of metres.
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The above method can introduce only a limited
range of certain ions into a silica-based glass, the
doping level is not well-controlled and it would appear to
be very difficult to produce high dopant concentrations.
The deposition rate is proportional to the partial
pressures of the reagents, which for the rare-earth
halides 1s considerably less than for the usual MCVD
gases. In order to overcome these problems a solution
technigque based on published work by Stone and Burrus? has

recently been developedg.

3.1.3 Scolution techniqgue

In the second technique the dopant is introduced

via an aqueous solution of the rare-earth halide. Fabri-

5

¥

(e V=% ol
4L

cation of the preform proceeds in the usual mann

Q)

? i

i

he core is deposited as an unfused soot. The tube is

t

then removed from the lathe, filled with a solution of the
rare—-earth halide, and left to stand for several hours.
During this time, diffusion of the rare-earth ions into
the soot occurs. The tube is dried with acetone and
replaced in the lathe. The core is then thoroughly dried
by the passage of chlorine before the preform is
collapsed. The advantage of this technique is that it is
not limited by the low vapour pressure of rare-earth
haiides, and high dopant concentrations can be readily
achieved. The doping level 1s closely related to the
concentration of the solution and hence can be well
controlled. The technique 1s also suited to the incorpo-
ration of transition metal 1ons, which should lead to a
new class of tunable fibre lasers. These fibres have yet

to be fully characterised and are not discussed in this

thesis.
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3.2 Doped-~Fibre Characterisation

A knowledge of the absorption and fluorescence
characteristics of the active medium 1is esgssential to good
laser design. Measurements of these properties for fibres

containing Nd3* and Er3+ iong are now presented.

3.2.1 Absorption spectra

An introduction to the properties of rare-
earth ions in glass 1s given in Section 2.1, and an

energy-level diagram for free rare-earth ions is shown in

Figure 2.1.

The lar variation in spectral attenuation poses

ge
a number of problems for the measurement of absorption

gpectra. Multiple cut-back measurements were made on two
different systems; a York Technology FCm having a 5nm
spectral resclution and 30dB dynamic range, and attenua-

tion equipment optimised to provide a dynamic range 1in
excess of 45dB with a 2nm spectral resolution. The latter
system is described in detail in reference 10. The large
dynamic range is achieved by the use of a double mono-
chromator to reduce stray light, and a liquid-nitrogen-
cooled Ge photodiode. A schematic of the system is shown
in Figure 3.4. The advantages of the FCm lie 1n its ease
of use and, more importantly, the repeatability of
measurements (better than 5%) which is due to well-
designed fibre holders and an automatic launch and
detection system. In order to be able to compare and
combine measurements made on the two systems, both mono-
chromators were carefully calibrated with a HeNe laser at
633nm and a doped fibre with a narrow absorption at
1536nm. In general, measurements of low attenuation, away
from absorption bands, were made on long lengths of fibre
(typically 500m -~ 1lkm) with the FCm, whereas the absorp-
tion bands were characterised by short length cut~backs on
the system having high dynamic range. The measurement

limit of this technique is ~80dB/m. Thus, fibres with
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dopant concentrations in excess of approximately 500ppm
cannot be measured by this method which, nevertheless, is

sufficient for all of the fibres described 1n this thesis.

3.2.1.1 Reduction of water content

The primary contaminant affecting infra-red
propagation in optical fibres is water. The major absorp-
tioﬁ bands occur beyond 2um, but there are significant
harmonics at 1.38um and 0.95um. The preform "drying"®
stages developed by S.B. Poole have been very successful,

and have resulted in losses at 1.38um of less than

10dB/km.

.2.1.2 Dopant concentration

L)

As discussed in Section 3.1.2, the dopant
concentration 1is primarily a function of the vapour
pressure of the rare-earth halide, and hence of the
temperature in the dopant chamber. The difference in the
vapour pressures of the rare—-earth halides and the usual
MCVD reagents limits the dopant concentrationto less than

1000 ppm.

In order to associate dopant concentrations with
the fibre measurements it 1s necessary to make an assump-
tion about the dopant ion cross-section. Although many
studies have been made of the properties of rare-earth
ions in glasses, no published measurements have been made
in typical optical fibre core glass i.e. ~ 10% Ge0,,

90% Si05. It is well known that the ionic cross-sections
are modified by the local Stark field, and hence vary from
one glass host to another®. The calculation of dopant
concentration from absorption measurements 1is discussed in
Appendix A, and the characteristics of the doped fibres

are given in Tables 3.1 and 3.2.
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3.2.1.3 Neodymium absorption bands

The absorption spectrum of fibre ND199, which has
an approximate Nd3+—concentration of 100ppm, is shown in
Figure 3.5. The strong absorption bands throughout the
visible and near infra-red regions of the spectrum permit
optical pumping of the ions with a wide variety of sources
e.g. Ar'- lasers (514.5nm), Rh6G dye lasers (550-630nm)
and GaAlAs solid-state lasers (750-850nm). 1In contrast to
these absorptions, the loss in the wavelength region
950~-1300nm is less than 0.01dB/m. Many metres of fibre
can therefore be deployed in optical devices before the

loss at the lasing wavelength (1.088uym) is significant.

roadening

The absorption bands have typical haif-widths
b

— M. - 5 e 1. 2
15nm—40nm. The of 1g_Lu:s of this

ranging from
are discussed in Chapter 2. At low-temperatures (e.q.
77K} the effect of homogenous broadening is negligible and

the dominant broadening mechanisms are

) —

inhomogenous broadening due to

-~
s s
—

site-to-site variations in the crystal-

field

(11) crystal-field splitting of the individual
energy levels (Stark splitting).

Figure 3.6 shows the absorption band at 900nm (the 419/2 -
4F3/2 transition) measured at 77K. As a result of the low
temperature only the lowest Stark component of the 419/2
multiplet is significantly populated, so that two lines
are anticipated, corresponding to transitions to the upper
and lower components of the 4F3/2 level. The two
components are visible in the figqure, though poorly
resolved due to the considerable inhomogenous broadening
in the glass matrix. The Stark splitting and inhomogenous

broadening are estimated to be 250cm™ Y and 125em™1 respec-
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tively (20nm and 10nm}). A comprehensive study of the
effects of Stark splitting, i1nhomogenous broadening and

homogenous broadening 1is given in reference 11.

3.2.1.4 Erbium absorption bands

The absorption spectra of fibre ND263 is shown in
Figure 3.7. The fibre has an approximate Er3*-
concentration of 350ppm. As discussed in Chapter Two, the
lasing transition at 1.536um 1is a three-level one, and
hence a strong absorption band at this wavelength is

visible in the Figure.

The major pump absorption bands occur at 520nm

(accessible to an Ar -laser), 650nm {(accessible to a

iocde laser

ol
ot
n

a¥

DCM-dye laser), 800nm (accessible to a GaAla as
or Styryl-9 dye laser) and 980nm (potentially accessible
to a InGaAsP or yb3*-laser). The fibre loss is not
directly measurable at the lasing wavelength due to the
three-level absorption, but measurements at 1.3um indicate
a loss as low as 10dB/km. The intrinsic absorption of the
fibre is thus negligible for typical device lengths (1-3

metres) .

The absorption bands show little resolvable
structure {(except at 1.536um and 1.552um above a broad
background absorption) and are broadened typically by
15nm-30nm. Whilst the broad bands are advantageous to
optical pumping, since they offer immunity to changes in
the pump spectrum, the likelihood of excited-state absorp-

tion of the pump under intense excitation is also
3

increased. A striking example occurs when the Er +—doped
fibre is excited by a 650nm, or 800nm, pump source. Under
intense excitation the 4113/2 level responsible for the
1.5um absorption becomes significantly populated.
Electrons in this level can also absorb pump photons,
resulting in excitation to the 483/2 level (see Figure
2.1). The latter is sufficiently long-lived for it to

give rise to characteristic fluorescence in the region of
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540nm i.e. green. The use of Er>® in infra-red-to-visible
convertors has been well characterisede. Usually, the
process responsible 1s energy transfer from adjacent ions
(e.qg. Yb3+), but the fibre fluorescence 1is clearly a
single-ion phenomena, since the doping level 1s low. It

is described further in Section 3.3.

3.2.2 Spectral measurements of fluorescence

A schematic of the fluorescence measurement
apparatus 1s provided in Figure 3.8. 1In order to obtain
representative fluorescence spectra, effects such as self-
absorption and amplified spontaneous emission must be
carefully avoided. Short specimen lengths are therefore
investigated under low-power excitation. The detector
for the majority of the measurements is an InGaAs p.i.n.
diode which has a broad response and high guantum
efficiency over the majority of the spectrum of interest.

The response of the detector has been corrected for in the

sed
=2

o

fluorescence spectra that follow. The monochromator

for all the measurements is a 0.5m SPEX with a resolution

of 1nm.

3.2.2.1 Nd3+ fluorescence

The fluorescence spectrum of fibre ND199 doped
with 100ppm of neodymium ions is shown in Figure 3.9 . The
fibre specimen was approximately 40cm long and the pump
source was a low-power air-cooled argon 1on laser (Spectra
Physics model). The fluorescence structure is mainly

caused by Stark splitting of the terminal fluorescence

levels (4113/2, 4111/2 419/2). The broad fluorescent
bands at 0.94um, 1.08um and 1.37um have FWHM's (full width
half maxima) of 65nm, 42nm and 70nm respectively. The
prominent double peak at 1.08um is characteristic of Nd3+
in a high silicate glass4’l3. It is believed to be due to

the large Stark splitting between the first two components
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of the 4111/2 levell4. Fibre lasers have been demon-
strated to operate over both the 900nm and 1.1lum

fluorescent bands.

3.2.2.2 Er3+ fluorescence

The Er>'-ion fluorescence of interest here
consists of a single band at 1.54um, and arises from the
4113/2 - 4115/2 transition. Considerably weaker fluore-
scence centred on 540nm can also be observed 1f the pump
is tuned to an absorption from the metastable 4113/2 level
to above the 483/2 level. The 1.54uym fluorescence, Figure
3.10, was measured from a 9cm length of ND263 1in order to
minimise any self-absorption or amplified spontaneous

emigsion of the fluorescence captured by the fibre. The

£
pump was a DCM dye laser (Ar"-ion laser pumped) at low

power and tuned away from the excited state absorption

(650nm) .

According to the theory of rare-earth ions in
glass (ref Chapter Two), the 4113/2 level 1s split into 7
conmponents and the 4115/2 metastable level is split into 8
components. The anticipated 56 different transitions
cannot be resolved because of the combined homogenous and
inhomogenous broadening, and contribute to a broad band
(FWHM 50nm) centred on 1.545um. A striking feature of the
Er3+ fluorescence spectrum, however, is the two narrow
lines at 1.536um and 1.552um with FWHM's of 6nm and 8nm
respectively. It 1s believed that these are due to the
reinforcement of certain energy differences between the
components of the two levels because the Stark splittings
are of similar magnitude for each level. Tunable laser
action has been demonstrated over a large portion of the

available gain curve at 1.54um, and is described in

Chapter 4.
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3.2.3 Temporal fluorescence measurements

The requirements for temporal fluorescence
measurements are (i) a pump pulse with a fall time much
shorter than the fluorescence lifetime; (11) negligible
gain (or absorption for three-level systems) in the
excited medium, and (ii1) sufficient signal for an
analysis of the decay to be made. Conditions (1ii) and
(1ii1) are frequently contradictory, and a suitable
compromise must be found. It is helpful to use short

lengthg of large-cored fibre in order to reduce gain for a

given excited population.

3.2.3.1 Measurement of fluorescence decay in Nd3+—d9ped

The system for measurement of the fluorescence

n Nd3+—doped fibres is shown 1in Figure 3.11. 1In
order to obtain a good discrimination between the pump
decay and the fluorescence, the doped-fibre was excited
with a Q-switched, frequency-doubled, Nd:YAG laser
operating at 532nm. The pump was sultably attenuated so
that the maximum inversion attainable was 0.1uyJ, which
corresponds to a gain of less than 1%. The fibre output
was filtered by a monochromator and the fluorescence decay
rsed for both the 300nm and 1088nm fluorescent
bands. The detector was an extended range silicon APD and
the signal could be analysed, either on an analogue
oscilloscope (Tektronix), or a digitising oscilloscope
(Tracor Northern) which averaged successive fluorescence
traces with a 4us sampling time. The digitising oscillo-
scope was controlled by a Tektronix 4052 minicomputer and
the typical number of averages was 65,000. In Chapter 2
{Section 2.2} it is stated that the decay time from the
pump level (N4) to the upper lasing level is so small that
the population of N, and intermediate levels can be
neglected. Measurement of the delay between the pump
pulse and the peak fluorescence is an indication of the

total decay time. The Q-switched pulse width for these
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experiments was 90ns and the delay between the pump pulse
This is in good

agreement with measurements by other authors!3.

and peak fluorescence was less than 10ns.

The flucrescence decay at 1.08um is shown in

10pus. At

Figure 3.12. The 1/e decay time, tl/e' is 450 =

940nm the value 1s the same. It was decided to analyse

the fluorescence by fitting the instantaneous decay rate

to an exponential expl-t/af(t)]. For a pure exponential

is a constant (= The results at 1.08um

t1/e)-
The observed time dependence of

decay al(t)
are shown in Figure 3.13.

a is approximated by

a = TO + ot
where

Ty = 390yus

o = 0.125
Departures

from an exponential decay of Nd3*-ions in glass
6 +

have been observed previously~ and are believed to resul

from the inhomogencus broadening in the glass host. Since
the energy levels vary from site to site it is reasonable
Using the model

the

to expect the decay rate to vary also.
for inhomogenous broadening described in Chapter 2,

fluorescence amplitude at time t can be written

P(t) = P ( (f) 2t ] ar
() = ey | p(f) exp [Shrg)
J
f
where
p(f) 1s defined in Section 2.2.
a{f} is the dependence of the decay time on f
f 1s the inhomogenous parameter
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A reasonable form for a(f) is given by

( (f—v0)2 )
a(f) = 1 |1 + bo —=—=2—= |
L 6vipy )
where
Vo is the line centre frequency
AVIH is the i1nhomogenous broadening

Thus the decay time is 1 at the line centre and 1s greater
by a factor of (l+wa) at the FWHM points of the Gaussian

distribution p{(f}. The best fit values of 1 and « are

-
i

270us + 30us
1.05 + 0.05

=4
Hi

The results indicate a considerable variation in the decay
time constant for ions in different sites in the Si0,-Ge0,
matrix (a factor of 2 over the full width of the
distribution). Although a previous study has indicated
the presence of a fast (4us) and a slow (450us) decay
process7, to the author's knowledge this is the first
analysis of the non-exponential decay in silica. The
results have an important bearing on the analysis of
rare-earth glass lasers, since the fluorescence lifetime
cannot be taken to be a constant of the material. In
equation (2.20), for example, the dependence of T35 on f

should be included in the integration.
3

3.2.3.2 Measurement of fluorescence decay in Er°’-doped

fibres

The fluorescence lifetime of Er3+-ions is 30 times

greater than that of Nd3*-ions. For this reason the decay

rate was determined by a different measurement technique.
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Light from the DCM dye laser at 665nm was chopped
at a low fregquency (typically 10Hz), the measured rise
time of the chopped beam being less than 100us
(i.e. ~ 1% Tyy). The pump was launched into a short
length of Er3+—doped fibre (10cm ND263, 120um diameter)
and the maximum gain in the fibre was estimated to be less
than 2%. Because of the small fluorescence signal, no
attempt to filter the output was made, and the results
therefore represent an average over the fluorescence
spectrum. The detector was an InGaAs p.i.n. diode and the

fluorescence signal was stored on a digitising oscillo-

scope.

The fluorescence trace is shown in Figure 3.14.
The 1/e decay time is 12.0 {(t 0.2)ms. An analysis of the
decay rate similar to that described in the previcus

section yielded values of

~
it
= o
¥ <8
3
n

The broadening factor « is close to the value for ng3*
ions, indicating a simillar variation in decay time across
the inhomogenous profile. The delay between the pump and
fluorescence was measurement-limited at less than 100us.
Further measurements by M.E. Fermann indicate that the
delay between the upper pump level and the metastable
level 1s ~10yus (1.e. « 1% Toq). Thus the assumption of

Section 2.2 is well-justified.

3.3 Excited-State Absorption Measurements

The absorption spectra of the rare-earth ions in
glass consist of broad bands, typically 30nm wide. The
spectra arise because of absorptive transitions from the
ground-state, and have been well characterised in a
variety of host glasses. In doped glass lasers or
amplifiers a significant portion of the ionic population

1s excited to the metastable level. Additional
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absorptions from this level can degrade laser performance
if there is a significant overlap with the pumping or
lasing transitioni®.

One of the reasons that neodymium-based lasers
have been studied so extensively is that the Nd3+ ion 1is
relatively free from troublesome excited-state
absorptions, particularly for the 4F3/2 - 4111/2 and

4F3/2 419/2 transitions. There i1s evidence, however,

for excited-state absorption on the 4F3/2 - 4113/2
transitioan, in the region of 1.32um, and this is one of
the contributory reasons that lasing has not yet been

observed at this wavelength.

In four-level lasers, the fraction of the ground
state excited to the metastable level is small, and the
effect of additional absorption at the pump wavelength is
negligible. This is not the case for three-level lasers,
and excited state absorption of the pump radiation is an
important consideration for the operation of Er3+—doped

fibre lasers.

3.3.1 Excited-state absorption at 1.3um in Nd3+—dope§

fibres

The experimental configuration for the measurement
of excited-state absorption in Nd3+—doped fibres 1is shown
in Figure 3.15. The white-light source, computer-
controlled double monochromator, and cooled germanium
detector were the same as for the absorption measurements
in Section 3.2. Light from an air-cooled Ar'-ion laser
was launched in the reverse direction via a polarising
beamsplitter. It was found that fluorescence at 900nm and
1.08um was sufficient to saturate the detector, and so a
further filter with a 50% pass band above 1300nm was
inserted in the output beam. The analysing signal from
the monochromator was chopped at approximately 70Hz
{higher chopper rates are not possible because of the slow

response of the detector) and the signal analysed using an
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EG & G lock-in amplifier, with a 3s time constant. 1In
spite of the long time constant, the accuracy of the
measurement was limited to =+ 5%.

The signal was measured with, and without, the
argon laser. A small reduction in signal (~ 10%) was

observed at 1.32um, compared to a small gain (~ 10%) at

1.37um.

The launched power from the laser was 12.2mW and
these values therefore correspond, respectively, to
absorption and emission cross-sections of 8(+4) x 1072052,
At 1.37uym the cross-section 1s a factor of 25 smaller than
at 1.08um, in reasonable agreement with the ratio of the

measured fluorescence amplitudes given in Section 3.2. The

o

excited-state absorption at 1.32um eliminates the

ibility of lasing in the silica-based fibre. Laser

action should be possible at 1.37um, however, 1f feedback

In view of the experimental uncertainty of these
measurements an improved configuration consisting of a
Rh6G dye laser as the pump source, and a monochromator

following the fibre 1s now under investigation at

Southampton.

3.3.2 Excited-state punp absorption in Er3+—d9ped fibres

The erbium ion has ground-state absorption bands
at 520nm, 650nm, 800nm and 980nm, all of which can punp
the ion to the metastable 4113/2 level. In order to punp
the ion efficiently a number of conditions must be

illed. Thus the band must be accessible to commonly-

Hh
[
th

u
lagsers (this rules out 980nm); the absorption

o

~ 1.1
adil

'Y
ot +
[

v

0y}

must be sufficiently strong to require only a small value
of the threshold power {(equation (2.46) of Chapter 2); and
the absorption from the metastable 4113/2 level at the

punp wavelength must be smaller than the ground-state

absorption.
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The pump source in the original experiments on
Er3+—doped fibres was an argon ion laser operating at
514.4nm, for which the absorption cross-section has been
measured to be 1.4(+0.2) x 107292 (see Table 3.2).
Although the value agrees well with the measured threshold
of low-loss laser cavities, gain measurements at high
powers {(see Chapter 5) indicate much lower gains than
would be expected from theory. Normally, in a three-level
system, the absorption of the pump 1s expected to decrease
as the ground-state 1s depleted. Measurement of the fibre
attenuation by a series of cut-back measurements at high
pump powers should reveal any residual absorption. The
relative populations in the excited, and ground, levels

can be estimated from the ratioc of the pump power P to the

~eron 1

)
}

iy A _ £ -~ 1
turation power P_ (= the threshold power for a low=1l

t+

= 2 a2
o O a

ss
cavity) and also from gain measurements; it is relatively
easy to achieve a ratio P/Pg = 10 > 50mW throughout the

fibre length so that absorption from the metastable level

predominates.

Measurements on fibre ND263 indicated an excited-
state cross-section at 514.5nm of 1.6 (+ 0.2) x 1025m2,
which 1is greater than the ground-state cross-section,
i1.e. the attenuation was observed to increase slightly as
the pump power was increased. It 1s evident that 514.5nm
is not an ideal pump wavelength. The excited-state
absorption severely restricts the use of an Ar -ion laser
as a pump for Er3+—doped fibre amplifiers or more lossy
laser cavities. The pump band most closely characterised
is the 4115/2 - 417/2 transition at 650nm, and is the band

used for the majority of the Er3+—doped devices described

here.

The full wavelength range of the absorption,
640nm-680nm, 1is easily spanned by a DCM dye laser. When
the laser excites the short-wavelength side of the
absorption, a striking green fluorescence is observed. The

. . 4 4
fluorescence 1is believed to result from the S3/2 - 115/2
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transition responsible for the 520nm absorption band, but
appears to be shifted to ~540nm, because of self-
absorption. The frequency up-conversion 1s the basis of a
number of the commerial infra-red detectors, and 1is
usually accounted for by a two-step resonant transfer of
energy from adjacent ions . The low dopant concentration
here rules out such effects (see Chapter 2) and the most
probable cause 1s an excited-state pump absorption from

the metastable 4115/2 level to above the 483/2 level.

As discussed in the previous section, the excited
state absorption is accompanied by a change in the fibre
absorption. It was noted in Section 3.2 that the time
taken to populate the metastable level for typical pumping

conditions 1is of the order of 10ps. Thus it is relatively

easy to monitor the change in absorption rving the

distortion of a pump pulse of duration greater than 10us.
Two typical pulses at 648nm and 665nm respectively are
shown in Figure 3.16. For the first, the throughput power

1s seen to decrease as the metastable level is populated

(the metastable population is indicated by the amplitude
of the fluorescence). At this wavelength the excited-

state absorption cross-section is evidently larger than
the ground-state absorption. The behaviour at 665nm 1is
much closer to the ideal theoretical response, with the
throughput power increasing as the ground-state is

depleted.

In order to quantify these effects the attenuation
was measured at different wavelengths for pump powers well
into the saturation regime (~100mW). At this pumping
level, see Chapter 5, the gain of the fibre at 1.5um
tends towards the value of the unpumped absorption i.e. it
is possible to achieve an almost complete inversion.
Residual absorption from the ground-state was estimated to

be less than 10% of its unpumped level.
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The dependence of the excited-state cross-section
and ground-state cross-section on pump wavelength is shown
in Figure 3.17. Although measurements of excited state
absorption 1in Er3+ 1ons have been made previouslyl7, the
values here are almost certainly the most accurate because
of the ease with which it 1s possible to saturate the

absorption in a single-mode fibre.

The 4115/2 - 419/2 pump absorption at 805nm
gsuffers from two disadvantages. The first is that the
absorption cross-section is approximately four times
smaller than for the 650nm band. Thus the launched pump
power required, even for low-loss cavities, 1s of the
order of 30mW, which rules out laser-diocde pumping. The

second problem is that there is a further excited-state
4+

4+ o
he metastable level {(resulti

absorption from the m

fluorescence). This has yet to be characterised, but is

anticipated to be at least as strong as in the 650nm band.

It should be noted that the one absorption band
expected to be free of excited-state absorption is the
4 4 c 4l : 4
I15/,2 I11/p transition at 380nm, since the S3/2 level

1s not accessible at this wavelength from the metastable
level. Bulk-glass erbium lasers have been pumped
indirectly at 980nm by resonant transfer from Yb3* ions.

The Yb3+ ion itself can be pumped at 1.06um by a YAG

laserl?. 1t is hoped that by co-doping Er3*-fibre lasers

with YbS' ions a similar pumping scheme might be realised,

possibly incorporating a diode-pumped Nd2*-fibre laser.
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APPENDIX 3A : CROSS-SECTIONS AND ABSORPTION MEASUREMENTS

Theoretical modelling of fibre lasers and
amplifiers demands a detailed knowledge of both the
emission, and absorption, cross-sections of the rare-earth
dopants as a function of wavelength. They can be
calculated from absorption and fluorescence measurements
on the doped fibres provided the dopant concentration and

distribution is known.

Throughout the work described here 1t 1s assumed
that the dopant concentration is uniform over the fibre

core cross-section so that eguation (2.6) can be written

as
[
dP(v) RN -
i;- "~ P{vinpgpo{v) j Sda (3A.1)
core
[
where | SdA - 1 for large V
core

The dopant concentration has been calculated by comparison
of the fibre absorption with the absorption of bulk-doped
silica of previously-determined composition7. The
absorption cross-sections depend on glass composition but
were assumed to be the same for the core glass (90% 8102;
10% Ge0,) and the reference (Sil,). The emission cross-
section can be calculated from integration of the

fluorescence spectrum and from the average decay lifetime

t1/es It follows from equation (2.16) that
4
Speak - S (3A.2)
87 Axeff n Ctspont

The effective linewidth Bloss is calculated by integrating
the fluorescence over the laser transition and dividing by
the peak value. 1In Nd3* ions, the spontaneous lifetime

tspont is twice the measured lifetime, since the fluore-



scence is divided into two approximately equal decays to

the 4111/2 and 419/2 levels. Taking tSpont = 900us and
Axeff 64nm, the stimulated cross-section is calculated
to be 1.5 x 107 %%m2. This value is identical to that
quoted for silicate glass in Reisfeld and Jorgensenzo,

although slightly less than the value calculated by Jacobs
and Weber® (1.9 x 1072%n2).

The calculated dopant concentration, and other
important parameters, for the doped fibres studied in the
laser and amplifier work are given in Table 3.1. The
fibres have comparable numerical apertures and core
dimensions so that the variations in performance are due
solely to the differences in the rare-earth ions. Values
for the absorption and emission cross-~sections at various

wavelengths are provided in Table 3.2,
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ND263

ND281

ND281
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Dopant
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undoped

undoped

Approximate

Concentration

350ppm

350ppm
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100
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120um
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1100nm
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Table 3.2

Nd3* and Er3+ Cross-sections at Selected Wavelengths

Neodymium

Wavelength (nm) 585 825 904

Cross-~section 6.2 0.8 1.0

(x10™2%02)

Erbium*

Wavelength (nm) 514.5 650 1536

Cross-section (m2) i.6 3.2 6.5
(x10—25m2)

* Calculated from absorption and fluorescence data with

C
reference to the peak cross-section at 1.536um

19

1552
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CHAPTER 4 : OPTICAL FIBRE LASERS : CW OPERATION AND

SPECTRAL CHARACTERISTICS

Chapter 2 shows that the laser threshold 1is
predominantly a function of the active area. By virtue of
their small cores, fibre lasers have thresholds which are
orders of magnitude less than their bulk counterparts.
Thus low-power pump sources, such as GaAs laser diodes,
can be used. In addition, and for the first time,
efficient CW operation has been achieved for three-level
transitions in glass. The variety of wavelengths
avallable for lasers and amplifiers in the fibre

configuration is thereby significantly increased.

This chapter describes the CW operation and
spectral characteristics of neodymium-doped, and erbium-
doped, fibre lasers. The lowest reported thresholds of
these lasers have been achieved, and the performance has
been optimised for high slope efficiency. The results
indicate the validity of the theory developed in Chapter
2, and enable further design to be carried out.

-7

4.1 CW Operation of Fibre Lasers

A large number of rare-earth lasers have been
demonstrated, using both crystal and glass hostst 10,  of
these, probably the best understood are the Nd:YAG and
Nd~-glass lasers, which have found widespread experimental
and commercial use. Recently there has been considerable
interest in waveguide lasers because of their lower
thresholds an the increasing availability of low-cost,
high-power, diode lasers as potential pump sourcestl1-14,

The mini—-YAG 1s the most advanced of these, and 1is now a

commercial product.

The single-mode optical fibre laser offers the
ultimate in low threshold/high gain operation. This

thesis concentrates on two dopants, neodymium and erbium,
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as examples of a four-level and a three-level laser. The
potential for rare-earth-doped fibre lasers, however,

extends far beyond these two 1ions.

4,1.1 Experimental configuration

The simplest configuration for a fibre laser 1is a
Fabry-Perot resonator formed by butting each end of the
doped-fibre to dielectric mirrors, as shown in Figure 4.1.
The pump radiation is launched into the fibre through one
mirror, which is chosen to have a high transmission T at
the pump wavelength, and a high reflectivity R at the
laser wavelength. The reflectivity of the second mirror
then determines the threshold and output power of the
fibre laser. Typically the dielectric input mirror
provides a pump transmission greater than 85% and a
reflectivity greater than 99% over a 50-100nm band at the
laser wavelength. Because the pump laser is focussed
through the input mirror onto a small spot (~2um radius)
at the fibre/mirror interface, it 1s essential that the

) o)

1Y
iresn

t

id

o}

dielectric coating has a reasoconable damage
(> 10MW/cm?). 1In order to prevent damage from mechanical

contact, the coatings should be protected by a final Si0,

layer.

The need to maintain precise alignment of the
mirror and fibre end determines a particular launching
procedure. The inputrmirfér is first aligned
perpendicular to the pump-beam by monitoring the
back~-reflection. The fibre 1s cleaved, brought close to
the mirror and aligned to the optical system by the usual
micromanipulator (Micro-Controle differential x,y,z or
Martok leaf-spring x,y,z mounted on a single micrometer
stage for z motion). Index-matching fluid is applied to
the fibre end, which 1s then carefully butted to the
mirror. Since the fibre is now fixed in position,
launching is effected by small movements of a further

micromanipulator holding the launch objective.
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Figure 4.1 Fabry-Perot laser

107




108

By maintaining a small positive pressure on the
butt joint, the angle the fibre core makes with the mirror
is determined by the end-angle produced when the fibre is
cleaved. The cavity loss 1s expected to follow the
formula for the splice loss in identical fibresl®. whilst
the loss is insensitive to changes in the relative dis-
placement of the mirror and fibre, 1t is critically
dependent on the angle between the two. An angle of 1° is
sufficient to induce a 2% power loss. Accordingly the
fibre was cleaved with a precision fibre cleaver (York

C007 or FK-11) to ensure that the fibre end angle was less

than 1°.

For the majority of the experimental work it was

not necessary to permanentl align the laser cavity. 1In

Yy
transportable laser is

o

gsome instances, however, a jele]
required. Instead of index-matching fluid, u-v adhesive

{Electrolite Corp.) was 1inserted between the fibre end and
the mirror, and once the laser had been aligned, the glue
was cured. It was found that further application of epoxy

around the fibre was necessary to strengthen the Jjoint.

|41}

Although this approach 1s sufficient for brass-boarding
fibre lasers, it would be desirable to apply the dielec-
tric coating directly to the fibre end. The majority of
commercial dielectric coatings having a high damage
threshold require a moderate deposition temperature
(400°C) which is above the melting point of the acrylate
protective coating on the fibre. For this reason, and
because of the high cost of coating runs, dielectric
coating of fibre ends has not been pursued. It should be
noted, however, that a high-temperature protective
polyimide coating for optical fibres has been developed
(e.g. Dupont "Pyralin"), and that commercial exploitation

of the fibre laser would benefit from its use.

Chapter 3 shows that neodymium and erbium ions
have a large number of absorption bands in the visible and
near infra-red regions of the spectrum. A variety of pump

sources have been employed, including a Spectra-Physics
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model 2020 argon ion laser (maximum output > 2.5W at
514.5nm) and a Spectra-Physics model 375B dye laser
{pumped by the ArT-laser). More than 1W output was
available at 580nm with Rhodamine 6G dye, and the laser
was tunable from 550nm to 620nm. The most efficient pump
wavelength for erbium has been 660nm, which was obtained
with DCM dye (tunable from 620nm-690nm). Neodymium-glass
lasers can also be pumped in the wavelength range
780nm-830nm, pernmitting the use of GaAlAs laser diodes. A
Hitachi HLP 1400 diode operating at 826nm, with a maximum
output of 15mW, and a Sharp LT015 emitting at 826nm, with
a maximum output of 40mW have successfully pumped fibre

- lasers. Although the diode wavelength lies in the wings
of the 419/2 - 4F5/2 transition,efficient pumping is stilil
possible, and the fibre length can be adjusted to permit

complete pump absorption.

Light from the ion and dye lasers was launched
into the doped fibre through a single microscope objective
(x5, x10 or x20, depending on the spot-size of the fibre)
at launch efficiencies of up to 75%. The best launching
arrangement with the GaAlAs diode has been to collect the
light with a x20 microscope objective, focus and then
expand the beam as shown in Figure 4.2, and to launch into
the fibre with a x10 objective. A launch efficiency of
30% was achieved, limited by the highly asymmetric spot
{3:1). of the laser diode. Recent experiments
incorporating an anomorphic prism pair to compensate the

asymmetry have increased the launch efficiency to greater

than 40%1°.

4,1.2 Neodymium-doped fibre lasers

The necdymium pump band which has been most fully
characterised is the 4I9/2 - 4F5/2 transition at 826nm.
The original experiments on low-threshold, and efficient,

operation were performed with the Hitachi laser diode.




During this work the more powerful Sharp diode became
available, and has resulted in the highest output powers

yet attained in diode-pumped fibre lasers.

4.1.2.1 Low threshold operation

An expression for the laser threshold was derived

in Chapter 2, and 1s given by

Pbe Rt [wf - In VRjRo(1-L)] (4.1)

{see Chapter 2 for a definition of the symbols).

The threshold may be minimised by reducing the
effective area, A_¢f, and the cavity losses. The doped
ameter

fibre studied in the experiments was ND199, 110um di
(see Chapter 3). This fibre has a high numerical aperture

C
) and 1s operated at a signal V-value of 2.1

o]

(0.21

{1.0%9um). The effective area, calculated to be

1.1 x 1071 1n? (see Figure 2.5), is within 10% of its
maximum value. It was found that the launch efficiency
into lower V fibres was reduced. The properties of the
doped fibre are thus close to optimum for low-threshold,

diode-pumped, operation.

The intrinsic loss of the fibre at wavelengths
near lum is calculated from absorption measurements (see
Chapter 3) to be approximately 0.3%/metre. The 1/e
absorption length at the pump wavelength is 1.1m, so that
for the majority of laser cavities the effect of fibre

absorption 1s small, though not negligible.

The limit set by losses at the fibre/mirror
interfaces is determined by setting up a laser cavity with
high-reflectivity mirrors. A 70cm length of doped fibre
(ND199) was cleaved and butted to mirrors with
reflectivities of 99.8% and 99.5% at the laser wavelength

of 1.088um. The experimental arrangement is shown in
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Figure 4.2. The output light was filtered by a 1090nm
bandpass filter with a FWHM of 10nm, and detected with the

InGaAs p.1.n. diode.

Lasing was indicated by a marked 1increase in the
output power. When a small square-wave current modulation
was applied to the pumping laser diode decaylng relaxation
oscillations were clearly observed (Figure 4.3). The
semiconductor laser output power was measured on a
Coherent power meter and the absorbed pump power was
calculated by a multiple cut back technique. The laser

threshold corresponded to an absorbed power of 320uW.

No saturation of the fibre laser output was

observed at pump powers up toc the maximum available.

o7

Operation of the laser at a reduced duty cycle gave no
further decrease in laser threshold, indicating that
thermal effects are negligible. Thus the fibre laser can
be operated continuously without auxiliary cooling, unlike

conventional neodymium-doped glass lasers.

The cavity loss has been determined by measurement
of the natural relaxation frequency of the laser as a

function of the pumping ratel7.

The relaxation frequency, w, 1s given by

w2 = g%xil (4.2)
ot
where

r = Pabs/Pabs
TH

t = Ef— = cavit decay tinme

c CGT y cay -

( w = cavity length

Q
1

«f - Iln VRyR,(1-L), as defined in Chapter 2.
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Figure 4.2 Diode-pumped neodymium-doped
fibre laser.
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For the laser cavity described above, the loss was
calculated to be 4.5% per mirror interface. Since this
value was considered to be unacceptably large, the
experiment was repeated a number of times, taking greater
care over the end preparation. 1In particular, the fibre
cleaver was optimised for the 110um diameter fibre, and
the ends were inspected with an interference microscope to
ensure that the angle was less than 1°. 1In this way the
threshold was reduced to 100puW absorbed, corresponding to
a mirror loss of a mere 1%. The lasing characteristic is
shown in Figure 4.4. {Note that the cavity length in this
case was 2m, so that the fibre absorption and mirror
losses contributed an extra 1% to the cavity loss).

Although a coherent source at 1.lum was not available to

o8 o=
“i <<

be
~»e

or
o

r

o)

measure the cavity finesse, 1t 1s calculated to
than 300. The laser threshold is the lowest reported for

a Nd3+'doped glass laserl8,

In order to compare the laser threshold with the

of

]
o
w

theoretical expression of equation (4.1}, a seri
measurements were made, applying different dielectric
mirrors to the output end of the fibre. The value of Gop
was determined from the relaxation oscillation period
{egquation (4.2)). Figure 4.5 shows the variation of

absorbed power at threshold for the various values of G-

According to equation (4.1), the gradient is given by
Aeff hvp
——— === = 7.0nW {(4.3)
n 6T

substitution of Agee (1.1 x 107Hn?), ny (2.4 x 107199

and o1 (6.8 x 107 28n2s see Chapter 3), yields a value for

compares favourably with the measurements of DeShazer and
Komai on a barium crown glass (A0 3669), who obtained

n = 0.43 19, Later measurements by Krupke on a
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lithium-silicate glass (ED-2) indicated an efficiency as
high as 0.83 20, 1t should be possible, therefore, to
improve the efficiency of the neodymium-fibre laser by

modifying the core glass composition.

4.1.2.2 Optimisation of output power

Although the high-reflectivity cavity has a low
threshold, it also has a low output power (~ 20u¥W) and the
reflectivity must be increased in order to operate the
cavity efficiently. Various mirrors with 10%, 20%, 30%
and 55% transmission at 1.088um were therefore applied to
the fibre output. The experimental configuration was as
described previously, except that the fibre length was
increased tc 3.5m, giving a total absorption of 97% at the
bt

for the

tain

C

1+ _ ~
elength. The best results were o

”:2
&

wav

V

e
55% transmission mirror, and the lasing characteristic is

shown 1n Flgure 4.6 21.

The slope efficiency was measured to be 0.33, If

CL

aser frequencies, cavity loss and

;_..J

the ratioc of pump an
excitation gquantum efficiency are taken into account, the
factor Mg {the deterioration of the efficiency due to the
inhomogonous broadening) is calculated to be 0.8 (10.1).
This 1s in good agreement with the value calculated in

Chapter 2.

The change from the Hitachi laser diode to the
Sharp laser diode has permitted pump powers in excess of
15mW to be launched into the doped fibre. The slope
efficiency has been observed to increase from 0.33 to 0.40
at high powerszz, indicating that ng tends towards unity
as the laser linewidth broadens, as predicted in Section

2.4. It is evident that fibre lasers can be operated with

high efficiency.
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4.1.2.3 Linewidth

The linewidth of the neodymium-doped fibre laser
is typically of the order of a few nanometers. As the
pump power 1s increased above threshold, more longitudinal
modes reach the oscillation threshold, and the linewidth
broadens substantially. The modes compete for gain as a
result of the homogenous broadening in the glass, but gain
saturation by a single longitudinal mode 1s prevented by
the combined effects of the even larger inhomogenous
broadening, and of spatial hole-burning in the
standing-wave resonator. (Note that the linewidth 1is
broad even in the travelling-wave ring cavity laser

decribed in Chapter 6). The variation of the free-running

inewidth with pump rate r, 1s shown in Figure 4.7. The

et

o

results are in excellent agreement with the broadening
predicted in Chapter 2.

The distribution of the longitudinal modes is
extremely sensitive to the frequency dependence of the

[2Y

feedback. This 1s confirmed by the residual medulation on

-

the output spectrum, which is due to the nominal Fabry-
Perot cavity introduced by the collimating objective at
the fibre output. The modulation period varied with the
focal length of the objectives. By applying resonant
end-reflectors, Zirn et al have observed both line-
narrowing and line—broadenin923. Analysis of the laser
output with an electrical spectrum analyser (Marconi
2830/2) has revealed a significant, and time-varying,
difference in amplitudes of the first five harmonics of
the longitudinal mode-spacing. The strong presence of the
first harmonic indicates that adjacent modes do oscillate,
in spite of the strong competition between them. It

hot

uld be noted that the mode-spacing is sufficiently
mall (-~ 100MHz) that variations in the modal amplitudes

n

0]

are averaged out in most types of spectral measurement.
Techniques to reduce the number of oscillating modes are

discussed in Section 4.2.
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4.1.2.4 Other pump sources

Although GaAlAs-diode lasers have been employed
for the majority of the characterisation of the Nd3+~doped
fibre laser, two other pump sources have proved useful in
this study; the Ar'-ion laser at 514.5nm, and the Rh6G dye
laser in the region of 580nm. The high powers available
from these sources have enabled the operation of more
lossy cavity configurations, such as those described in
section 4.2 {tunable laser) and Chapter 5 {(Q-switched
laser). Comparison of the laser threshold and cavity loss
for the 514nm and 580nm pump wavelengths indicate that the
relative quantum efficiency is unchanged from its value
for the 826nm pump (n = 0.56). This is consistent with

the findings of DeShazer and Komail”,

4.1.3 Erbium-doped fibre lasers

Erbium-doped fibre lasers are of interest because

they operate in the wavelength region of 1.5um, which
coincides with the lowest loss window of silica-based
optical fibres. However, the 3-level nature of the 1.5um

transition necessitates a high pump intensity 1in order to

saturate the absorption and achieve a population

inversion. The fibre configuration is well suited to low
threshold, and efficient opertion of 3-level lasers. For
2

example, the saturation intensity of 1GW/m* required to
saturate a typical Er3* abéorption (e.g. at 650nm) can be
achieved in a single-mode fibre with a pump power of a few
milliwatts. This 1s a practical power for a variety of
systems, and makes the Er3*-doped fibre laser an

attractive source for l.bum operation.

4.1.3.1 Low threshold operation

The pump source for the early experiments on the
Er3+—doped fibre laser was the argon ion laser operating
at 514.5nm. The reasons for this choice were that plenty

of power was available (up to 2.5W for the Spectra Physics
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2020 model) and that the wavelength was sufficiently close
to the 520nm 4115/2 - 483/2 transition for there to be an
appreciable absorption cross-section. The laser cavity
was similar to that of the Nd3+-doped laser. The fibre
was butted to two dielectric mirros having 82% and 99%
reflectivity at 1.54uym. Because the laser wavelength 1s
an odd harmonic of 514.5nm, multi-layer dielectric
reflectors at 1.5um are usually effective for the pump as
well. Whilst this prohibited the placing of the 99%
reflectivity mirror at the pump 1nput, the coating of the
82% reflectivity mirror was sufficiently dispersive to
permit 77% transmission of the pump. It should be
possible to design a dispersive coating combining full
reflectivity at 1.54uym with high transmission at 514nm,
but attempts to obtain one commercially have not been

successful.

The fibre chosen for the experiments was 90um
diameter ND263 {(see Table 3.1), which had a core diameter
of 3.8um. After carefully optimising the cavity
configuration, the threshold was reduced to a launched
power of 5mW {corresponding to 4mW absorbed in the 70cm
long fibre). The lasing characteristic is shown in Figure
4.8 . The slope efficiency was only 1%, but measurement
of the power from the input end via a 50% beamsplitter
indicated that up to 20 times more power was available.
The laser was by far the lowest threshold 3-level glass
laser demonstrated, and the results indicated that the

Er3+~doped fibre laser can be a practical source of 1.5um

radiation24.

Modelling of the results according to the theory
in Chapter 2 is made difficult by the lack of a value for
6 1n the wings of the 4115/2 - 483/2 absorption.

Assuming that the total ion population contributes to the
small signal pump absorption, so that it can be written
exp(—nTOTol), the cross-section 6 is evaluated tc be

1.6 x 10725 n2. wWith this value, the threshold results

indicate a high fluorescence efficiency, n = 0.9.
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Further experiments on longer fibre cavities and
with higher transmission output couplers indicated a
significant discrepancy between the predicted and observed
thresholds. For example, well over 1W of power was
required to observe lasing in a 3m length of fibre, even
though theory suggested a threshold of a few tens of
milliwatts. Measurement of the fibre gain at 1.5um (see
Chapter 5) demonstrated that whilst the absorption was
rapidly saturated at low power levels, 1t was difficult to
achieve a large inversion. The results were reconciled
by recognising the deleterious effect of excited state
absorption of the 514.5nm pump (see Chapter 3). This
spurred the author to investigate pumping on the

4 a L . .
“x - s~ 1 t 1 t -
I15/2 I, transition in the region of 650nm

4,1.3.2 Efficient operation at 1.536um and 1.55um

When pumped with an Argon ion laser, DCM dye can

be tuned over the range 620nm - 690nm, which spans the

4T- . F?r3+
VA

thus well suited to the characterisation of the doped

3

-absorptio It is

o

ia

: 4
entire range of the “I;5 5

fibre.

Light from the dye laser was launched into the
doped fibre (ND263, 120um diameter) through a dielectric
mirror in the usual fashion. The mirror was designed to
be a full reflector from i.Spm - 1.6uym, and had a trans-
mission of 85% for the pump. The doped fibre had a
V-value of 4 at the pump wavelength, and could therefore
support a number of modes. Nevertheless, a launch
efficiency of 68% into the fundamental mode was obtained

by careful adjustment of the launch objective.

In Chapter 3 it was noted that the fluorescence
spectrum of Er3+—ions in silica has two pronounced peaks
at 1.536um and 1.553ym. The maximum galn 1s observed at

the shorter of the two wavelengths and can be as high as
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28dB 25 {Chapter 5). The high gain makes possible
efficient laser operation with feedback from Fresnel

reflection (4%) at the output end of the fibre.

The slope efficiency and threshold were measured
as the length of the fibre cavity was reduced from 3m to
0.7m. The variation of the threshold with length is shown
in Figure 4.9. In sharp contrast to the argon-ion laser
results, the threshold for the 3m fibre is less than 30nW,.
This value reduced to 11lmW for the 1.3m cavity. The slope
efficiency increases as the length is reduced, reaching a
maximum value of 18% when the threshold is minimised. The
laser characteristic for this length is given in Figure

4.10. The maximum output power obtained at 1.536uym was in

%

Py %

PSP =
E=J JINVY o

n

Xce

o

tain applications it may be desirable to
+

e
532um, and suitable techniques involving builk or fibre

ings are discussed later in the chapter. Operation at
2ym 1s also possible with a wavelength-selective

dielectric mirror.

The mirror chosen had a reflectivity of 65% at
1.552um, compared to 50% at 1.536uym. This difference was
gsufficient to switch the laser operation from one line to
the other. For low-loss cavities, the three-level nature
of the transition also favours 1.552um operation, since

tio of the gain to the absorption is higher {(only
the lower levels of the ground state are thermally
populated, which shifts the absorption spectrum to shorter

wavelengths relative to the fluorescence spectrum).

mis —~

The variation of threshold power with cavity

C

length is given in Figure 4.11. The minimum absorbed
power 1s less than 4mW. Although the maximum slope
efficiency was observed to be reduced to 10%, a useful

17mW of CW output at 1.552um was obtained.
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4.1.3.3 Linewidth

The lindwidth of the erbium-doped fibre laser 1is
observed to broaden as the pump power 1s increased, but
the broadening is less pronounced than for the neodymium
laser. The variation of linewidth with pump power 1is
given in Figure 4.12. It can be seen that the linewidth
is typically of the order of 2nm. The relatively small
value of the power-dependent broadening suggests that
effective homogenous linewidth resulting from the many
transitions between the Stark multiplets is much larger

than the inhomogenous broadening {(i.e. the gain depletes

uniformly).

4.2 Tunable and Line-Narrowed Fibre Lasers

As a result of the various broadening mechanisms
in glass, the fluorescence spectra of rare-earth-doped
fibres typically extend over some tens of nanometres.
This is in marked contrast to the situation in crystal
hosts, where the absorption and fluorescence lines have
widths of only a few nanometres or lessz’S. Narrow line-
widths are desirable for single-line operation, since the
galin cross-section varies 1nversely with the fluorescence

bandwidth.

For many years the high-thresholds associated with
glass lasers have hindered their efficient operation. The
single-mode fibre laser configuration offers the
opportunity to design efficient, low-threshold cavities.
The broad linewidth can be be exploited to facilitate
tunable operation. Because of the wide variety of ions
that can be made to lase in glass, it is possible that a
tunable fibre laser may replace the dye laser for certailn

applications in the infra-red.
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The fibre laser linewidth 1s normally a few nano-
metres, permitting many longitudinal modes to oscillate.
The incorporation into the cavity of a wavelength
selective element, such as a grating, restricts the line-
width considerably. Bulk gratings and distributed fibre

gratings have both been used to achieve line-narrowing.

4.2.1 Tunable operation

Limited tunaility of a Nd3+—doped glass laser with
a resonant end reflector was first demonstrated by
Snitzer?®. The technique was extended by Magnante, who
replaced one of the end reflectors with a diffraction
27

grating and observed a 30nm tuning range It is known

that the fluorescence linewidith of neodymium in fused
gilica i1s considerably broader than 1in coﬁmercial silicate
or phosphate laser glasseszg. The silica fibre laser 1s
thus well suited to tunable operation. The tuning ranges

e a3 4 3+ . L a 1
for Nd3 - and Er” -1ions reported here are the broadest

recorded for a glass laser??30,

4.2.1.1 Experimental configuration

In order to introduce wavelength-selective
elements into the fibre cavity, one of the wmirrors must be
separated from the end of the fibre. A typical
experimental configuration for the tunable laser is given
in Figure 4.13. The dielectric mirror at the fibre 1nput
wasg effective over a 100nm bandwidth, which exceeds the
laser tuning range. At the fibre output, light was
collimated by a low-power lens or objective onto a
diffraction grating. The loss introduced by the
intra-cavity objective was measured to be 1.2 (t 0.2)dB at
both l1ym and l1.5um. Although it would be preferable for
the intra-cavity optical components to be anti-reflection
coated at each laser wavelength, this was deemed to be
unnecessary for the initial demonstration of a tunable
fibre laser. The tuning element in the wavelength range

900nm to 1150nm was a holographically ruled grating (600
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lines/mm) with a blaze wavelength of luym. The Er3+—doped
fibre laser was tuned with a similar grating blazed at a
wavelength of 1.6uym. The grating was mounted on a
sine-bar driven turntable and tuning was accomplished by
changing its angle to the incident light. Output coupling

was via an intra-cavity pellicle.

4.2.1.2 Neodymium-doped laser

Initial experiments were performed with an argon
ion laser source at an 1input pump power of 125mW, corres-
ponding to an absorbed power of 50mW. The laser tuning
curve 1s given in Figure 4.14, together with the fluore-
scence curve taken from Chapter 3. A full tuning range of
80nm was obtained in the region of 1.08uym, corresponding
ity of the available gain profile. Over this
broad tuning range it is evident that various components
of the 4F3/2 doublet and 4111/2 multiplet form the upper
and terminal levels of the laser transition. Neverthe-
less, the tuning curve 1is smooth, as a result of the

w1

3 o O . e "
derable inhomogenocus broadening. The "knee” at

9}
O
o]
1]

i

120nm is mainly due to the large splitting (-~ 200em™ 1)

—

between the two lowest components of the 4111/2 term. If
the input mirror 1s replaced by one with a high reflecti-
vity at 900nm (low reflectivity, R = 20%, at 1.1lum), the
neodymium~doped fibre laser can also be tuned over the
4F3/2 - 419/2 transition, from 904nm to 954nm. For the
shorter wavelengths around 900nm, Nd3+—ions behave as a
three-level system. Prior to this work, lasing at 900nm
in neodymium had only been achieved in glass at reduced
temperatures and in pulsed operation. The result
11lustrates the usefulness of the fibre laser confiqura-

tion in permitting the CW operation of three level

transitions.
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4.2.1.3 Tunable erbium-doped laser

The erbium-doped fibre has been tuned over both
peaks of the fluorescence spectrum at 1.5um. The punp
source for the initial characterisation was the argon-ion
laser and the doped fibre was a 90cm length of ND263
pulled to 120uym diameter. The results are published in

reference 29.

As noted earlier in the Chapter, the performance
of the erbium laser pumped by the argon laser is poor; the
typical slope efficiency for the tunable cavity was less
than 1%. 1In order to improve the efficiency, the

experimental configuration was altered to that given in

eliminates the need for a pellicle, since the output can
be taken directly from the zeroth-order reflection. The

fraction of the power in the zeroth order was measured to

be 27%.

The tuning curve for the improved erbium-doped
fibre laser 1s shown in Figure 4.16. A maximum output in
excess of 4mW was obtained at a pump power of 80mW. The
laser is thus a useful spectroscopic source in the region
of 1.5um3l. The slope efficiency (~ 8%) is reduced from
the optimised laser of Section 4.1 as a result of the
cavity losses introduced by the intra-cavity lens and the

diffraction grating.

4.2.2 Line-narrowing

The normal operating linewidth of the fibre laser
is of the order of a few nanometres, and consists of a
large number of longitudinal modes. A broad spectral
width 1s useful in certain applications. The

fibre-gyroscope, for example, requires a spectrally broad
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source in order to average out 1nterference effects caused
by fibre birefringence32. In many instances, however,

some control over the linewidth 1s required.

4.2.2,1 Experimental configuration

One of the simplest methods for narrowing the
output spectrum is with an external grating, as described
in section 4.2.1. An extension of this technique is to

incorporate a Bragg grating integrally in the fibre33.

Fibre Bragg gratings were made under a collabora-
tive project with Plessey Research (Caswell). Optical
fibres were embedded in fused silica substrates and
polished to within a few microns of the core, as shown in
Figure 4.17. The transverse grating was written in a
deposited photoresist layer by two-beam interference
lithography and transferred into the fibre by reactive

ion-beam etching. In order to control the interaction of

the optical field with the grating, a further high-index

-

layer of Al,0,; was deposited, and overlaid in turn th a

Wi

Py
-

low-refractive-index o0il. The work is described in more
detail in Bennion et a134. The Bragg wavelength and peak
reflectivity varied between gratings, and could be tuned
by changing the index of the overlaying oil. The grating
thus formed a variable reflector. The fibre curvature in
the silica block limited the region of interaction with
the grating to approximately lcm. This gave a passive
reflectivity of typically 1lnm FWHM, the smallest measured
bandwidth being 0.8nm.

The laser was configured in the usual manner
except that the output end was spliced to the pigtail of
the fibre grating (Figure 4.18). The early gratings were
deposited on fibres having larger spot sizes (typically
4um) than the doped fibre. The splice loss was 2 + 1dB,
resulting in a high threshold of the order of 4mW, and a

poor slope efficiency. For this reason it was decided to
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fabricate gratings from a fibre which matched the doped

fibre in cut-off wavelength and spot-size.

4.2.2.2 Line-narrowed Nd3+—doped fibre laser

The original line-narrowing measurements were made
with the external holographic grating in the first-order
Littrow configuration described in Section 4.2.1. The
beam size at the grating was 7mm, giving a rescolving power
of 4 x 102. Linewidth measurement was limited by the
regolution of the monochromator at 0.25nm. The output
power from the intra-cavity pellicle changes by less than
10% when the grating was replaced by a high~reflectivity
dielectric mirror (99.5% R at 1.088um). This important
result indicates that the efficiency of the laser 1is

AF +he A
i Lne d
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an (e
enaen

(ud

o~
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predicted in Chapter 2.

The availability of the fibre grating enabled a

C

se comparison to be made between the threshold and
3 free-running

lo i
- NN ~ ERN IO A
£f ncy of the lilc=naLLOWCd, ana

~ o
1C L CHl
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neodymium-doped fibre laser. A series of experiments were
made with fibre cavity shown in Figure 4.18. The
reflectivity of the fibre-grating output coupler varies in
a precise manner with the refractive index of the oil
overlay. By varying this index, the dependence of the
laser threshold and slope efficiency on the output

reflectivity were examined without changing the internal

cavity loss.

The splice loss between the grating fibre and the
doped fibre (ND199) was measured to be 0.3 + 0.1dB. In
order to vary the output coupling, the grating was
overlaid with various Cargylle standard refractive index
oils, the grating being carefully cleaned with acetone and

dry-air between each measurement.
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Figure 4.19 shows the variation of laser threshold
with output transmission (calculated from refractive-index
data for the grating, provided by Plessey) and Figure 4.20
gives the slope efficiency for each of these measurements.
The results have been compared with the expression for the
laser threshold (equation (4.1) and Figure 4.5) and the
slope efficiency (predicted in Chapter 2 and supplemented
by the values of n and ng determined in Section 4.1). The
line-narrowed laser threshold is unchanged from the
line-broadened case, as would be expected since the
grating reflectivity is centred on the gain maximum at
1.09um. More importantly, the slope efficiency is also
well modelled by the values of n and n, determined for
the line-broadened laser. Thus the line-narrowed laser
can also be operated with high efficiency. The ocutput

ha (2] nareEngad 1 I=J po N~ PN
i A Tl A DL waos

.Qni—vr.r\ ~F + a 14 P
eoirum CI TnNn€e€ iingeg-rna

v

B
at Plessey, using a Fourler-transform Michelson
n

interferometer. The profile was approximately Gaussian,

with a FWHM of 16GHz {(0.06nm), +10%. Later measurements

at Southampton on a Burleigh scanning Fabry-Perot
A+

11 as 1GHz

interferometer indicated a linewidth as sma
(4 x 10-3 nm), equivalent to approximately 20 longitudinal
modes in the 2m cavity. If the cavity length can be

reduced to a few centimetres (by using a higher-dopant
concentration and fabricating the grating from the doped
fibre itself), it should be possible to achieve
single-longitudinal modg (SLM) operation35. The linewidth
would then be considerably reduced. The typical linewidth
of a SLM crystal laser is of the order of 100kHz. The
great advantage of a SLM glass laser 1is the combination of
a narrow~linewidth with broad tunability/wavelength
selection. Such a laser has considerable potential for

wavelength-multiplexed coherent communications systems.
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4.2.2.3 Line-narrowed Er3+—doped fibre laser

The linewidth of the erbium-doped fibre laser has
been reduced by incorporting a 1.55pum Bragg grating into
the fibre cavity36. The fibre gratings are fabricated
routinely at Plessey from 1.55um telecommunications fibre.
The splice loss with the doped fibre ND263 was measured to
be 3 + 1dB. The maximum of the grating reflectivity
coincided with the second peak of the fluorescence
spectrum (see Chapter 3). The action of the grating is
similar to that of the wavelength-selective dielectric

mirror described in Section 4.1.3.2.

The threshold for the 2m cavity was 13mW, compared

to 8.5mW for the line-broadened laser, but the difference
I

1S

m

o
£

)]

loss.
figures are consistent with the measured slope efficiency
of 5%, compared to 10% for the spectrally broad laser.

Thus, once the additional cavity loss is taken into
account, the threshold and efficiency of the line-narrowed

5 = o e P —~ | S
um~-doped fibre laser are identical to the

corresponding values for the free-running laser.

The linewidth of the laser was measured on the
Burleigh scanning Fabry-Perot interferometer, Figure
4.21. The spectrum had a FWHM of 4.9GHz (0.04nm). Once
again mode competition makes the observed spectrum
considerably narrower than the passive bandwidth of the
grating (~ lnm). Within the narrow band selected by the
grating, the laser behaves more like a homogenously
broadened system. It should be possible to achieve
single-longitudinal mode operation if the fibre dopant
concentration can be increased sufficiently to permit

cavity lengths of the order of a few centimetres.



146

Throughput } \

1 1 | i | l ]

One division = 2GHz

Figure 4.21. Linewidth of grating-narrowed
erbium-doped fibre laser



147

4.3 Summary

The optical-fibre laser has given low-threshold
operation of three and four-level neocdymium- and erbium-
doped lasers. The thresholds are the lowest reported for
glass-laser systems, and are well-modelled by the theory
Jdeveloped in Chapter 2. Opt:misation of the cavity

ameters has resulted in highly-efficient operation,

both at 1.088pm and 1.536,; .

The lasers have been tuned over the majority of
their gain curves with an external diffraction grating.
As a result of the broad linewidths in silica glass, and
the low-thresholds of the fibre configuration, the tuning
ranges are the widest yet reported for Nd3T- and

3+

Er~ -ions.

Under normal operating conditions the laser
linewidth is a few nanometres, and the broadening with
punp power 18 consistent with the combined homogenous a
inhomogenous components of the trangition. The linewidth
has been narrowed with an external grating, and with the
inclusion of a fibre Bragg grating. Linewidths down to

1GHz were recorded during this work.
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CHAPTER 5 : OPTICAL FIBRE LASERS : TEMPORAL

CHARACTERISTICS AND AMPLIFICATION

The alm of this chapter is to outline experiments
to characterise the potential of the fibre laser as a
pulsed source. The standard technigues of Q-switching and
mode-locking have been applied to the optical fibre laser
configuration, and have resulted in the generation of
short intense pulses with high efficiency. Furthermore, a
bistable threshold has been demonstrated, enabling a

3

three-level laser such as the Er +-~doped fibre laser to be

configured as a switch or logic gate.

P O L |
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Although the maijority of the thesis
with the operation of optical fibre lasers, the
doped-fibre can alsc be used as an amplifier. The final
section assesses the results achieved so far and the

potential for the future.

5.1 p-Switched and Mode-Locked Operation

The long fluorescent lifetimes of the rare-earth
ions in glass make them 1deal for storing energy provided
by a CW or quasi-CW pump source. The technique of
Q-switching enables the stored energy to be released in a
single high-power pﬁléel. By means of some mechanical or
optical device, feedback into the laser cavity is reduced
whilst the 1onic population is optically excited, until
the gain in the cavity 1s as high as possible. At this
point, feedback 1s restored; the gain far exceeds the
round-trip losses; and the laser power increases until the
majority of the excited population has been swept out.

The resultant pulse 1s typically between 10ns and 100ns 1in

duration.
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An efficient source of high-power pulses is

required for a number of applications. Sensor systems
2

such as the distributed temperature monitor< require
pulses of 1yJ energy and less than lus duration at
repetition rates greater than lkHz. It is difficult to
achieve this specification with a single-stripe semi-
conductor laser because of the low damage threshold of the
output facet. A more satisfactory approach is to use a CW
semiconductor laser to pump a Q-switched fibre laser. The
gs1lica fibre has excellent power handling characteristics,
and can be spliced with low-loss 1into optical fibre
systems. The free-running optical fibre laser operates on
a very large number of longitudinal modes. If the phases
of these modes are locked coherently, the resultant output
of the laser 1s a train of very short pulses spaced by the

round-trip time of the cavity. The technique of

]
oy e
locking 1s an extension to the optical domain of the
microwave regenerative pulse amplifier described by

r3 Picosecond light sources have found a variety of

°

ot
s
)

u
applications ranging from materials science to

) 5
communlcatlons4’“.

5.1.1 Experimental configuration for Q-switching

The neodymium-doped and erbium-doped fibre lasers
have been Q-switched with either an acousto-optic
deflector, or a mechanical chopper, Figure 5.1. The
introduction of bulk elements into the fibre cavity
necessitates an intra-cavity lens, as described in Section
4.2. Although the lens can be arranged so as to collimate
the light from the fibre, the most stable configuration is
achieved with the beam focussed on the output mirror. The
original Q-switching experiments were performed with the
acousto-optic deflector belonging to the Quantronix YAG
laser, although 1t was later replaced by a second acousto-
optic deflector (Isomet 1205C). When a RF signal 1is
applied to the device, a portion of the light passing
through it is diffracted, and undergoes a fregquency shift.

The remaining light passes through unchanged. The lowest-
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Figure 5.1.
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loss configuration for Q-switching 1s that which provides
feedback on the zeroth order, as shown in Figure 5.1(a).
Thus when the RF signal is applied, the cavity loss
increases due to diffraction. It was necessary to employ
the zeroth order configuration for the first diode-pumped
Nd3+-doped fibre laser because of the low-gain available.
It is also the configuration most commonly used in

commercial Q-switched lasers.

The limitation of the technique is the diffraction
efficiency of the deflector; typically up to 50% of the
power remains in the zeroth order when the RF signal is
on. The geometry of the fibre laser permits high gains to

be achieved at modest pump powers, and the gain is often

[=h

sufficient to permit lasing even when the R¥F signal is

Q

i

o]
(as

applied. This obviocusly limits the maximnum popul

A different configuration is therefoare emploved
6

for high-gain fibre lasers-. The deflector 1s adjusted to
the Bragg condition, so that the majority of the
diffraction occurs only into the first order. Feedback

for the Bragg-diffracted spot is provided by a high-
reflectivity mirror, and the detector is positioned to
collect the remaining zeroth order, as shown in Figure
5.1(b}). 1In this arrangement the deflector need only be
activated during the build-up of the Q-switched pulse. No
feedback 1s provided when the deflector is off. It was
necessary to index-match one end of the fibre to prevent

lasing from the 4% Fresnel reflection.

An alternative technique, which is quite effective
for lasers with long fluorescent lifetimes, 1s to use a
mechanical chopper7'8, as shown in Figure 5.1(c). The
chopper provides a high isolation during the build-up of
the population inversion, and has zero-loss otherwise.
Its limitations are a relatively slow switching time and
poor pulse-to-pulse stability. The switching time 1s

minimised by reducing the spot-size at the chopper and by



positioning the beam at the perimeter of a large-diameter
wheel. Switching times of a few microseconds are
relatively easy to obtain. It 1s usually necessary to
reduce the "on" time by masking the chopper so as to

prevent further relaxation oscillations.

5.1.2 Q-switched Nd3'-doped fibre laser

The Nd3+—doped fibre laser permits a comparison to
be made between the alternative configurations of the
acousto-optic deflector. Pump radiation was provided by
the Rhodamlne 6G dye laser and was attenuated to give a
maximum absorbed power of 100mW. The Q-switch was
activated by 1-2us electrical pulses of variable

repetition rate 1nto the RF driver.

o

(€3]
o

[
"o

Zeroth-order configuration

The measured absorbed power threshold was 10mW for

the 65% transmitting output mirror. Allowing for
0

ot
oy

intra-cavity objective losses and a 10% loss for the

transmission through the Q-switch, the threshold indicates
a fluorescence efficiency of 0.5 for the 580nm pump. The

predicted slope efficiency 1s given by

T Ve ( Aviy }
eSS X
p .. -

= 0.12
Avy

T
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As the pump power was raised above threshold, the @Qg-switched

pulses narrowed and increased 1n power. The pulse energy
rapidly saturated, however, reaching a maximum value of
0.7uJ. This was the inversion required for lasing to
occur whilst the acousto-optic deflector was activated.
The average power of the Q-switched pulses could only be
raised by increasing the repetition rate. At the maximum
punp power, pulses of 4.5W and 160ns FWHM were obtained at
a repetition rate of 14KHz. This corresponds to an
average power of 10mW indicating that the Q-switching

efficiency 1s approximately the same as for CW operation.
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5.1.2.1 First-order configuration

Although the average power obtained for the zeroth
order configurtion is high, the pulses are rather long
{~ 200ns) and the peak power is poor. The first-order
configuration offers the potential of higher energy pulses

and higher peak powers.

Feedback was provided on first-order by a 1.09%um
high-reflectivity mirror. It should be noted that the
deflector contributes an extra loss in this configuration
because of the second diffracted output on the return pass
through the device. The diffraction efficiency into

first-order was measured as 40%.

Figure 5.2 shows the wvariation in the average
power at the maximum pump rate. The average power reaches
its maximum at approximately 4kHz repetiton rate. The

ope efficiency was reduced because of the increased

—

s
ity loss. Nevertheless, at the maximum average power,
the pulses were 16W; 75ns FWHM, which 1s a significant
improvement. At lower repetition rates, pulse energies of

up to 2uJ were obtained.

5.1.3 Diode-pumped, Q-switched, fibre laser

The highest gain attainable with the Hitachi laser
diode (HLP1400) was limited to 1-2dB. Although the gain
was sufficient to permit insertion of an objective into
the fibre laser cavity, threshold was close to the maximum

output power of the diode.

The insertion of the acousto-optic deflector (AOD)
increased the cavity loss further, and the maximum pump
rate was only 10% above threshold. Because of the limited
power, the output reflector in this experiment was chosen

to have a 12% transmission at 1.0%um. A typical Q-switched
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pulse is shown in Figure 5.3(a). The average power at
4kHz was a mere 20uW, but this value is in good agreement

with the slope efficiency prediction.

In order to increase the peak and average power
the AOD was replaced with a mechanical chopper8. The
chopper was masked to give a mark/space ratio of 1 : 300
and the speed was adjusted to give a repetition rate of
400Hz. Typical pulses are given in Figure 5.3(b). The
photograph is a multiple exposure 1indicating the limited
pulse-to-pulse stability. It was possible to increase the
output transmission up to 65%, thereby obtaining pulses of
. 300nmW amplitude and luys FWHM. The pulse duration was
limited by the slow switching speed of the chopper, but

the pulse energy was a respectable 0.34J.

Further improvement in the performance was only
possible with a more powerful laser diode. After

extensive enquiries, an order was made for the Sharp LTO015

40mW laser diode, which offered three tim
4

~
i1 4 a

much power

oy
n

es

pulse

e
ct
)

as the Hitachi diode. Recent results

energies 1n excess of 1puJ~.

5.1.4 Q-switched, Er3+—doped, fibre laser

The original experiments on @-switching the Er3t-
doped fibre laser were performed in the zeroth-order
configuration and with tﬁe argon-ion laser pump source.

As already noted in Chapter 4, the ion laser appears to be
far from ideal as a pump source and the maximum gain is
limited to ~ 3dB. Since the typical losses introduced by
the intra-cavity lens and acousto-optic deflector are of
the same order of magnitude, the available inversion is
rather small. Initial results indicated a maximum 2W

pulse of 60ns durationlo.



(b)

O-switched pulses for diode-pumped
3+ .
Nd™ - doped fibre laser

{a) using acousto-optic deflector

(200ns/div.)

(b) using mechanical chopper (500ns/div.)
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The higher gains attainable with the DCM dye laser
at 660nm have greatly expanded the potential of the
Er3+—doped laser. In order to Q-switch the laser
efficiently, it 1is esgsential to employ a technique which
introduces a high extinction in the low-Q state. The gain
is so high that 1t is also necessary to index-match one
end of the fibre to prevent lasing from 4% Fresnel
reflection. Insertion of a mechanical chopper into the
cavity as described in the previous section, resulted in
6W, 150ns pulses, which 1s almost an order of magnitude
increase in pulse energy. The slow switching time of the
chopprer ¢g-switch results in rather long pulses, however,

and the laser was therefore configured with the acousto-

optic deflector as described in section 5.1.1. The
diffraction efficiency at 1.35um was 30%.

i
}.._a
=

.1 High-power, O-switched operation

The relatively low diffraction efficiency of the
acousto-optic deflector results in the majority of the
output power passing out of the cavity through the zeroth

order diffracted beam. It is shown in Chapter 2 that
high~gain lasers, such as the Er3+-doped fibre laser, work
efficiently with a high value for the output coupling.

The slope efficiency anticipated for the overall cavity

o
f 45% is approximately 0.05. The laser threshold is

losg

o]

very similar to that observed for the fibre laser relying

on Fresnel reflection at one end, described in Chapter 4.

-

e 3m fibre (ND263; 120um diameter) the threshold at

2]
cr

[
;s

,.
o

660nm was 30mW. Measurements were made at a pump power of

three times threshold.

Figure 5.4 shows the variation in pulse energy and

verage power as the repetition rate was varilied from a

v &L

fw

10Hz to 20kHz. The pulse energy was observed to decrease
beyond 800Hz, although the average power reached its
maximum value of 3.4mW at approximately 1.2KHz. The slope
efficiency was therefore 0.057, in excellent agreement

with the predicted value for CW operation. The
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efficiency observed for the erbium-doped fibre laser is
unimpaired under Q-switched operation, as 1t is for the

neodymium-doped laser.

The pulse energy (at 800Hz) and pulse duration
were examined as the fibre length was varied from 4.5m to
0.8m. The optimum length was in the region of 2m, Figure
5.5. This value is greater than, for example, the low-
threshold laser described in Chapter 4, because of the
need to maintain a relatively high gain in order to over-
come the losses in the optical system. The pulse energy
reached its maximum value of 3.4uJ at 2.2m, whereas the
pulse duration was minimised at 3lns for a 1.8m fibre
length. The peak output power was 1in excess of 100W 6,
and a typical pulse i1s shown in Figure 5.6. Although the
output power is modest by comparison with conventional
bulk lasers, it nevertheless indicates a very high
intensity in the fibre core (> lGW/cmz). The Q-switched

thus a potential source for non-linear-

5.1.5 Non-linear generation with a Q-switched

erbium-doped fibre laser

Optical fibres provide an ideal geometry for the

a numpber of non-linear effects due to

3

demonstration of

—

3
their small guiding cores and long-interaction lengths.
The past fifteen yvears have seen a large number of non-
linear experiments based on optical fibres, including the
generation of stimulated Raman and Brillouin scattering,
self-phase modulation, the optical Kerr effect, 3-wave
mixing, and Second-Harmonic generationll—l7. One of the
limitations of the silica optical fibre for such work is
its very small non-linear refractive index. Conventional
experiments require large, high-power laser sources. If
devices based on non-linear effects are ever to become

practical, a means must be sought to use more compact,

low-power sources.
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One approach has been to develop new fibre
materials with higher non-linear coefficients. It 1is also
useful to develop a means of reducing the source power
requirements. In the light of recent technological
advances, the junction diode laser 1s the most likely
source for future non-linear devices since 1t uses direct
electrical-optical conversion to achieve a high operating
efficiency. The optical fibre laser offers a useful
supplement to this source, since it expands the number of
available wavelengths, and more importantly, 1t has a
higher optical damage threshold. It is believed that a
pulsed fibre laser, pumped by a CW diode laser, has
considerable potential for the practical implementation of

non-linear optics.

5.1.5.1 Experimental configuration

The experimental configuration is given 1in Figure

o8
o}
Ft

from the AOD was
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+
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5.7 The zeroth o

-
— e o L

o
Lwey

Ft

o
launched into a 800m length of high birefringence fibre
{s.m. cut off at 1100nm and N.A. = 0.15). Raman
generation occured for an absorbed pump power of less than
50mW at 660nm, corresponding to 15W pulses of 40ns
duration at 1.536nm. The repetition rate was lkHz. At a
pump power of 80mW it was possible to achieve almost

cmplete conversion to the first Stokes band from 1.63um -

i1V

(')

1.67ym. The depleted pulse at 1.536um is shown in Figure
5.8, The Raman pulse had a FWHM of 20ns.

The Raman threshold can be compared to the theory

of Smithl8 The critical power for equality between

e

Stokes and pump beams is given by

P, = 16 ——-
crit Yy

The expression 1s derived for the ideal case of a fibre
length £ = 1/« and identical polarisations for the Stokes

P
and pump beams. The polarised Raman gain in fused silica
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(a)

(b)

Figure 5.8.
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was measured by Stolen and Ippen to be y = 1.5 x 10-13

m/W 12, Since the randomly-polarised output of the fibre
laser excites both polarised modes of the high-
birefringence fibre, 1t is appropriate to consider half of
the pump power in each modelg. The fibre loss was measured
to be 1dB/km at l.6um, i.e. ap = 2.3 x 107%,  The ideal
length would therefore be 4km, and since such a length was
not readily available, the threshold 1s higher by a factor
l/l—exp(—api). The effective modal area at a wavelength
of 1.65um (V=1.6) 1is 5 x 1071102, The calculated critical
power is 7.4W in each mode, or a total power of 14.8W.

This value is in excellent agreement with the experimental

observation.
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extending the wavelength tunability of the fibre laser by
Raman shifting. Given a suitable low-loss fibre at

1.088um, it ought to be possible to extend the neodymium
tuning rande 1in a similar manner. Secondly, and perhaps

£l e
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ot

antly, it demonstrates the principle o e
a

a source for non-linear generation.

5.1.6 Mode-locked operation

Much of the early work on the mode-locking of
glass lasers was performed by DeMaria et 2120, Active
mode-locking of an Nd3+—glass laser with an acousto-optic
shutter produced pulses of 1lns FWHM, more than 3 orders of
magnitude greater than the bandwidth limit. The discre-
pancy was accounted for by length variations in the rod
during pumping. The best results have been obtained by
passive mode-locking, which is achieved with an intra-
cavity saturable absorber21. Unfortunately, the CW powers
required to operate typical dye-cell saturable absorbers

are beyond the reach of the fibre laser. Attention has

therefore been focussed on active mode-locking.




5.1.6.1 Experimental configuration

The original experiments on mode-locking the
Nd3+—doped fibre were performed by I.P. Alcock 1in the
Physics Department at SouthamptonQQ. His results
indicated pulses of less than lns duration, but there was
insufficient power to determine the pulse duration by
autocorrelation techniques. Attention is restricted here
to the mode-locking of the Er3+—doped fibre laser. T am
grateful to M. Phillips and A. Ferguson of the Physics

Department for the loan of the mode-locker and bire-

fringent plates.

The experimental configuration is given in Figure
5.9. The diffraction grating restricted the laser band-
idth to approximately lnm, corresponding to a minimum

ps. The mode-locker frequency
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cavity elements, the
(42MHz free-spectral range). The cavity modal beats were
clearly observabie on the Marconi Spectrum analvser, and
fine tuning of the cavity length was performed by mounting
the end reflector on a z-axis manipulator. The mode\
locker was then temperature tuned until the mode-locker

resonance and cavity resonance coincided.

The temporal output was measured using a TXL
series Ge~APD and Tektronix sampling head. The overall

se-time for the detection system was 700ps. As the

[y

r
mode-locker and cavity frequencies were tuned to coinci-
dence, the modal spectrum on the spectrum analyser
increased in amplitude, and the pulse output sharpened to
FWHM of 5ns, indicating partial, though very poor,
nmode-locking.

The mode-locker is designed for vertical
polarisation, whereas the fibre and cavity provided
little, or no, polarisation selection. It was therefore

decided to insert two wave plates into the cavity to
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adjust the output polarisation state. Careful adjustment
of these, and the mode-locker angle and position, finally
resulted in detector limited pulses of 20pJ energy,

Figure 5.10. At the time of performing the experiments,
an autocorrelator was not available to determine the pulse
duration. The peak power under simultaneous mode-locking
and Q-switching (in excess of 100W) should be sufficient
to permit non-linear mixing. Further investigation 1s

currently underway in the Physics Department.

5.2 Optical Amplifiers

Optical amplifiers are of interest not only for
optical communications, but for a wide variety of sensing
and signal processing applications. The advantages of a
laser amplifier 1n a communications system have received
much attention23_25. Examples include its configuration
as a post-amplifier to boost an optical source; as a
repeater to increase the distance between a source and
detector; and also as a receliver preamplifier to improve
sensitivity. In spite of these advantages it is only
relatively recently that a concerted effort has been made
to incorporate optical amplifiers into communications
system826_28.

The usefulness of an optical fibre with gain
extends beyond long-haul communications. A number of
sensor schemes which are limited by fibre attenuation or
component losses?2/30 would also benefit from fibre
repeaters. Amplifiers could be employed to increase the
number of subscribers in local loops where the loss of the
taps is usually the limiting factor. Fibre amplifiers
also open up opportunities in fibre circuitry and signal
processing. One can conceive, for example, of active

delay line memories and fibre switches. It is clear that

an optical fibre with gain would have many applications.
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There are a number of methods available for
demonstrating optical amplification. The technique
described here 1s stimulated emission (1.e, a laser
without feedback); but a variety of non-linear effects
such as the stimulated Raman and Brillouin effects can

also be employed31_33.

The majority of current research has concentrated
on semiconductor laser amplifiers which offer the
advantage of a high gain/input power ratio (typically
1dB/rmW electrical power)28. One disadvantage of this
approach 1s that the semiconductor waveguide mode 1s
considerably smaller than the fibre mode, so that a
relatively large coupling loss (up to 10dB) is incurred
when the amplifier is used as a repeater. The finite
reflectivity of the facets also leads to a wavelength

........ ier 1s partially

i
1d). Precise stabilisation of the

o)
nd amplifier temperature (AT < 0.6°C

]
0
-
9]
T
W
<
0]
[—
)
3
Q
ot

a A
tvpically) is usually reguired to maintain a high gain.

An i1mmediate advantage of a fibre-based amplifier
is that it can be spliced with low loss and low
reflectivity (< —SOdB)34 into a fibre system. The very
low reflectivity makes possible true travelling-wave
operation of the amplifier, thus reducing any temperature-
dependent, or mode-pulling, effects that might occur. The
gains measured are also typically of the order of 1dB/mW,
although in this case the power referred to is optical,
not electrical. The design and performance of fibre-

anplifiers i1s described in the followlng sections.

5.2.1 Erbium-doped fibre amplifiers

Erbium-doped fibre amplifiers have attracted
considerable interest35 because they operate in the
wavelength region of 1.54um, the lowest-loss window for

gilica optical fibres. As 1s evident from the preceding
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chapters, they can be optically pumped at a variety of

wavelengths, but the most successful pump band to date has

been from 650-680nm.

5.2.1.1 Amplifier design

The three-level nature of the transition at 1.54um
results in a pump threshold that must be exceeded in order
to observe gain. Below this pump power the fibre exhibits
loss. The pump threshold can be computed from equation
{(2.28), and the typical variation of gain with pump power

is shown in Figure 2.9.

In accordance with equation (2.29) the gain
increases linearly at first, as the pump is 1increased
above the threshold value, and then begins to saturate,
tending to the value npof. The saturation characteristics
are complicated by an additional absorption from the
excited level (see Chapter 3) which results in pump
absorption even when the ground-state is virtually
emptied. This effect prohibits pump wavelengths below

650nm, but is negligible at 665nm.

The expression for the amplifier gain (2.28)
contains the term We, the stimulated transition rate. Any
increase in Wg, either from amplified spontaneous emission
or from the signal to be amplified, therefore decreases

the amplifier gain. Saturation will be significant if

R+ 1/T (5.1)

since in this case the integrand of equation (2.28) falls
to half its original value. It 1is clear that the exact
value of W at which gain saturation becomes significant
depends on the pump rate R. For typical pumping
conditions (P = 40mW, Agps = 2x107Mn?, 6 /o, = 0.5) the
stimulated power required is of the order of 5nW,
corresponding to a signal input power of the order of

15uW for an amplifier gain of 25dB. Saturation is
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restricted to the last stage of the amplifier, and since
it is reduced at higher pump values it is preferable to

counter-propagate the pump and signal beams.

The core diameter of the amplifying fibre is an
important consideration in achieving high gains. Because
of the large difference between the pump and signal wave-
lengths, the fibre can usually support more than one mode
at the pump wavelength. Higher-order modes near cutoff
have poor overlaps with the fundamental signal mode and
therefore contribute little to pump efficiency. However,
for a fibre with a V-value in the region 2.5-3.5 at the
~ pump wavelength, 1t is relatively easy to launch the
majority of the pump into the HE;; mode, and so ensure a
good overlap. The variation of gain with fibre V-value

wasg discussed in Chapter 2.

o

the fibre would have to be spliced to standard tele-
communications fibre, which generally has a larger spot
size at the signal wavelength (~ 4um). Technigques for
splicing fibres of different spot sizes have been
developed36, and the additional gain provided by a small
spot size in an amplifier fibre more than outweighs the

splice losses.

The optimum fibre length depends on the dopant

concentration, the pump power and the wavelength and also

on the effective area. The critical condition is that the

pump power at the end of the fibre should be sufficient ta

bleach the absorption at the signal wavelength
(i.e. nR = 1/TH;). A knowledge of this saturation power
S-S (5.4

is experimentally sufficient to determine the correct

length.

further consideration is that in any systems deployment,
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Amplifier gain is inevitably accompanied by noise
in the form of spontaneous emission. The output power due
to amplified spontanecus emission in a four-level

amplifier can be expressed as (2.36)

Pour (V) = hv { exp Glv) - 1 } {5.5)

where G(v) 1s the gain at a signal frequency v. A similar

expression can be written for a three-level amplifier

. ( ny |

(v) = hv { exp G{v) - 1 } ot (5.6)

’ J
(o~

out

where, because of the complicated length dependence in
equation (2.34), n, and n; represent average populations
in the excited state, and ground level, respectively. If
a three-level amplifier is operated just above threshold,
so that ny = n;, the spontaneous output is considerably
higher than for an equivalent four-level amplifier.
However, 1f the amplifier is operated in a region of high

pump saturation, l.e.

P
J D e —m o - )
Fpump TR (5.7)

the inversion parameter F = n;/n;-ny tends to unity, and
the amplifier performance is similar to that of a four-

level amplifier.

Amplified spontaneous emission contributes to a
mean noise photon rate N over an optical bandwidth

Av{=v,-vq) given by

)

Fo{exp G(v) - 1} dv (5.8)

=z
h

V1

where
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F =1 for a four level amplifier
)
F = ——=-- for a three-level amplifier
1’12—1’11

The mean sgquare detector noilse current due to spontaneous

emission 18 then37

iy? = 2Nhv Beq (5.9)

where
B 1is the detection bandwidth

e is the electron charge

n 1s the detector gquantum efficiency

5.2.1.2 Anmplifier configuration

The experimental configuration chosen for the
Er3+—doped amplifier 1s shown 1in Figure 5.11. Initial
experiments were performed with the argon-ion laser as the
punmp source, but 1t was found to be much better to use an
argon~ion laser pumped DCM dye laser, which was tunable
from 620nm-690nm. The signal was provided by a 1.54um
InGaAsP DCPBH laser. The laser diode was mounted on a
pair of thermoelectric coolers (Melcor Ltd) which
permitted temperature tuning of the laser wavelength over
an 8nm range from 1.532um~-1.540pm. A typical laser
spectrum is given in Figure 5.12. It can be seen that the
output power 1s distributed over a number of modes spaced
by approximately 1nm, with about 50% of the power in the

dominant longitudinal mode.

In addition to the DC power supply (C.I.R.L.
Ltd.), the laser could be modulated directly with either a
Marconi signal generator or a Philips pulse generator. The
mounting of the laser diode prevented modulation above a
few hundred MHz and the majority of the measurements were

made for a signal bandwidth of 140Mbit/s.
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In order to vary the signal power a series of
neutral density filters could be inserted into the
collimated signal path. The filters were calibrated at
1.54um on a Perkin-Elmer spectrophotometer. For experi-
mental convenience, light from the laser diode was first
launched into a 1.5um fibre coupler which had a loss of
0.5dB and a splitting ratio of 10dB at 1.54um. The
coupler was fabricated from an undoped fibre which matched
the doped fibre ND263. The second output port provided a
monitor for the signal power and wavelength. Light was
launched into the doped fibre ND263 via an index-matched

butt splice, and the splice loss was measured to be less

than 1dB.

In order to prevent the onset of lasing, care must
be taken to eliminate feedback, both from the fibre ends,
and from plane surfaces in collimated beam paths. The
signal input was index-matched as shown in Figure 5.11 and
index-matching 01l was inserted at the butt splice to
reduce Fresnel reflection. Because of the high CW pump
power {~ 100mW) 1t was not possible to place index-
matching oil at the pump input, but the fibre was cleaved

at an angle to reduce reflection.

The doped fibre used throughout these experiments
was 90um diameter ND263. The characteristics of this
fibre are given in Table 3.1. The launch efficiency was
55 + 5%, measured on a similar undoped fibre and verified
by measurement of the transmitted pump power, which was
monitored throughout the experiment. Counter-propagation
of the pump and signal beams improves the amplifier
saturation characteristics (see previous Section) and also

congiderably ease

Output signal extraction was performed with a
dichroic beamsplitter (90%R at 1.5um; 85%T at 670nm) and a
biased InGaAs p.i.n. diode. The load resistance was

provided by the 500 input impedance of either a Tektronix
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digital sampling head or a Marconi Spectrum Analyser.
Although this detection scheme 1s simple and 1nsensitive,

it yielded excellent results 1n conjunction with the fibre

anplifier.

.2.1.3 Power transfer characteristic and gain saturation

W

Gain measurement in three-level amplifiers cannot
be made by switching the pump on and off, since the fibre
has an intrinsic absorption at the signal wavelength. The
input signal was measured initially by placing the 1.5um
coupler output on the pump launch micromanipulator. In
this way the same detection system (dichroic beam
splitter, microscope objectives, detector) was used
rnately to measure the input, and output, signals so
sses 1n the detection were automatically

The butt splice loss cannot be monitored in

be 14dBR * 0.5dB. The gain measurements presented here
include the splice loss, and therefore represent a
fibre/fibre signal gain. The dependence of the amplifier
gain on pump power 1s plotted in Figure 5.13. The
threshold of 12mW 1s in excellent agreement with the
theory of Chapter 2. The total attenuation of the fibre
at 1.54ym was measured in situ to be 32 + 2dB. This
corresponds well with the gain at high pump powers (28dB
at 100mW), indicating a high degree of inversion; F =~ 1.
Note that a high gain (20dB) 1s available for only 20mW of

absorbed power in the fibre.

The power-~transfer characteristic of the amplifier
1s given in Figure 5.14. The measurement was made at an

absorbed pump power of 60mW. The gain begins to saturate

1 B T e D
n t power greater

an inpu than -20dBm, when the output

1]
ct

power is +5dBm. This is in good agreement with a simple
saturation calculation following equation (5.1). A 3dB
compression from linear gain 1s observed for an output

power of +7dBm. For comparison, the 3dB point in a semi-
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conductor laser amplifier typically occurs at output
powers between -18dB and -10dBm 28. The fibre amplifier

can thus handle considerably more power.

5.2.1.4 Spectral dependence of gain

The spectral dependence of the gain 1s an
important consideration if an amplifier is to be
incorporated in wavelength-multiplexing systems. TIdeally

one would like as broad a bandwidth as possible.

The mounting of the laser diode permitted a
temperature tuning of the wavelength over 8nm by varying
the current supplied to the thermoelectric coolers. The

gain was measured whilst monitoring the signal wavelength.

In Figure 5.15 the measured spectral dependence of
the amplifier gain bears a close resemblance to the
fluorescence spectrum (Chapter 3), as demonstrated by the
dotted line superimposed on the Figure. The highest gains
are availlable in a 300GHz bandwidth centred on 1.536um.
This would be sufficient for 30 x 10GHz spaced channels in
a coherent W.D.M. system38. The broad fluorescence
spectrum (Chapter 3} suggests that gains 1n excess of 10dB
should be available over a much larger bandwidth of 4THz

(30nm) .

5.2.1.5 Pump wavelength

The measurements on Er3+—doped fibre amplifiers
presented in this Chapter have relied exclusively on a
DCM dye laser as the pump source. The dependence of the
gain on pump wavelength determines whether the dye laser
h as those under

er, suc

might be replaced by a dicode 1

development at NEC and Hitachi~”~.

Figure 5.16 shows the variation in the amplifier
gain as the pump was tuned from 650nm-680nm. The high

degree of saturation is evident from the flat response of
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the gain over 25nm, in spite of the variation in absorp-
tion cross-section. The results suggest that it should be
possible to pump the Er3+—doped fibre with laser diodes
having wavelengths in the range 655nm-675nm, provided the

power requirements can be met.

5.2.1.6 Amplifier noise

In Section 5.2.1.1 an expression is derived
relating the amplified spontaneous emission power to the
spectral gain of the amplifier. Numerical integration of
equation (5.8) using the spectral gain data from Figure
5.15 yields an amplified spontaneous emission power of
(50+5)uW, which is in excellent agreement with the experi-

mental measurement.

The noise associated with an amplifier determines
its usefulness both as a repeater and as a receiver pre-
amplifier. The amplifier noise in the region of 100MHz
was measured on a Marconl Spectrum Analyser to be
200pA/yHz, corresponding to a sensitivity of -45dBm at
140Mbit/s for a 1072 bit error rate. This value compares
favourably with state-of-the-art APD detectors at 1.5um
and illustrates the potential of the doped fibre as a
pre-amplifier. Calculation of the shot-noise associated
with the amplified spontaneous emission suggests that an
even greater sensiti&ity of -62dBm ought to be achievable.
The reasons for the disérepancy are not at present under-
stood, but may result from residual pump leakage and
additional pump nolse. Further experiments are underway
to pinpoint the noise source. It should be noted that the
sensitivity was measured without spectral filtering of the
amplified spontaneous emission. With narrow sources and
spectral filters it ought easily to be possible to achieve

shot-noise limited sensitivity (-70dBm at 140Mbits).
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5.2.2 Neodymium fibre amplifiers

Neodymium-doped fibre amplifiers operate at
1.088um as a four-level laser system and therefore
exhibit gain at all values of the pump power. They can he
punped at a variety of wavelengths, including the
important region from 750nm-850nm which is spanned by

GaAlAs diode lasers.

The gain 1s given by the expression (2.22)

st

Pabs T

G = ===

Aotf v

21
=LA

P
and is typically ~ 1dB/mW for a 820nm pump source.
urat

According to equation (2.20), gain sat

significant for

~~
(W)
o
[
~.

since the denominator of this equation contains the term
(1 + W35). Thus 1in four-level amplifiers the gain
saturation is not a function of pump power. Given typical
fibre parameters (A_g¢ = 107 w2, 5 - 2 x 10724 ) the
condition is fulfilled for a signal power of approximately

2miW.

The pump and signél wavelengths are sufficiently
close to permit single-mode operation at both wavelengths,
thereby ensuring a good spatial overlap between the
population inversion and the signal mode. The optimum
signal V-value appears to be in the region of 1.8.

Because of the low loss of the Nd3+—doped fibre, the
optimum fibre length is not a critical consideration.
Assuming a fibre loss of 10dB/km, and a pump wavelength of
820nm, a mere 10uW of pump power is sufficient to overcome
fibre losses. Given a typical launch power of 5-10mW these

figures indicate an optimum length of 6-7m for a fibre
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with a dopant concentration of 102° m73. It should be

noted, however, that an additional 10m of fibre would only

decrease the gain by 0.1dB.

So far only gain measurements have been made on
Nd3+—fibre anplifiers and further results will be
published separately40. The experimental configuration
for the amplifier 1s shown in Figure 5.17. A CW Nd3 -
doped fibre laser {(see Chapter 3) was used as the signal
source, since its operating wavelength i1s matched to the
peak gain of the doped fibre. In order to modulate the
signal, an acousto-optic deflector (Isomet 1205C) was
inserted between the laser and the amplifier. The band-
width of the A.0.D. limited the modulation rate to 4MHz.
The amplifier fibre was a 5m length of ND199 pumped by a
Sharp LT015 820nm laser diode. The signal was extracted

ith a dichroic beamsplitter (100%R at 1.088um, 85%T at

3

826nm) and the detector was an InGaAs p.i.n.diode with

a quantum efficiency of 0.6 at 1.088ypm.

The maximum gain measured was 5dB for an absorbed
punp power of 6mW. Although the gain 1s much smaller than
for the Er3+—doped fibre, 1t has been achieved with a
compact laser-diode pump source. Recent experiments with
high-power laser diodes (40nW output), and an improved
launch efficiency (40%)2, indicate that gains of the order
of 10dB or more should be possible in neodymium-doped

fibre amplifiers.
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5.3 Summary

The technigues of Q-switching and mode-locking
fibre lasers doped with neodymium and erbium have produced
pulses ranging from less than lIns to greater than lus 1in
duration. The efficiency under Q-switched operation has
been demonstrated to be equal to that observed under CW
conditions. It 1s thus possible to construct fibre lasers
which usefully convert CW pump radiation into high-power
pulses. The pulsed Er3+~doped fibre laser has been
applied to generate Raman shifted light.

The high gain of the optical fibre laser
configuration has been exploited in the design of

f Gains of up to 28dB at 140 Mbit/s have been
exhibited over the broad
f h

ions in the

wavelength-multiplexed amplifiers. The doped fibre has
been used as a preamplifier to considerably improve the

performance of a simple optical receiver.
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APPENDIX 5A : BISTABILITY IN THREE-LEVEL ER‘?’+ FIBRE LASERS

The optimum length of a three-level laser such as
the Er3+—doped fibre laser corresponds to an output pump
power at threshold which is just sufficient to saturate
the absorption at the end of the fibre. If the fibre
length is increased further, the additional fibre
contributes to a cavity loss. Normally an increase in the
rate of stimulated emission reduces the population
inversion and the gain decreases. In the region of fibre
where the majority of the ions are in the ground-state,
however, an increase in the stimulated rate actually
decreases the loss. Depending on the overall length of

the fibre, the small~signél gain can therefore be less

than the large-signal gain at certailn pump powers. This

is the origin of the bistable threshold observed in long
. R 1

Er3+—doped fibre lasers?l.

-

A typical experimental result is plotted in Figure
5.18. The pump source was an argon-ion laser at 514.5nm
and the fibre cavity consists of a 3m length of fibre

ND263 (120pm diameter).

The pump power 1s increased until the
{small~-signal}) gain is equal to the round-trip cavity
loss. Thereafter, any 1lncrease in pump power results 1in a
sharp switch-on of the laser output. As the stimulated
power increases it first increases the nett round-trip
gain and finally saturates it sufficiently for equilibrium
to exist. The laser is now effectively well above
threshold, and a reduced pump power will still support
oscillation. Eventually, however, the laser reaches the
unstable regime where a decrease in the stimulated rate

ults in a decrease in the nett gain below the threshold

re

s
value, and the laser output switches off.

The behaviour is well-modelled by the theory for
the Erl*-laser presented in Chapter 2 and Figure 5.19

shows the theoretical variation of W, the stimulated rate,
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with the pump rate R, in order to maintain the gain at the
value Grp» Since the pump rate R cannot be self-adjusted

by the laser, the output power follows the boundary loop.

Bistability in a variety of optical systems has
aroused considerable i1nterest worldwide because it can be
used as the basis of an optical logic for data-processing
and computing . A measurement of the switching times has
been made by L. Reekie, and the results are presented in
Figure 5.20. An immediate problem observed is a delay of
2-3ms between the input pump pulse and the laser output.
The delay is due to the relatively large pumping energy
{~ 10uJ) required to significantly change the population

inversion. The long switching time and large enerqgy are
a barrier to the practical use of this form of
bistability. Nevertheless, 1t provides a simple

+ &

i
demonstration of some of the properties of bistable

systems.
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CHAPTER 6 : OPTICAL FIBRE COUPLERS AND THEIR ROLE IN FIRRE

LASERS

The hybrid fibre lasers described so far in this
thesis have relied to a greater or lesser extent on
discrete-optical components, dielectric mirrors, gratings
etc, In this chapter experiments are described on the
fundamental fibre component, the optical fibre coupler,
and its application to fibre lasers. The Chapter begins
with a review of the optical fibre coupler followed by the
description of a coupler fabrication technique. The
important features of the coupler vis-a-vis fibre lasers
are its loss and wavelength characteristics. During this
work, which was mainly undertaken before the development

of "active" fibres, a new theory of operation was
d th

-1
,,_.4
Q.J

1 results are mode

e experimenta
accordingly. The chapter ends with a description of a
number of all-fibre lasers
6.1 Optical Fibre Couplers

A schematic of the optical fibre coupler is shown
in Figure 6.1. The coupler is a four-port device which
can be configured as a power divider, a switch, a wave-

length filter or as the basis of a variety of inter-

ferometers.
A variety of technigues have been employed to
create single-mode optical fibre couplers. The first

successful method was to etch two fibres and draw them

closely together so that the cores of the two fibres were

in close prox1m1tyl’2 (Figure 6.2a). By varying the
refractive index of the medium surrounding the etched

fibres the degree of evanescent interaction, and hence the
coupling, could be adjusted. The disadvantage of this
type of coupler is that it 1s rather unstable. Another
technique which also relies on an evanescent interaction

between light propagating on the two fibre cores is the
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polished coupler (Figure 6.2b). Here the fibre is mounted
in a quartz block for mechanical stability, and polished
to within a few microns of the core>. Two similar blocks
are then brought into intimate contact, usually buffered
with a very thin layer of index matching fluid. Small
adjustments of one block relative to the other can be used
to accurately vary the coupling coefficient. The polished
coupler has been demonstrated to have a wavelength-
dependent coupling coefficient which is the potential
basis of a wavelength division multiplexer4. A wide
variety of devices employing polished fibre couplers have
already been demonstrated, including an all-fibre ring
resonators, Michelson and Mach-Zehnder interferometers®:’

and a fibre Sagnac interferometer for rotation sensingS.

The third important coupler which has attracted
n is the fused-tapered couplerg_l“

c s technique two fibres are brought
together and then fused and tapered until coupling occurs.
The advantage here is that the resulting coupler, after
protection in a material which prevents surface flaws, 1is
as robust and stable as the original fibre. Once a
suitable heatsource has been developed, the method 1is
quick and simple and a vield greater than 50% can be
expected., For these reasons, and because it is widely
considered to be the most suitable coupler for practical

application, the fused tapered coupler was chosen for

investigation.

The theory of operation of the fused tapered
coupler has evolved slowly over the last three years. It
was originally assumed that coupling occured as the result
of an evanescent interaction, similar to the mechanism of

N 13 s .
th hed coupler~-. However it soon

~ — amoem b2
, and the poli

u

became apparent that the experimental results were at
variance to this theory, and a new model was sought. In
order to achieve coupling 1t was found that the V-value of
the fibre had to be reduced to below the value where the

core plays a significant role in the propagation of the
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mode. It was proposed by the author, and by Bures et

a1ld that coupling resulted from an interaction between

modes of the large waveguide formed by the fibre cross-
sections and the external refractive index. In fact two
different models were proposed corresponding to weak and
strong coupling, and subsequently a simple approximation
to the strong coupling case was developed by Payne et
all®, These models have been successful in describing the
majority of the properties of single-mode fused tapered
couplers. It would appear, however, that couplers with
small coupling coefficients correspond more closely to
evanescent devices. Recent work by Martinez et al at
Southampton17 has demonstrated the smooth transition
between core mode and cladding mode that occurs in a fibre
ap This transition period is of great importance in

e
determining the coupling and the loss characteristics of

o~

he work described in this

!
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oss and coupling characteristics
of the coupler with the aim of creating optical circuits
and resonant cavities. During the course of this work the
loss of fused tapered couplers was brought down from
greater than 1dB to less than 0.2dB. The taper was
identified as a major contributory loss source and great
care was taken to optimise the fabrication procedure to

produce smooth, gradual tapers. Subsequent work by

0

Stewart and Love supports these findingslg. The design of
high guality optical resonant cavities requires precise
control of the coupling coefficient. The original fabri-
cation procedure could only control the coupling
coefficient to within approximately ten percent and it was

also discovered that the protection of the coupler in a

3

re index only slightly less than that of

—t

3 1 aa o £
mediu f refract

-

tk

o
silica led to changes in this value. An investigation of
the effect of changes in the refractive index of the
medium surrounding the coupler was therefore undertaken.
It was discovered that the influence of refractive index

changes was strongly dependent on the degree of coupling;
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if this was small, then so was the corresponding variation
in coupling coefficient. Dramatic changes in coupling as
the index of the external medium approached that of silica
were observed for strongly coupled devices. This property
suggested the design of a novel fibre switch, and a
research programme to investigate the effect of liquid
crystals on coupler behaviour has been instigated. The
results for the dependence of coupling coefficient on
external index have been successfully accounted for by the
"high-V-guide model"”, although the very weakly coupled

devices show a less pronounced effect than is predicted.

Single~mode fibre couplers can be operated with
low loss over a wide range of wavelengths. Before this

work was unde d been demonstrated that polished

a
periodic wavelength response, with a

i
period of a few hundred ﬁanometerslg. A programme of

o
H.
-
byl

gth characteristics of the fused
ore commenced, It was

gly coupled” devices had a
markedly periodic response, and by elongating the coupling
length and decreasing its width, periods as small as 12nm
were demonstratedl4. Subsequent work by Yataki at
Southampton has yvielded even smaller periods of 2nm 20,
These values are one or two orders of magnitude smaller
than have been demonstrated for polished devices, which
arises from the different coupling mechanism. Once again,
the "high~V-guide model” has been successful in modelling
the results. However, the wavelength response of standard
equal splitting ratio couplers 1is more marked than would
be predicted by the model, due to the partly evanescent
nature of the coupling interaction. Recent work by
Mortimore?l to vary the excitation of the symmetric and
antisymmetric modes of the coupling region has been
successful 1n producing a largely wavelength independent
coupler for telecommunications. However, the periodic
splitting ratio coupler described here has a number of
applications to wavelength filters, and possibly as wave-

length division multiplexers20. The second half of this
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chapter describes the use of wavelength selective couplers
in a novel fibre ring laserzg. The fibre ring laser
obviates the requirement for carefully aligned resonator
mirrors. The all-fibre ring resonator employs a single
fused tapered coupler to provide both the input coupling
of the pumping radiation and output coupling at the lasing
wavelength. A major advantage of the ring laser 1s that
the output power is automatically carried by a fibre. It

is thus fully compatible with other single-mode fibre

systems.

6.1.1 Fused tapered coupler fabrication

One of the primary regquirements of a fabrication
‘‘‘‘ dure for fused-tapered couplers is a suitable heat
source, Silica has a working temperature of approximately
800°C, which is beyond the range of the majority of

resistance heaters. Graphite furnaces meet the

e tion, but require inert atmospheres,
and tend to leave deposits on the fibre surfaces, which
leads to high loss. The latter problem has also been
encountered with resistance heaters based on non-oxidising
metals such as platinum or 1ridium. The heat source chosen
for this work was an oxy-butane flame, which, 1n spite of
temperature irregularities and poor reproducibility, has

led to coupler losses of less than 0.2dB.

A schematic of the coupler fabrication procedure
shown in Figure 6.3. Two identical fibres were
stripped of their protective coatings over a short length
{approximately 10cm), cleaned with methanol and secured to
two motor-controlled movable platforms. The fibres were
usually given a single twist together to ensure good

me was applied. Light was launched

[v)]

fusion when the fl
into one fibre from a HeNe or semiconductor laser, or from
a white light source filtered by a monochromator,
according to the intended operational wavelength, and the
power output of both fibres was monitored. The fibres

were then fused and tapered in the oxy-butane flame. Two
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Figure 6.3. PFabrication technique for
fused tapered coupler



different techniques were implemented to provide the
tension necessary to taper the fibres once they had been
heated to the working temperature. The majority of
couplers for the experiments on refractive index and
wavelength variations were fabricated using a simple d.c.
motor controlled pulling rig designed and constructed by
R.J. Mansfield. This rig produced gradual, symmetrical
tapers, but required careful optimisation of pulling speed
to match each set of flame conditions. A typical taper
profile is shown in Figure 6.4a. During the course of
this work a stepper-motor controlled rig was set up, with
the option of translating both fibres relative to the
flame during the tapering process. Although this resulted
in unsymmetrical tapers, better reproducibility was
chieved. A typical taper made on this rig is shown 1in

It is demonstrated in Section 6.4 that the
per is not important provided that both
e

ss than a critical value.

During the tapering process the fundamental LPgy
mode launched on one of the fibres expands and excites
the lowest order symmetric and antisymmetric modes of the
glass-air guide formed by the fusion of the two fibres.
These modes have different propagation constants and thus,
at the ocutput taper, power is launched into both fibre
cores. A typical power output from one coupler port
during fabrication is shown in Figure 6.5. The oscilla-
tions correspond to power being transferred from one
output fibre to the other as the length of the coupler is
increased. Although it was not necessary to taper the
coupler beyond the first complete exchange of power to
achieve any desired coupling ratio, strongly coupled
devices, in which power has been exchanged many times
between the two fibres, exhibit a number of interesting

i
properties, as will be shown in later sections.
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After fabrication the couplers were protected by
potting the exposed section in a silicone rubber compound
contained in a silica U-tube (Figure 6.6). The silicone
rubber provided a sufficient mechanical buffer for most
experimental purposes. However, for a few applications,
the silica U-tube was further mounted in epoxy 1in a
plastic or metal package and the fibre leads protected

with plastic heatshrink tubing.

Since this work, fused tapered couplers have
continued to be made at Southampton by M.S. Yataki.
Oxy-butane flames are still providing the heat source
although tapers are produced by vertical tension on the
two fibres, in an attempt to eliminate motor~-induced
nechanical vibration. The fabrication technigue and

vi
recent results are described in reference 23.

6.1.2 Dependence of couplers on external refractive

ndex

It has been observed by other authors that the
coupling coefficient for etched and for polished couplers
depends on the refractive index of the intermediate
medium2’4. This 1s because, for evanescent field
coupling, the intermediate refractive index determines the

between the field of one fibre and the

degree of overla

R T

core of the othe An investigation of the effects of

refractive index changes in the medium surrounding a fused

ered coupler was therefore undertakenl?. Prior to this
k Dr. C.M. Ragdale had demonstrated that the loss of a
taper is a strong function of external refractive index
(Figure 6.7) reaching a maximum when the external 1index
matched that of silica (1.458). The result clearly
demonstrated that, in the centre of the taper, light
propagates using all the fibre cross-section as a guide,
with a propagation constant p = kn,; (where k = 27/) and

n.y = silica cladding index).
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Couplers were fabricated from fibres whose
parameters are listed in Table 6.1. Coupler dimensions
varied from 20mm-40mm in length with taper ratios (twice
diameter of one fibre : diameter of waist of tapered
region) varying from 4:1 to 20:1. External refractive
index variations were effected by immersing unpotted
couplers in oils of differing refactive index and by
temperature tuning the refractive index. The o0il 1index
was calibrated at specific temperatures using an Abbé
refractometer which could be maintained at a constant
temperature by a heated water supply (Gallenkampf). 1In
this way the effect of index changes from 1.40 to 1.46
could be determined. Further experimental points were
obtained with different organic liquids having refractive
indices varying from 1.326 {(methanocl) to 1.357 (acetone)
and air n=1. Figure 6.8 shows the effect of changes in

f

or one fibre VD436 with taper ratios 4:1,

It can be seen that for couplers with low taper
ratios, little change in the coupling coefficient occurs
as the external index 1s raised. Couplers with larger
taper ratios, which were pulled through a number of
oscillations in output power, exhibit an increasing
dependence on external index as it approaches that of
silica. All of the resulits in Figure 6.8 are plotted in
the region where the excess loss of the coupler due to

index matching is less than 1dB).

The results have been successfully modelled by
assuming that the lowest order symmetric and antisymmetric
modes of the fused region are excited. Variation of the

ternal refractive index will cause the propagation

®
e

s of the two modes to change and also the beat

4+
onstan

length between them, which determines the coupling coeffi-

0
ct

cient. It has been observed that the coupling is strongly
dependent on the dimension of the fused cross-section, and
a typical experimental taper cross-section is shown in

Figure 6.9a. Different models of the tapered region have
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TABLE 6.1
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cladding +~ substrate
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Figure 6.8. Dependence of coupled power
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Figure 6.9. Experimental (2) and modelled (b)
taper cross-sections




been proposed by Bures et al and by workers at Southampton
and are shown in Figure 6.9b. Bures et al approximated
the coupler by parallel touching cylinders and predicted
that the coupling coefficient would increase as the index
difference between the external medium as silica was
reduced. The strongly-fused model of a single cyiinder or
a rectangular guide on the other hand, predicts a decrease
in coupling for the same condition. It is shown 1n

Appendix 6A that the variation in coupling i1s determined

by the sign of

o,
e

—
=7

Ug

7 for U1 < U2

<
Tt
=¥
<
|
|
[
[ 3]
jou}

where Uy and U, are the modal parameters of the lowest

order symmetric and antisymmetric modes of the waveguide,

IS TR T IS
which is the case for

(wa

o Y
vely. If this is negative,

i
i

w

espec
most waveguides operated at high V-value, then the

coupling coefficient decreases as the external index is

raised. It is also shown, in Appendix 6A, that the
coupling coefficient is proportional to (n m—nc1)—b, where
n is the index of silica and n.j is the external 1index.

'co
The results of Figure 6.8 have therefore been plotted

against (n_ ,-n.y) %, and are shown in Figure 6.10. For
couplers pulled through more than one oscillation there is
an ambiguity in the sign of Ac. However, for couplers (a)
and (b) the coupling coefficient clearly decreases as
external index is railsed, and so the other results have
been plotted in the same sense. It can be seen that the
gradient of the straight line fit varies dramatically with
taper ratio. In Appendix 6A the constant of proportiona-
lity 1is shown to vary as 1/p3, where p is the cross-
sectional radius of the tapered region. Although the
coupling length varies slightly for these couplers, the
agreement 1is striking. These results vindicate the "high
V-guide model"” as a description of the fused tapered
coupler, and in particular the "well-fused" models

developed at Southampton.
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The difference 1n the prediction of the model of
Bures et al and the "well-fused" models suggests that a
coupler geometry might exist which is largely insensitive
to refractive index changes. Recent work by Payne
suggests that this 1s indeed the caseZd. However, for the
couplers described in this thesis a linear variation with
-k

(nog=nay) 1s more appropriate.

6.1.3 Coupler loss

During the course of experimental work on couplers
the insertion loss was reduced from greater than 1dB to
less than 0.2dB. It was recognised that the fibre

refractive index profile was critically important, since

225

tapers pulled from depressed cladding fibre were shown to
exhibit high loss. Results for three different depressed
cladding fibres, taken from de Fornel et a114, are shown 1in
Figure 6.11. Matched cladding fibres were therefore used
to produce low-loss couplers.

The control of the taper shape and, 1in particular,
taper angle was also found to be important in determining
the loss characteristics of fused tapered couplers. For
this reason much time was spent optimising the flame
length, temperature and pulling tension for each fibre, 1in
order to produce gentle uniform tapers. Very short
burners were found to produce too steep a taper angle
whereas very long burners produced irregular tapers. The
burn giving the best results had a hot zone of about
8mm. Low temperatures and low tensions were generally
found to be advantageocus, although at slow pulling speeds
vibrations in the motor system led to an increased coupler
loss. Most of the couplers were fabricated using pulling
times varying from two to four seconds. The majority of
the experimental work was carried out with the d.c. motor
controlled pulling rig. However, the automated stepper
motor controlled rig led to better reproducibility and,
after an optimisation procedure, to the lowest losses of

less than the experimental measurement limit of 0.2dB.
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Subsequent theoretical work supports these
findings. If the loss mechanism in the taper 1is conver-
sion from the fundamental to higher order modes of the
fibre external index guide, then a slowness criterion can

be defined (see, for example, reference 25)

1 duw Ap
- —= << .
w dz 2w
where
W = modal spot size
z = distance along guide
Agp = difference in propagation constants of

fundamental and next highest mode of the

same symmetry.

ot size increases

n

m

O

The tapering 1 st critical when the s
e

p
rapidly, supporting the experimental observation that the
coupler loss is sensitive near f

It is shown by Stewart and Lovel® that the slowness

is much less tcelerant of taper angle for

!

erio

essed cladding fibre than for matched cladding fibres

o

ri

Q

dep

~

because, at a particular value of V, the propagation
constant of the fundamental mode comes very close to that
of the next highest mode. The predicted V-values for this
depressed cladding fibre loss agree well with the experi-
mental results of Figure 6.11. This result has important
bearing on the fabrication of couplers from highly bire-
fringent fibre such as the "Bow-Tie" fibre. The stress-
inducing sectors in these fibres are usually depressed 1n
refractive index, and tapers made from such fibres are
very lossy. By adding Ge0, to the bow-tie sectors,
approximate index matching can be achieved. Tapers pulled
from "matched bow-tie" fibres have losses in the region of
1-3dB. At the time of writing 1t has not been possible to
make low-loss highly-birefringent couplers by the fused

tapered technique.
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6.1.4 Wavelength dependence of couplers

The single-mode fused tapered couplers described
in this chapter have a wavelength "window", where they can
be operated with low loss, extending over hundreds of
nanometers. An investigation of the wavelength dependence

of the coupled power was therefore undertaken.

Couplers were fabricated with varying numbers of
ogscillations in the output power during the pulling
process (ref Figure 6.5). They were potted in silicone
rubber as described in section 6.2 and measured on the

monochromator system described in Chapter 3. A selection

of these results are shown in Figure 6.12. It was found
that for couplers pulled through many oscillations in

output power, a remarkable periodicity in the wavelength

response was recorded, with periods as small as 12Z2nm.

-

1e¢ regular wave-

Py

It is shewn 1n Appendix 6A that t
length response 1s a feature of interference of two modes
on any waveguiding structure operated at high V-value.
Structural differences determine the sign and magnitude of
the small changes 1in coupling period (A)) which are
observed as wavelength 1s changed. The weakly fused model
of Buresl? predicts a decrease 1n wavelength period as

ased, whereas the strongly fused models

Q)

wavelength 1is incr
predict an increase. Table 6.2 shows a comparison between
predicted and experimental coupling periods A)l. Once
again it appears that the couplers are best described by

the well-fused model.

A consequence of the approximate proportionality
observed between the coupling coefficient and wavelength

ng period is inversely proportional to

Yot
'—J

is that the up
the number of oscillations observed during fabrication

{ref. Figure 6.5). It is shown in Appendix 6A that

1”momitor
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Coupler No.

No. of oscillations
in output power
during fabrication

Predicted A} (nm)

Experimental A} {(nm)

TABLE 6.2

370

270

~J

\O

80

82

(o)

[®)]

75

80
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where
Mnonitor 1S the wavelength at which oscillation
are monitored
] is the phase change observed during

fabrication ( = mm for m oscillations).

Table 6.2 shows the measured A} and the values predicted
by measurement of ¢ at Xmonitor for a selection of
couplers. It can be seen that when the coupling is strong
and ¢ is large, excellent agreement is obtained between
the predicted and experimental results. However, for
couplers pulled through much less than one oscillation,
the two values are at variance. It 1s believed that these
couplers cannot be modelled by the simple approximation
developed here, and a full evanescent field analysis 1is
necessary. Nevertheless, for couplers pulled through a

ations in ocutput power, 1t 1s possible to
predict the wavelength characteristics of the coupler

g important Implications

for the design of wavelength selective couplers for the

fibre ring laser.

6.2 Fibre Ring Lasers and Active Circuitry

The fibre lasers described in previous chapters
have been based on a Fabry-~Perot resonant cavity formed by
the fibre and external mirrors. For many applications
this is the simplest method to construct a laser
resonator. The development of low-loss optical fibre
couplers, however, makes possible an all-fibre ring laser,
which 1s particularly well suited to fibre optic circuits
since the output power is carried by a fibre. Further-
more, the ring configuration eliminates the need for

mirror alignment. This section describes a fibre

[
4]

+ ~
Lap

u

ring laser based on wavelength-selective couplers. Two

approaches to ring fabrication have been investigated. In
the first method described here, the wavelength selective
coupler is made from the doped fibre itself, and two leads

are spliced together to form the ring cavity. Unfortu-
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nately the doped fibre 1s not ideal for coupler fabri-
cation because it does not have a perfectly matched
cladding. Furthermore, since the input lead to the
coupler is also made from doped fibre, some of the pumping
radiation is wastefully absorbed before it reaches the
ring. An improved technique i1s to make the coupler from
undoped fibre which has been optimised for low-loss
coupler fabrication. The penalty here is that two splices
are required to introduce doped fibre into the ring and
the spot sizes of the two fibres must be well matched for

the splices to have low-loss.

6.2.1 Nd3+~doped ring laser

A coupler with the wavelength characteristic shown

in Figure 6.13 was fabricated from the Nd3+—doped fibre
ND199. It was pulled through a large number of
oscillations (~ 15) at the monitor wavelength of 1.08um

1 s
and adjusted to give a 10:1 splitting ratio. A moderate
n

.08um could then be formed

o}
~
®
0
0
3
w
=]
s
w
o+
}_.l

by splicing ports 3 and 4 together, as shown schematically
in Figure 6.14. To minimise pump absorption losses in the
input lead, its length was reduced to less than 10cm,
which corresponds to a loss at 595nm of less than 3dB. The
intrinsic coupler loss was measured at 633nm (where the
fibre has a negligible absorption) to be 3dB, although the

oss at 1.08um, where the ring is single-mode is less than

—

S
1dB. The coupler selectivity into the ring was estimated

h

]

Fi
0

ure 6.13 to be greater than 80% in the region
5nm.

20
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The fibre ring was spliced using a British Telecom
prototype fusion splicer whilst monitoring the output at
633nm. Although the ring was far from optimal at this
wavelength, a modulation of the ocutput intensity caused by
ring resonances gave an indication of optimum splice
alignment. Monitoring was necessary because the core of
the Nd3+—doped fibre was not concentric. The ring was

tested with a Coherent argon-ion laser pumped R6G dye



+10

*Transmitted

Figure 6.13.

233

PR

e E———
———— ]

R ~—

v

H ]

|
1000
Wavelength {nm)

Wavelength response of coupler
for neodymium-doped ring laser




234

cw Filter
Dye laser Fibre coupler : !
/ \ P
) Detector
Doped fibre
Splice
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laser which had a maximum output of 300mW in the wave-
length region of 595nm. The laser was kindly loaned for
this experiment by Dr. A. Tropper of the Physics
Department. Lasing occured for a dye laser output of
70mW, corresponding to an estimated 14mW absorbed in the
ring. The output power was measured with a calibrated
reverse Peltier thermal detector designed by A. Ferguson.

A maximum ring laser output of 2ZmW was recorded when

punmping at 285mW.

The laser spectrum was measured on a 2m SPEX
monochromator, which had a 0.1lnm resolution. The high
resolution enabled significant structure to be observed,
Figure 6.15. Insertion of a polariser into the fibre
ocutput made no change to the spectrum, which was shifted
by 10nm from the gain maximum due to a mismatch with the

ivity {(Figure 6.13}. The structure is
probably a result of residual gain competition, and has

26

been observed previously in a linear cavity~®~.

6.2.2 Improved Nd3+—doped ring laser

The performance of the neodymium-doped ring laser
has been improved by fabricating the coupler from an
undoped matched cladding fibre. The coupler was chosen to
have a coupling ratio greater than 10:1 in the wavelength
region 580nm-610nm and 2:3 at the lasing wavelength of
1088nm, and the fibre was matched in numerical aperture
and cut-off wavelength to the doped fibre ND199. The
coupler loss at the lasing wavelength was measured to be
0.7 + 0.2dB. Although the fibre was multimode at the pump
wavelength (V ~ 3.8), it was relatively easy to launch the
majority of the light into the fundamental mode. The
maximum power available at the output of the coupler was

measured to be 200mW.
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Two metres of fibre ND199 (110um diameter) were
spliced to the coupler output whilst monitoring the power
at 630nm {(where the fibre absorption is low). The loss
was measured to be 0.9dB. Allowing for residual
absorption of the doped fibre, the splice loss 1s
estimated to be ~ 0.2dB. The ring was completed by
splicing the doped fibre to the redundant input port of
the coupler. Monitoring was still possible via the
remaining output port of the coupler. The measured loss
was 1.7dB. Allowing for the coupler loss at 630nm
{~ 1.5dB; higher than at the lasing wavelength because the
coupler is multimode), the splice loss was estimated to be
0.2dB. Optical monitoring of the splicing process was
essential because the fibre cores were not concentric, and
therefore alignment of the outer surfaces does not

guarantee a low-loss splice.

The lasing characteristic and spectral output are
shown in Figures 6.1

power of 12mW was obtailned in a bidirectional output, an

and 6.17. A maximum total output

0
o

order of magnitude increase on the ring laser using a

doped fibre coupler.

The sgspectrum was measured on a monochromator
having a resolution of lnm. Thus 1t was not possible to
corroborate the previous high-resolution measurements.

The FWHM was measured to be 6nm at a pump rate P/Ppy ~ 15.
The extent of the broadening is less than observed in the
Fabry Perot cavities, probably because of the wavelength

selectivity of the coupler.

6.2.3 Er3+—dgped ring laser

An erbium-doped fibre ring laser has also been
constructed following the technigue of the previous
gection. The undoped coupler was the same as for the
amplifier experiments in Chapter 5. The lasing
characteristic and spectrum are given in Figures 6.18 and

6.19 respectively. Tt 1s interesting to note that it was
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possible to observe lasing on both transitions, at 1.536um
and 1.552um, simultaneously. The maximum total output

power was 1l4mW, in a bidirectional output.

6.3 Summary

A fabrication technique for fused-tapered couplers
has been described. The method has resulted in low-loss
couplers of variable splitting ratio. The dependence of
the coupling strength on external refractive index and
wavelength has been shown to correspond to a simple model

appropriate to a well-fused taper cross-section.

The couplers have been used to construct fibre

lasers oth 1.08um and 1.54uym. The ring lasers
c
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have been shown to have a high efficiency, and eliminate

1C mMirrors.
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APPENDIX 6A

In this section a general simplified model of the
fused tapered coupler is presented. It is based on the
assumption that coupling results from the interference of
the lowest order symmetric and antisymmetric modes of the
glass/external refractive 1index wavegquide which forms the
fused section of the coupler. These modes are excited by
the input taper and excite core modes of both fibres in
the output taper. A useful approximation of the fibre
cross section as a rectangular waveguide by Payne et a116
has led to simple analytic expressions of the dependence

of coupling on external refractive index and wavelength

which agree well with experimental results.

The general expression for the propagation

~ —~ —~ ww o ww  azm o o by S -
constant of a waveguide mode 1

_ U2} (6A.1)

N
[ TR
-2 I )

™

where

p 1is a typical linear dimension in the core

cross section (p = core radius for cylindrical

fibre wavequide)

_ 27 2,k
v = -XB (. ,"-n.17)
Nig = maximum core refractive index
ngy = uniform cladding index
Y = wavelength
- 2

(nCO n.;*)

A: ———————————
2n 2

243




U = dimensionless modal parameter

If the power exchange in a coupler results from
interference between two modes on the waveguide then the
coupling coefficient 1s given by the difference in

propagation constants of the two modes.
C =By ~ B> ({6A.2)

when 1 denotes lowest order symmetric mode

2 denotes lowest order antisymmetric mode

. Thus

(6A.3)

Equation (6A.3) can be evaluated for any waveguide once
the values of U; and U, have been calculated from the
eigenvalue equation. Payne has shown that if the coupler
cross section is modelled by a rectanqular waveguide a

simple analytic expression for the coupling coefficient

can be derivedl6, viz
PR | SO S (68.4)
32 Nag P (1 + 1/v)

o7

The agreement between the experimental results describe
in this Chapter and Equation (6A.4) is excellent. Sinc

is large, the coupling coefficient can also be expressed

as

_ [ —s
C = ~——"-o——- 1 - —= (n.,-n.y) J (6A.5)

o
<
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Thus a plot of C against (nco'ncl)_% is expected to yield

a straight line with a gradient proportional to l/p3. It
should be noted that p in this model is the diameter of a
single fibre at the centre of the taper i.e. p/d = Tg,

where d 1s the diameter of one of the fibres and TR is the

taper ratio.

The form of equation (6A.4) is common to wide

variety of waveguide cross-sections operated at high
and expressions for the dependence of coupling on
to first

V-value,

external refractive index and wavelength are,

order, independent of coupler cross-section as will be
shown. Provided that kp >> U, equation (6A.3) can be
written
A 2 2
0 & sl Va 1 - U hY sz ’r\
/'mnzn L 2 1 7 (0OA.D)
“'“ld llco

Typical coupler sectional dimensions are of the order of

10um, and thus at a wavelength of lum kp is of the order
of 60. At high V-values U, and Uy tend to their
asymptotic values U, and Uq, such that du/dv = Um/'v’2 i.e
dU/dvV << 1

Under these conditions the coefficient is proportional to
which explains the observed

Note too that

wavelength in first order,
periodicity in the coupling characteristic.
the coupling coefficient should be proportional to the
square of the taper ratio. The second order changes in

(Uzz-Ulz) as the wavelength, and hence the V-value varied,

account for the small dependence of the coupling period,

A), on wavelength. The dependence of the coupling
coefficient on external refractive index changes and on
wavelength can be evaluated from equation (6A.5)

3C A dU2 dUl av

e — T e—mm—— 20y --- - 2U; --—- —_—— (6A.7)

any dwp n., dv dv dn,4

For "well-fused" waveguides
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Therefore, since 3V/3n,; is negative, the coupling
coefficient decreases with increasing external refractive
index. This result is in agreement with the experimental
results of section 6.3. The positive 3C/3n,; predicted by

Bures arises for waveguides satisfying

aU, 5U,
U2 5\7-' < Ul 5‘7— for U2 > Ul (6A.8)

In physical terms the positive coefficient arises from the
increased overlap between the two parallel sections of the
waveguide (see Figure 6.9) as the refractive index is raised.
However, for the majority of waveguides, the increase in
refractive index leads to a reduction in the V-value and a
corregponding reduction in the difference of the

PN Ml

propagation constants as they both o kngj. The

wavelength period A\ can be evaluated from equation (6A.5)

—— DN e —— +

20, ~== - 2U; --~|

2 2
acC Uy “-Uy { du, dUI] 23V/3)
L av v | &ﬂnccp

3 4an

(6A.9)

and making the approximation that

du U,
—— 3 —— as U = Uca
av. v?
ac U, 2-y, 2 2

20 low [, 1 ‘A
T S L R (6A.10)
3 Avncop [ \ J

If the wavelength period Al is defined as the wavelength
change for which ACZ = 7, where

£ is the length of the coupling region, then

AN = = cmmmmee e (6A.11)
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Thus for well fused waveguides at high V-value the
wavelength period A) is expected to increase as wavelength
is increased. Measurements of A) for coupler (c¢) of Figure
6.12 do indeed indicate a small increase as wavelength 1is

increasedl6.

Equation {6A.l1l1l) can be reexpressed to give

D S (6A.12)

At the monitor wavelength X . ..4.,,.r Cf is the phase change
¢ observed during fabrication (i.e. ¢ = 1 x no. of

. oscillations observed). Thus for large V,

sy - o imomitor (6A.12)
The significance of equation (6A.12) is that the wave-
length period A)M can be estimated from the number of power
oscillations observed during fabrication. It is evident
from Table 6.2 that for values of ¢ in excess of approxi-
mately 2%, good agreement between the predicted and

experimental wavelength periods has been obtained.
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CHAPTER 7 : DISCUSSION AND CONCLUSION

The advent of single-mode optical fibre lasers and
amplifiersl—3 is widely recognised as a significant
advance for optical fibre communications and related
measurements. Throughout the thesis attention has been
restricted to the characterisation of two ions, Nd3* and
Er3+, in a single glass host. 1In this chapter the
widening potential of rare-earth-doped fibre lasers is

examined and topics for further research are discussed.

7.1 The Potential for Rare-Earth-Doped Fibre Lasers

Lasers based on rare-earth ilons, and in particular
the Nd:YAG laser, already play a major role in laboratory,
diagnostic and sensor applications. Two factors which
restrict the even more widespread usage of such lasers are
their high power requirements and large size. By virtue
of their reduced thresholds, waveguide lasers look set to
revolutionise this field. Slab- and fibre-waveguide
Nd-crystal lasers have undergone considerable developnment

and are now commercially available.

It is reasonable to compare the performance of the
new optical fibre lasers with crystal waveguide lasers
such as the mini-YAG laser. Table 7.1 summarises the
present results and contrasts them with the typical speci-
fications of a mini-YAG%. It is evident that in both
classes of laser very high slope efficiencies can be
obtained. For a GaAlAs laser diode pump source
electrical/ optical conversion efficiencies of 5-10% can
be obtained, compared to ~ 0.1% for a typical solid-state

laser pumped by a flash tube.

The real difference between the two lasers lies in
thelr spectral properties. Optical fibre lasers are
broadly tunable5 (over 80nm at 1.088um) and typically run

on many longitidunal modes. Crystal fibre lasers do not



252

have the tunability, but can be operated on a single
longitudinal mode. Recent results on spectral narrowing
with fibre gratings suggest that operation of optical
fibre lasers in a single longitudinal mode should also be

possible with more highly-doped, and thus shorter, fibres.

The tunability of optical fibre lasers makes them
well suited to a variety of spectroscopic and wavelength-
division multiplexing applications. For example, 1n
excess of fifty, one-nanometer-spaced, channels could be
obtained from the Nd3+—doped fibre laser given suitable
wavelength-selective feedback. With the inclusion of
broad-band amplifiers it is evident that extremely high

bandwidth communications networks could be maintained.

A further feature of the optical fibre laser is

the variety of different i1ons which can be incorporated by

the same fabrication procedure. Already neodymiuml,
2 2 ] .

erbium® and praseodymium’ 1ong have lased in the fibre

configuration, and many more are possible (e.g. H03+,

yb3")8-10  7ne Er3+—doped fibre laser, lasing at a wave-
length of 1.54um that coincides with the lowest-loss
region of silica-based optical fibres, is well in advance
of any crystal-fibre laser at this wavelength. As a
three-level system it 1s 1deally suilted to the small-cored
optical fibre confiquration because of the high pump
intensity which is required to deplete the ground-state.
In addition to efficient CW operation, pulsed outputs with
peak intensities well into the non-linear regime

(~ 1GW/cm2) have been obtainedll. These results open the

way for new non-linear devices based on fibre lasers.

Optical amplification is optimised in the single-
mede fibre configuration because the gain, for a given
input power, 1s inversely proportiocnal to the cross-
sectional area of the waveguide. The results of Chapter 5
indicate that gains of the order of 1dB/mW are attainable
at 1.5um, the preferred wavelength for long-distance

telecommunications. It 1is believed that fibre amplifiers



can play an important role not only in communications, but
for a variety of sensors and components where fibre loss
is an important consideration. At present the pulsed
performance of crystal fibre lasers exceeds that of the
optical fibre lasers at 1.06um/1.08um although at 1.5um
the situation is reversed. The reason is not one of
efficiency, but simply because of the higher pump powers
possible in the c¢rystal configuration. The optical fibre
laser usually requires the pump to be launched into the
HE, ; mode, whereas the radiation from high-power laser
diode arrays can only be launched efficiently into multi-
mode fibres. A number of designs for single-mode
selection in large core fibres have been put forward, and
the author is confident that pulsed operation at much
higher powers is possible. The real advantage of the
optical fibre lies, once again, in its ability to produce
tunable pulses, a specification frequently met in laser

applications.

The linewidth broadening mechanisms in glass
result in the potential for very short mode-locked pulses.
To date this has remained merely a potential - the
shortest pulses observed in optical fibre lasers are still
measured in bhundreds of picoseconds. It 1is believed that
fibre dispersion is largely responsible, and it is hoped
that with shorter, more highly doped fibres, bandwidth

limited operation will result.

7.2 Further Research

There are a number of topics still to be addressed
which will, hopefully, form the subject matter of

subsequent theses.

The solution technique for the fabication of doped
fibresl2, discussed briefly in Chapter 3, has great poten-
tial for the development of new fibres. 1In particular

there is considerable scope for the optimisation of the
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glass composition in a manner similar to the evolution of
the glasses for bulk-glass lasers over the past twenty
years. Laser wavelength, stimulated cross-section, and
excited state absorptions, are all dependent on glass
composition and, although trends have been noted, laser

glass technology is still very much an empirical science.

One refinement not discussed at length in this
thesis 1s the use of co-dopants to enable the use of
convenient pump wavelengths. For example, in bulk
glasses, a cocktail of Yb3+ and Er>" ions absorb at 900nm
and resonantly transfer the energy to the 4113/2 level of
. the erbium iont3. This has an obvious application to a

diode-pumped Er3+—doped fibre laser.

In order to achieve successful codoping, higher
dopant concentrations are required, and this necessitates
a change in glass composition from the germanoscilicate
glass studied in this thesis because of the quenching and
ion-clustering that 1is observedl?. Higher dopant
concentration will also be advantageous to the production
of short Q-switched, and mode-locked, pulses and in the
effort to obtain operation in a single longitudinal mode.
The fibre lasers described in this thesis are randomly
polarised, and in the amplifier experiments, the gain has
not been observed to be dependent on signal polarisation.
Nevertheless, a small degree of polarisation anisotropy is
observed when, for example} a polarigsation-maintaining
fibre is pumped, on one axis, with a polarised source. The
results are consistent with an excitation of randomly-
orientated dipoles and a partial depolarisation between
the upper pump level and the upper laser level. This has
important consequences for the design of polarised fibre
lasers, and will be discussed in a later publication. The
investigation forms part of a doctoral study by

J.T. Linl°.



Raman generation using a Q=-switched Er3+—doped
fibre laser was discussed in Chapter 4. It is one exanmple
of a variety of non~linear effects which should be
attainable using the fibre laser configuration. The
importance of the result lies in the fact that the
absorbed pump power is only a few tens of milliwatts. One
restriction to the application of non-linear effects in
devices 1s the high power required to generate the non-
linearity. Fibre lasers would appear to be an attractive
method for using low power (and hence 1nexpensive) pump
sources to generate the intensities necessary for the
utilisation of non-linear effects. There remains much

. research to be done in this field, but it is noted that

the peak intensity in the diode-pumped Nd3*-fibre

Q-switched laser is already of the order of 1GW/cm* *°,

In Chapter 6, the foundation of an all-fibre laser
technology based on optical fibre couplers is discussed.
As further optical fibre components are developed, new

applications to fibre lasers will be pursued. A special

[

arised laser

fibre design has already resulted in po

=

action 7, and the spectral properties of fibre lasers can
be controlled with fibre gratings. There is a philosophy
that it would be preferable to perform any temporal or
spectral modification on the laser without the light
leaving the fibre. To this end there is a general
requirement for fibre switches and modulators. The fibre
beam expander18 could be the key to maintaining a guided
mode whilst interacting with, for example, acoustic
modulators or filters. Beam expanders could also be
incorporated to obtain a collimated laser output, and to

minimise surface damage in high-power lasers.

In conclusion, whilst this thesis considers two
ions in a specific glass host, there remain ninety other
elements in the periodic table and innumerable glasses!
Nevertheless, it is hoped that the thesis provides an
intelligible introduction to this new technology and gives

an indication of the potential for the future.
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TABLE 7.1

Crystal Fibre Laser,

Nd3*—ion

CW Operation

Threshold

Slope efficiency

Highest ocutput power
(HE; 1 mode)

Other lines

Pulsed Operation

Q-switched

Mode~locked

Amplifier

Optical Fibre Laser

High finesse 100uW
Typical : 2mW

6mW (40mW diode)

1GHz - 3THz
multilongitudinal
mode

iMHz SLM

over 80nm
{1059-1140nm)

899nm - 944nm

T.6uJ, 1286ns, 400Hz
repetition
(40mW diode)

ImW (av), 1ns
(40mW diode)

5dB, (40mW diode)
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Comparison of Optical Fibre Laser, and
Specifications.

Mini-yvag?

4roW - 10mW

~40%

15mW (SLM;
200mW
diode)

<100kHz
single
longitudi-
nal mode

~1inm

1.32um 19

10uJ, 30ns
1kHz
(200mW
diode)

20mW (av),
150ps
{200mW
rqinfle)

(O R @L0

40dB
(200mW
diode)



Er3+—ion

CW Operation

Threshold

Slope efficiency

Highest output power
(HE;q mode)
Linewidth

Tunable

Other lines

Pulsed Operation

Q-switched

Mode-locked

Nonlinear generation

Amplifier

Optical Fibre Laser

High finesse : 4mW
({660nm pump)
Typical : 6mW

o
<o
o

25mW (200nmW pump)

5GHz - 200GHz
{mualtilongitudinal
mode )

over 35nm
(1.529-1.564um)

No

100w, 30ns, lkHz

repetition (200mW pump)

10mW, 1lns

Raman 1.62-1.66um

20dB (40mW diode)

Er3*-vaG

no data
available
at 1.55um

2.8um,
1.66um 20
0.85um
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