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Single-mode fibre lasers are a new class of active
fibre device, which play a remarkable role in optical
fibre communications and sensors. They also exhibit a
number of new phenomena, one of the most important being
polarisation effects.

In this thesis, new  unexpected fundamental
polarisation effects in fibre lasers have been
discovered. The phenomena are fluorescence

depolarisation, the existence of orthogonal polarisation
eigenmodes, and the dependence of the output polarisation
on the pump polarisation state.

A unified theoretical model, incorporating the
electric dipole model for rare-~earth ions in a glass
matrix, is formulated. The concept of effective pump
power is introduced and can be applied to existing laser
theory; thus 1laser performance characteristics such as
thresholds, slope efficiencies and the polarisation state
of the output can be predicted accurately. The good
agreement between theory and experiment enables the
derivation of the golarised cross-section ratio. This
has been done for Nd3T and Ex3t ions in silica fibres.

From the theoretical analysis the optimum condition
for single polarisation operation is deduced. An
effective technique for making single-polarisation
single-mode (SPSM) fibre lasers has been developed using
an integral fibre polariser. The advantages of this
technique are low insertion loss, high polarisation
extinction ratio and compatibility with existing single-
mode fibre components. Laser-diode-pumped SPSM fibres of
high performance, both in continuous-wave and Q-switched
operations, have been achieved.
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Chapter One
THE SINGLE-MODE FIBRE LASER
—— A NEW CLASS OF ACTIVE FIBRE DEVICE

1.1 Introduction

Since the published description by Schawlow and
Townes[1] of an optical maser, or laser, a number of
solid materials have been made to undergo stimulated
emission. Most of the lasers have utilised rare-earth
ions in a variety of crystals or glasses. Of the rare-
earth ions trivalent neodymiuml2] has been the most
importaht because it can be operated at room temperature
with high efficiency. Continuous wave (CW) laser output
at room temperature has been obtained from Nd3* in a
number of crystalline hosts, most notably in yttrium
aluminium garnet (YAG)[3].

An early comparison of glass and crystals hosts
suggests that these materials complement each otherl4],
Glasses are more suitable for high-energy pulsed
operation because of their broad fluorescence linewidths
and the flexibility in their physical parameters. On the
other hand, crystals have the advantage of higher thermal
conductivity and narrower emission linewidths, which
makes them more appropriate for CW and high repetition
rate applications.

The inherent nature of the glass host produces
inhomogeneously broadened 1lines which are wider than
would be found in crystals. This makes it more difficult
to attain threshold, because a large inversion is
required for the same gain at the centre of the 1line.
However, the broadening of the emission line provides an
advantage in Q-switched and amplifier applications. As
compared with a narrow line, the broadened line gives
less loss due to amplified spontaneous emission for the
same:inversion.

The major disadvantage of glass is its low thermal

conductivity. This imposes limitations on the diameter



that can be used in CW operation and in high repetition
rate applications. The optical fibre offers the
opportunity of reducing the diameter to the Gaussian
limit whilst increasing the length to offset the
reduction in stored energy per unit length.

The first laser action 1in. glass fibres dates from
1964[>]. At that time, the laser cavity was a multimode,
doped, glass fibre with a core diameter of 10um. The
fibre laser cavity in a self-supporting coil was pumped
radially by a flashtube as in bulk glass laser
configurations. 8Since there was no essential improvement
of the 1laser performance over bulk lasers, the fibre
laser did not develop much until recently. It is the
current widespread use of single-mode o?tical fibre for
telecommunications, and the availability of low-cost
semiconductor lasers, which has stimulated interest in

single-mode fibre lasers[6,7,8],

1.2 Single-Mode Fibre Lasers

Single—mode fibre 1lasers possess a number of
advantages over both their bulk counterparts, and the
early multimode fibre lasers. That is why the original
research and development of single-mode fibre laser by
the Optical Fibre Group at Southampton University have
caused a wave of interest internationallyl9,10,11],

Typical single-mode fibre laser configurations are
shown in Fig.l1.1 and Fig.l.2 for Fabry-Perot, and ring
cavities, respectively. The main performance of various
fibre lasers achieved to date are listed in Table 1.1.

With the recently developed technique of making
single-mode fibre containing rare-earth ions{12,13], the
single-mode fibre laser cavity can be made to have a very
small diameter, typically 3.0°5.5um for the core and
90~125um for the cladding. Such a small diameter
minimizes the thermal effects which plague bulk-glass
lasers. All the fibre lasers demonstrated to date at
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PUMP OUTPUT
DOPANT SOURCE WAVELENGTH LABORATORY
(pm)
Diode 0.94 S0, PO
Nd3+ Diode 1.05-1.09 S0, BT,HOYA,
BELL,NTT, PO
Argon/Dye 1.3-1.4 GTE, BT, PO
Diode 1.6 S0, BT, PO
Er3t Argon/Dye 1.55 SO,BT,PO,GTE
Argon/Dye 2.4 GTE
Pr3t Argon/Dye 1.06 SO
Yb3t Dye .9, 1.06 SO
Sm3+ Argon 0.651 SO
Codoped
Yb3t/Ex3+ Diode 1.55 PO, SO
Ho3* Argon/Dye 2.1 BT

SO: Southampton University
PO: Polarocid

BT: British Telecom.

Table 1.1 A summary of the fibre laser work to date.




Southampton, as listed in Table 1.1, show a total absence
of thermal problems.

The radial dependence (with respect to variable r)
of the scalar mode, 3%, of a step-profile single-mode

fibre can be expressed as[l4]

J_(ur)
p = 2 exp[j(wt-Bz)] 0<r<a (1.1a)
J_(ua)
o
K _(wr) '
v = 2" exp[j(wt-Bz)] a<r<e (1.1b)
Ko(wa)

where J, is the Bessel function of the first kind and K,
is the modified Bessel function of the second kind. The

mode parameters u and w are defined as

2_2 2,1/2

u = a(k nco—B ) (1.2a)
w = a(B2-k2n2 y1/2 (1.2b)
cl
and are related to the fibre parameter by
V2 = u2+w2 (1.3)
_ 2 2 \1/2
V = ka(n_,-n_;) (1.4)

In these equations, k=2«/)2 and X 1is the free-space
wavelength, » is the angular frequency of the light, a is
the core radius of the fibre, n., and ﬁcl are the
refractive indices of the fibre core and cladding,
respectively. B is known as the propagation constant of
the transmitted mode, whereas the dimensionless parameter
V is known as the normalized frequency.

By using a single-mode fibre as the laser cavity,
the fibre laser automatically offers a reliable
fundamental .mode output, as expreésed by egs(1.1). The
higher modes are rejected by a cut-off property with the
proper choice of core diameter 2a and of refractive index
difference between the core and the cladding, namely with

a normalized frequency V<2.405. This means that the



complicated prdcess of transverse mode selection as in
conventional solid-state laser engineeringll5] can be
avoided. 1In addition, single longitudinal mode operation
of fibre lasers has also proved possiblel16] when a
reasonably short length of fibre cavity is employed. 1In
practice, single-transverse and single-longitudinal mode
operations are both compulsory conditions for spectral
purity of a laser source.

The longitudinal pumping system as shown in Fig.l.1l
and 1.2 provides a possibility of a higher launching
efficiency, especially for a pump source emitting into a
narrow solid-angle such as a laser beam. The preliminary
design for experiments in the laboratory has shown a
launching efficiency as high as 25% for a semiconductor
laser diode (LD) pumped Nd3t-doped fibre laserl(17],
compared with 16% for conventional bulk-glass lasers(1°].
Moreover, since the pump light 1is guided along the
single-mode fibre, i.e. the laser cavity, a high
proportion of pump power can be absorbed, when an
appropriate fibre length is chosen.

As a consequence of the high pump intensity within
the small diameter core (typically 2a=3.0%5.5pm), single-
mode fibre lasers aré characterised by ultralow lasing
threshold (typically order of mW), as well as high slope
efficiency (up to 44%). Some exciting results have been
reported. For example, the CW operation of an Er3t-doped
glaés laser, corresponding to a three-level transition,
4F9/2—4115/2 has been realized at room temperature for
the first time with a fibre form[18]. The first visible
lasing 1line has also been seen from the three-level
transition, in a Sm®t-doped fibre laser[19]. It is woxrth
pointing out that the lasing wavelength region of Er3+-
doped fibre lasers, 1.55um, is the lowest-loss window for
silica and is thus of particular interest for optical
fibre communications and related measurements.

Obviously, single-mode fibre lasers retain the good
power-handling properties of silica glass, the host
medium, and broadened rare-earth transitions, thus



enabling tunable lasers, high peak-power pulsed lasers
and broadband amplifiers to be constructed.

Fibre lasers represent a new class of active £fibre
devices which are fully compatible with existing single-
mode fibre components. Their low threshold, wide
tunability and high-power pulsed output provides a new
all-fibre laser technology. To date, considerable
progress on fibre lasers and amplifiers has been made for
application both in telecommunications and the
traditional laser area. For telecommunications it is
anticipated that appliéations will be as (1) a high-power
pulse source for fibre optical time-domain reflectometry
(OTDR) measurements and non-linear effects, (2) a
narrow linewidth source at a wavelength of 1.55um and (3)
a high-gain in-line and power amplifier in the third

window for optical fibre communications.

1.3 Polarisation Behaviour of Fibre Lasers

Polarisation, intensity and the spectrum are the
three main characteristics of radiation. In Newton’s
"Opticks" polarisation is referred to as one of the
"original properties of 1light". The part played by
pelarisation in the formulation of the transverse nature
of light wave is well known. However, before the advent
of the electromagnetic theory, classical optics was not
concerned with polarisation in the elementary act of
radiation, and regarded polarisation as a given property
of the light wave. There was no experimental or
theoretical basis for studying this problem.

The electromagnetic theory of light was established
in the second half of the nineteenth centary, leading to
the Hertzian dipole, which remains the simplest and the
most important classical model of an elementary radiator.

The electron theory put forward by Lorentz gave a
physical interpretation to this elementary dipole
radiator and treated it as a quasi-elastically bound

electron.



In the quéntum theory, the polarisation properties
of radiation are even more closely, although not so
graphically, linked with the properties of the radiating
system.

When it was understood that there is a connection
between the polarisation characteristics of radiation and
the properties of the microscopic system giving such a
radiation, new ways were opened up for studying the
system. Two possible methods for further studies became
immediately clear: first, polarisation studies could be
used to obtain information on the structure of a
radiating system in an isolated state, and secondly,
during its interaction wifh the surrounding medium, the
study could be a method for investigating the behaviour
of the radiating system in the ambient medium. These two
aspects can be clearly noted in all branches of
spectroscopy.

For a laser source, polarisation behaviour is still
one of the most important characteristics. Since the
light emitted by a laser is the result of several
procedures: excitation of the activators, relaxation to a
metastable state, spontaneous emission from upper to
lower levels, and amplification of stimulated emission,
the relation between the polarisation of the lasing light
and the microscopic systems of the activators 1is more
complicated than in a simple radiating system.

In principle, the output of a single-mode CW laser
would be expected to be almost‘ completely linearly
polarised. In gas lasers, this is found to be the case.
However, most measurements are performed with lasers
using Brewster-angle windows. This favours oscillation in
the plane of incidence, for this polarisation is
transmitted without loss through the windows. It is
therefore not unexpected that the output of these lasers
is found to be nearly completely linearly polarised.

In Zeeman-effect studies with the helium-neon laser,
circularly-polarised components in the emitted radiation

have been observed.



In the case of solid-state lasers both polarised and
unpolarised outputs have been observed. For example, in
ruby 1lasers the output of 0-degree orientation rods (C
axis coincident with the rod axis) has been found to be
unpolarised, while that of 60 and 90-degree orientation
rods has been found to be completely linearly polarised.

The observations of semiconductor lasers showed
several features analogous to those derived from
observation of ruby lasers, indicating the effects of
inhomogeneous laser materials. In the lowest-order mode
the semiconductor laser light is expected to be
completely linearly polarised. For some diodes, using the
Parallel Plane Fabry-Perot (PPFP) geometry, the output
was found to be almost completely polarised with the
electric vector parallel to the junction, and for others
the output was found to be nearly completely polarised
with the electric vector perpendicular to the Jjunction.
In still others neither polarisation was observed.

During this doctoral study on polarisation effects
in fibre Jlasers a parallel polarisation study of the
diode-laser-pumped mini-YAG laser has been carried out at
Sandia National Laboratories, USA[20], The research
reports indicate that for certain transitions the emitted
light is strongly polarised parallel to the pump
radiation, while for other adjacent transitions the
emission may be 100% polarised orthogonal to the pump
beam. The exact physical basis for the phenomena\is still
uncleax.

All this research, previous and current, indicates
the complicated nature of the study of polarisation in
laser sources.

Fibre 1lasers differ from conventional solid-state
lasers by having a coherent pump source, a birefringent
cavity and a longitudinal pumping.system. All of these
cause special output polarisation properties of fibre
lasers. On the other hand, the fibre laser provides an
opportﬁnity, for the first time, to investigate the
relation between the polarisation states of the pumping



light and the lasing light, and to study the influence of
a curved birefringent laser cavity on the lasing action,
so that more information of both the microscopic system
of rare-earth ions in a glass matrix, as well as the
interaction between such ions and the curved host
material can be obtained.

Technically, an understanding of the polarisation
properties of fibre lasers is essential for producing
single-polarisation lasers, as well as a number of sensor
and switching devices. Also, many potential applications
of fibre lasers, such as the optical fibre gyroscope and
telecommunications, depend strongly on the output
polarisation behaviour of fibre lasers. In addition,
polarisation-sensitive intracavity components such as
fibre gratings[21], acousto-optic modulators[?2], and
crystals for frequency doublingl?23] are frequently
employed. Their operation in laser cavities also
requires a knowledge of the polarisation properties of

"fibre lasers.

1.4 Contents of the Thesis

The contents of the thesis are based on the author’s
own research. They were first discovered and then
studied, and many aspects have already been published
(see the 1list of publications). Material adopted from
other sources is, as a rule, introduced only in order to
make the account more coherent and to consider all the
problems in a unified manner.

One of the principal aims of this thesis is to
provide an understanding of polarisation effects in fibre
lasers, and therefore to provide sufficient information
about the microscopic system of rare-earth ions in a
glass matrix, the influence of polarisation effects on
the operation of fibre lasers, and to give a theoretical
model for interpretating the effects. 1In addition, a

technique for fabricating an integral fibre polariser was
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contributed by the author to make single-polarisation
single-mode fibre lasers.

It is intended to explore the possibility of
explaining the polarisation phenomena based on the
fundamental principles of both classical and quantum
theory. The research work is restricted to the single-
mode fibre laser with a Febry-Perot cavity configuration,
and confined to non-Zeeman effects. The Nd3*-doped fibre
lasers based on the %F3;,-%Iy;,, transition, which is a
four-level system, are intensively studied both
theoretically and experimentally, although Er3t-doped
fibre 1lasers, a three-level system, and other lasers are
also considered.

Chapter 2 points out the special properties of fibre
lasers. Three main differences between fibre lasers and
conventional glass lasers are discussed. Also, the
difference between the passive and active fibres are
analysed.

To emphasize fundamental phenomena of polarisation
effects, most of which are unexpected, the experimental
investigations are characterised by "three basic factors"
in Chapter 3. The existence of orthogonal polarisation
eigenmodes in a fibre laser cavity is described. The
phase independence of two polarisation eigenmodes and the
degree of polarisation of linearly-polarised eigenmodes
are experimentally studied.

The concept of "effective pump power" for
polarisation eigenmodes is introduced in Chapter 4, where
the basic consideration of introducing the concept,
derivation of the mathematical expression and some
discussion are presented.

Polarisation properties of fibre lasers are analysed
using the concept of effective pump power in Chapter 5.
This includes threshold, slope efficiency, relaxation
oscillation frequency and polarisation state of the
output from the fibre lasers. The good agreement between
experimental results and theoretical calculation is also
discussed. |

11



Chapter 6 deals with the theory of single-
polarisation operation of fibre lasers. The condition for
single-polarisation operation is given. The polarisation
efficiency of single-polarisation operation is
discussed, and the influence of polarisation alignment on
single—polaiisation operation described.

Single-polarisation single-mode fibre lasers,
Chapter 7, describes the techniques for making various
integral single-mode fibre polarisers. The optimum design
of a single-polarisation single-mode fibre laser 1is
discussed, and some notable technical achievements in
single-polarisation single-mode fibre lasers are
presented.

Polarisation competition . is another aspect of
" polarisation effects in fibre lasers. Temporal
polarisation comprtition affects Q-switched operation
and spectral polarisation competition leads to a
polarisation frequency splitting. Both phenomena are
treated in Chapter 8.

Finally, in Chapter 9, the future prospects for

polarisation study of fibre lasers are considered.
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Chapter Two
SPECIAL PROPERTIES OF FIBRE LASERS

It is necessary to analyse the special properties
of single-mode fibre lasers before dealing with
polarisation effects. Although the first rod-glass laser
and the first single—mode fibre for transmission were
generated about thirty and ten years ago respectively,
the single-mode fibre laser, as a combination of these
two techniques, is a new topic of study. There are two
aspects to be considered: first, the difference between
fibre lasers and conventional glass lasers, and
secondly, the difference between passive and active

fibres.

2.1 Differences between Fibre Lasers and Conventional

Glass Lasers

The geometric configurations employed in
conventional glass lasers can be classified into two
kinds, rod and fibre. Both of them are pumped by
flashtubes, a 1light scurce of wide band and random
polarisation. Although the usual geometry of a flashtube
coiled around a laser rod was reversed 1in the fibre
lasers{l], the pump 1light is transmitted across the
laser material radially in both cases.

Single-mode fibre lasers differ from conventional
glass 1lasers by having a narrow band pump source of
linear polarisation, a birefringent cavity and a
longitudinal pumping system. These three special
properties, together with polarisation anisotropy of
stimulated emission cross-section mentioned in Chapter
4, determine the polarisation behaviour of fibre

lasers.
(1) Linearly-polarised and narrow-band pump

radiation

The pump sources used to date for fibre lasers,

15



including Ar+éion, semiconductor and dye lasers, all
produce linearly-polarised, narrow band light. This is,
in fact, the first time coherent light has been used as
a pump source for glass lasers. The polarisation
property of a laser source 1is characterised by the

degree of polarisation (DOP) defined aslZ]

DOP = (Imax‘Imin)/(Imax+Imin) (2.1)

where I,.yx and Igi, are related to maximum and minimum
polarisation components respectively. For example,
Fig.2.1 shows the DOP as a function of driving current
for a commercial semiconductor laser diode, Sharp LTD15.
It can be seen that a laser diode emits linearly-
polarised 1light with a DOP=0.99 (or extinction ratio of
~around 20dB) when operated significantly above
threshold. As for Ar*-ion and dye lasers, an even higher
extinction ratio (>30dB) of linearly-polarised output
can be measured.

Owing to the polarisation anisotropy of the
stimulated-emission cross-section, as discussed later in
Chapter 4, the polarisation-selective interaction
between linearly-polarised pump light and the gain ions
in the glass matrix is involved in the lasing action,
and thus allows a set of new phenomena to be observed in
fibre lasers. This interaction is averaged out in the
case of conventional glass lasers because of the
polarisation randomness of the pump light.

When a narrowband source 1is used for excitation,
only those ions resonant with the excitation quanta are
excited. This site-selective excitation effectively
reduces the inhomogeneous broadening and a fluorescence
line-narrowing (FLN) spectrum is obtained. The technigue
of FLN is well known as a tool for £fluorescence
spectroscopy studyl3]. It is now expected that fibre
lasers, as the first laserbeam-pumped glass lasers, can
provide an opportunity to obtain some new information

about the rare-earth ions in a glass matrix.
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Fig.2.1 Polarisation and lasing characteristics of
Sharp LTO15 diode laser.
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(2) Birefringent cavity

Single-mode fibres had been exploited for light
propagation for more than ten years before the invention
of single-mode fibre lasers so that their propagation
properties are well known. Theoretically, an ideally-
round, straight, strain-free, “"single-mode" optical
fibre has two degenerate modes of propagation and,
therefore, conserves the state of polarisation (SOP) of
light guided in the fibre. In a real fibre, various
imperfections, such as asymmetric cross section and
thermal stress, introduce birefringence. Thus,
"single-mode" fibres propagate two orthogonal, linearly-
polarised, modes with a difference Af in their
propagation constants:

AB = B -B, (2.2)

The fibre polarisation properties can then be modelled
as a linearly-birefringent element whose retardance §(z)

is proportional to fibre length zl[%].
§(z) = (AB)z (2.3)

A useful parameter describing the polarisation
properties 1is the normalized linear birefringence B or
the mode effective-index difference An.

B = An = _* AB | (2.4)

where ) 1is the free-space wavélength. The mode beat
length L
periodically repeated can be shown to be

D at which the polarisation state 1is

L, = 2% = X (2.5)

P il
AR An

and varies from <lmm to 140m for high-birefringence and

low-birefringence fibres[d]. The corresponding
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effective-index difference An of the modes is then
between 10-8 and 10-4%.

Although the effective index difference aAn 1is
small, it breaks the space symmetry for 1light
propagation and <creates - two  special  orthogonal
orientations or birefringence axes in single-mode
fibres.

Another aspect of the single-mode fibre
birefringence 1is the circular birefringence, which is
caused mainly by fibre twisting. Circular birefringence
means that 1light of different circular polarisation,
namely left and right, transmitted by the single-mode
fibre have different propagation constants. The

difference of propagation constants is given byl(®]
ABs = g2rN (2.6)

where N is the number of twisting turns per metre. The
material constant g is expected theoretically to be
-0.16 for a silica based, single-mode fibre, and is
found to be -0.14 experimentallyl7,81,

As a result of circular birefringence, the
polarisation orientation of linearly-polarised light
" transmitted by the fibre is rotated through a certain
angle. One explaination of +the mechanism is that
linearly-polarised light can be resolved into two
circularly-polarised components, namely left and right,
with different propagation constants due to the circular
birefringence. Thus an orientation rotation is exhibited
when these two components are composed back into a
linearly polarised light after transmission.

In summary, the birefringence of the single-mode
fibre can be regarded as a combination of linear and
circular birefringence. When linearly-polarised 1light
propagates through the fibre the circular birefringence
determines the polarisation rotation, whereas the linear
birefringence makes the transmitted light experience the

polarisation evolution.
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In this thesis, a variety of rare-earth doped
fibres with different birefringence are investigated.
Their properties of the linear birefringence are listed
in Table.2.1. Two typical cross sections of those
fibres, which are most frequently used, are illustrated
in Fig.2.2. It can be seen that the fibre with an
elliptical core has a higher birefringence than those
with an ordinary design of round core.

The circular birefringence, which is also
inevitably present in a real single-mode fibre, can be
ignored if the polarisation study is confined to a non-
Zeeman effects in a Fabry-Perot cavity, and is discussed
later at the end in this chapter.

(3) Longitudinal pumping system

Since the cavity of a fibre laser is a waveguide
itself, a longitudinal pumping arrangement as shown in
Fig.l.l and Fig.l.2 becomes possible. Apart from the
high pump efficiency (25%~40% for a laser diode pump,
for example), this kind df pump system provides pump
light with the same direction of propagation as the
lasing light.

As a transmission medium, a single mode fibre laser
cavity retains the polarisation orientation information
of the pump light which is launched into the fibre
longitudinally. When linearly polarised pump light is
launched on a birefringence axis of the single-mode
fibre, the polarisation state remains constant all the
way along the fibre i1f the polarisation cross talk is
negligiblel®]. If the light is launched with a angle o
relative to a birefringence axis the ratio of two
polarisation components remains unchanged during the
transmission. Therefore, it is expected that the
polarisation-selective interactions between pumping
light and gain ions are accumulated along the laser
cavity instead of averaged out. This assumption applies
in a fibre cavity in which twist, deformation or Faraday

rotation is absent.
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Sample 1 2 3 4
Lab No. ND199-05 ND425 [YD191-0l1A| ND518
D-shaped Bow-tie

Specifica- Circular |elliptical high- Circular
tion core core birefrin. core

Clad. dia. 110 125 110 125
(pm)

Core dia. 3.5 4.3(maj.) 3.6 4.2

(pm) 3.1 (min.)

NA 0.21 0.21 0.12 0.16
Cutoff (nm) 850 820 720 890
Dopant
concentra. 300 300 150 4500

(ppm)

Beat length| >500 7.5 8.5 >300

(mm )

An <10-6 10-% 10-4 <2:10-6

Table 2.1 Properties of fibre samples.
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(b)

Fig.2.2 Typical cross-sections of fibre samples.
(a) Sample ND199

(b) Sample ND425

22



2.2 Differences between Passive and Active Fibres

When a single-mode fibre is employed as the
transmission medium for optical communications or other
applications it works as a passive fibre. 1In contrast,
the rare~earth doped single-mode fibre for laser
application plays a substantially different role as an
active fibre.

The word "passive fibre" means, in general, that
there 1is no interaction between applied electric field
of transmitted 1light and atoms or molecules of the
transmitting medium except for attenuation caused by
material absorption, scattering and so on.

Assume the electric field of linearly-polarised
light E described as |

E(0) = Eqexp[i(wt)] . (2.7)

is launched into a single-mode fibre. Let o be the angle
between the polarisation orientation of the input
linearly-polarised 1light and the =x-axis, where the
latter is one of the principal birefringence axes in the
fibre. After transmission along a fibre of length z, the

field can be written as:
E(z) = Egexp[](wt-k;z)] (2.8)

where the complex propagation constant k,=B-jy. The
propagation constant B must be treated as two different
By and By for the x and y components, respectively, due
to the linear birefringence. The attenuation
coefficient, vy, is assumed to be identical for the x and
y components. The frequency w» remains unchanged. As can
be seen from eq.(2.8), the polarisation orientation and
phase are both affected by the birefringence of the
fibre as well as the transmission distance. In general,
the electric field at 2z=1 represents elliptically-

polarised light. However, the pqlarisation evolution
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follows a certain rule, which c¢an be expressed as
follows[10]:

tan2s = tan2acCos§ (2.9)

where @ is the angle between the major axis of the
ellipse and the x-axis, and § is the phase retardation
between the x and y modes as defined in eq.(2.3).
Actually, the original information about polarisation
orientation and phase can be found according to the
polarisation state of the output 1light through the
polarisation evolution equation (2.9). This means that
single-mode fibre for transmission can record or
remember all the information of the transmitted 1light
including amplitude, frequency, phase and polarisation.

In contrast, the rare-earth doped fibre employs the
special energy level structure of rare-earth ions in the
matrix of silica-based glass to process light actively.
A typical energy level structure of Nd3*-doped fibre,
which is mainly studied in this thesis, is illustrated
in Fig.2.3. The existence of a metastable energy level
4F3,2 makes it possible to process the light at the
frequencies corresponding to various transitions from
this metastable level to a certain terminal level such
as %Iy1/p, or %“I;3),. When pump light of an appropriate
wavelength is launched into the fibre, the absorption of
the dopant ions causes electrons to be excited into the
higher energy level. They then decay by a non-radiative
transition to the metastable level. Thus population
inversion is achieved and  possibility of active
operation, such as amplification, exists. This kind of
fibre is called an active fibre.

Two different frequencies or wavelengths, the pump
and the lasing, are involved in the active fibre. For
the pump, the polarisation behaviour of the active fibre
1s expected to be the same as in a passive fibre except
for a much stronger absorption. = A 3m length of Nd3*-
doped fibre laser was used to verify the above points.
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In order to rotate the polarisation orientation of the
pump 1light, a A/2 retardation plate was inserted into
the pump beam path, as shown in Fig.2.4. Using a
suitable filter, residual pump light at 0.82um from the
output end of the laser cavity was measured and is
plotted in Fig.2.5, where the theoretical cuxrve
correspondihg to eq.(2.9) is also drawn for comparison.
The good agreement indicates that the propégation rule
of passive single-mode fibre is still valid for the pump
light transmitted through an active fibre. It is worth
pointing out that this is also true for the case of a
Fabry-Perot cavity laser.

However, a knowledge of the state of polarisation
of the pump light does not imply an understanding of the
polarisation state of the laser light. It is known that
the lasing wavelength or wavelengths are determined by
the energy level structure as well as the pump
'wavelength. Usually, there are several terminal levels
for electron transition from a metastable level. A
typical fluorescence spectrum of the Nd3*-doped fibre
pumped by a laser diode operating at 815mnm is shown in
Fig.2.6 indicating the transitions from “Fi;; to I3/,
“I17/2 and %Ig/,, as shown in Fig.2.3, respectively.
This means that the information about the wavelength of
the pump cannot be precisely recognised by the behaviour
of fluorescence or lasing light.

The amplitude of the electric field of the pump
light 1is affected by the absbrption of ions in the
active fibre. However the population inversion is
related to ‘Eo‘z, so that the relation between the pump
light and the lasing action is much more complicated
than in a passive fibre.

What is most important is that the phase
information of the pump light, which plays a principal
role in the polarisation evolution in a passive fibre,
is totally lost during the electron transition. It is
impossible to find any phase information of the pump

from the lasing light. This is the essential difference
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between passive and active fibres which makes the latter
possess special polarisation properties at the lasing
wavelength.

There are two cases to be considered for active
fibres. One is the amplifier, and the other is laser
oscillator. When an active fibre acts as a traveling-
wave amplifier, the population inversion is stimulated
by the signal traveling through the pumped fibre. In the
fibre laser oscillator, the lasing action'is built up
from the amplified fluorescence, and the system starts
to oscillate if the feedback is sufficiently large to
compensate for the internal and external losses of the
system.

According to quantum theory, stimulated emission
provides a phase-coherent amplification mechanism for an
applied signal. The signal extracts from the atoms a
response that is directly proportional to, and phase-
coherent with, the electric field of the stimulating
signal. Thus the amplification process is phase-
preserving. The stimulated emission is in fact
completely indistinguishable from the stimulating
radiation field. In other words, the stimulated emission
has the same directional properties, polarisation,
phase, and spectral characteristics as the stimulating
signal.

It follows that the polarisation state of the
amplified signal from a single-mode traveling-wave
amplifier is determined by both the fibre birefringence
and the polarisation state of the applied signal.l

The situation in a fibre laser with a resonant
- cavity 1is more complicated. Since the laser oscillation
is triggered by the noise of some spontaneous radiation
emitted along the active fibre, a fibre laser oscillator
will have a substantially different polarisation
behaviour from the passive fibre. Equation (2.9) will
not be valid for the lasing light due to the absence of
the phase correlation with the pump. There is no
existing answer to the following questions: how many,

!
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and which, polarisation orientations can the‘oscillation
be built-up from; what is the phase relation between
those oscillations with different polarisation
orientations if more than one oscillation exist? To
search for the answer is one of +the aims of this
doctoral study.

Last, but not least, in spite of the total memory
of the pump polarisation, the influence of the pump
polarisation on the polarisation of lasing light must be
understood. In the active process, there are two steps
dealing with the polarisation interaction between pump
and lasing light. The first interaction is between the
gain ions in the glass fibre and the electric field of
the pump, leading to inversion of the electron
population or energy storage in the upper laser Llevel.
The second one takes place during stimulated emission,
and 1is between gain ions with electrons in the upper
laser level and the stimulating field, either due to a
traveling signal or spontaneous emission. Owing to the
longitudinal pump system, as described above in the
Section 2.1 of this chapter, the fibre laser offers for
the first time the opportunity of investigating such an
interaction during the process of lasing action in the
glass laser family.

If  the study 1is confined to non-Zeeman effects,
there is no spontaneous emission with a circular
polarisation involved. Furthermore, the lasing action in
a Fabry-Perot cavity is always related to a round trip
in the cavity, and the circular birefringence caused by
the  twisting is  reciprocalll®]l, Thus the 1local
orientation of linearly-polarised 1light propagating
backward is identical with the original light
propagating forward. Consequently, the effect of the
circular birefringence presented by the single-mode
fibre on the laser performance, with a Fabry-Perot
cavity, can be ignored, provided a local coordinate
system fixed in the fibre instead of the laboratory
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coordinate system is used to describe the prdpagation of
the light along the fibre.
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Chapter Three
BASIC FACTORS GOVERNING POLARISATION EFFECTS
IN FIBRE LASERS

3.1 Three Basic Factors

The experimental investigations of various fibre
lasers containing different rare-earth ions, including
Nd3*, Er3t and Sm3* dopants, show that all these rare-
earth~doped, silica-based glass fibre lasers demonstrate
some general polarisation properties. Such polarisation
effects in fibre lasers can be characterised by three
basic factors:

(1) The fluorescence from spontaneous emission is
depolarised independently of the polarisation of the pump
light.

(2) Two orthogonal, phase-independent, linear
polarisation eigenmodes exist in “"single-mode" fibre
laser cavities, with different thresholds, slope
efficiencies and relaxation oscillation frequencies.

(3) The state of polarisation of the output from the
fibre laser depends on the polarisation of the pump
light, the pump level and the dopant characteristics. The
degree of polarisation (DOP) of the laser output can be

expressed as the following function:
DOP = f(Pgp,a) cos(2a) (3.1)

where o is the angle the linearly-polarised pump light
makes to the x-axis, P,p is the absorbed pump power and
"a" is a parameter introduced to describe the property of
dopant ions in a particular fibre relating to the

polarisation effects.

3.2 Experimental Arrangements

The experimental arrangement for investigating the

polarisation effects in CW fibre lasers is schematically
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illustrated in Fig.3.1(a). A compensator with a high
optical - quality was employed as a /2 or /4
element alternatively for a certain wavelength of the
linearly-polarised pump source. The laser cavity was
formed by cleaved fibre ends butted against dielectric
mirrors. The'input mirror M1 had a high transmission at
the pump -wavelength (T>85%) and a high reflectivity at
the lasing wavelength (R>99%). The output mirror M2 had
a high reflectivity at the pumping wavelength, while the
Ireflectivity R, at the lasing wavelength was chosen
according to the experimental requirements. A prism
polariser having a extinction ratio of 50dB was located
into the output beam path of the fibre laser. Since a
longitudinal pumping system is used, a suitable optical
filter is sometimes required to block the undesiréd
wavelength(s).

In order to observe relaxation oscillations of the
fibre laser, a mechanical chopper needed to be inserted
into the pump beam path. For some other experiments, in
which a certain intracavity device or component was
involved, it was necessary to expand the intracavity beam

using a low loss (<0.2dB) lens, as shown in Fig.3.1(Db).

3.3 Fluorescence Depolarisation

Previously, the studies on polarised fluorescence
line-narrowing measurements of Nd laser glassesll.2]
revealed the fluorescence depélarisation in two
compositionally different glasses: LG~-650, a small
cross-section potassium-barium silicate, and LG-670
(Owen-Illinois ED-2) a larger cross-section lithium
aluminium silicate. In their experiments, linearly-
polarised 1light was used to excite the samples. The
polarisation~resolved fluorescence intensities were
measured in a right-angle excitation-observation
geometry. Both resonant and non-resonant excitation-
observation wavelengths were observed. In terms of the

depolarisation ratio defined as
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p = Ig/Ip (3.2)

where I, and I; represent the fluorescence intensities
polarised parallel with, and perpendicular to, the
excitation  polarisation, respectively. The  measured
values of p=0.92~0.96 (equivalent to DOP=0.0270.04) for
the non-resonant transition, and ,=0.8870.89 for the
resonant transition, respectively, were reported.

To investigate the polarisation properties of the
fluorescence from spontaneous emission of rare-earth
doped fibres, a parallel excitation-observation geometry
was employed. The set up of the measurement is similar to
that illustrated in Fig.3.1(a) except for the absence of
input and output mirrors. Since the measurements deal
with the non-resonant transitions, a suitable filter is
needed to stop the residual pump light. Also, a short
length of fibre and a lower pump level is required to
avoid the influence of the superfluorescence, which may
be stimulated by those parts of fluorescence intensity
guided along the fibre. Under these conditions, a
variety of fluorescence, corresponding to certain
transitions from Nd3+, Er3*, and sSm3*-doped fibres, have
been observed.

The main results of the measurements are summarised
in Table 3.1, where the pump wavelengths of the non-
resonant excitation are also listed. Due to the different
measurement geometry from that for the bulk glasses, the
parameter DOP instead of the depolarisation ratio p is
applied to describe the depolarisations.

It can be seen from Table 3.1 that the fluorescence
radiation of the rare-earth doped fibre mentioned above
is almost completely depolarised. In addition, the
phenomenon of the fluorescence depolarisation seens
independent of the polarisation state of the pump light.
In the experiments, both circularly, and linearly,
polarised light were applied as pump sources, and the

orientation of the linearly-polarised light was rotated
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Fibre sample ND518-08 ND425 ND501 |NDS546-05

Dopant Nd Nd Er Sm

Concentration 4500ppm 300ppm| 150ppm| 700ppm

Transition * * ** wEK

Pump source LD LD Dye Art-ion

Wavelength (um) 0.82 0.82 0.65 0.51

Fibre length 25 7 1.7 1.5 1.2
(cm)

Fluorescence 0.98 0.99 0.96 >0.99 >0.99

Depolarisation

DOP 0.01 0.005 0.02 <0.005| <0.005

* 4Fy o - 411-1/2
k% 4I13/2 - 4I15/2
* k% 4G5/2 - 6H9/2

Table 3.1 Summarised measurements showing the
fluorescence depolarisation for various rare-

earth ions in glass fibres,
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by a A/2 plate. No significant difference was observed,
within the experimental accuracy, in all the cases.

In oxrder to compare the light of three different
wavelengths, involved in fibre lasers, the pump, the
fluorescence and the 1lasing light, under an identical
experimental condition, a Nd3* laser pumped by an Art-ion
laser operating at 514.5nm was set up. The fibre was 2.5m
long. An extreme case, namely «=0, was chosen for making
the residual pumping light reach the maximum DOP. When
measuring the fluorescence depolarisation, the fibre was
slightly spaced from the output mirror in order to stop
the lasing action. The experimental results are shown in
Fig.3.2. The maximum DOP of the fluorescence from the
spontaneous emission of 4F3/2——4I11/2 was measured as
only 0.02, compared with 0.98, +the DOP of the residual
-pumping light, which was measured at the lasing stage of
the fibre laser. Also shown in Fig.3.2 is the DOP of the
lasing light from the fibre laser.

Table 3.1 and Fig.3.2 show significant evidence of
the depolarisation of fluorescence from spontaneous
emission of rare-earth ions in silica-based fibres. The
results are believed to be reasonable as they agree with
the measured figures for the bulk glasses containing Nd3t
dopant. Such an agreement of the experimental results
indicates that the fluorescence depolarisation is one of
the general properties of rare-earth ions in glasses. It
seems that the pumping light can retain its polarisation
property of high DOP although it has been heavily
attenuated during the pumping process. The measurements
also indicate that there is no obvious effect of the
superfluorescence on the fluorescence depolarisation
within the pump levels applied in the experiments. The
decreasing DOP of the lasing light as a function of pump
power shows an unusual polarisation behaviour which is
different £from the depolarisation. phenomenon of the
fluorescence, implying a special mechanism which plays a

role in the polarisation effects.
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3.4 Two Orthogqonal Polarisation Eigenmodes

(1) Existence of orthogonal polarisation eigenmodes

The experimental investigations show  that two
orthogonal, phase-independent, polarisation eigenmodes
exist in every fibre laser cavity. The clearest way to
prove this is to observe the relaxation oscillation
pattern of the output from a fibre laser, since it is
believed that only those photons which belong to the same
mode make a contribution to a perfect relaxation
oscillation pattern.

By using a chopper inserted into the pump beam path
and a polarisation analyser in the laser output beam, as
shown in Fig.3.l(a), a variety of fibre lasers have been
investigated and the results are as follows.

Just above the lasing threshold, a pure damped
sinewave-shaped trace of the relaxation oscillation can
be observed from the oscilloscope, as shown in
Fig.3.3(a), which was taken for a Nd fibre 1laser pumped
by a semiconductor laser diode, indicating a pure single
mode operation. As the pump power is increased, the
relaxation oscillation pattern becomes more cbmplex. It
is found that the complex pattern is composed of two
orthogonal, pure relaxation oscillation patterns. If the
analyser is adjusted to a suitable position, namely the
extinction position of the stronger mode, which appears
first, the secondary mode relaxation oscillation can be
clearly exhibited as shown in Fig.3.3(b), which was taken
with the analyser adjusted close to the extinction
position of the stronger mode. The secondary mode was
found to have an exactly orthogonal polarisation
orientation to the preliminary mode according to the
analyser reading.

The same phenomenon can be observed in Er3* and
Sm3*t-doped fibre lasers. It is thus concluded that two
orthogonal polarisation eigenmodes exist in a "single

mode" fibre laser cavity, they have different relaxation
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(a)

Fig.3.3 Relaxation oscillations showing the existence
of two orthogonal polarisation eigenmodes.
(a) Single-mode relaxation oscillation

(b) Double-mode relaxation oscillation
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oscillation frequencies, different build-up times and
thresholds.

(2) Orientation of orthogonal eigenmodes

In oxder to determine whether the orientations of
these two orthogonal polarisation eigenmodes are fixed in
space or depend upon the pump polarisation, experiments
were designed with a rotatable linearly-polarised pump
source by using a A/2 plate, as shown in Fig.3.1l(a).
Obviously, the best way to find the orientation of
the preliminary polarisation eigenmode is to measure the
analyser reading for the extinction position according
to the relaxation oscillation patterns on the
oscilloscope screen. This method was wused in all the
experimental studies in the thesis.

One of the experiments was carried out with a laser
cavity formed by a 3m length of Nd3*-doped (ND199-05)
fibre wound on a drum of diameter d=1lcm. Using a
suitable filter, lasing light at 1.08um was measured and
is plotted in Fig.3.4, where the orientation of the
stronger or preliminary mode is ‘shown as a function of
the pump orientation. It can be seen from Fig.3.4 that
the lasing light at 1.08um retains the fixed orientation
of maximum output when the input polarisation angle of
pump light is varied from 0° to 45°, On the other hand,
when the input polarisation angle of the pump light was
rotated by more than 45°, the maximum axis for lasing
light Dbecame the minimum axis, which means that the axes
of preliminary and second eigenmodes are exchangeable and
can be switched by the polarisation orientation of the
pump light.

To search for the relation between the orientation
of the polarisation eigenmodes and the birefringent axes
of the cavity fibre the latter were measured using the
residual pumping light, with which the laser fibre works
as a passive fibre. The results are also shown in
Fig.3.4, where the orientation of the major axis for the
‘ellipse of the residual pump light ét 0.82pm is plotted
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as a function of the pump -orientation. As shown before in
Chapter 2, the polarisation of the residual pump light is
determined by the polarisation of the input pump
radiation. When a correct origin is chosen for the
diagram according to eq.(2.9), as done in the Fig.3.4,
the birefringent axes of the single-mode fibre can be
determined. From Fig.3.4, as well as experiments
performed for different dopant lasers, it can be
concluded that the orientations of the lasing
polarisation eigenmodes are coincident with the

birefringent axes of the cavity fibre.

(3) Different slope efficiencies

Fig.3.5 shows the polarisation-resclved power output
from a fibre laser as a function of pump power for two
different pump polarisation orientations. The Nd3*-doped
fibre laser was pumped by an Ar*-ion laser operating at
514nm, and the 40m-long fibre cavity had a conventional
design and the fibre contained 30 ppm of Nd3*-ions. Both
individual polarisation outputs have a linear relation
with the total absorbed pump power. When the pump
polarisation is aligned with the fibre principal axis,
i.e. «a=0, it can be seen that a considerable difference
exists in the thresholds and slope efficiencies of x and
y polarised modes. However, the differential slope
efficiency is strongly dependent on the pump
polarisation. As shown in Fig.3.5, when «=45° to the
fibre principal axes, the characteristics of the two

polarisation eigenmodes are almost identical.

(4) Phase independence of the eigenmodes

The dependence of fibre laser output power on
orientation angle was also measured in order to verify
the phase independence of the two eigenmodes. The
measurements are given in Fig.3.6, where two theoretical
curves are also shown for comparison. The idea behind
this comparison is simple. If two polarisation

components have a certain phase relationship, the output
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will consist of elliptically-polarised light and the
optical intensity will follow the equation

2 . 2
R =1 / (chos 6+I,sin"g) (3.3)

I
Xy
which is derived from the ellipse equation

2c0526 2sinzﬁ
P = P (3.4)

a2 b2

In (3.3) and (3.4), R=p2 is the optical intensity and
Iy=a? and I,=b? are the intensities of the major and
minor axes of the ellipse, respectively. In contrast, if
there is no phase relationship between the two
eigenmodes, the intensity as a function of 4§ will be

R = Ixcosze + Iysinzﬁ (3.5)
The experimental data is in very good agreement with
(3.5), as shown in Fig.3.6.

It is worth pointing out that all the experiments
were carried out under the condition that the optical
path difference between the two eigenmodes in the laser
cavity is smaller than the coherence length of the pump
source. For example, the single-longitudinal-mode,
semiconductor laser diode operating at 825nm with a
spectrum width of A)x=1lnm has a coherence length
Lo=2rA2/AXx=4+10-3m, while the fibre used in the
experiment has a beat length of 5cm corresponding to
An=1.7-10-° and the optical path difference for the 3m
long fibre is about 5-10-°m. _

The above experiment, together with the fixed
orientation of the lasing modes and the independence of
the slope efficiency for an individual lasing mode, prove
the phase independence of the polarisation eigenmodes. It
means that the two orthogonal polarisation eigenmodes
will have 1lost their phase correlation with the pump

light, as analysed in Chapter 2, and can establish their
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own phase-independent lasing actions by the noise of the

fluorescence of each mode.

(5) DOP of the individual polarisation eigenmode

There are two facts which affect the degree of
polarisatioﬁ of an individual lasing eigenmode in the
fibre laser cavity. The first is thé polarisation purity
of the stimulated emission, and the second is the cross
polarisation.

In a passive single mode fibre, the general form of
equations governing the mode coupling between Ej(z) and

E,(2z) of the eigonmode fields isl[3]

iflﬁifl = ] if E, (z) + E E, (z) (3.6a)
dz 5 lo 5 20

dE,  (z) . AB ¢

— = -7 - B n(Z) - . Elo(z) (3.6Db)

where E;, and E,, are the amplitudes of the fields E; and
E, respectively, C is a coupling coefficient, the symbol
nxn  stands for the complex conjugate, AR is the
difference of the propagation constants defined as in
(2.2), and a common phase factor equal to (-jBz) has been
omitted in the diagonal term. 1In the case of linear

birefringence and twist, C can be expressed as[3]
C = (2+g)2xN (3.7)

Assume that at the fibre input only E;4(0)=1 is
launched, and E,,(0)=0. After a 1length 1 of fibre,
‘EZO(l)iz represents the intensity on the unwanted
polarisation or cross-polarisation., From eqgs.(3.6), we

obtain

Bao()? = & sini 22 C 12 (3.

AB “+ C 2
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In the case of a fibre laser, as listed in Table
2.1, AB varies from 102/m to 103/m, whereas the twisting
is carefully avoided, so that a very small |E2°(l) 2 is
expected. For example, if the fibre is twisted by one
turn/metre,_ C is then about 10, and the Cross
polarisation is about -20dB for a ordinarily designed
fibre or -40dB for a fibre of high birefringence.

In principle, it is expected, as described in
Chapter 2, that a lasing mode should consist of pure
linearly-polarised light. To verify this in the case of a
fibre laser an experiment was arranged to measure the DOP
of a lasing mode. The laser cavity was formed by a 3m
long ordinarily designed fibre containing Nd3* dopant. A
polarised beam-splitter having an extinction ratio of
25dB was inserted into the laser cavity, which had been
expanded by a low loss lens, as shown in Fig.3.1(b). The
polarised beam-splitter was orientated with a pass-
through position coincident with ‘the axis of the
preliminary mode, say the x mode. Since the beam-splitter
deflects the y component out of the cavity no lasing
action of the y mode can occur, whereas the x mode can
still lase with a output mirror of 80% reflectivity. The
lasing 1light of the x mode, and the signal of the ¥y
mode, were detected, respectively, and displayed on the
same screen of an oscilloscope for comparison.

Fig.3.7 shows the result for a pump ratio P/P¢p=1.2.
By using the mathematical relation betweén the output
power and the intra-cavity intensity of the lasing
model4], the intra-cavity intensity of the x mode was
calculated. After calibration the intensity ratio of the
x and y modes was found to be 250/1, equivalent to 23dB
of extinction ratio.

This result ‘indicates that the linearly-polarised
lasing mode in the fibre laser cavity has a high
polarisation purity. Even with an ordinarily designed
fibre laser, no obvious polarisation mode coupling was
measured, and thus the polarisation cross-talk is

negligible in most cases.
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3.5 Dependence of Polarisation State on Pump and Dopant

Apart from the fact, as described above, that the
axes of the two polarised modes can be exchanged by
rotating the pump orientation, the relation between the
polarisation state of the output from the fibre lasers
and the pump orientation was also investigated with the

experimental set-up shown in Fig.3.1l(a).

(1) cos(2a) function

The DOP of the laser output was found to be a cosine
function of twice of the launching angle, cos(2a«), when
the laser operates with both polarisation eigenmodes
lasing simultaneously. Typical measurements for Nd and Er -
fibre lasers are shown in Figs.3.8 and 3.9 respectively.
Since the polarisation eigenmodes are phase-independent
of each other, the cos(2«) function of the DOP reflects
the phenomenon that the distribution of the output power
from fibre laser among both eigenmodes is related to the

polarisation orientation of the linearly polarised pump.

(2) DOP as a function of pump power

In addition, the DOP of the laser output was found
to be a decreasing function of the absorbed pump power.
Fig.3.10 shows three cases with different pump conditions
for a Nd laser pumped by an Ar*-ion laéer. At a lower
pump level, the fibre laser has an output DOP as high as
0.98, when pumped on one of birefringence axes of the
fibre. This corresponds to the stage of single
polarisation operation. When the pump power 1is
increased, the DOP of the laser output decreases,
apparently because the secondary polarisation mode has
started lasing and contributing to the laser output. Far
above threshold, the DOP of the output from fibre laser
is flattened and reaches a certain value. The tendency of
DOP to decrease with increase of the pump power can also

been seen in Fig.3.2.

50



Dependence of DOP

on Launching Orientation

DOP of 1aser output

1
T+
.+++
0.5¢ to. +
T+
1
| +
oF .
..f_
+.
+ .
-0.5 +|
+ .
+ "o
trg ]l
- l . ! | | i
0 15 30 45 60 75 90

lLaunching orientation (degree)

at Pab/Pth=2.7 + at Pab,/Pth=1.9

N:2425, 2m, pp.37-38

Fig.3.8 Dependence of the degree of polarisation on the
polarisation orientation of the launched pump
light for Nd3*-doped fibre laser.

51



DOP of Fibre Laser Outpuf

as a Function of Launching Orientation

DOP of output

0.5
T+
0.25 | T
1
_1,_
ok -~ — A
_t_
-0.25 | T
+
» "i_ '—r
_0.6 l | | | |
0 15 30 46 60 76 90

Launching Orientation (degres)

Pab/Pth=1.2 + Pab/Pth=1.4

NDBO1, 2m, Er, p.40

Fig.3.9 Dependence of the DOP on the polarisation

orientation of the launched pump light for
Er3*-doped fibre laser.

52



1.0

[s]

—————— Linearly-polarised pump a=y

o8F 0 . Linearly-polarised pump @ = 45°
' — Circularly-polarised pump
DOP R
\
0.6  “~__
0.4

0.2

R

esdl,,

[

L] s b® e
‘e sabssspssp st 9

o

-
....’.l

O i i L | 1
100 200 300

Absorbed Ar'-ion pumped power (mW)

Fig.3.10 Degree of polarisation of fibre laser output
versus absorbed pump power for various pump

polarisations.

53



(3) Dependence of DOP on dopant characteristics

Although a cos(2a) function of the DOP was measured
for various fibre lasers with different dopants the
magnitude of the DOP was found to be dependent on the
dopants. For example, a limitation value of the DOP, 0.5,
was measured for a Nd fibre laser far above threshold,
whereas a value of 0.3 for a Er laser under the same
condition was measured, as shown in Fig.3.9.

By combining these factors, the DOP of fibre laser

output can, therefore, be expressed as:

DOP = f(P,y,a) cos(2a) (3.1)

3.6 Discussions

Although fluorxescence depolarisation of fibre lasers
is expected as a consequence of the previous work on
rare-earth doped bulk glasses, most basic factors of
. polarisation effects in fibre lasers exhibit, for the
first time, special properties different from other laser
sources. It can clearly be seen, when comparing Fig.3.10
with Fig.2.1, that a substantial difference exists
between semiconductor laser diodes and fibre lasers. The
DOP of the output light from the laser diode increases
with a increased output power or driving level, while the
fibre laser possesses an opposite behaviour. This is
caused by the existence of two orthogonal polarisation
eigenmodes, as described earlier  in this chapter.
However, there remains the question why such a phenomenon
does not appear in laser diode, in which the cavity is
also a light waveguide containing the possibility of two
orthogonal polarisation‘modés.

The dependence of the polarisation state of fibre
laser on the pump polarisation orientation indicates that
the polarisation-selective interaction between the
electric dipole of the gain ions and the applied

electrical field of the pump light plays a role in the
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lasing action. If the mechanism behind this - phenomenon
can be revealed the information on the rare-earth gain
ions in glass host is then obtained.

An interpretation is needed; a specific function
form of f£(P,p, a) in eq.(3.1) is asked; and a unified

theory is required.
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Chapter Four
THEORETICAL MODELLING
OF POLARISATION EFFECTS IN FIBRE LASERS

This chapter is devoted to an extension of the
theory. Section 4.1 concentrates on the physical basis
of the polarisation effects. The glass structure,
electric dipole model, the Stark effect and laser-excited
fluorescence spectroscopy in glass are introduced.
Based on these understanding and three basic factors
governing polarisation effects in fibre lasers, section
4.2 gives a physical model of the rare-earth ions in
glass fibres. 1In Section 4.3 a theoretical model is
developed by adapting a physical concept of polarisation
-dependent cross-section ratio to treat the polarisation
effects in fibre lasers. An engineering parameter,
effective absorbed pump power, is then deduced to connect
a measurable macroscopic parameter with some microscopic
characteristics of the activated ions in fibre lasers.

It is necessary to emphasize that the point-by-point
agreement between experimental measurements and
theoretical computation is of relatively little
importance, especially in the engineering domain. The
importance of comparing observations with a theoretical
model lie in the fact that once agreement is obtained
using a given set of parameters, the theory can be
reliably used to predict the performance of the system
even if one or several operating parameters are changed.
From this point of view, the theoretical models presented

in this Chapter are reasonable and useful.

4.1 The Physical Basis of Polarisation Effects

(1) Glass structure

Glass, on a microscopic scale, epitomizes an
inhomogeneous system. Structurally, glass is a continuous
random network lacking both symmetry and periodicity. The

basic structural units which make up the glass network
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have a definite-geometry but are connected at- corners to
form a random three-dimensional network[l]. Several
components exist singly in an amorphous phase and
constitute simple glass formers. Other compounds added to
the glass modify the network.

Paramagnetic ions, depending wupcn their size and
valence state, enter a glass as a network-modifier cation
or substitutionally as a network-former cation. The
networks of single-component glasses such as S5i0;, GeOy
and B,03 are tightly bonded by bridging oxygens.
Trivalent rare-earth ions cannot easily enter this
structurev substitutionally because of size. Therefore
the predominant case is that rare-earth ions in such a
glass act as network-modifier cations to which the study
in this thesis restricts since our fibre lasers are all
made of silica-based fibre.

Being an inherently disordered medium, the
environment of each rare-earth ion in a glass is not
identical to that in a crystal. In addition, because of
differences in the bonding to nearest-neighbor ions, the
local fields at individual ion sites vary. This results
in site-to-site differences in the energy levels and the
radiative and nonradiative transition probabilities of
paramagnetic ions in glasses[2]. Broadband-excited
optical absorption and emission spectra, and excited-
state decays, consist of a supérposition of contributions
from individual ions distributed among the entire
ensemble of local environments. The spectra exhibit
inhomogeneous broadening and the decays do not have a

single exponential time dependencelll.

(2) Electric dipole model

Any system which includes electric charge and
current is capable of absorbing and, in certain
circumstances, emitting electromagnetic radiation. The
mechanisms may be quite complicated, but for systems
which are compact in comparison to the radiation

wavelength it is possible to analyse the radiation into a
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sequence of contributions of decreasing importance:
electric dipole, magnetic dipole, electric quadrupole,
.. 03]

For rare-earth doped fibre lasers, the radiation
wavelengths dealt with are within the regime of wvisible
and infrared (around 1pm) The radii of the rare-earth
ions are estimated to be around 0.lnm (for example, Nd3+
has a radius of 0.0995nm, Er3+ 0.088lnm and Pr3t
0.1013nm{41). Although the numerical values of the radii
of the ions may vary depending on the kind of the salt
used or the method of calculation, the size of the
radiation "antenna" of tﬁe rare~-earth centres in glass is
at least four orders of magnitude smaller than the
wavelength of the emitted radiation, as far as lasing
actions are concerned in fibre lasers. It is therefore
believed that the conclusion mentioned in the preceding
paragraph is suitable for the rare-earth ions in
glasses.

According to quantum mechanics, the energy of a
stationary state in a atom. or free-ion is represented by
the Hamiltonian operator. If a small perturbation is
applied, the changes experienced by stationary states can

be described by writing the Hamiltonian as two terms[31]:
H = H, + H' (4.1)

where H, the is unperturbed Bamiltonian, and the
perturbation H’' is in some sense small. The perturbation
method is then to expand whatever entity interests us as
a 'power series’ in H’; more exactly, to evaluate the
entity to first, second,... order of smallness of H', as
far as we need to go.

For a paramagnetic ion in a solid, the Hamiltonian

operator can be expressed asl[l]

H=Hy + Heg + V (4.2)
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where H,; 1is the electrostatic interaction of the
electrons, Hg, is the spin-orbit term, and V is the
perturbation term, being the potential at the ion site

due to its environment. The relation
He1 >> Hgo >> V (4.3)

is true for the rare-earth ions in glasses. V can thus be
treated as a small perturbation on the free-ion

energies.

(3) Electric dipole radiation

The moment of an electric dipole is defined asl?]

p = gr (4.4)

where q is the charge and r the positional vector with r
being the separation of the positive charge from the
negative charge, and the direction being defined as
pointed from negative to positive charge. The classical
theory regards the spontaneous emission from a radiating
dipole as a damped oscillation process of the electron.
If the simplest coordinate system is chosen for an
electron oscillating around a positive charge located at
the origin, as shown in Fig.4.1, the moment of the

electric dipole can be expressed by
p(t) = er,coswt = pyCoswt | (4.5)

Such a dipole radiates electromagnetic energy. The
propagation direction of the electromagnetic wave S, the
electric field E and the magnetic field H are
perpendicular to each other. The vector E will be along
the tangent to a meridian drawn on the sphere shown in
Fig.4.1, while the vector H will be along the tangent to
the corresponding parallel. The light emitted by a linear
‘dipole oscillator in any direction is completely
polarised. The magnitude of the radiation field at
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Fig.4.1 The co-ordinate system chosen for an electron
oscillating around a positive charge located at

the origin.



distance of R can be obtained by solving the Maxwell’s

egs.[®] and expressed as
E = H = -w?pycos(wt-wR/c)sing/(Rc?) (4.6)

where ¢ is the angle between R and the z axis, ¢ is the
light speed in free-space. |

The electric dipole radiation can also be treated by
using quantum mechanics. An excited atom described by E;
(the subscript u stands for wupper level) in complete
darkness emits a photon hy, and in doing so makes a
transition to a lower level E;. With dipole model, the

interaction or the perturbation term of Hamiltonian is
H' = -p+E(0) (4.7)

where p is the electric dipole moment observable of the
atom, and E(o) is the electric field intensity at the
atom — at the origin, for convenience. The transition
probability W from state E, to E; expressed by the Golden
Rule (as Fermi called it in 1950) is proportional to the

square of the matrix element
W= cf<e |ar]m,>]2 (4.8)

where the Dirac notations "<’" and ",>" are used to
represent the quantum state, and the capital C is a
constant related to the radiation frequency. The
perturbation matrix element of the Hamiltonian operator

H’ between two eigenstates |E1> and <Eu| is defined as
< PE > = *H'w d 4.9
By |H"|E, —J¢1H p,dr (4.9)

where ¢, and y; are wavefunctions of the upper and lower
states, respectively, and the symbol "*" stands for the
complex conjugate.

Using eq.(4.7) and writing
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d=<E1‘p|Eu> (4.10)

the general prescription for the intensity and the
polarisation of the radiation in the direction u can be
obtained. For the intensity, the transition rate TR for

spontaneous emission in the direction u is expressed as

TR = [ded*-(d-u)(d*u)] | (4.11)
4ﬂ£OhC3

where ¢, 1is the permittivity of a vacuum, h is the
Planck’s constant, and w» the radiation frequency. The
unit of transition rate TR is photons per excited atom
pexr second per unit solid angle.

In gquantum mechanics, a beam of Pg-polarised light
is regarded as a beam of photons "in the state Py". The
probability that a photon in state Py survives a
polariser with orientation @ (thus being in state Py) is
cos?2(4-p). Here, as always in quantum mechanics, the word
probability really means proportion, where we have a
large number of identical situations in mind, for
example, a large number of photons striking a polariser.

If we rewrite the transition rate as

3
v * 2 * 9
(|dexg|“F|deay|7) C(4.12)

TR

4ﬂ£OhC

with A1 and X, Dbeing defined as the two basic

polarisation vectors with the directions

A1: parallel to d-u(d:u), (4.13a)
Ao : parallel to u~d¥, (4.13b)

taken as a legitimate choice since Ay, X5, u are

‘orthogonal in pairs. The two terms in eq.(4.12) are

interpreted as probabilities. Now imagine a polariser
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which certainly-transmits a photon in polarisation state
A>; the probability that the radiation £from d gets
through the polariser is proportional to ‘d-Az*lz, which
is 2zero since d.(u~d)=0. The radiation is therefore in
the orthogonal polarisation state, represented by ;.
Thus both the intensity and the polarisation are
determined by the component d perpendicular to wu. This
result coincides with what is concluded from the

classical dipole model described above in this section.

(4) The Stark effect

A free ion or atom in a uniform electric field loses
its spherical symmetry. Consequently, certain
degeneracies are lifted. A further consequence is that
the components of the resultant spectral splitting have
intensities and polarisations which depend on the
direction of emission. This is the Stark effect. The
Stark effect in the simplest example of the hydrogen atom
has been treated by -using quantum mechanics. The
conclusions, which agree well with the experimental
investigation, are that when viewed from the direction
parallel to the applied electric field, two transitions
with a line unseparated vyield circular polarisation in
two opposite senses. A gas of excited hydrogen atoms will
undergo these transitions in equal numbers; consequently,
this spectral line is completely unpolarised. If viewed
perpendicular to the applied field, apart from the
unperturbed line two splitted components are observed.
These two components have polarisation . perpendicular to
the unperturbed line. In addition, the intensity sum of
these two perpendicular components is just equal to the
intensity of the unperturbed line.

The Stark splitting of rare-earth 4ions in some
crystals has also been confirmed[’]. Fig.4.2 illustrates
the splitting of the Nd3*-ion in YAG for both %Fi,, and
4111/2 energy level. However, for rare-earth ions in

glasses, the inhomogeneous broadening is so strong that
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the Stark structure is normally masked and therefore

poorly resolved.

(5) . Spontaneous emission and stimulated emission

Spontaneous emission deals with the behaviour of an
excited system in the complete -darkness. Stimulated
emission occurs 1in the presence of an oscillating
external electromagnetic field.

Radiation of spontaneous emission from an excited
‘gas is expected to be isotropic and unpolarised even if
the emitters themselves are not symmetric, since the
orientation of the emitters are random.

For rare-earth ions 1in glasses, it 1is also
reasonable to consider the ions as a randomly orientated
assembly because of the macroscopic equivalence of
different directions in glass. Although the Stark effect
might be involved due to the local electric field of the
glass former, the spontaneous emission from such an
assembly of active ions is expected to be still isotropic
and unpolarised.

However, an entirely different situation happens
with stimulated emission. The study of resonancel3] shows
that the external field will have little effect on the
system unless its frequency v matches the gap between two

energy levels.
Ey = E1 = hy (4.14)

The transition from the lower to the upper level
requires a supply of energy hr from the external field:
this is referred to as absorption. The opposite
transition is stimulated emission, where the external
field gains energy from the system. The fact that the
amount of energy transferred is hy in each case suggests

that it 1is a single photon that is being absorbed or

emitted.
Although eq.(4.7) is still valid for the stimulated

emission, a substantial difference arises from the
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spontaneous emission, where E(o) is considered as the
electric intensity between the dark state and a state
with one photon present. For the case of stimulated
emission, the term E(o) in (4.7) is now presented by the
electric intensity of the stimulating field, and the

matrix element is then expressed as

<E1|H’ E,> = -d-E(0) (4.15)

where d is defined as shown in eq.{(4.10). The effect of
the external radiation is to make the state of the system
swing to and fro between the levels, the time to switch

between states being

_  h
T= e (4.16)
4|d"-E|

This time is generally very much shorter than the
lifetime for spontaneous emission.

The formula (4.15) takes into account not only the
magnitudes of the dipole moment p (via the matrix element
d) and the external field E, but also any polarisation
effects there may be. It is clear that both the
stimulated emission probability and the excitation
probability are related to the angle the electric dipole
makes to the stimulating field, as the scalar product
indicates. Furthermore, the relation in (4.15) is true
for both the excitation and the stimulated emission.

In the case of lasers, more than a single dipole is
involved in the stimulated emission. A dipole sheet is a
better model. The theoretical study of a dipole sheet
model shows[8] that the in-phase characteristic is one
important property of stimulated emission from a sheet of
dipoles. Furthermore, the induced field has the same
polarisation as the incident field, a second property of
this stimulated emission. The third is that the
stimulated emission has the same frequency as the

incident radiation. These three properties — equality of
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phase, direction, and frequency of incident and
stimulated field — are completely obtained only for
appropriately pumped media whose cross-sectional areas

contain many similar dipoles.

(6) Laser-excited fluorescence spectroscopy in

glass

The difficulty of constructing a satisfactory model
of rare-earth optical centres in glass is. due, in
particular, to the lack of polarisation characteristics
of the spectrum. The anisotropy of the absorption and
emission of light by individual centres is not normally
observable because of the randomness of the ion
orientation in amorphous glass. A promising development
for rare-earth activated glasses achieved recentlyl[®,10]
is the use of the laser-excited fluorescence
spectroscopy.

When a laser source is used for excitation, only
those ions resonant with the narrowband excitation quanta
within the homogeneous linewidth are excited. This site-
selective excitation effectively reduces the
inhomogeneous broadening and a line-narrowed fluorescence
spectrum is obtained. Moreover, the linearly-polarised
excitation provides a further method for site
selectivity.

Polarised fluorescence spectra have been used to
investigate the Stark structure and the dipole nature of
radiative transitions[11.12] for rare earths in glasses.
The observation of polarised luminescence from various
rare-earth ions in glass have been reported for both
resonant and non-resonant transitions. The main results
are listed in Table 4.1, and the following conclusion can
be drawn: |

The form of the luminescence spectrum depends
strongly on the excitation range. As the excitation
wavelength is wvaried, the degree of polarisation

DOP=(Ip-Ig)/(Ip+Is) changes not only its magnitude but
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also its sign. The value of DOP is considerably greater
for resonance excitation than for non-~resonance.

The remarkable contribution the polarised
luminescence method made is the understanding of the
dipole model for resonant transition and the Stark
structure of the rare-earth ions in glass, which is
usually masked by the strong inhomogeneous broadening.
However, the application of this method is limited by
strong overlap of the Stark components in some cases[12],
In addition, this method gives no information about the
dipole model for the non-resonant transition.

4,2 Understanding of Polarisation Effects in Fibre

Lasers

The transitions in fibre lasers are always non-
resonant no matter what kind of system, three-level or
four-level, is involved. A comparison of fluorescence
measurements in the fibre lasers listed in Table 3.1 with
the results for bulk rare-earth activated glass in Table
4.1 shows that the DOP of non-resonant transitions has
a fairly low value (10-2 order). This is true for both
the bulk and fibre cases, indicating that the
depolarisation of non-resonant fluorescence is a
characteristic of the material.

Although some polarisation properties of the Stark
structure of rare-earth ions in glass can be detected by
using the polarised luminescence method the following
question marks still remainl1.,11]:

— Why is the DOP so small for non-resonant
excitation?

— Is this affected by simultaneous excitation of
centres having different orientatioh but the same
excitation frequency?

— Is this due to an angle between the absorbing and
emitting oscillators?
or the fluctuation in this angle because of the

variations in the local field?
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Matrix; Excitation Recording
Ion|Concentration DOP
mole (%) transition | (pm)| transition |)(um)

Nd3* |silicate 0.8% |[4F;;),- 1.053(%F3,9-%I71/2(1.064| 0.04
Pr3* |phosphatel.25| 3H,-3P, 0.436| 3Py-3Hg 0.598(-0.05
| 1p,-3g,

Tb3* |phosphate 0.2 7Fg-3D, |0.366| 5D,-7Fg 0.487| 0.03
Er3t|Tellurite 0.8|%I;5;,-2Gg; 5 |0.366 483/2-%115,2|0.545| 0.04
Tm3* | phosphatel.25| 3Hgz-1D, 0.366| 1D,-3H, 0.450| 0.07

Table 4.1 Depolarisation of bulk rare-earth activated

glass. (after referenc es [4.9] and [4.11)])
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— Is it poséible in principle to get the case where
the direction of the emitting oscillator in a rare-
earth centre is entirely unrelated to that of the
absorbing oscillator as the internal field varies?

— Is this the result of the strong overlap of the
Stark components?

— Is this caused by accidental coincidence of
excitation levels of ions in different sites?

— Is this influenced by c¢ross relaxation or energy
transfer between neighbouring ions?

Laser-pumped fibre lasers provide an opportunity to
investigate the validity and properties of the dipole
model for the non-resonant transition. Since the lasing
action is related to the stimulated emission rather than
the spontaneous emission, the fibre laser gives
information on the interaction between the applied field
and the rare-earth ions in glass, not only during the
excitation process but also the lasing transition. In the
medntime, the site-selection will have played a role
during both processes, absorption and emission. In
particular, direct investigation of the existence of
correlation between absorbing and émitting oscillators
can be made with laser-pumped fibre lasers.

The outer-shell electrons of trivalent rare-earth
ions are 4f%, three of which, namely 6s25d have been
removed. If the rare-earth ion has an even number of 4f
electrons, the degeneracy of the free-ion level is
completely 1lifted and dipole transitions may be ascribed
to a linear oscillator; if the ion has an odd number of
4f electrons, the twofold Kramers degeneracy remains and
transitions are modeled by partially anisotropic
oscillators(1.11], The structure of rare-earth ions in
glass are listed in Table 4.2, from which it is seen that
Nd3*, Er3* have an odd number of 4f electrons. Therefore
the partial linear oscillator is used in the following
sections to model the rare-earth ions in glasses.

According to the basic factors of polarisation

effects in fibre lasers, as described in Chapter 3, the

70



Trivalent Number Ground

rare-earth of
ion 4fn state
La3t 0 1s,
Ce3t 1 2F5/2
pr3+ 2 3H,
Nd3+ 3 4192
Pm3+ 4 51,
Sm3+ 5 6Hs5 /5
Eu3+ 6 Fy
Gd3t 7 857/2
Th3+ 8 7Fg
Dy3* 9 SHis/2
Ho3+ 10 S1g
Er3+ 11 411572
Tm3+ 12 3Hg
Yb3+ 13 2F; )2
Lu3+ 14 15,

Table 4.2 The structure of rare earth ions in glass.
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following points are postulated for modeling the
effects:
— Each rare-earth ion 1in glass corresponds to a
partially anisotropic oscillator;
— The orientations of these oscillators, transition
dipole moments, are randomly distributed in space.
— The absorbing and emitting oscillations of the same
rare-earth ion has the same orientation in space
related to a system of coordinates which is rigidly
fixed to the centre, independently of the non-
radiation transition.

The last point 1is required by the experimental
investigation of the dependence of the polarisation
output from the fibre laser on the pump. This assumption
is necessary, at least for those non-resonant transitions
of rare-earth ions which are measured and discussed in
this thesis. The detailed discussion is presented later
in this chapter.

With these fundamental points a mathematical model
is developed to analyse the polarisation effects in fibre
lasers. The good agreement between theoretical
calculation and the experimental measurements supports

these fundamental points.

(1) Fluorescence depolarisation
The whole lasing process can be described by the

following steps: absorption of the pump leading to the

excitation of activator ions — non-radiative relaxation
towards to the metastable level — build-up of lasing
action from the noise of spontaneous emission —

stimulated emission caused by lasing 1light. When laser
light is wused as a pump source, and a longitudinal
configuration as a pumping system, different dipole
oscillators have different excitation probabilities
according to their orientation, as described in egs.(4.8)
and (4.15). 1In the case of fluorescence, there is no
external field with an energy hv=E,-E; involved if ‘the

influence of superfluorescence can be considered
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negligible. Since the time needed for both dipole
excitation and non-radiative transition are much shorter
than the lifetime of electrons in the metastable state,
as seen from eq.(4.16), it seems reasonable to assume
that almost all the activators with different
orientations are excited before the fluorescence 1is
measured. As a result of randomness of oscillator
orientation, the fluorescence from non-resonant
spontaneous emission is strongly depolarised.

Crosé—relaxation or ion-ion energy transfer may also
affect the polarisation behaviour of the fluorescence
from the spontaneous emission[1,13], and therefore cause
a reduction of the DOP. However, this happens only when
the activator ion concentration in glass Dbecomes
sufficiently high. It is verified for those fibre lasers
with a dopant concentration of around 102~103ppm, which
is the ~case in this thesis, that the depolarisation
caused by cross-relaxation was still small and cannot be
the main explanation of the fluorescence depolarisation.

Theoretically, the overlap of the Stark components
épparently results in depolarisation of non-resonant
fluorescence. However, there is not sufficient
information to postulate a model dealing with the Stark
components of rare-earth activators in glass. 1In
particular, the relative orientation between the
oscillators corresponding to different Stark components
still remains unknown. In this.thesis, a rare-earth ion
is treated as a partially linear oscillator. This means
that an excited ion does not necessarily radiate a photon
with polarisation parallel to the dipole oscillator.
There 1is a small probability that it will radiate a
photon having a polarisation perpendicular to the dipole
oscillator. Such a partially linear oscillator model has,
in fact, considered the influence of the Stark effect. As
a result of the model, the fluorescence is expected to be
depolarised to some degree.

In summary, the depolarisation of non-resonant

fluorescence is attributed to both the random orientation
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of dipole oscillators representing rare-earth ions in
glass and the overlap of Stark components. The cross-
relaxation or ion-ion energy transition is not the major
reason in our case, although it may affect the
fluorescence depolarisation in some cases. The idea that
there is nd correlation between absorbing and emitting
oscillators has to be given up according to the

experiments described later in this chapter.

(2) Existence of two orthogonal eigenmodes

It is well known that an approximation of the three-
level, and four-level, laser systems by a two-level
representation is very useful. Also the rate equation,
as expréssed below, is of prime importance in predicting
the grosser features of the laser output. Despite the
fact that many details of the nature of the laser
emission, such as spectral, temporal and spatial
distributions, are inaccessible from the point of view of
the simple rate-equation, it will be used in this thesis
to analyse the polarisation eigenmodes in fibre lasers
since it has been shown that the rate-equation approach
is successful in analysing dutput power, threshold
condition, etc.

The rate equation can be expressed asl[1%]

N N+N, _, (p-1)
__ = - Neops - —°F + W_(N_ . -N) (4.17)
ot ) p'“tot ,
21
where
g,N
N=nN, - 21 (4.18)
91
R _
91
N .= N + N, (4.20)
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2
22170 |
- for a Lorentzian lineshape

; 4ﬂ2n2AV
g = (4.21)
( Aleg In2
( ) for a Gaussian lineshape
2

dgx n Ay T

The parameter ¢ is the c¢ross section for the radiative
transition from the excited upper laser level 2 to the
lower level 1, ), is the lasing wavelength in vacuum, AX
is the width between the half-power points of the atomic
line shape, N and N, are the population densities of
level 1 and 2 respectively, g1 and g, are the level
degeneracies, Wp is related +to pump parameter Wiz and

pumping efficiency factor n, by:
Wy = noW1s | (4.22)

A,; is the spontaneous transition probability, @ is the
photon density, r15=(A57)-1 is the effective radiative
lifetime associated with the laser line, n 1is the
refractive index of the laser medium and c¢ is the 1light
speed in free-space.

‘Another equation, usually regarded together with
(4.17), describes the rate of change of the photon

density within the laser resonator,

%2 = Neow - 2_ + s ' (4.23)

at T 5

where 17, is the decay time for photons in the optical
resonator and S is the rate at- which spontaneous emission
is added to the laser emission.

" It is clear from (4.17) and (4.23) that for the
onset of laser emission the rate of change of the photon
density must be equal to, or greater than, zero. Thus at

laser threshold for sustained oscillation the condition
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2 5 ¢ | C (4.24)

it

must be fulfilled, which enables us to obtain from (4.23)

the required inversion density at threshold

(4.25)

In deriving this expression the factor S has been ignored
as it is very small compared with the other two terms.

It 4is worth pointing out that these theorxetical
formulas are valid only for an indiVidual lasing mode.
In the case of a fibre laser with the Fabry-Perot cavity
configuration shown in Fig.l.1, the question raised is
why two orthogonal polarisation eigenmodes exist
simultaneously. To answer this question the birefringence
of the laser cavity, the single-mode fibre, induced by
both fibre imperfections and the surrounding environment
must be considered.

In Chapter 2 we saw that the circular birefringence
of the single-mode fibre can be neglected in the Fabry-
Perot cavity. The generation of the two orthogonal
polarisation eigenmodes is attributed to the linear
birefringence of the fibre, which creates a modal
effective-index difference An. Although the An is rather
small (for example, if A=lpm, Lp=lcm, An is then 10-%),
it breaks the space symmetry for light propagation, and
creates two orthogonal optical axes, on which two
polarisation .eigenmodes build up their 1lasing actions
from the noise of the fluorescence.

In fact, we assume that the spontaneous transition
behaviour of the dopant ion in a glass matrix is
independent of the polarisation orientation of the pump
light, which is believed to be reasonable according to
the fluorescence depolarisation, i.e. Ajq, Ay and AX are
the same for different polarisation orientations of the
pump 1light. The only factor which affects the cross-

section ¢ is the normalised linear birefringence or the
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mode effective-index difference An. From (4.21) it can
be seen that the different lasing modes, say x- and y-
modes, where the x- and y-axes are the principal axes in
the fibre laser cavity, have different cross-sections,
say oy and oy. Since the required inversion density at
threshold, . and the pump power required to reach
threshold, are inversely proportional to the cross
section o, as described in (4.25), these two eigenmodes
have different thresholds.

In addition, different effective indices induce
different longitudinal mode frequencies in a cavity. The
longitudinal mode frequency in a Fabry-Perot cavity can

be expressed as

y = ¢ (4.26)
2nl

where 1 is the cavity length, c¢ is the light velocity in
free space, m is an integer and n is the refractive index
of the laser medium. Since there is an effective-index
difference An between the x and y modes, the frequency
difference between the x and y longitudinal modes of the

cavity will be

jav] = 2= |an| | (4.27)

2n21

For example, if An=10-3, 1=1m, and n=1.5, then
Av=m-103Hz.

In summary, the linear birefringence of the single-
mode fibre gives rise to two orthogonal axés, on which
the polarisation eigenmodes of fibre laser build up from
fluorescence noise. These two orthogonal polarisation
modes are independent of each other, with different
longitudinal mode frequencies, and different cross-

sections.

(3) Dependence of laser polarisation on pump

polarisation
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Beginning - from the superfluorescence stage,
stimulated emission plays an important role in the
building up of laser action. Once lasing has been
achieved stimulated emission is the predominant process.
Since the orientations of the lasing eigenmodes are
determined by the fibre cavity, the strong external
electric field stimulating the emission has the
polarisation of these principal axes, and thus every
dipole transition of every activated centre has a
different transition probability for contributing of a
photon to either the x-mode or y-mode. Obviously, the
site selection provided by the laser pumping takes place
only during the excitation process. The lasing action is
now the second site-selection process, and thus offers a
direct probe whether the correlation between the
absorbing and emitting oscillators exists or not. In
addition, the possible ion-ion energy transition 1is
extremely limited for a CW fibre laser due to the very
short time required by the absorption and emission
process. Therefore, if there is no correlation between
the absorbing and emitting oscillators, the emitting
oscillators of all excited activated centres are expected
to be randomly orientated, and consequently the
intensities of the x-mode and the y-mode shold be equal
to each other independently of the pump. Because complete
dependence of output'polarisation from fibre lasers on
the pump (the third characteristic of the polarisation
effects) 1is observed it follows that a correlation must
exist. Furthermore, the exact cosine function of twice
the launching angle, cos(2«), as shown in eq.(3.1),
requires the postulation that the absorbing and emitting
oscillations have the same orientations for an activated
centre. With a mathematical model based on this point of
view, as described in the following sections, the cos(Z2«)

function is well explained.



4.3 Effective Pump Power of Polarisation Eigenmodes

It is now possible to establish a mathematical model
to treat the polarisation effects in fibre lasers. As
described in Chapter 3, two orthogonal polarisation
eigenmodes have their independent thresholds, slope
efficiencies and relaxation frequencies. The existing
laser theory, on the other hand, points out that all
these characteristics of a lasing mode ought to be
related to the absorbed pump power[l4]. Therefore, there
must exist some physical parameter, which connects
absorbed pump power for each mode with some microscopic
characteristics of the activated ions in fibre lasers.
If the relationship between the absorbed pump power,
which is a macroscopic parameter, and some microscopic
characteristics is found and expressed correctly, the
corresponding information about the ions can be extracted
from the measurements, and thus the behaviour and

performance of the laser can be predicted.

(1) Polarisation-dependent cross-section ratio

As described in the previous sections, rare-earth
ions in glass can be represented by a partially
anisotropic oscillator. Such ions will interact more
strongly with certain directions of the stimulating
field. The expression of the interaction is determined by
(4.8) and (4.15). To adapt this property to the laser
theory, it can be characterized by a polarisation-
dependent cross-section.[13]

According to the mathematical model describing such
a cross-section anisotropy, all ion sites are identical
except for orientation. A local orthogonal co-ordinate
system of the surrounding ionic charge distribution,
denoted by axes 1, m and n as shown in Fig.4.3, is
uniquely assigned to the site. A different cross-
section, proportional to the probability of absorption or
emission of light with the electric-field vector

polarised in that direction, is associated with each
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Fig.4.3 The co-ordinate frame referred to the fibre

laser for all measurements.
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axis. It is assumed that the cross-section in the n-
direction is larger than the other two and its wvalue 1is

denoted by The remaining two cross-sections are

[0
p
taken to be egual and are denoted by og. wWwith this
model, the polarised cross-section ratio can be expressed

in terms of a single parameter
a = os/op (4.28)

When a=1, the system 1s represented by an isotropic
oscillator; when a=0, the systém represented by pure
dipole.[16]

Although for a general anisotropic oscillator there
is no a priori reason to expect that the two cross-
sections ¢3 and o, are equal, this simplifies the
mathematical model while still allowing for a cross-
section anisotropy. Also the site-to-site variations in
the line strength are neglected.

The polarised cross-sections op and o5 for the
absorbing and emitting oscillators need not be the same
in magnitude because the transitions correspond to
different energy level gaps. Nevertheless, asos/ap is
assumed to be identical for both cases at every ion
site.

' The Justification for the above assumption, and the
hypothesis of the identical orientation of Dboth
oscillators, ultimately rests on the ability of the model
to predict experimental results.

By utilising both the polarisation-dependent cross-
section model and the concept of two orthogonal
polarisation eigenmodes, a new concept, the effective
pump power of the eigenpolarisation mode, is then
introduced.

Since there exists two principal polarisation axes
(say x and y) and thus two polarisation eigenmodes, in
fibre lasers, a linearly-polarised pump beam must be
resolved into two components corresponding to the

principal axes. On the other hand, every active ion
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possesses more or less probability of contributing to the
X- Oor y-mode. The magnitude of the probability is
dependent on both the polarised cross-section ratio a and
the ionic dipole orientation. As a statistical result,
the effective pump power for each eigenmode is defined as
the fraction of the pump power which produces the
population inversion belonging to the corresponding
eigenmode.

The laboratory frame is denoted by x, v and z or
spherical angles 4 and @ (collectively Eulerian angle Q)
as shown in Fig.4.3, where ¢ is the angle of (n,x) and o
the angle of (n,y). The principal polarisation axes are
always assumed to be coincident with the x and y axes and
the transmission direction coincident with the z axis.

The normalized probability density function f(q) of
ionic sites is a uniform distribution because of the

assumed isotropy of orientation.

1/4x 0<6<x, 0<@<2x
f(a) = (4.29) .

0 otherwise

The stimulated-emission cross-sections of a given ion
site with (1,m,n) local co-ordinate system for x- and y-
polarised light are

X 2 2 2

o (Q) op(n-x) + as(l-x) + aS(m-x)

i

= 0 c0526 + o sin26 (4.30a)
p s

Y(a) = o (my)? + o (1ey)? + o (myy”

apsin2600526+as(sin2® +coszecoszz) (4.30b)

respectively.

In deriving the above eqgs., the Golden rule (4.8)
and the matrix element (4.15) are applied, and reflected
by the scalar product terms in (4.30).
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It is worth noting that in the case of an isotropic
cavity, such as a conventional glass rod laser, the
effective stimulated emission cross-sections, defined as
a mathematical expectation of the random variable o¢(Q)

for both x and y polarised light, are the same, that is

sX(a) J f(n)oX(n)da = I £()o¥(n)da = oY (Q)
Q Q

(0, + 205) / 3 | (4.31)

which means that there is no priority for any direction

in such a laser cavity.

(2) Effective absorbed pump power

In the fibre laser, the total population inversion
is divided into two parts, which are assigned to the x
and vy polarisation eigenmodes, respectively. One ionic
site can, of course, only transit from the upper level to
the lower level to create one photon which contributes to
either the x or vy polarisation mode. The important
concept here is that it 1is the polarisation-dependent
cross-section which determines the transition
probability. It is also assumed that the photon density
of each mode 1in the cavity is proportional to the
transition probability, since macroscopic lasing action
is a statistical result of many microscopic transitions.

We assume that the principal axes of the
polarisation eigenmodes coincide with the x and y axes
of the laboratory co-ordinate system, and a linearly-
polarised pump beam is launched into the end of the fibre

cavity with a polarisation angle of o with respect to the

X-axis. Thus, the absorbed power density of the pump
light is

I(z) = I(o)exp(-v2) (4.32)
and
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I (z) ' cos 2a ,
= I(o)exp(=-y2) (4.33)
IY(Z) Sinza

where v 1is the absorption of the fibre at the pump
wavelength and I(o) is the absorbed pump power density at
Z=0. In equations (4.32) and (4.33), the intrinsic
scattering loss of the fibre at the pump wavelength has
been neglected since it 1is, in practice, very small
compared with the absorption.

Considering that the lasing action 1is associated
with not only the absorption cross-section but also the
stimulated emission cross-section, we can express the
probability per unit time for an ion to contribute a

transition to the x and y modes as follows:

C[Ix(z)ax(ﬂ)+ly(z)ay(n)]ox(ﬂ) (4.34a)

PX(Q,Z)

P_(a,2) = C[Ix(z)ax(Q)+Iy(z)aY(n)]UY(O) (4.34b)

where C is a normalized constant. The factors Iy (z)o*(Q)
and Iy(z)o¥(Q) in (4.34) can be regarded as items
associated with the absorption transition or population
inversion. The product with c¥(Q), the last term in
(4.34a), or oo¥(Q) in (4.34b), is related to the
stimulated radiative emission. It is rea&ily proved that
the difference between the magnitudé of absorption and
emission cross-sections can - be compensated by the
normalized constant C due to the assumption of identical
polarised cross-section ratios for both transitions.
Therefore they are expressed by the same form in
egs.(4.34). Py(0,2z) and Py (Q,2z) are related to the final
lasing transition of the x and y modes, respectively. By
integrating over all possible site orientations, the
effective pump power density for the x and y polarised
modes can be defined as follows when a suitable
normalized constant C is chosen.
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(4.35a)

(4.35b)

Using (4.29), (4.30), (4.33), (4.34) and (4.35), Omitting

those tedious integration calculations, we obtain

2 R T L
I"(2z) = Ccos™al(0)e v (gap+Igapas+IgaS)

2 vz 1o 8 6 4
+Csin“aI(o)e T (—oi+ & as+__vs)
15 P 15 P 5 35

y 2 -y Z 1 2 4 8 2
If(z) = Csin“aI(0)e (0 +— 0 o _+t—0)
5 P15 P S 1558
1 8 6
+Ccos a%(o)e-’yz(_az'i'_a as+_a§)
15 P 15 P S 15

(4.36a)

(4.36b)

The normalized constant C can be obtained by employing

the energy conservation, which requires the following

eq.:

1%(z)+1¥(z) = I(z) = I(0)e” !
Thus
C =15 / (4024120 o _+1402)
P P 8 5]
The equation (4.36) can then be simplified to
(2) cosza sin2a Cq

= I(o)exp(-77)
Iy(z) sinza cosza Cy

where
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c1=(3+4a+8a2)/ (4+12a+14a2) . (4.40a)
cp,=(1+8a+6a2)/(4+12a+14a2) (4.40Db)

and a=ogs/op as defined in (4.28)

Instead of the absorbed pump power density
I(o)exp(~y2) in (4.39), the concept of total absorbed
pump power will be more convenient for a practical use
without inducing any difference for predicting the laser
performance. The total absorbed pump power can be

expressed as

AI(o) v1

1
Py = JOAI(o)exp(-yz)dz = (1-e77) (4.41)

¥
where A 1s the effective cross-sectional area of the
fibre cavity, and 1 is the length of the fibre,

Thus (4.39) becomes

P COSza sinza cl

=P (4.42)

ab
PY sinza COSza c2

in which Pz is the total absorbed pump power, c; and c,
are associated with the polarised cross-section ratio a
as shown in (4.40), o 1is the angle between the
polarisation orientation of the pump light and the =x-
axis, and P* and PY are the effective absorbed pump
powers. for the X and Y polarised eigenmodes

respectively.

(3) Polarisation selection ratio

We define the fraction of effective absorbed pump
power for +the polarisation eigenmode from the total
absorbed pump power

s =p% / p = c COSza+C sinza .(4.43a)

ab 1 2
psY = pY / p__ = ¢ sin’a+c.cos? (4 43b)-
ab 1 2 . ) \
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as a parameter describing the property of the site-
selection for a fibre laser, and call it polarisation

selection ratio. It follows immediately that

PSx = c

when pumped on x-axis (4.44)

PSY = c2

indicating that the physical meaning of the parameter c;
is the polarisation selection ratio when the laser is
pumped on the corresponding axis, while ¢, is that when

pumped on the perpendicular axis. The relation
Cq + Cor = 1 (4.45)

represents the enerqgy conservation. Therefore we call

(c1,cp2) the polarisation selection vector. '
Writing

2 . 2

cos"a sSinTo

|P(a)] = (4.46)

. 2
sin“a cos"o

the general relation of polarisation selection ratio is
then

[es] = [pce ]| (4.47)

where |PS|=(PSX,PSY)T, |c|=(cl,cz)T, and the superscript
symbol - T stands for the transpose operation of a matrix.

Although (4.47) or (4.42) is a general expression,
it is still necessary to see what happens with the two
extreme cases, a=0 and a=1. By substituting a=0 and a=1
into (4.40) and (4.42), we obtain

PX cos?qa sin?a 3/4

= Pgp for a=0 (4.48)
PY sin?a cos?a 1/4

87



pPX cos2a sinla 1/2
= Pap for a=1 (4.49)
234 sinZa cos?a 1/2

From these two expressions, it is clearly seen that
even 1in the case of «=0 or a=r/2 using the pure dipole
model (a=0) another polarisation component pexpendicular
to the pump polarisation direction is created. The
mechanism of this phenomenon is the random orientation
of the dopant ion dipoles. In fact, the site-selection
due to both the polarised pump and the stimulated
emission is not perfectly strict. . Every dipole
oscillator, except those exactly aligned to the y-axis,
has a finite probability of making a transition into the
Xx-mode. As a result of the statistics, this leads to
energy coupling from pump power on the x-axis to the
lasing power on the y-axis.

In addition, it is ©readily shown that the pure
dipole model (a=0) leads to a maximum polarisation
selectivity of PS=75%, if «=0. That means that the fibre
laser will "remember" the polarisation state of the pump
to greatest degree. As for the model of the isotropic
oscillator system (a=1), the two components of effective
absorbed pump power are always equal to each other,
independently of the launch polarisation orientation, or
PS=50%, which indicates that the laser cavity has no
memory of the polarisation state of the pump source.

Fig.4.4 shows the relationship between the
polarisation vector (c¢j,¢z) and the polarised cross-
section ratio a. In general, for a partial anisotropic
oscillator, the " polarised cross-section 0<a<l; the
maximum polarisation selection ratio 50%<PS<75%; and, as
a result, fibre laser will remember the polarisation

state of the pump to some degree.
(4) Discussion

Equation (4.42) or (4.47) provides an opportunity to

use existing laser theory, valid only for an individual
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10.3

Fig.4.4

Relationship between the polarisation vector

(C1,C2) and the polarised cross-section a.
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lasing mode, to analyse the polarisation properties of
the fibre laser, provided we regard P¥ as the absorbed
power for the x mode and PY for the y mode.

In (4.42), P,p is a measurable physical parameter
and can be theoretically obtained by evaluating the
measured total output power from the pump source Ppy, the
launching efficiency 71, and the residual pump power from
the end of the laser cavity P, via the equation.

Pab = Ppulla ~ Pre (4.50)

In most of the experiments dealt with in the thesis, the
P, is measured using the cut-back method, which is
described in detail elsewherell’]. The angle o in (4.42)
can be measured directly since the orientation of the
birefringence axis can easily be determined, as pointed
out in Chapter 3. Thus equation (4.42) eventually gives
the relationship between the microscopic parameter
a=cg/op and the macroscopic parameter, the effective
absorbed pump power, which is reflected in the laser
performance. Therefore, not only can justification be
made for the mathematical model, but also the parameter,
a, pertaining to a specific fibre laser can be determined

by experimental investigation.

References to Chapter 4

[1] W.M. Yen and P.M. Selzer: "Laser Spectroscopy of
Solids", Springer-Verlag, Berlin, 1981. "

[2] M.J. Weber: "Fluorescence and glass lasers", J. Non-
Cryst. Solids 47, pp.117-133, 1982.

[3] J.L. Martin: "Basic Quantum Mechanics", Clarendon
Press, Oxford, 1981. '

[4] M.J. Weber: "Handbook of laser science and
technology", Vol.V, CRC Press, 1987. |

[5] M. Born and E. Wolf: “Principles of Optics",

Pergamon, London, 1970.

90



[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

P.P. Feofilov: "The physical basis of polarized
emission", Consultants Bureau, New York, 1961.

The Editing Group: "Introduction to Solid Laser",
Peoples Press, Shanghai, 1974.

Murray Sargent III, M.O. Scully and W.E. Lamb:
"Laser Physics", Addison-Wesley Publishing Company,
Reading, Massachusetts, 1974;

D.W. Hall and M.J. Weber: "Fluorescence line
narrowing in neodymium laser glass", J. Appl. Phys.
55(7), pp.2642-2647, April 1984.

D.W. Hall and M.J. Weber: "Polarized fluorescence
line narrowing measurements of Nd laser glasses:
Evidence of stimulated emission cross section
anisotropy", Appl. Phys. Lett. 42(2), pp.157-159,
January 1983.

V.P. Lebedev and A.K. Przhevuskii: "Polarized
luminescence of rare earth activated glasses", Sov.
Phys. Solid State, 19(8), pp.1389-1391, August
1977. _

T. Kushida, E. Takushi and Y. Oka: "Memories of
photon energy, polarization and phase in luminesence
of rare earth ions under resonant light excitation",
J. Luminescence 12/13, pp.723-727, 1976.

A.C.G. Mitchéll, and M.W. Zemansky: "Resonance
Radiation and Excited Atoms", Cambridge University
Press, Reprinted 1971.

W. Koechner: "Solid-state Laser Engineering",
Springer-Verlag, 1976

S.B. Brawer and M.J. Weber: "Theoretical study of
the structure and optical properties of rare-earth-
doped BeF, glass", J. non-Cryst. Solids, Vol. 38/39,
pp.9-14, 1980.

D.W. Hall, R.A. Haas, W.F. Krupke and M.J. Weber:
"Spectral and polarization hole burning in neodymium
glass lasers" IEEE J.QE-19, No.ll, pp.1704-1717,
1983.

I.M. Jauncey: Private Communication.

91



Chapter Five
ANALYSIS OF LASING CHARACTERISTICS

The concept of an effective absorbed pump power
component presented in the last chapter is now applied to
existing laser theory, which is wvalid only for one
individual lasing mode, in order to analyse the
polarisation eigenmodes in a fibre laser. Thus the laser
performance can be predicted. Furthermore, the agreement
between the theoretical predictions and the experimental
investigation gives a direct Jjustification of the
concept.

In order to employ existing laser theory it is
necessary to introduce the small-signal single-pass gain
1nG for the fibre laser. Similar to eq.(4.41), 1lnG can be

defined as

1 vl

- g -
g.e Y24z = __° (1-e ) (5.1)

lnGo = J
0 v

to replace the formula 1nG=g,1 for the conventional
solid-state bulk lasers[l]. Actually, (5.1) includes the
case of conventional solid-state lasers, which 1is a
specific example of =0, indicating a uniform gain
distribution along the cavity. In (5.1), g, is now
regarded as a small-signal gain at the launching end of
the fibre, and y is the absorption coefficient of the
fibre at the pump wavelength, as defined in eq.(4.32).

To simplify the expression; as well as the
mathematical derivation, the effective 1length 1, is

introduced and defined as

1 1

1, = — (L -e" | (5.2)
v
Thus the formula
lnGo = gole (5.3)

has the same form as that for conventional bulk lasers.

Also a simplified form for the total absorbed pump power
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P, is obtained by substituting (5.2) into (4.41), and

expressed as

P, = I(o)Al (5.4)

ab e

where A is the effective cross-sectional area of the
fibre cavity and I(o) is the absorbed pump power density
at z=0.

5.1 Threshold
The well-known formula for lasing threshold for an

individual 1lasing mode 1in a four-level system, for

example,[1] is

P, = (L-1nR,) / (2K) (5.5)
with

K = nynqn3n, / (IR) - (5.6)

I, = hy / (0997¢) (5.7)

where P,y is the pump power required +to achieve
threshold, L 1is the total cavity loss at the lasing
wavelength, and R, 1is the reflectivity of the output
mirror (the input mirror is assumed to have R;=100% at
the lasing wavelength). In (5.6) n, is the fraction of
the electrical input power which results in potentially
useful radiation, »3 is the launch efficiency obtained in
transferring the useful radiation the pump source to the
fibre and g5, is the fraction of useful pump light which
is absorbed by the laser material. In this thesis, the
parameter of absorbed pump power P,; rather than the

original pump power is used. In this case (5.6) becomes
K=mn, / (IA) (5.8)

with

93



1~ - o
Pab P

t “o (5.9)
14

being the pumping efficiency, where the factor uo/up is
the ratio of fibre laser photon energy hv, and pump
photon energy hup, no 1s the pumping efficiency factor
defined by eq.(4.22). In these equations, P;p is now
regarded as the absorbed pump power at threshold, Ig
stands for the saturation density and A the fibre cross-
sectional area.

If Pypy and Pppy represent the pure power required
for the x and y modes, respectively, to achieve
threshold, the threshold condition can be obtained by
using the concept of effective pump power, eq.(4.42), and

expressed as

X _ 2 .2
Pih = Pipy / (€4C087a + c,sin"a) (5.10a)
p.¥ =7p / (c sin?e + c COSza) (5.10Db)
th thy 1 2 ’

where P.y* and P:yY are real, oxr total, absorbed pump
power for the x and y modes to reach the thresholds,
respectively. The Pynhy and Pppy are known as imaginary
thresholds since they are unmeasurable. P,p¥ and PyyY are
always larger than P¢h, and Pthy respectively. For
instance, when a=0 oxr (c¢i,cy)=(3/4,1/4)

3
_ X
Pihx = e Fin
for «=0 (5.11la)
! Y
Piny = — th
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and

_ X
Pihe = > Pin

for «=45° (5.11Db)
Pthy B 5 Pth

Fig.5.1 shows the total absorbed pump power at
threshold for the x mode as a function of launching angle
a for various values of a, the polarised cross-section
ratio.

Combining (4.42), (5.5) and (5.8), the absorbed pump
power ratio of the x and y modes required to achieve
threshold P.*/P¢y,¥ can be expressed as follows:

X YV, X X .2 2
P o? (L"=1nR,) c.sin atC,COS «
th _ 2 1 2 (5.12)
X 2 .2
Pti o (Ly—lnRg) C,CO8 a*c,8in"y
or, substituting ¢ from (4.21) into (5.12):
X 2,.% X .2 2
P n_(L"-1InR,) c,sin"a+c,cos’a
th _ "x 2 1 2 (5.13)

y 2,.v_ Yy 2 . 2
Py ny(L lnRz) cjcos’atc,sina

There are two extreme cases to be considered. One 1is

for «=45° and the other is for «=0° or 90°. When

a=45°, (5.13) becomes

X 2,.X% X
P n. (L7-1nRy)
th _ 'x 2 (5.14)

Y 2, .Y 1.nY
Pth ny(L lnRz)

dr alternatively, the relative differential threshold

Y X _ _
(PepPei) /Py = (Pipg Piny) /Pehx
- 2(An) + AL (5.15)
n L—lnR2
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Fig.5.1

Normalized threshold
as a function of launching angle

X .
Pth /—Pthx

| [ ] | ]

15 30 46 60 75 90
Launching angle (degree)

Normalized threshold power for the x-mode as a
function of launching angle for various

polarised cross-section ratios.
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This is, obviously, the intrinsic difference between the
x and y modes in a fibre laser cavity. Since P.p* and
P:,Y are the absorbed pump powers, a measurable
parameter, the ratio Pyp*¥/PipY¥, or differential threshold
can be obtained by using a circularly-polarised pump
beam, or 450 launching of a linearly-polarised pump beam,
which is presented in Section 5.5 of this chapter.

When o« is not near to 45°, the main source causing
the difference of the thresholds between the x and y
‘modes is the difference of the effective absorbed pump
power, while the intrinsic difference is negligible and
thus the relation Pgpy=Prny applied. In this case,
(5.13) can be expressed approximately as

Pti clsin2a+czcosza

= (5.16)

v 2 .2
Pth clcos a+c251n a

The relative differential threshold can be defined

and derived as follows

X Y
P - P -4(c,~-c,)c0o82a
th th _ 1 72 (5.17)

dc.cC 00522a + sin22a

Pthx 172

The calculated curves are shown in Fig.5.2 foi the
cases a=0 and a=1. The relative differential threshold
shows a decreasing function of the pumping angle o if
O0<a<45°. ‘

It is concluded from the above analysis that with a
certain launching angle «, different polarisation
eigenmodes have different thresholds. The difference in
thresholds between the two modes is dependent on the
launching angle. When the laser is pumped on axis, say
the x-axis, the differential threshold or threshold ratio
reaches a maximum value and when «=45° it is minimised.
These conclusions fit the experimental measurements

described in Chapter 3 rather well.
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Differential threshold

as a function of launching angle
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Fig.5.2 Relative differential threshold as a function
of launching angle for various polarised cross-

section ratios.

98



It is easy to show that all the formulae presented

above are also valid for three-level laser systems.

5.2 Slope Efficiency

It can be shown that the linear relationship between

output and the absorbed pump power:

P =pn (P, - P

ab = Pen) (5:18)

is still valid for fibre lasers, provided the particular
small-signal single-pass gain expressed in (5.1) is
employed. The slope efficiency 5 in (5.18) is the product
of the pumping efficiency p»; and the output coupling

efficiency ns.
n = nyneg (5.19)

with
2(1-R,)
= {5.20)
(L-1nR, ) /R,

s

and 57 being expressed by eq.(5.9). Here the efficiency
has been treated as identical for both x and y modes.
Substituting (4.42) and (5.10) into (5.18) gives

b4 2 .2 X -
Pout — nlcqcos a+0251n @) (P =Py ) (5.21a)
pY = (c sin2a+c COSza)( -P y) (5.21b)
out TR 2 Pab~Fth )

From equation {5.21) the slope efficiency ratio of the x
mode to the y mode is:
2 .2
SLOPE c,Cco8 at+C,81iNn «
b.4 2

-1 | (5.22)

. 2 2
SLOPEY c151n a+czcos o

Fig.5.3 shows the curves of SLOPE;/SLOPE, as a
function of launch orientation of pump light polarisation
with various values of a. Comparing (5.22) with (5.14),

it is readily shown that this figure also corresponds to
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SLOPE,,

Fig.5.3 Dependence of SLOPEx/SLOPEy on o« for various
values of a.
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eq.(5.14), provided the abscissae moves right or left by
90°.

With the pure dipole model, i.e. a=0, the extreme
values of SLOPEy/SLOPEy=3 and 1/3 appear when the pump
polarisation orientation «=0, and «=90°, respectively.
As for the case of a=1, the isotropic oscillator model,
the slope efficiency is identical for the two eigenmodes.
In practice, 1<SLOPE,/SLOPE,<3 for rare-earth doped fibre
lasers, if a=0.

Eq.(5.22) and Fig.5.3 ©reveal the «relationship
between the slope efficiency ratio and the angle «, and
gives a good interpretation for the experimental
measurements shown in Fig.3.5. Since all the laser
parameters such as cavity losses and lasing thresholds,
which it is usually difficult to obtain precisely, have
been eliminated in (5.22), the ratio SLOPE,/SLOPE; can be
measured accurately and enables values of the polarised
cross-section ratio asos/op to be deduced. This 1is
presented in Section 5.6 of this chapter.

Another conclusion drawn from equation (5.21) is
that the total output power, or the non-polarisation
resolved output, from fibre lasers is still linearly
related to the absorbed power P, with slope efficiency
of 5. In fact, adding the two eguations in (5.21)
yields:

P_ . =P +p ¥ =

tot out ~out ”(Pab‘Pthx'Pthy) (5.23)

where P.p, and Prpy are defined by the expression (5.10).
In addition, eq.(5.23) allows a relation

P + P =P

thx T Fthy = Ftn (5-24)

to be obtained, giving the physical meaning to the

imaginary pure threshold for polarisation eigenmodes

P ~ P, =~ _°B (5.25)
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where Py is the threshold for the non-polarisation-
resolved operation of fibre lasers.

Also, the equation (5.23) indicates that the slope
efficiency of the non-polarisation-resolved output from a
fibre laser, p, is independent of launching polarisation

orientation. This agrees with all the previous work on

fibre lasersl[2,3,4], which  reported the lasing
characteristics with non-polarisation-resolved
measurements.

A laser-diode pumped Nd3*-doped fibre laser was set
up to verify the theory. The experimental arrangement was
similar to that described in Chapter 3. The pump
orientation was a=0. The results shown in Fig.5.4
demonstrate very good linearity of both polarisation
resolved, and non-polarisation resolved, measurements.

In addition, the relation Piot=Pout¥+Pout) is confirmed.

5.3 Relaxation Oscillation Frequencvy

The basic physical mechanism of relaxation
oscillations in a laser consists of an interplay between
the field intensity in the resonator and the population
inversion., An increase in the field intensity causes a
reduction in the inversion due to the increased rate of
stimulated transitions. This causes a reduction in the
gain which in turn tends to decrease the intensity.

The relaxation oscillation frequency for a lasing

mode in an ideal four-level system can be expressed
as(7]

1 r 5 ‘
CE (r-1) - (—) (5.26)
tCT 27

where t. is the cavity photon lifetime, r the lifetime
due to all causes except stimulated emission, and r=P/P.j
is the excess threshold power. It has been shown in
Chapter 3 that the two polarisation eigenmodes in the

fibre laser cavity have  independent relaxation

102



800

800

400

200

Lasing characteristics

Output powsr (arbitrary)

46 66 66 76 86

Driving current (mA)

—H-mixed ~—t-x-mode —¥ y-mode

Flbre sample: ND198

Fig.5.4

Lasing characteristics of a Nd3*-doped fibre
laser, showing good linearity of both
polarisation-resolved and non-polarisation-

resolved measurements.
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oscillations. By using P¥/Pypy and PY/P.p, instead of
P/Pyy, for the x and y mode respectively in the f£fibre

lasers, we obtain

P t P
W (c cosza+c Sinza) ab__ _E(c COSza+C sin2a)2( ab )2—1
_ thx ’ thx
. P t P
w, Y(€ sin2a+c COSza) ab__ _E(c sin2a+c cosza)z( ab )2—1
thy 4 thy
(5.27)

If t./4r=0, which is the case for a Nd3t-doped fibre
laser, r=3~5-10-%s and t,=10-8~10-%s, the expression

becomes
v clcosza+czsin2a—Pth/Pab
X = (5.28)
. 2 2
vy c;sin“atc,cos a-—Pth/Pab

where it has been assumed again that Pthx=Pthy

Far above threshold, i.e. Pyyp/P,p=0,

2 . 2
wX ClCOS a+c251n o
X = (5.29)

C sin2 +c 0052
‘wY' 4 l [84 2 o

Fig.5.5 shows the theoretical calculation of
relaxation oscillation frequency ratio wx/wy as a
function of o« far above threshold, for various values of
a, whereas Fig.5.6 shows the dependence of wg/wy on o for
different pump powers.

As a transient effect, the relaxation oscillations
of the intensities of x and y modes are affected by many
factors and the patterns seem to be disturbed to some
degree, which is discussed in Chapter 8 as a topic of
polarisation hole burning in the time domain. It is then
difficult, in practice, to measure the relaxation
oscillation frequency ratio of the x and y modes with a
spectrum analyser due to the disturbed damped shape of
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Fig.5.5 Relaxation oscillation frequency ratio
wy/wy as a function of « far above - threshold,

for various values of a.
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Fig.5.6 Dependence of wgy/wy On a for various absorbed

pump powers.
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the oscillation, as well as various noise effects. Even
so, the relaxation frequencies for the x and y modes can
still be distinguished.

To verify the theoretical prediction, namely the
tendency of wx/wy to decrease with increased pump power
and/or increased pumping orientation «, the relaxation
patterns for a diode-pumped Nd3t fibre laser were
investigated. The tendency of vx/wy to decrease with
increased pump power was found to be in agreement with
theory.

Fig.5.7 shows typical relaxation oscillation
patterns, each showing two orthogonal eigenmodes with
different build-up times and oscillation frequencies.
The initial part of each trace represents the stronger,
which appears first and has been heavily attenuated by a
nearly crossed polariser. The upper picture was taken at
Pab/Ptp=5, leading to wy/wy=6, and the lower at
Pop/Pen=7, leading to we/wy=2.9.

Using a polarised beam splitter with a correct
orientation coinciding with the principal axes in a fibre
laser, the polarisation-resolved relaxation signals were
detected separately and displayed on the same screen, and
the wx/wy as a function of &« can then be measured.
Fig.5.8 shows four pictures for different pumping angles,
«=0°, 10°, 20°, 45°, respectively. The plotted figures
for wy/wy in Fig.5.9 also show good agreement with the

theoretical curves in Fig.5.5 and 5.6,

5.4 Dearee of Polarisation (DOP)

One of the most important parameters describing the
polarisation property of fibre lasers is the degree of
polarisation (DOP) as defined in equation (2.1). When
the absorbed power exceeds the secondary mode threshold,
the lasing characteristics of both  polarisation
eigenmodes follow eguation (5.21), and the DOP can be
readily derived as
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Fig.5.7

Typical relaxation oscillation patterns,
showing the tendency of wy/wy to decrease with
increased pump power. The upper picture was

taken at P,y /Py =5, leading to wy/wy=6, whereas
the lower P,p/Pyp=7, leading to wy/wy=2.9.

108



Fig.5.8

Pictures showing

relaxation oscillation patterns for

pumping orientations.
(a) «=0°, (b) «=10°,
Upper traces: y-mode
Lower traces: x-mode
Time scale: 50ups/div.

Pump level: P,,/P,p=4.5
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Relaxation Oscillation Ratio
as a function of launching orientation

Wx /Wy
°f
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—— Theory O Measurements

for a=0, Pab/Pth=4.6

Fig.5.9

Relaxation oscillation frequency ratio as a
function of launching orientation, showing

agreement with theoretical prediction.
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(c —CZ)COSZa - (P

1 thx_Pthy)/Pab

(cytcy)

DOP = (5.30)

= (PepytPeng)/Pap

The approximation of (Pthx=-Pthy)/Pab=0, and cj+ey=1,

gives:

DOP = COoS2a (5.31)
1 = (Penx*™Piny)/Fab

This is an accurate interpretation of the third character
of polarisation effects, namely the cos(2az) function form
in eqg.(3.1). Furthermore, a certain form of the function

f(Pyp,a) is obtained and expressed as

R

1 - (Pthx+Pthy)/Pab

(5.32)

f(Pab,a) =

This allows us to calculate the dependence of
f(Papra) on the total absorbed pump power P,. The
theoretical curves and the experimental measurements for
a Nd3t-doped fibre laser are shown in Fig.5.10 and
Fig.3.10, respectively. It is evident that both
figures agree with each other very well.

‘It is worth noting that there is a limiting value
of Pap/(PehxtPrny). For example, Pap/(PihxtPrhy) must be
larger than 2 for the case of a=og/0p=0 since all the
calculations are carried out by assuming that the two
polarisation eigenmodes are lasing simultaneously.
Otherwise, the calculation would exceed the reasonable
regime. From the flatness of the right-hand limits of
the curves, it may be concluded that Path/(PthxtPrhy)>10
far above threshold. Thus it is understood that most
practical fibre lasers operate far above threshold.

Substituting (PrpxtPrhy)/Pap~0 into (5.31) results in

DOP = (c,~cC

1-Co)cos2a (5.33)

For two particular values of the polarised cross-section

ratio, a=1 and a=0, DOP can be expressed as
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Fig.5.10 Dependence of degree of polarisation of the
fibre laser on relative pump power for various
values of a.
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DOP 0.5c0s82¢ for a=0 (5.34a)
DOP = 0  for a=1 (5.34b)

indicating that the maximum value of DOP varies from 0 to
0.5, and depending on the characteristics of the rare-

earth dopants.

5.5 45° Effects

It is found from experiment that when a fibre laser
is pumped by linearly polarised light at 45° to the fibre
axes, a difference in lasing characteristics between the
two orthogonal polarisation eigenmodes always exist,
sometimes significantly, as can be seen from Fig.3.5.

Two possible reasons for this phenomenon are:
firstly, the intrinsic cavity differences between two
orthogonal polarisation eigenmodes; and secondly, the
different pumping efficiencies for those two modes. The
former is reflected theoretically by egs.(5.14) and
(5.15), and affects mainly the threshold conditions. The
latter causes a differential slope efficiency between the
two polarisation eigenmodes as expressed by egs.(5.19)
and (5.21).

The intrinsic cavity difference includes two terms,
as shown in (5.15), the differential index An and the
differential cavity loss AL. The differential index An
has a value of order 10-8~10-%, as pointed out in Chapter
2. The differential fibre loss Dbetween the two
polarisation modes due to the material absorption and
waveguide scattering is estimated to be even smaller than
this[3]. However, a theoretical analysis shows that the
imperfection of the cleaved fibre ends as well as the
imperfect butting of the fibre end against the mirror may
induce a differential cavity loss between the two
orthogonal polarisation eigenmodes.

When a lightwave falls on a boundary between two
media of different optical properties, glass and air, it

is split into two waves: a transmitted wave proceeding
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into the second medium and a reflected wave propagating
back into the first medium. The direction of the

refracted wave is determined by Snell’s lawl®1]:

n;sing, = n,siné, y (5.35)

where the subscript i and t refer to the incident and
transmitted lights respectively, n is the refraction
index and # is the angle relative to the normal of the
" fibre end. The different polarisation components of the
refracted light have different transmissions determined
by the Fresnel formulal®l. The transmission ratio for
components parallel with (p-component) and perpendicular
to (s-component) the incident plane are expressed asl[6]
sin26isin20t

T = 5.36a
. ( )

.2 2
sin®(6,+6,)cos (05-04)

and

sinZGisinZHt
T = (5.36b)

, 2
.+
sin (9l 8

£)

respectively. The influence of differential reflection at
the fibre ends is negligible since the reflection
fraction is rather small in comparison with the
transmitted fraction in the case of the fibre laser.
Consider an extreme case, with the polarisation
aligned to the x axis. The differential loss between the
x and y modes caused by a round trip at one end of the

fibre can be derived to be

AL = 1InT -1nT
S p

~21n[cos (8 ;-9 )] (5.37)

If we regard the tilt angle § of the fibre end as the
incident angle 4; the differential loss AL as a function
of angle # is calculated as shown in Fig.5.11., It is seen
that when 4 is smaller than 1° the induced AL only has an

order of 10-9. Since the calculation was carried out with
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Fig.5.11 Differential loss between s- and p-polarisation
components -as a function of incident angle of

light beam.
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the extreme case the practical differential loss may be
much smaller than this figure.

When the fibre ends were cleaved with a commercially
available machine the cleaving quality offered was within
g<1°[7], In this case, the differential loss induced by
the possible tilt of the fibre ends is not the
explanation of the significant difference of lasing
characteristics between the x and y modes when pumped
with a 45° launching as shown in Fig.3.5.

In order to verify whether this is due to the
differential pumping efficiencies Dbetween the two
orthogonal polarisation eigenmodes an experiment was
designed. The fibre prepared for the experiments was
Nd3t-doped with a high concentration of 4500ppm, so that
a relatively short fibre of 22cm was used to construct
the laser cavity. The fibre was kept straight to limit
the ©possible differential Dbending loss. Linearly-
polarised light at 815nm from a semiconductor laser diode
was converted by a quarter wavelength plate to
circularly~-polarised light. This enables the error in
the 45° pumping orientation of linearly-polarised light
to be avoided. The fibre ends were cleaved by a
commercial cleaving machine, which gives a high-quality
fibre end with §<1°. The input end of the laser fibre was
butted against the input mirror, whereas the output end
of the laser was expanded by a lens and reflected from an
output mirror having 80% reflectivity at the lasing
wavelength, 1088nm. The tilt of the pumping beam was
adjusted by two microscope objectives, which were located
between the laser diode and the input mirror to form the
pumping system, which is similar to that shown in
Fig.1.1.

It is found that adjusting the pumping beam leads to
a significant change of the polarisation behaviour of the
fibre laser output. The dominant or preliminary lasing
mode may be switched to its orthogonal counterpart by
adjusting the tilt between the pumping beam and the fibre

without any changing in the laser cavity. A changing of
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DOP defined as in (2.1), not only in magnitude but also
in sign, from 0.13 to -0.069 was measured for a pump
ratio P/Pyp=5.5. The maximum difference measured with
such a fibre laser pumped by circularly polarised light
is shown in Fig.5.12, where the slope efficiency ratio
SLOPEy /SLOPE, is measured to be 1.2, and the threshold
ratio Pyp*¥/PipY 1.3. This is significant evidence of the
influence of pumping alignment on the polarisation
behaviour of fibre lasers. The experimental error caused
by this influence can reach 15% and must be considered
when the measurement is carried out for the purpose of
deducing a microscopic parameter.

With a careful alignment, the minimum difference was
obtained and is shown in Fig.5.13, where P.y¥/Pyy¥<1.05,
'while the slope efficiencies for both modes are almost
identical. This indicates that the threshold difference
may be regarded as a result of the intrinsic difference
described by eq.(5.14).

Although the preliminary mode may switch to the
orthogonal mode, it is almost impossible to operate the
laser with completely identical threshold of two
orthogonal polarisation eigenmodes. This is also found
to be true when a linearly-polarised light is launched
with «=45°. This phenomenon can especially be seen from
the relaxation patterns, from which it is realized that
the preliminary damped sinusoid oscillation is always
completely polarised and attached to a certain
polarisation eigenmode. The reason for this phenomenon is
believed to be the mode competition during the transient
process of building up lasing action. Once a polarisation
component has built up its lasing action the lasing
light, with much higher intensity than the other
polarisation component in the fluorescence stage, makes
the preliminary mode more competitive until the secondary
mode reaches the lasing stage. More detailed discussion
about the mode competition and its influence on the
single-polarisation operation of fibre laser is presented

later in Chapter 6.
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Difference between Two Modes
using a circularly polarised pump
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Fig.5.12 Polarisation-resolved lasing characteristics

using a circularly-polarised pump, showing the
cleaxr influence of the pumping misalignment on

the polarisation behaviour of fibre laser.
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Owing to mode competition, the measured relative
threshold ratio (Pyp¥-PiyY)/Pep¥ is not correctly related
to the differential imaginary threshold ratio (Pepx-—
Pihy)/Prnx or the real differential intrinsic loss AL. In
addition, the small intrinsic difference between the two
polarisation eigenmodes is easily masked Dby the
differential launching efficiency for different
polarisation modes, as shown in Fig.5.12. Therefore it is
not possible” to determine the intrinsic difference by
measuring the differential threshold. The relative
differential threshold (Pyp*-P¢pY)/Pep* measured under a
careful alignment of the pump is only of the order of
10-2, as shown in Fig.5.13, indicating that the intrinsic
cavity difference for orthogonal polarisation eigenmodes
is rather 'small, in agreement with the theoretical
analysis, and is negligible for most cases.

In summary, the relative magnitude of the intrinsic
cavity difference is estimated to be only 10-% or less.
However, as a mechanism for <creating orthogonal
polarisation eigenmodes the intrinsic cavity difference
between the two modes is essential, and important.
Although this intrinsic cavity difference may be
reflected by the 45° effects, it is usually masked by the
differential pumping efficiency for the two polarisation
eigenmodes. In addition, the mode competition involved
in 459 effects makes it difficult to obtain an accurate
intrinsic cavity difference by measuring thresholds of

two orthogonal polarisation modes.

5.6 Measurement of Polarised Cross-SectionrRatio

The good agreement between the experimental
measurements in various fibre lasers, and the theoretical
analysis based on the concept of effective absorbed pump
power, demonstrate the reasonableness and feasibility of
the following models:

— Rare-earth ions in silica-based optical fibre are

represented by partial dipole oscillators.
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Intrinsic Difference Measurement
Using a Circularly-Polarised Pump
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Fig.5.13 The minimum difference in lasing threshold and
slope efficiency measured between the x and y
modes, showing the intrinsic difference.
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— These partial dipole oscillators have random
orientation in space in the host material.
— The oscillators retain their individual orientation
during the non-resonant transition process.
The behaviour of such a partial dipole oscillator is
characterised by the parameter a=og/op, the polarised
cross-section ratio. The fibre laser technique now
contributes to laser spectroscopy an opportunity of
obtaining such a microscopic parameter for some
materials, namely rare-earth ions 1in silica-based
glasses. With the polarised cross-section ratio being
known, a more accurate prediction of fibre 1laser
- properties, as well as fibre amplifier performance, can

be made.

(1) Method

Based on the concept of the effective absorbed pump
power, several formulas have been derived. All of them
link the microscopic parameter a with measurable physical
parameters: the thresholds, the slope efficiencies, the
relaxation oscillation frequencies and the degree of
polarisation, as shown in (5.16), (5.22), (5.28) and
(5.31), respectively. |

All the formulas mentioned above are derived under
the condition of simultaneous operation of both
orthogonal polarisation eigenmodes, since the assumption
is applied that the radiation transition at 1lasing
wavelength is the stimulated emission process, as shown
in (4.34). Those measurements related to transient
process or single-polarisation operation, are not
suitable for deducing the parameter a. It is, therefore,
suggested to apply neither eq.(5.16), related to
threshold, nor eq.(5.28), connected with the relaxation
oscillation frequency, for this:purpose. In comparison of
DOP with SLOPE,/SLOPEy, the latter is highly recommended.
When the SLOPE,/SLOPEy as a function of the pump
orientation « 1is Dbeing measured, both polarisation

eigenmodes are in steady lasing stage. The very good
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linearity of lasing characteristics for both modes, as
seen in many diagrams presented in the previous text of

this thesis, offers a relatively low measurement error.

(2) Complementary angle compensation

Because of the possible experimental error induced
by the differential pumping efficiency between orthogonal
polarisation eigenmodes, described in the last section, a
method of "complementary angle compensation’, is

introduced. Rewriting eq.(5.21) as

hid 2 .2 X
SLOPEX = qlns(clcos a+c251n a)(Pab-Pth) (5.38a)
. 2 2
SLOPE_ = ning(c sin“atc,cos o) (P, -P{y) (5.38b)
leads to

SLOPEx n?(clcosza+czsin2a)
= : (5.39)

Y
SLOPE, 97 (¢c

il

SR
.2 2

15in"atc,cos o)
where the differential launchiﬁg efficiency of the
pumping light for two orthogonal polarisation eigenmodes
is separately expressed by 51* and p5,Y. The method of
"complementary angle compensation" means that measuring
twice, at the angle o and its complementary angle n/2-a,
can compensate for the influence of the differential
launching efficiency. In fact, it is readily obtained
from (5.39) that

SR (c COSza + c sinza)2

() - _1 2 (5.40)

(clsinza + c2cosza)

SR(ﬂ/Z—a)

where SR(,) and SR, 2_.,) are slope efficiency ratios for
a certain angle o and its complementary angle =/2-qa,
respectively. Apparently, the experimental error caused
by the differential Ilaunching efficiency has been
compensated in (5.40). The formula for deducing the

parameter a is then
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Slope Efficiency Ratio
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Fig.5.14 Experimental measurements of slope efficiency

ratio as a function of launching orientation

for two Nd3+—do§ed fibre lasers.
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SR clcosza + czsinza
() - (5.41)

SR(n/2—a) clsin2a + czcosza

By using eq.(5.41) and the definition of the polarisation
selection vector (cp,cy) in (4.40), the parameter a can

be deduced from experimental measurements.

(3) Results

Theoretically, a single measurement for a given o
can determine the microscopic parameter a. However,
multiple-point measurements as a function of o helps to
obtain more accurate. measurements.

Fig.5.14 shows measurements for two different
samples of Nd3t-doped fibre lasers. The fibres contain
different concentration of Nd3t dopants, 300ppm and
4500ppm respectively. The lasers were pumped by a laser
diode operating at 815nm. It is found that there is an
obvious difference between SR(0°) and SR(90°) in both
cases. The ‘“complementary angle compensated" points
calculated with (5.41) for the fibre sample ND199 are
plotted in Fig.5.15.

A measurement for an Er3t-doped fibre laser is shown
in Fig.5.16. The pump source was an Art-ion laser pumped
dye (DCM) laser operating at 650nm. Although the laser
noise for Er3* laser is much stronger than the LD-pumped
Nd3* laser, the slope efficiency ratio can still be
recognised within a finite error range.

Additional information about the experiments are
shown in Fig.5.17, and the results are listed in
Table.5.1. It is concluded that the most commonly used
rare-earth dopant in glasses to date have the following
features:

For the Nd3t-ion in silica based glass, the dipole
oscillator corresponding the 4F3/2—4I11/2 transition with
a non-resonant pump at 820nm absorption band has rather
strong polarisation anisotropy with the polarised cross-
section ratio being 0.015%0.004.
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Complementary angle compensation
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Fig.5.15 Complementary angle compensation

measurements for a Nd3*-doped fibre laser.

125



Slope Efficiency Ratio

- as a Function of Launching Orientation
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Fig.5.16 The slope efficiency ratio as a function of
launching polarisation orientation for an Er3+-

doped fibre laser.
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Determination of the parameter a
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Fig.5.17 Determination of the polarised cross-section

ratio a for Nd3* and Er3* ions in silica-based
glass fibres.
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Dopant Nd Br
Transition 4F3/2—4111/2 4113/2—411512
Wavelength 1080nm 1550nm
Pumping LD Dye
Wavelength 820nm 650nm
Polarised

cross-=-section 0.015x0.004 0.11£0.02
ratio a

Table 5.1 Polarisation cross-section

Br3*t ions in glass fibres.
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The dipole oscillator of Er3t-ion in silica glass

has a=0.11#0.02 for the transition of 4Fg,,-%I;5,, with a

non-resonant absorption band at 650nm,
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Chapter Six
SINGLE~POLARISATION OPERATION

Single-polarisation operation is one of most
important aspects of laser performance. The general aim
for the study of single-polarisation operation in fibre
lasers is to find the conditions of single-polarisation
operation, to understand the mechanism of
superfluorescnce and its influence on single-polarisation
operation, to establish a model describing the single-
polarisation operation, and thus to calculate the
polarisation efficiency for single-polarisation
operation. Based on these studies, a c¢lear physical
picture is given, leading to a theoretical foundation for
designing single-polarisation fibre lasers, which are

considerable interest for many potential applications.

6.1 Basic Considerations

(1) Superfluorescence

The amplification of spontaneous emission
fluorescence as a travelling wave in a pumped active
laser material is known as superfluorescence. Two
conditions for establishing a considerable
superfluorescence are a strong pump and a long active
medium. A large pump power offers sufficient excited
activators to be involved in the amplification process of
the traveling wave formed by the spontaneous emission,
whilst a long laser medium provides a long interaction
length between excited activators and the spontaneously-
emitted photons.

Superfluorescence is an effect which differs from
both spontaneous emission and lasing action. The
fluorescence of the spontaneous emission is characterised
by two factors: firstly, the lifetime of the excited
electron, rj7, at the upper level is uniquely determined
by the spontaneous transition probability Aj;, namely
791=(Ap1)" L, secondly, the radiation of the spontaneous
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emission has a uniform distribution in space. As for the
lasing state, the stimulated emission dominates the
transition process. The photons are no longer distributed
uniformly in all the possible radiation modes but are
condensed into a few or even one (single-mode) mode. The
lifetime of the excited electrons in the upper level is
then much shorter than the spontaneous emission, as
described in Chapter 4. Superfluorescence is the
intermediate state between the fluorescence and lasing
states., Such a state possesses some of the
characteristics of fluorescence from spontaneous
emission, as well as some of the stimulating emission due
to the traveling wave amplification of the fluorescence.
On average, the lifetime of the excited electron becomes
shorter than in normal fluorescence. A significant
difference is presented in the radiation distribution in
space. Furthermore, the spectrum of the superfluorescence
is narrower than that of normal fluorescence.

An optical fibre provides 'an ideal medium for
superfluorescence. As a single-mode waveguide, a fibre
propagates all the spontaneous emission within the solid
angle corresponding to the numerical aperture, as
illustrated in Fig.6.1. A long length of laser medium,
usually one or two orders larger than in conventional
glass lasers, is easily formed to allow a much stronger
superfluorescence to be accumulated. Such a property
allows the superfluorescence in active fibres to find
some special applications as a wide band sourcelll].

The evidence of superfluorescence can be exhibited
by the different spectral properties of three different
states: fluorescence, superfluorescence and lasing. With
a normally designed Nd3*-doped fibre laser, these three
different spectra were measured and the typical results
are shown in Fig.6.2. The first spectral scan in Fig.6.2
is for the normal fluorescence, indicating a 57nm width
for the “F3;,-%I;7,, transition around 1.08zm. There was
no effect of superfluorescence on the measurement at this

stage as the pump power was kept rather low, namely
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Fig.6.1 Schematic of a single-mode fibre waveguide.
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P=0.2P,y where the Py, 1is the power requiréd for the
threshold for the laser. With all conditions unchanged
except for an increased pump level of P=0.9P,}, a
significant spectrum narrowing was observed, and the
spectrum width has been narrowed to 1lénm as shown in the
second scan. For a comparison, the lasing spectrum at
pump ratio P/Pyp=1.1 is also shown in the third picture,
demonstrating a very narrow spectrum as a result of

stimulated emission condensed within a single mode.

(2) Superfluorescence of the y mode

It is now understood that superfluorescence is
manifested as a transient state during the establishment
process of the lasing action of the preliminary
polarisation eigenmode, the x mode. It is also expected
that such a mechanism plays a role for the secondary
polarisation eigenmode, the y mode, after the x mode has
built up its lasing action, since the pump level at this
stage is rather high, at least exceeding the threshold. A
knowledge of the influence of the superfluorescnce on the
laser performance is required for the analysis of the
single-polarisation operation of fibre lasers.

An experiment was arranged for investigating the
superfluores'cencé phenomenon of the y mode when the x
mode is in the lasing state. The fibre laser used for the
measurement was LD-pumped Nd3t-doped fibre laser with an
ordinary design. A polarised beam splitter was located in
the optical path of the output from the fibre laser, so
that the lasing light of the x mode and the fluorescence
of the y mode were detected separately. A filter with
high attenuation at the pump wavelength was chosen to
stop the residual pump light. The measurements are
plotted in Fig.6.3, in which the figures have been
calibrated for two different detectors. It can be seen
that below the threshold of the x mode (at 58mA of
driving current for the LD), both x and y modes stay at
the superfluorescence stage, according to the tendency of

the output power being an exponentially increased curve
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as a function of pump power. When the pump power
increased, the output-input curve above the threshold for
the lasing =x-mode reaches the linear range, while the
superfluorescence output of the y mode shows a faint dip
in its exponential curve. Beyond the threshold point of
the x mode, the output of the y mode is still increasing
exponentially, indicating evidence of superfluorescence.
This exponential output/input relation remains until the
threshold for the y mode is reached (at 61lmA of driving
current for LD).

This fundamental experiment tells us that single
polarisation operation of fibre lasers is such a state,
at which the lasing polarisation mode has an ordinary
linear lasing characteristic, and the other undesired
polarisation component stays in the superfluorescence
process with an exponential input/output relation. Any
modeling for the single-polarisation operation in fibre

lasers must be based on this experimental phenomenon.

(3) Small-signal gain and gain saturation

In Chapter 5, the conditions for laser threshold are
considered. Threshold is characterized by a steady-state
population inversion, i.e. 3N/at=0 in the rate equations
(4.17). In doing this the effect of stimulated emission
is neglected by setting =0. This 1is a perfectly
legitimate assumption at threshold, where the induced
transitions are few compared with the number of
spontaneous processes. |

As the threshold is exceeded, however, stimulated
emission and photon density in the resonator build up.
Far above threshold a large photon density in the
resonator has to be considered. If the gain coefficient
which the system would have at a certain pump level in
the absence of stimulated emission is g,, as soon as the
photon density becomes appreciable, the actual single-
pass gain of the system is no longer the small-signal
gain 1lnG,, defined as in (5.3), but reduced to 1nG[2.31:
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Superfluorescence of the y-mode
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Ing = 2% (6.1a)

1nG = (6.1b)

for a inhomogeneous laser medium, where I, is the
-8aturation density defined as in eq.(5.7), I 4is the
photon density of the lasing mode, and the le the
effective length as defined in eq.(5.2).

In the range of gain saturation, the laser output
varies linearly with pump power instead of exponentially,
as described in Chapter 5. Therefore, when the fibre
laser is in the single-polarisation state, the lasing x-
mode and the superfluorescent y-mode experience
differential gain due to the gain saturation. This can
be described by 1ntroduc1ng an saturation gain ratio,

defined as -

(6.2)

n
[
m|wm

X

where Gy and Gy represent the single-pass gains for the x
mode and y mode, respectively.

It is known that the small-signal single-pass gain
coefficient g, for a four-level system, for example, is
proportional to the absorbed pump powerl#] and can
readily be derived to be

K P, (PS)

1
e

g, = (6.3)

for the case of fibre laser, where PS is the polarisation
selection as defined in eq.(4.43); 1o is the effective
length; K is the pumping coefficient defined in eq.(5.6);
and Py, the total absorbed pump power. A certain

expression of saturation gain ratio S is then obtained
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for the single-polarisation operation of a four-level

fibre laser:

y |
S = exp{Kp_, [PSY - S 13 (6.4)

/(AT /T,)

from which it is seen that the saturated gain ratio
increases nearly exponentially with a increased absorbed
pump power. That means the gain for the superfluorescent
y-mode increases rather quickly in comparison with the
gain for the lasing x-mcde when the pump power is
increased. This is believed to be the explanation of why
the y-mode can continue to build up its own lasing action

after)the‘x-mode has reached the lasing state.

Measurement of saturated gain ratio S

In order to determine the saturated gain ratio S,
the photon densities of both the x and y modes need to be
measured. The experimental arrangement for this purpose
may be similar to that described in Fig.3.1b. An
intracavity polarised beam splitter is required to
suppress the y-mode for realizing single-polarisation
operation. In the meantime, this beam splitter works as a
‘deflector allowing the superfluorescence of the y mode to
be measured. By using eq.(5.20) describing the relation
between the intracavity photon density and the output
power from the laser, the density of the lasing x mode
can be easily determined. With the measured value of K,
as described later in Chapter 7, S is then calculated
according to eq.(6.4). For example, K=0.1 for a LD-pumped
Nd fibre laser, and thus the saturated gain ratio S=1.25
at P,p=10mwW.

6.2 Conditions for Single-Polarisation Operation

From the experimental measurements, as well as the
analysis, a general idea of the condition for single-

polarisation operation can be obtained, i.e. operating a
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fibre laser above the threshold of the preliminary
polarisation eigenmode, say the x mode, and below the
threshold of the secondary polarisation eigenmode, the y
mode.

If the output power and the extinction ratio are
regarded as main specifications of single-polarisation
operation, +the optimum operating condition can be
concluded to be: |

(i) Pumping with polarisation aligned to the

principal axis of the fibre.

(ii) Operating the laser at just below the threshold

of the secondary polarisation eigenmode.

It is found from the experiments that the regime of
the pump power for the single-polarisation operation is
gquite limited, even for the case of on-axis pumping. The
theoretical result from equation eq.(5.9) shows that the
. maximum pump ratio, in any case, for single-polarisation
operation of an ordinary fibre laser is rp,x=Ppax/Ptn=3.
If the pump ratio r exceeds the maximum rpa., the
undesired mode will have built up to lase. In practice,
Tpax 1S even smaller than 3 for rare-earth doped fibre
lasers, since a<l. The smaller the polarised cross-
section ratio a, the lower gz, becomes.

The limitation of pump ratio rp,, leads to a limited
output power from a fibre laser in single-polarisation
operation. In addition, the extinction ratio of a single-
polarisation operated fibre laser is reduced by the
superfluorescence of the undesired polarisation
component. Experimental measurements of various fibre
lasers in the single-polarisation operation state show
that the DOP is around 0.95. The maximum DOP was measured
to be 0.98 with a Nd3t-doped fibre laser pumped by a
semiconductor laser under the optimum operating
conditions mentioned above. It is noted that this figure
is smaller than that of a pure linearly-polarised mode,
23dB, as described in Chapter 3.

In order to construct a  practical single-

polarisation fibre laser having more output power as well
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as a higher extinction ratio, a method of increasing the
difference between the thresholds of the two polarisation
eigenmodes is required. This is dealt with in the Chapter
7 £

6.3 Modeling of Single-Polarisation Operation

It is now possible to postulate a model describing

the behaviour of single-polarisation operation.

(1) Solid angle ratio ¢

The substantial difference between stimulated
emission of the lasing mode and the superfluorescent mode
is that the spontaneous emission still plays role in the
superfluorescence, but affects only slightly the lasing
mode. Only those photons, which are spontaneously emitted
within the solid angle AQ corresponding to the NA of the
fibre, can stimulate the superfluorescence. This can be
described by introducing a parameter, the solid angle

ratio, as we call, ¢4,:

e = 240 (6.5)
4r

where the factor 2 refers to both directions, forwards
and backwards, in the fibre. The physical meaning of the
solid angle ratio is the fraction of the fluorescence
from spontaneous emission, which is guided by the fibre.
Using the geometrical relation illustrated in Fig.6.1,
the parameter ¢, is readily derived to be

1 - /(1 - §é§) (6.6)

n
cO

oy
Il

where

NA = J(nio—ngl) (6.7)

n., and n,; are the index of the fibre core and cladding

respectively. Fig.6.4 shows the wavequide solid angle

140



ratio ¢ as a function of NA. For example, when NA=0.21,
n=1.5, which is the case of the fibre sample ND425 in the
Table 2.1, £,=0.0089. '

(2) Modelling

The solid angle ratio actually reflects the fraction
of the pump power which is inverted to the measurable
fluorescence power emitted from the fibre end. From this
point of view, it is reasonable to regard the solid angle
ratio to be wunity for the lasing state since the
stimulated emission dominates in this case and almost all
the emitted photons are guided by the fibre. Therefore,
equation (4.34), describing the probability per unit time
for an ion to contribute a transition to the x mode and y
mode, needs to be modified for the case of single

polarisation operation to

X

P (Q) = C[Io () + Iyay(ﬂ)] o

(2) (6.8a)

X

P (0) ¢.ClI o (0) + Iyay(ﬂ)] s (a) (6.8Db)

where it has been assumed that the x mode is the lasing
mode and the y is the fluorescent mode.

Strictly speaking, the waveguide solid angle ratio
£, 1s related to the normal fluorescence rather than
superfluorescence. If the effective solid angle ratio ¢
is introduced to describe the influence of the guided
spontaneous emission on the measurable inverted enerqgy,
¢=¢, for the fluorescence, ¢=1 for the lasing state, as
for the superfluorescence the effective solid angle ratio
must be g£,<¢<1. ‘

Furthermore, the fluorescence or superfluorescence
experiences a small-signal gain, whereas the lasing
signal arises a saturated process, as described earlier
in this chapter. Taking this into account, equation

(6.8) becomes

X

P (2) = C[T07(a) + Iyay(ﬂ)] ¥ (Q) (6.9a)
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Fig.6.4
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P (a) = £SC[I o™ (a) + Iyay(ﬂ)] a3 (0) (6.9Db)

where S is the saturated gain ratio, as expressed in
(6.4).

Equation (6.9) allows the expressions for effective
absorbed pump power to be derived for the case of single-
polarisation operation via the same procedure as the
derivation from eq.(4.34) to (4.42). The result is

expressed as follows

P COSza sinza C
P
ab

pY cl(cos2a+S§sin2a)+02(sin2a+85cos2a) Sésinza Sgcosza €y

(6.10)

where all the symbols, expect for ¢ and S, have the same
meaning as in (4.42). Equation (6.10) is the main formula
for analysing the single-polarisation operation of fibre
lasers. In comparison with eq.(4.42), it is found that
(6.10) is the more general expression, which includes the
case of (4.42), letting S¢=1.

6.4 Polarisation Efficiency of Single-Polarisation

QOperation

The polarisation efficiency of single-polarisation

operation ngp is now defined as

X
no o= _ 2 (6.11)

°P Pab

where the =x-mode has been assumed to be the lasing mode.
From (6.10) and (6.11) it may be shown that

”ISP

1+ Sg(clsin2a+c2cosza)/(clcosza+czsin2a)

(6.12)
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The physical meaning of the polarisation efficiency
is the fraction of the absorbed pump power, which
contributes to the wanted polarisation component, while
the residual fraction (l-ngp)Pap is related to the
superflucrescence of the undesired polarisation
component. It is worth pointing out that for the extreme
case, S¢=1, which means that two polarisation eigenmodes
are both in lasing states, equation (6.12) becomes, as
expected, the same expression as the polarisation
selection PS introduced in chapter 4.

Equation (6.12) indicates that the polarisation
efficiency of single-polarisation operation depends -on
the launching orientation of the pump light. Also it is a
function of the saturated gain ratio S as well as the
effective waveguide solid angle ratio ¢. On the other
hand, the assumption for derivation of eq.(6.12) requires
that the lasing mode is always the x-mode, and remains
unchanged even when pumping on the y-axis. This can be
realised technically in the single~polarisation fibre
lasers, where an intracavity polarisation control element
is used to suppress the undesired polarisation component,
as discussed in detail in the next chapter. In the
following sections, presented is the theoretical

analysis.

(1) Comparison of two configurations

For any light source, single-polarisation operation
can be obtained by using a external polariser, which
attenuates strongly the undesired polarisation component,
as illustrated in the upper part of Fig.6.5. Another way
to achieve a single polarisation emission from a laser
source is to use an intracavity polariser to favour the
wanted polarisation components, as shown in the lower
part of Fig.6.5. With the theoretical formula, eq.(6.12),
a comparison can be made for these two different
configurations.

By assuming the polarisers used are ideal with an

infinite extinction ratio and zexo attenuation to the
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Fig.6.5 Two possible confiqurations for single-
polarisation fibre lasers.
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Polarisation Efficiency
of Nd and Er Fibre Lasers
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Fig.6.6 Polarisation efficiency as a function of
launching orientation for two different

configurations.
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wanted polarisation component, the calculated curves for
both configurations are shown in Fig.6.6, where the
polarisation efficiency or polarisation selection ratio,
is calculated as a function of launching orientation.
The corresponding formulas for the calculations are
eqs.(6.12) and (4.43) respectively. The calculation were -
carried out with the parameter a=0.015 and a=0.11, which
are the values for Nd3t and Er3t-doped fibre lasers,
respectively. The product of the parameters S¢ was chosen
.to be 0.1, which was found to be reasonable for the LD-
pumped fibre laser, as described later in this chapter.

It is seen from Fig.6.6 that the configuration with
an intracavity polariser offers a - much higherx
polarisation efficiency and less dependence on the pump
light than its counterpart with an external polariser.
The former has a value of polarisation efficiencies
varying from 80% to 98% for Nd fibre laser and 85%95% for
Er fibre laser respectively, while the later only 26~73%
and 36766%, respectively.

Comparing eq.(6.12) with (4.43), the ratio of
polarisation efficiency over the polarisation selection

is obtained for the particular cases o=0 and a=r/2.

Ng 1

_SP =_ (6.13a)
PS 4=0 = + Sgc2

sp 1

_5P =_ (6.13b)
PS a=nr/2 7 * Sgcl

With the measured parameters of a=0.015 for the Nd3*
laser and a=0.11 for the Er3*' laser, the ratio of 74,/PS
is around 1.3 for the case of «=0, and 3.1 for a==x/2.
These estimates are also based on the assumption of
S¢=0.1. .

To verify the above prediction an experiment was
arranged with a LD-pumped fibre laser. The laser cavity
was formed by 1.75m long Nd3t-doped fibre, the sample
"ND199, and the output mirror had 80% reflectivity at the
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lasing wavelength. The prism polariser had an extinction
ratio of 50dB. The cavity was expanded by an intracavity
lens of low loss to allow the polariser to be inserted
into the cavity.

With a careful determination of the principal axes
in the laser cavity, both the launching light and the
polariser were aligned to the on-axis position. Two
lasing characteristics were then measured, one for the
case of intracavity polariser and another for the
external polariser. The measured figures are shown in
dotes and crosses, respectively, in Fig.6.7. Another
comparison was also measured for both cases and plotted
in stars and squares respectively in the same diagram.

According to the different slope ratios of these
lasing characteristics, it is concluded that the
experimental results are in a good agreement with the
theoretical prediction, not only gqualitatively but also
quantitively. The mechanism behind this phenomenon 1is
that a higher proportion of the total population
inversion of excited ions has contributed to the
polarisation if the undesired polarisation component has
been suppressed within the resonator. This suggests that
the suitable configuration for making single-polarisation
fibre laser is that with an intracavity polarisexr. In the
following, all the discussions are concentrated on this

kind of configuration.

(2) Polarisation efficiency versus pumping
orientation
When the intracavity polariser is aligned to the x-
axis of the fibre, 1its property of differential
attenuation for different modes forces the laser to
oscillate in the x-mode only no matter what orientation
angle the pumping light is launched with. However, the
polarisation efficiency of single-polarisation operation
depends upon the pumping orientation. Also it is a

function of the polarised cross-section ratio a, as well
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as the product of the parameters S¢, as seen from
eq.(6.11).

Fig.6.8 shows the polarisation efficiency as a
function of launching orientation o for a various of S¢
in the case of a=0. It can be seen that the polarisation
efficiency decreases with an increased off-axis angle o,
or/and with an increased S¢.

Fig.6.9 shows the normalized polarisation efficiency
as a function of the launching angle. The normalization
is realised to the case of @=0. It is seen that the
normalized polarisation efficiency decreases with an
increased off-axis angle « more rapidly for a larger 5¢.

Obviously, the maximum and minimum polarisation
efficiencies are obtained if «=0 and o=n/2, respectively.

They are expressed as follows:

= v (6.14)

1l 7 =
max sp
l=0 1+8¢c,/cy

O (6.15)

Tenin 1
min sp‘ l+S§cl/c2

oe=n/2

It is understood from egs.(6.14) and (6.15) that for
those rare earth ions having strong polarisation
anisotropy (small a) it is necessary to launch the pump
light on-axis. As for an isotropic oscillator model (a=0)
the polarisation efficiency is independent of the pumping
angle o since cy=cy and thus Ty, x="Tpip.

Apart from the experimental measurements shown in
Fig.6.7 for the‘sample ND199, another sample of Nd3+-
doped fibre laser was set up for investigating the
differential efficiencies between 0° and 90° launching.
The fibre sample was Y¥D191-03 which has a high
birefringence with a beat length of 8.5mm compared with
>50cm of sample ND199. The measured results in Fig.6.10
also show evidence of differential thresholds and slope

efficiencies between the two different launching angles.

150



Polarisation efficiency
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Fig.6.8 Polarisation efficiency as a function of
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‘Normalized polarisation efficiency
of single-polarisation operation
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Fig.6.9 Normalized polarisation efficiency of single-
polarisation operation as a function of
launching orientation for Nd3t-doped fibre
laser of a=0.015.
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Measurements showing different
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Fig.6.10 Comparison between polarisation efficiencies of
single-polarisation operation for parallel and

perpendicular launching in a Nd3t-doped fibre

laser .
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(3) Polarisation efficiency versus polarised cross-
section ratio _

By utilizind egs.(6.12) and (4.40), the dependence
- of polarisation efficiency on the polarised cross-section
ratio a is obtained. The corresponding calculation is
shown in Fig.6.11, Both the. maximum polarisation
efficiency as well as the differential polarisation
efficiency between the maximum and minimum decrease with
an increased polarised cross-section ratio a. The
parameter of normalized polarisation efficiency at «=390°,
defined as Mpip/Mmax: iS5 shown in Fig.6.12 as a function
of the parameter a. The conclusion can be drawn that the
reduction in polarisation efficiency is caused by the
polarisation anisotropy of the cross-section. As for an
isotropic oscillator the polarisation efficiency is a
constant independent of the pumping orientation.

The LD-pumped Nd3*-doped fibre laser mentioned above
was used again for investigating the dependence of the
polarisation efficiency on the pumping orientation. The
results are plotted in Fig.6.13, where the theoretical
curves for a=0.015 are also drawn for comparison. The
data in stars is for CW operation, whereas the square
symbols xrefer to the Q-switched operation, which is
realised by a mechanical chopper with a mark:space ratio
of 1:300 and a repetition rate of 300Hz. The trend of the
experimental data is in agreement with the theory. The
reduction of the normalised polarisation efficiency for
the Q-switched operation is significantly larger than the
CW operation. This is expected by the theory as the
saturated gain ratio 8 in the case of Q-switched
operation is much higher than CW operation. As shown in
Fig.6.13, the difference between the on-axis pumping and
the perpendicular pumping (e=r/2) is evident, indicating
again that the Nd3* ions in silica fibre have a strong
polarisation anisotropy.

Using the determined parameter, a, and saturated
gain‘ratio S, the experimental data for the CW operation

allow the effective waveguide solid angle ¢ to Dbe
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Fig.6.11 Polarisation efficiency as a function of
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deduced. In our case, a=0.015 for the Nd3* ions in the
silica based glass. S8=1.25 was measured for the CW
operation of the LD-pumped Nd3* fibre laser described in
Section 6.1, ¢ is thus deduced to be 0.075. This value is
reasonable as it falls within the the regime of
£,=0.0089<¢<1. |

6.5 Influence of Polarisation Misalignment

The birefringence axes of the laser fibre are
determined by the fibre itself rather than other
intracavity components. When a polarisation-sensitive
intracavity component is employed, a misalignment between
the optimum operation and the birefringent axes of the

fibre will influence the laser performance.

(1) Intracavity polariser

When a polariser is inserted into the cavity with an
off-axis angle ¢ to the =x-axis of the fibre, it
introduces an additional loss to both polarisation
eigenmodes. Assuming 0°<4<45° the induced loss to the x-

mode L, is

L., = 1n¢ 1

N ) (6.16)

00526

This additional loss makes the threshold increase and the
efficiency decrease. In comparison with an aligned
system, i.e. 4=0, the normalized threshold ratio can be

expressed as

Poyld) ~ L - lnR, - 2lncosy

= (6.17)
0) L - 1nR

Pipl 2

This is proved to be true by two experiments with LD-
pumped Nd3t-doped fibre lasers. The cavity arrangement is
similar to that shown in the lower picture of Fig.6.5.
The intracavity polariser was orientated with the x-axis

at first, and the corresponding threshold was measured.
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Then, by rotating the polariser, the threshold power was
measured for various 4. The same experiments were carried
out with two fibre samples. The normalized threshold
ratios Pyn(8)/Pep(0o) for both cases are plotted in
Fig.6.14, in which the calculated curve corresponding to
eq.(6.17) is also shown for comparison. The calculation
was carried out according to the experimental parameters:
R;=80%, L=0.1 including the insertion loss (L=0.07) to
the lasing light due to the polariser. The increase
in the normalized threshold power with increased
misalignment angle ‘ﬁ fits well the  theoretical
prediction. For the sample ND199 it was not possible to
reach the threshold with the maximum pump power available
when the misalignment angle 1is greater than 30°,

indicating the importance of polarisation alignment.

(2) Acoustic-optic Q-switch

An efficient Q-switched operation can be achieved by
using an acoustic-optic (A-0) deflector in the laser
cavity[3]. The fundamental investigations show that,
however, the polarisation state of the Q-switched pulse
is strongly dependent on both the polarisation property
of the A-0O deflector and the relative orientation between
the polarisation of the lasing mode and the A-O device.
When linearly-polarised light is launched through the A-O
deflector, the modulated output light is usually found to
be elliptically polarised. This is due to the
birefringence of the device. Fig.6.15 shows  the
extinction ratio of the modulated pulses as a function of
the angle the input light makes to the A-0 deflector. The
deflectors used were both typical commercial products:
A0l was ISOMET 1205 C-2, and A02 INTROACTION AOM-40R. It
can be seen that a variation from 2.3 to 7.8dB for AOl
and 11.8 to 29.3dB for AO2 were measured, respectively.
It is evident that acoustic-optic deflectors are usually
polarisation-sensitive, and therefore the polarisation

alignment is critical in order to achieve a single-
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polarisation Q-switched operation with a high extinction

ratio.

(3) Other devices

Additional enhanced operations using various
intracavity components in the fibre laser are currently
being carried out. The crystal mode-locker is one of
those polarisation-sensitive intracavity devices. Some
other crystals applied in the frequency doubling
experiments such as KTP[®] and XKNbO3l7] are also
birefringent and thus polarisation-sensitive. Care must
be taken to realize the polarisation alignment when these

intracavity components are involved in fibre lasers.
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Chapter Seven
SINGLE-POLARISATION SINGLE-MODE FIBRE LASERS

7.1 Introduction

Tt is shown in the last <chapter that the
configquration with an intracavity polariser is the best
choice for making a single-polarisation single-mode
(8PSM) fibre laser. However, a bulk polariser is not a
very practical candidate due to its large size and
incompatibility with the fibre cavity. Furthermore, an
additional intracavity lens must be introduced for
focusing the laser beam as shown in Fig.6.5(b), which
induces an additional cavity loss and therefore reduces
the laser performance.

Most conventional gas or solid-state, lasers employ
Brewster windows to achieve a linearly-polarised output.
The function of the Brewster window in a laser cavity is
to offer a differential attenuation between p-and s-
polarisation components with directions parallel with,
and normal, to the incident plane, respectively. Its
mechanism can be described by equations (5.32a) and
(5.32b), from which two different expressions for the p-
and s-components are clearly seen. When the incident
angle 4; is equal to the Brewster angle, namelylll

n
9, = tan t (5, (7.1a)
n.
1
or g5 t 4, = n/2 | (7.1b)

where all the parameters have the same meaning as
mentioned in Chapter 5, the transmission for the p- and
s-components through the Brewster window can then be
expressed as follows

T =1 7.2
D | ( a)
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Thé additional attenuation of the s-component due to the
Brewster window is then Lg=-Iln[l-sin?(4;-6+)]. For
example, if n;=1.5, n =1, then Lg=0.18. It is this
additional attenuation of the s-component which forces
the conventional laser to oscillate in p-component.

In the case of a fibre laser, however, there are
several points plaguing the application of the Brewster
window. First, it is difficult to align the Brewster
angle surface to the birefringent axes of the cavity
fibre. As presented in the last chapter, such a
polarisation misalignment adversely influences the laser
performance. Secondly, the additional attenuation to the
s-component the Brewster window can offer is limited (to
0.18 for the example mentioned above), and sometimes is
not sufficient to suppress the undesired polarisation
mode din a fibre laser. This is mainly because of
superfluorescence of the undesired polarisation mode, as
described in Chapter 6. For example, a typical lasexr-
diode-pumped Nd fibre laser requires an additional
attenuation of 0.25, as pointed out later in this
chapter, for suppressing the wundesired mode, which
exceeds the limitation of the Brewster window. Besides, a
fibre end at a Brewster angle cannot be applied in those
CW fibre lasers having a butted-mirror configuration,
which is believed to be the most efficient cavity.

Therefore, a new technique possessing both
compatibility with the fibre cavity and the differential
attenuation between p- and s-components is required.

A suitable solution is to employ the fibre polariser
technigue invented in early 1980’s. The principles for
making a fibre polariser are based on either the use of a
polarising fibrel2.3] or the interaction between the
evanescent field ©of the <core and an external
medium{4,5,6]1, In the latter case the evanescent field of
the guided mode in the fibre core is exposed by polishing
or etching the fibre cladding, and a birefringent crystal

or a metal film is employed to induce a differential
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radiation loss or absorption between the two orthogonal
polarisation modes. However, the fabrication technique is
time-consuming and requires considerable skill.

In 1985, a high-performance composite metal/glass
fibre polariser was developed by the Optical Fibre Group
at the University of Southampton[?]. The fibre
fabrication technique allows continuous access to the
core, as well as offering an extremely smooth polished
surface close to the core. The fibre design permits the
integral incorporation of a metal section to yield
continuous metal/glass composite polarisers.

Recently, a novel fibre polishing approach has been
invented[8], based on which a fibre polariser with a-
metal plated on the polished region of the fibre can be

constructed.

7.2 Integral Fibre Polariser

The integral fibre polariser technique for making
SPSM fibre 1laser 1is transplanted from the above
techniques. Instead of splicing an ordinary <fibre
polariser to the active fibre in a laser cavity, the
integral fibre polariser is fabricated from the rare-
earth doped fibres themselves. Three types of the
integral single-mode fibre polariser are described in
this thesis.

(1) D-shaped polariser

The exposed-field D-shaped fibre is fabricated by a
preform shaping method. A standard rare-earth doped fibre
preform is firstly made by gas phase deposition or
the solution techniquel9:10]. A flat is then ground onto
the preform to create an optical interaction surface. The
resultant D-shaped preform is then enclosed and fused
into a sleeving glass tube to construct a composite
preform. After drawing, the fibre contains é longitudinal

hollow sector.
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The size of the hollow sector can be controlled by
controlling the appropriate dimensions of the initial
preform and the sleeving tubes. Since both the processes
of fusing and drawing are carried out simultaneously,
special care must be taken to control the proper drawing
temperature. In the studies with a silica glass tube a
temperature of around 2000°¢ is normally used.

A cross-section of a typical D-shaped fibre is shown
in Figure 7.1. When part of the hollow sector is filled
by metal it acts as a polariser. The interaction strength
is controlled by two factors, the separation between the
flat surface and the core and the metal length. The
former is determined at the preform shaping stage,
whereas the latter can be controlled by injecting liquid
metal into the hollow sector or cutting away the metal-
filled part.

(2) Twin-hole fibre polariser

An alternative candidate for integral fibre
polariser in fibre lasers is the twin-hole fibre. It is
fabricated by drilling a rare-earth doped fibre preform,
and then pulling into single-mode fibre. Fig.7.2 shows

the cross-section of a twin-hole Exr3t-doped fibre.

(3) Metal-plated fibre polariser

The metal-plated fibre polariser is constructed by
metal evaporation onto a polished fibre. Instead of the
traditional polishing method, which polishes both the
fibre fixed in a groove of a quartz block and the block
itself, a novel fibre polishing method is employed. The
fibre (locally stripped) is suspended under slight
tension over a lubricated polishing wheel. The polished
length can be altered by changing the contact angle of
the fibre on the wheel, or by using a polishing wheel of
different diameter. Paraffin is often used as the
lubricating liquid. This novel polishing method
dramatically reduces the polishing time and can provide a

uniform polished region of arbitrary lengthl8]. The
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Fig.7.1
Photograph of cross-section
of D-shaped integral fibre

polariser.

Fig.7.2
Photograph of cross-section

of twin-hole integral fibre

polariser.

Fig.7.3
Photograph of cross-section
of metal-plated integral

fibre polariser.
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interaction strength is detected by measuring the
écattering loss of the polished surface durxing the
polishing process. A typical cross-section of the
polished flat close to the core is shown in Fig.7.3.

The integral polariser is then completed by
evaporating a metal film such as aluminium and silver on
the polished surface of the fibre. A substrate protecting
the polished section of the fibre is necessary for the
metal evaporation. A thickness of Al evaporation varying
from 200nm to 500nm is used in the study and found to be
suitable for constructing a polariser if the separation
between the polished surface and the fibre core are

within a reasonable distance.

(4) Discussion

The general features of D-shaped and twin-hole
integral fibre polarisers are described as follows

Due to the asymmetric internal stresses an
elliptical core is always obtained. Therefore the minor
axis of the ellipse will always coincide with the
interaction surface. This is an important advantage as
the best performance can only be achieved with the case
of polarisation alignment.

Since the ground or drilled hole surface is fire
polished in the fibre drawing stage high quality
interaction surface is obtained and therefore the
scattering losses due to the surface roughness are
minimized.

As the distance between the core and the polished
surface is determined at the preform stage, it can be
controlled more accurately than the fibre polishing
approach. |

The interaction length can be chosen as desired and
controlled by the injecting metal procedure since the
hole runs the whole length of the fibre.

'As an integral polariser in the laser cavity, it

does not suffer from splicing loss.
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With two holes located symmetrically by the sides of

the core, the twin-hole-type polarisers, after drawing,
usually have a core with a higher ellipticity than D-
shaped fibre as shown in Fig.7.2. Since no sleeving is
needed the fabrication procedure for making the twin-hole
fibre is simpler than that of D-shaped fibre.
' Both D-shaped and twin-hole integral polariser fibre
cause a difficulty in making perfect cleaves at the fibre
ends, which is especially important for a high laser
performance with a butted-mirror cavity. It is believed,
however, that this problem can be solved by the end-
polishing technique.

With the metal-plated polariser, it is possible to
leave the fibre ends unaffected as the polished part can
be in any position, and thus allows the laser to operate
in the wusual way. However, a possible polarisation
misalignment between the interaction surface and the
birefringent axes of the cavity fibre may become a
disadvantage. Since this can be easily overcome in the
case of short, straight cavity, the metal-plated
polariser is highly recommended to those active fibres of

rather high rare-earth dopant concentrations.

7.3 The First SPSM Fibre ILaser

The first demonstration of a SPSM was with a D-
shaped low-dopant-concentration Nd3*-doped fibre. The
single-mode fibre had a distance between the core and the
exposed surface of approximately 4pm. The laser cavity
was formed by cleaving the end of a 20m long fibre and
butting it to a 35% reflectivity output mirror, with an
intracavity microscope objective (20x, O0.4NA) at the
launch end, as shown in Fig.7.4. The input mirror had a
transmission at the pump wavelength of 85% and >99%
reflectivity at the lasing wavelength of 1.09m. An
Art-ion laser operating at 514.5nm formed the pump
source. The output from the fibre laser was filtered and

passed through a polariser having an extinction ratio of
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50dB. With no metal inserted into the D-section of the
cladding, the laser was found, as expected, to oscillate
on the two orthogonal eigenmodes of the cavity. A 420mm
length of gallium was then injected into the D-section to
form the basis of the fibre polariser. The secondary
polarisation eigenmode with polarisation direction
perpendicular to the metal surface was suppressed, even
at the maximum available pump power of the Art-ion laser,
and SPSM fibre laser was constructed.

Although the integral fibre polariser gives a
significant differential mode attenuation, it induces an
- additional insertion loss for the operating mode.
Careful consideration of the metal length must be made
for the optimum operation. In the experiment described
above, it was found that 2mm of gallium is sufficient to
suppress the undesired mode, corresponding to only 0.02dB
of insertion loss for the operating mode. An extinction
ratio of 35.4dB between the orthogonal polarisation modes
was then measured for a 20mW single-polarisation output.

Fig.7.5 shows the 1lasing characteristics of the
single-polarisation fibre laser. The pure damped sinusoid
waveform of the relaxation oscillation shown in Fig.7.6

indicates single-polarisation operation.

7.4 Optimal Design of SPSM Fibre Lasers

(1) Analysis of metal-clad fibre

The early work on metal-cladded waveguides dated
back to the 1970’'s, when an Al-plated asymmetric light
waveguide was used to select the fundamental transverse
electric field (TEy ) mode, and a  corresponding
theoretical analysis was established for the planar
waveguide structurelll.12], A more rigorous analysis of a
optical fibre with an adjacent plane metallic boundary
has become available recentlyl13].

'As usual, an orthogonal co-ordinate system denoted
by x, vy, and z is used, as shown in Fig.7.7. The guided

scalar mode in the fibre core is assumed to propagate in
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Fig.7.6 Pure damped sinusoidal waveform of the
relaxation oscillation observed with the

single-polarisation fibre laser of Fig.7.4.

Metal \
NNNNNRRNNNSN

Cladding

Fig.7.7 Co-ordinate system for analysing metal/cladding

fibre.
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the =z-direction with a phase term exp[j(wt-k,z)] as
described in eq.(2.8), where‘kz'can be a complex constant

given by
ky, =B - 3y (7.3)

where B8 and ~y are the phase and the attenuation

constants, respectively.
The scalar field is written as a Fourier-Bessel

series within the core area:

fae]

¥ = mEOAme(ur)cosma r<a (7.4a)

T = mEO[Bme(wr) + CmIm(wr)]cosmﬁ r>a (7.4Db)
with

uw? = k%2 - k7 (7.5a)

w? = k2 - k’nZ) (7.5b)

where k=1/A is the wave number, n., and n.; are the
refractive indices of the core and cladding respectively.
The field near the plane y=d, on its side close to the
core can be written as a plane-wave expansion

W teo ‘
w = | exp(dvx){s expl-a, (v-d) ]+t expla, (y-d)]}dv

-0

(7.6)

with
a =W2+u (7.7)

The cladding field can be considered as the superposition
of an outward evanescent field (corresponding to By or s,
terms) and inward evanescent field (C, or t, terms).
These two fields are physically connected by the
diffraction on the core and by the reflection of the
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metal boundary plane. The reflection coefficient of a
complex plane wave like exp(-a,y+tivx) on the metal

surface R, can be defined as
R =t /s (7.8)
14 v 14

It is the polarisation dependence of R, which determines
the physical mechanism of polarisation-dependent
attenunation in a metal/clad structure. When  the
discussion is limited to the perturbed LPp1 mode, which
is the case of single-mode fibre laser, R, can readily

evaluated to be:

R = (a -b )/(a + b ) for x-mode (7.9a)
vV 1% 14 124 14
a b a b
R = (Y- Yy/(+ "~ for y-mode (7.9b)
g 0?2 2 2 2
cl "me cl "me

with

2 _ 2 2, 2
b™ = a’ + k (n,; +n

1%

(7.10)

where np, is related with the complex relative

permittivity of the metal sy, by

2 3 n
Noe = fne = e'=Je (7.11)

The complex propagation constant k, is expressed as
the solution of the following eigenvalue equation:

wK’'  ud’ wl’ uJ’ I M-l
(—2 - Dy B +(—-_Ty_O sp B =0
K I I, Jou u™m n=0
(7.12)
with
P = 2 f Rucosh(mg)cosh(ng)exp[—2wdcosh(g)]dg
0
(7.13)
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where Jp=Jp (au) , Ky =Kn (aw), In=In(aw), and the

integration variable g is connected with a, and w by

a =w cosh(g) = (w2 + v2)1/2 (7.14)

The unknown quantities B, and k, can then be
calculated numerically. The calculation precision depends
on the truncating rank M in eq.(7.12). Taking M=3 was
generally sufficient to obtain four exact digits for w
and ull3],

(2) Numerical calculations

Using the complex relative permittivity epe=e’-Je"
for a given metal, different sets of parameters w and u
(or k,) for the x and y modes, and thus the different
attenuations for both modes, can be obtained.

For application in fibre lasers, the performance of
the integral fibre polariser is characterised by two
parameters, the additional loss to the y-mode Ly and the
attenuation ratio r=Ly/Ly, where Ly is the loss to the x-
mode. The additional 1loss is defined and related with

field attenuation 4 by

Pin

L = 1n (

Y P
out

) = 241 (7.15)

where P;, and P,y: are input and output light power
through the polariser, respectively, and 1 1is the
interaction length of the metal/cladding part. An
important geometric parameter determining the performance

of polariser is the normalized separation D defined as
D = d/a (7.16)

where a is the core radius and d the distance between the
metal surface and the core centre, as illustrated in
Fig.7.7.

_ Calculations show that five metals, i.e. aluminium,
gallium, gold, indium, and silver give the greatest

values of r. Fig.7.8 and Fig.7.9 show the calculated Ly
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and r as a function of D for gallium and aluminium,
respectively. High attenuation ratios r=200 for Ga and
r=90 fér Al predict a high performance of
metal/cladding integral polariser. Also, both L, and r
vary with the numerical aperture, as well as the
operating wavelength, which are discussed in detail
elsewherell4],

The differential attenuations for a D-shaped
polariser were measured. The polariser has a normalized
separation D=2.0. The metal in the D-shaped sector was Ga
and the results are shown in Fig.7.10. It can be seen
from both the theory and experiments that the linear
relationship between Ly and the interaction length 1 is
justified, and r can be regarded as a constant for a
certain metal within a relatively lower interaction
strength region, which is just of interest in fibre laser
applications. It is also found that the measured values
r=60 for gallium is several times lower than the theory
predicts. The reasons for this are believed to be the
residual scattering due to surface roughness and field
distribution mismatching at the Jjoint point between

metal/cladding part and ordinary part of the fibrel1l5],

(3) Minimum L, required for the SPSM laser

The key function of the integral fibre polarisexr in
fibre lasers is to suppress the undesired mode below the
threshold. Using the formula describing the threshold
condition, eg.(5.5), it is readily deduced that the
minimum additional loss to the y-mode Ly-is

(7.17)

L > 2kpY - L + 1nR
vy — 2

where PY is the effective pump power for the y-mode, L is
the intrinsic cavity loss, which can be regarded as
identical for both x and y modes, R, is the reflectivity
of the output mirror, XK is the laser parameter mentioned
in chapter 5. Both L and K ~can be determined

experimentally, as described later in this section.
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Fig.7.8 Calculated model attenuations of metal/cladding
fibre as a function' of normalized separation
d/a for gallium.
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Differential mode attenuation
as a function of metal length

5 Attenuatlon of x-mode (dB) y-modse (dB)
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Metal sample: Ga

Fig.7.10 Dependence of differential mode attenuation on
length of metal embedded in the cladding of the

fibre.
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(4) Proper design steps ,
The proper steps in designing SPSM fibre lasers are:
— optimizing the laser cavity.
— measuring the laser parameters L and K.
- — calculating the required L.
— deducing the parameters of the polariser.

(5) Optimizing laser cavity
As a result of the end-pumping, the gain coefficient
g (gain per unit length) has an exponential distribution

along the fibre
g(z) = KP(o)exp(-7%) (7.18)

where P(o) is the linear density of absorbed pump power
at the launching end, while y is the absorption at the
pumping wavelength, and K has the same definition as
mentioned before. On the other hand, the loss at lasing
wavelength « remains constant. For a single-pass
amplifier the equation for enexrgy density at each point z

along the fibre can be written as

dI(z)
dz

I(z) - aI(z) (7.19)

The solution of this equation is

Z

I(z) = I(o)exp[d () (1 7"
i

)-az] (7.20)

Therefore, a pumped fibre of length 1 has a single-pass
gain
G, = exp[g(o)(l—e—7l

s }y—al] (7.21a)
Y

or loop gain for a Fabry-Perot cavity configuration

2g(o -1
G, = RyR,exp] gi ) (1-e""1y 2417 (7.21b)

It can readily be shown that there exists an optimum
fibre length lgp¢ to let the fibre gain (both Gg and Gj)
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reach the maximum value, and the optimum fibre length can

be expressed as

_ 1 g(o), - 1 KP(0)
lOpt = _;_ In[ - ] = - InJ . ] (7.22)

Fig.7.11 shows the curves of single-pass gain as a
function of fibre 1length for several sets of laser
parameters. The curve (a) is for the fibre sample ND199,
with +=3dB/m and a=6dB/km, whilst (b) is for ND518,
+v=90dB/m and «=8dB/km. The other parameters were taken as
Ro=80%, K=0.l1/mW and P,;,=10mW, which are typical values
for a LD-pumped fibre laser. Fig.7.12 shows the optimum
fibre length as a function of dopant concentration. As
expected, a higher concentration corresponds to a shorter
optimum fibre length.

It is worth pointing out that the energy density
equation (7.19) is valid only for unsaturated operation,
and thus the optimum fibre length for a practical fibre
laser ought to be shorter than that expressed by
eq.(7.22). A real optimum length of fibre for a laser can
easily determined experimehtally' using a cut-back
method. _

Another parameter of the laser cavity which needs to
be optimized is R,;, the reflectivity of output mirror.
This can be done by differentiating eq.(5.18) with
respect to Rp, and setting to zero in order to maximizing

the laser output power:

(2ke_ 1)1/2 - 1
R ~ 1 - 7.23
2(opt) 1+ L (7:29)

As can be seen from this expression, the
reflectivity of the output mirror must be decreased for
increasing absorbed pump powers., Therefore, a lower R; is
required for +the Q-switched fibre laser than CW
operation.

(6) Measurements of L, K, P(0)

Equation (5.5) can be written as
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Single-pass gain
as a function of fibre length

Singie-pass galn

2.5

-
&)
I

06F

O | 1 Iriisl 1 L1ty I t it L1 1 i I I I

0.001 0.01 0.1 1 10 100
flore length (m)

(a) ND199 (b) NDb18

R2=80%, Pab=-10mW, K=0.1/mw

Fig.7.11 Single-pass gain as a function of fibre length
for two Nd3t-doped fibre samples.
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Optimal fibre length
as a function of absorption of pump

Optimal fibre length (m)
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(a) Pab=10mw (b) Pab=100mW

Fig.7.12 Optimal fibre length as a function of absorbed
pump power for two different pumping levels.
(b) Absorption region: y=10~900dB/m.
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-1nR, = 2KP, - L (7.24)

Using two or more different output mirrors and measuring
the threshold absorbed pump power for each mirror, a
curve of P,y versus -lnR; can be plotted. K and L can
thus be deduced from the slope and the intercept of the
curve.

Fig.7.13 shows such a measurements for a laser-diode
pumped Nd3t-doped fibre laser (fibre sample: ND518).
K=0.10/mW and L=0.056 were deduced from the experimental
data.

Since P(o) is related to the total absorbed pump
power, namely P p=P(0)l,, where 1, is the effective fibre

length, P(o) can then be obtained via measuring P,y.

(7} Consideration of normalized separation D

In principle, the interaction strength can be
adjusted by either D or 1, the interaction length, and
thus arbitrary separation can be applied. However, too
small a separation may cause difficulty in controlling a
very short interaction length. For example, for a LD-
pumped Nd3*-doped fibre laser, with K=0.l/mW and L=0.05,
it is determined that Ly>0.25. This is a rather small
additional loss compared to an ordinary fibre polariser
as seen from Fig.7.8 and 7.10. If a design similar to an
ordinary polariser 1is taken, where the normalized
separation D=1.5%2.0 is commonly usedl’], only a few
millimetres of metal/clad sector is‘needed, as shown by
the first SPSM fibre laser. Such a short interaction
length causes difficulty in the control of either the
injected metal or the cutting back of the fibre.
Therefore, a weak interaction structure is recommended
for the integral fibre polariser. In practice, a
separation of D=3.0%4.0, with which the corresponding
interaction length is a few centimetres, 1is found

feasible for SPSM fibre laser design.
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Optimal fibre length

as a function of absorption of pump
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Fig.7.12 Optimal fibre length as a function of absorbed
pump power for two different pumping levels.
(2) Absorption region: y=0.01~100 dB/m.
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Measurements of cavity parameters
for a Nd fibre laser

0 Absorbed power at threshold (mWw)
1 -

I

Reflectlvity R2

HD618

Fig.7.13 Measurements of cavity parameters: absorbed
pump power at threshold as a function of output
mirror reflectivity for a Nd3t-doped fibre
laser.
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(8) Theoretical prediction

With X, L, Pz (or P(o)) being known, the
characteristics of a 8PSM fibre laser, including the
output power and the polarisation extinction ratio, can
be predicted by utilizing the established theory.

The CW output power from a SPSM fibre laser is
predominantly determined by the operating polarisation
mode. Considering the concept of polarisation
efficiency, ngpPap must be used to replace Ppy in
eq.(5.18). In addition, the cavity loss for the x-mode
becomes (L+Ly) where Ly=L,/r is the insertion loss to the
x-mode. The formula for the output power from a SPSM

fibre laser is then

PSP =9 ("spPab-Pthsp) (7.25a)

= (I+L_-1nR,) / 2K (7.25b)

Pthsp 2)

where =775, as shown in eq.(5.19), is the slope
efficiency of the ordinary fibre laser without an
integral polariser, whereas Pipgp is the threshold power
required for SPSM fibre laser.

Since a high attenuation ratio r>60 can be provided
by the integral polariser, the insertion loss induced to
the operating mode 1is eventually rather small. For
example, if the required additional loss for the y-mode
Ly=0.25, Ly is only 0.004 (or 0.017dB) compared with
L=0.05 for the intrinsic cavity loss and -1nR,=0.22 if
R,=80%. This means that the threshold power required for
a SPSM fibre laser is only 1.5% greatér than the
corresponding ordinary fibre laser. In the meantime, high
Ngp, namely 97% for Nd3*- or 95% for Er3*-doped fibre
lasers, may be achieved when the SPSM fibre laser
operating with perfect polarisation alignment. The slope

efficiency for SPSM laser 5 is now written as

n = 7717757Isp (7‘26)

and is only slightly decreased compared with a non-

polarisation resolved fibre laser. It is thus predicted
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that the output power from SPSM fibre lasers can reach
the same level of the ordinary fibre lasers. '

In order to analyse the polarisation extinction
ratio of +the output from SPSM fibre lasers, the
superfluorescence of the unwanted mode, the y-mode is
derived and written as

= PY(l—Rz)exp(KPy—L—Ly) (7.27)

Pyout m1

Y = (1 )P (7.28)

“fMsp/Tab

where the factor p5,PY represents the fluorescence power
of the y-mode, (1-R,) reflects the output coupling, and
the exponential expression describes the build up
superfluorescence. In eq.(7.27) it has been supposed that
the average amplifying length for a spontaneously emitted
photon is equal to the effective cavity length 1l,. The
polarisation extinction ratio of the output power from

SPSM fibre lasers can now be defined as

2
EXT = 10 log(—°B ) (7.29)
b
yout

(9) An example of numerical calculation

Using eq.(7.29) together with egs.(7.24), (7.25),
(7.26), (7.27) (7.28) and (6.12), numerical calculations
can be carried out for predicting the performance of SPSM
fibre lasers. The particular example shown below is a LD-
pumped Nd3*-doped fibre laser. X=0.1/mW, L=0.05, 151=20%
and r=60 are supposed according to the corresponding
measurements. Fig.7.14 shows the polarisation extinction
ratios as a function of pump power for two different L.
Fig.7.15 shows the output power as a function of Ly. As
expected, the extinction ratio increases with a increased
Ly at the expense of a slight decrease in output power.
Fig.7.16 shows both output power and extinction ratio of
SPSM- laser as a function of R,, the reflectivity of
output mirror. It can be seen that the optimum R; for a

maximum CW output power is found to'be around 80%.
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Fig.7.14 Theoretical curves of extinction ratio as a
function of absorbed pump power for two sets of

integral polariser parameters.
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‘Output power of SPSM fibre laser

as a function of Ly

Output powser (mw)
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Fig.7.15 Output power of a SpPSM fibre laser as a
function of additional loss to the y-mode for
two different reflectivities of the output

mirror.
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Extinction ratio and output powér

as a function of mirror reflectivity
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Lx=0.02, Pab=10mW, atts. ratlo=80
Fig.7.16 Theoretical curves of extinction ratio and

output power for LD-pumped Nd3+-doped fibre
laser as a function of the reflectivity of the

output mirror.
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7.5 Experimental Results

The integral metal/clad fibre polariser creates a
strong differential mode attenuation which significantly
increases the difference between the operating and
unwanted mode  thresholds and makes the single-
polarisation fibre laser operate even up togthe maximum
available pump power.

A variety of Nd3t-doped and Er3t-doped single-
polarisation fibre lasers, with various pump sources,
have been constructed.at the laboratory research level.
Some typical experimental results achieved for CW fibre
lasers using three different types of integral fibre
polarisers are summarised in Table 7.1. It can be seen
that the extinction ratio obtained, namely 35.4dB for a
CW fibre laser, is much better than that of the
commercial laser diode, 20dB, as shown in Fig.l1l.7.

Experimentally, it was found that incorporating the
metal at the output end of the fibre laser is more
efficient than at the input end, since the metal at the
output end attenuates the undesired fluorescence of the
secondary mode, without attenuating the pump. This is in
agreement with the theoretical analysis.

The ideal cross-sectional shape is such that the
major axis of the elliptical core is perpendicular to the
metal surface. Misalignment of the normal line with the
birefringent axis will decrease the extinction fatio,
which is believed as the reason fof the lower observed
extinction ratio of the Twin-hole, Er3t-doped, fibre
laser as shown in Fig.7.2 and Table 7.1.

LD-pumped SPSM fibre lasers are also listed in the
Pable 7.1. As this is a research area of considerable
interests, the detailed discussion is presented

separately in the following section.

7.6 LD-pumped SPSM fibre lasers

Semiconductor laser pumping is highly convenient
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D-SHAPED TWIN~-HOLE METAT.-
| PLATED

POLARISER
metal type Ga Ga Ga Al
D (d/a) 2.0 3.8 2.5 3.0
metal length 2mm 35mm 7mm 15mm
CAVITY
fibre sample | ND208 ND425 ND263 ND518
dopant Nd3+ Nd3+ Ex3+ Nd3+
fibre length 20m 2m 1.4m 26cm
Ry 35% 50% 80% 80%
PUMP
type Art-ion LD DCM Dye LD
wavelength 515nm 825nm 650nm 825nm
P, 500mW 10mW 50mW 10mW
SPSM LASER
(CW)
output power 20mw 2.1mW 1.2mW 3.0mwW
extinc.ratio 35.4dB 23dB 22dB 25dB
wavelength 1086nm 1088nm 1536nm 1080nm
(Q-switched)
pulse width 150ns
peak power 3.9W
repetition 1000Hz
extinc.ratio 29dB

Table 7.1 Typical results of SPSM fibre lasers using the

integral fibre polariser technique.
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both in terms of cost and operational requirements and
will lead to the first practical fibre laser device. A
prototype module of such a device made at York Technology
in collaboration with the University is extremely
compact. It measures only 20cm in length and 10cm in
width and weighs only 500g[16]. In addition, this kind of
laser with a single-element resonator structure should

help provide long-term maintenance-free operation.

(1) The original experiment with a LD-pumped fibre
- laser

As a part of this study, the original experiment of
LD-pumped fibre laser was reported in 1986[17]1. The Cw
experimental arrangement is shown in Fig.l.l. The fibre
sample, ND199, had the following characteristics: 3.5pm
core diameter, ‘NA of 0.21, length 3.2m and a total
absorption at the pump wavelength of 97% (with a 300ppm
Nd3* content). The loss at the lasing wavelength was
negligible (<10dB/km). The fibre ends were cleaved and
butted to dielectric mirrors. The input mirror had a
high transmission (T=85%) at the pump wavelength and a
high reflectivity (R=99.8%) at the lasing wavelength. The
output mirror transmission was approximately 65%, the
best available at that time.

The pump source was a single-mode GaAlAs laser
(Hitachi HLP 1400), the light being launched into the
fibre by microscope objectives with an efficiency of |
approximately 25%. The output power was measured using a
InGaAs detector and the lasing characteristic is shown in
Fig.7.17. The threshold for lasing action was 2.6nW
absorbed with a slope efficiency of 33%, indicating that
these devices are very efficient sources. There was no
evidence of saturation at the highest pump power
available (5.6mW absorbed).

In order to allow modulation of the cavity finesse
by an acousto-optic deflector it was necessary to expand
the intra-cavity beam using the experimental arrangement

shown in Fig.3.1(b). Due to the intra-cavity components

193



this configuration was more lossy, yet the CW:threshold
was only slightly higher at 3.7mW absorbed. The acousto-
optic deflector was used in transmission mode, the high-Q
state being achieved by electronically removing the
applied RF with 2uys duration pulses. The output mirror
in this configuration had a transmission at the lasing
wavelength of 12%. A typical Q-switched pulse is shown
in Fig.7.18 for an absorbed pump power of 5.6mW. The
pulse repetition rate was variable between single-shot
and 4kHz with no change in peak output power oxr pulse
duration. The gain of the laser was such that, even when
the acousto-optic deflector switched the cavity into its
low-Q (i.e. "off") state, some background CW laser action
was observed at a threshold of 5mW absorbed. This
limited the peak output power attainable with this
configuration.

Inserting a mechanical chopper having a mark:space
ratio of 1:300 into the cavity provided an alternative
method of Q-switching and prevented any laser action in
the low-Q state. With an output mirror having a
transmission of 65% at the 1lasing wavelength, output
‘pulses of peak power greater than 300mW and FWHM of 500ns
at a repetition rate of 400Hz were then obtained.

(2) LD-pumped SPSM fibre lasers

A fibre with an integral D-section hole adjacent to
the core was fabricated by milling a Nd3*-doped, fibre
preform to within a short distance 6f the core. It was
then sleeved and pulled into a single-mode fibre of 125um
diameter (see Fig.7.1). The separation between the core
and the exposed surface is -approximately 5.6um. Due to
the fabrication procedure, the core exhibited a slight
ellipticity with 4.3pm and 3.1lym being the major and
minor axes respectively. The numerical aperture (NA) of
the fibre is 0.2 corresponding to a cutoff wavelength of
960nm. The fibre has a Nd3*-ion concentration of 500ppm,

and the laser length was 2m.
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Fig.7.17 Lasing characteristic of +the efficient ILD-

pumped fibre laser.

Fig.7.18 A typical Q-switched pulse from a LD-pumped

fibre laéer.
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The pump source was a GaAlAs laser diode (Sony
202/V) operating at 825nm. A A/2 retardation plate was
used to rotate the polarisation orientation of the
linearly-polarised pump light. The input mirror had a
transmission at the pump wavelength of 85% and 99%
reflectivity at the lasing wavelength of 1.09%m, while
the output mirrors had 50% transmission. The output from
the fibre laser was filtered and passed through a

polarisation analyser having an extinction ratio of

50dB. In order to allow modulation of the cavity finesse -

by an acousto-optic deflector, the intracavity beam was
expanded using a low-loss lens.

By filling the output end of the D-section with a
35mm length of gallium to form the integral fibre
polariser, oscillation of the undesirable polarisation
mode perpendicular to the metal surface was found to be
totally suppressed, and the laser then oscillated in
single-polarisation mode parallel to the metal surface.
Since the suppressed mode only contributes fluorescence
to the laser output, an extinction ratio of 23dB was
achieved. An output power of 2.lmW was obtained for ISmW
of pump power absorbed. This is comparable with
conventional fibre lasers pumped by laser diodes[17,181.
This illustrates the low insertion loss of the integral
polariser, which was estimated to be 0.04dB. Fig.7.19
shows the lasing  characteristics of the CW SPSM fibre
laser. |

By inserting a mechanical chopper with a mark-to-
space ratio of 1:180 into the cavity, a polarisation
extinction ratio as high as 39.5dB was measured for a Q-
switched pulse at a repetition rate of 100HzZ. This
significant increase in polarisation extinction ratio is
due to the fact that the nundesirable polarisation
eigenmode only contributes fluorescence to the background
of the Q-switched pulse when its lasing action is
suppressed by the integral polariser.

More efficient Q-switched operation can be achieved

by using an acoustic—optic deflector (AOD) in the laser
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Fig.7.19 Lasing characteristics of a LD-pumped SPSM
Nd3*-doped fibre laser.
Fibre sample: ND490.

Fig.7.20 Single-polarisation Q-switched pulse of a LD-
pumped  Nd3*-doped fibre laser with a
polarisation extinction ratio of 29.3dB for a

peak power of 3.9W.
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Fig,7.21 CW lasing characteristics of a LD-pumped SPSM
Nd3t-doped fibre laser with a high dopant
concentration.

Fibre sample: ND518.
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cavity. With a commercially-available  modulator
(Intraction AOM-40R), a polarisation extinction ratio of
29.3dB for a peak power of 3.9W with 1kHz repetition rate
and 150ns pulse width was obtained at the same level of
the pump power as for CW operation. A typical Q-switched
pulse is shown in Fig.7.20.

Several other LD-pumped SPSM fibre lasers have also
been constructed using different types of integral fibre
polariser. By using a highly-doped fibre sample, ND518,
with a Nd3t dopant concentration of 4500ppm, a SPSM fibre
laser with a short cavity of 26cm was formed. The main
laser parameters are listed in the right-hand column of
Table 7.1. The polished and then Al-plated part, the
integral polariser, was in the middle of the cavity,
which was kept straight and the polarisation aligned. The
lasing characteristics of the laser are shown in
Fig.7.21. A CW output power of 3mW, a 25dB extinction
ratio and 37% slope efficiency have been obtained. The
extinction ratio measured demonstrates an increasing
function of the pump power, in a good agreement with the
theory shown in Fig.7.14.

In summary, the performénce of LD-pumped SPSM fibre
lasers has shown very considerable promise for making a
practical laser source. The technique employs an integral
fibre polariser, which has the advantages of low
insertion loss, high extinction ratio and compatibility

with existing single-mode fibre components.
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Chapter Eight
POLARISATION MODE COMPETITION IN FIBRE LASERS

8.1 Introduction

As analysed in Chapter 3, the lasing characteristic
of a fibre laser is related to the probability for ions
to contribute a transition to a certain polarisation
eigenmode. In fact, both the x- and y-mode are always
"trying" to stimulate the inverted population to build-up
their own lasing oscillation. Thus polarisation mode
competition inevitably exists in a fibre laser.

Polarisation mode competition is a result from the
fact that both polarisation modes are shearing the same
laser medium, i.e. the rear-earth doped fibre. From this
perspective, the polarisation effects in fibre lasers can
be understood better and more comprehensively. On one
hand, the established .orthogonal polarisation modes are
phase-independent of each other; on the other hand, they
compete with each other within the sheared population
inversion.

The CW operatibn of an ordinary fibre laser is an
equilibrium state of this competition, and can be
analysed by the theoretical model of effective absorbed
pump powexr. However, pulsed operation, as a transient
process, breaks the equilibrium of polarisation mode
competition. Since the probability per unit time for an
ion to contribute a transition to a certain polarisation
eigenmode is proportional to both the cross-section and
intensity of the stimulating field, one established
operating polarisation mode will deplete the majority of
the inverted population, and win the polarisation mode
competition.

The experimental set-up for investigating the
polarisation competition is shown in Fig.8.1. Two
detectors were located after the polarised beamsplitter
to detect the x and y modes simultaneously. The

detected signals of the two channels were displayed on an
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Fig.8.1 Experimental set-up for observing polarisation
hole burning in fibre lasers.
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oscilloscope for observation of the polarisation
competitionin the time domain. An optical spectrum
analyser will be employed to replace the oscilloscope

when the spectral polarisation competition is studied.

8.2 Polarisation Competition in the Time Domain

(1) CW operation

Fig.8.2 shows how the relaxation oscillations of the
y-mode extract the population inversion from the CW
oscillation of the x-mode. The basic physical mechanism
of relaxation oscillations in lasers consists of an
interplay between the field intensity in the resonator
and the population inversion. An increase in the field
intensity causes a reduction in the inversion due to the
increased rate of stimulated transitions. This causes a
reduction in the gain which in turn tends to decrease the
field intensity. The pictures in Fig.8.2 were taken with
an Er3*t-doped fibre laser (fibre sample: ND501) pumped by
a DCM dye laser operating at 650nm. The pumping
orientation was chosen at o=0, i.e. on the =x-axis, soO
that the difference in the build-up times between the y-
mode and x-mode is sufficient to let the relaxation
oscillation of the y-mode start after the =x-mode has
reached CW operation stage. It can clearly be seen that
there are four steps to the fibre laser reaching
stationary CW operation, i.e. an equilibrium in the
polarisation mode competition. First, the x-mode starts
to lase as a result of higher effective pump power than
the y-mode, characterised by the initial pulse train of
relaxation oscillations. Secondly, CW operation of the x-
mode becomes established, which is a single-polarisation
operation accompanied by the superfluorescence of the y-
mode. Thirdly, the y-mode begins to lase with a
relaxation oscillation of lower frequency than the x-
mode. During its pulse period the y-mode wins the mode
competition and extracts the population inversion from

those ions which contributed transitions to the x-mode.
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Fig.8.2 Polarisation-resolved relaxation oscilations
‘ showing polarisation mode competition in the

time domain.
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This makes "holes" in the time domain for the x-mode.
Finally, the y-mode <reaches CW operation, and the
polarisation mode competition between the x and y modes
reaches stationary equilibrium.

Tt is worth noting that the equality of the
increased intensity of the y-mode compared to the
reduction in intensity of the CW x-mode indicates a very
high polarisation efficiency of the single-polarisation
operation, as expected by the theory in Chapter 6.

The polarisation competition in the time domaln can
also be distinguished even in the case that the y-mode
starts its lasing action during the relaxation
oscillation stage of the x-mode. This is seen from
Fig.5.8 with a Nd3t-doped fibre laser.

Mode competition has also been observed in ring-
cavity fibre lasers(l]l, and will be described elsewhere.

(2) Push-Pull relaxation oscillation

When the launching orientation of the pump
polarisation is near to 45°, the polarisation mode
competition makes the polarisation hole-burning a "push-
pull" procedure. This phenomenon has been observed with a
LD-pumped Nd3*-doped fibre laser (fibre sample: ND139),
and is shown in Fig.8.3. It can be seen that the
polarisation-resolved relaxation oscillations of each
mode no longer show a damped sinusoidal waveform. In
contrast, "holes" appear in the series of relaxation
oscillation peaks. The first few peaks of the x mode
relaxation oscillation coincide with the troughs of the y
mode relaxation oscillation. Fig.8.3(a) corresponds to
pump launching at «=37° and shows that the first peak of
the relaxation belongs to the x mode (upper trace), while
Fig.8.3(b) shows that the first peak has been switched
to the y mode (lower trace) when the launching
orientation «=53°.

The push-pull phenomenon shows that after a
stimulated pulse of a certain polarisation component, the

other polarisation component will have greater population

206



x—mode

y—mode

§ 0.=53°

x—mode

y—mode

Fig.8.3 Polarisation-resolved relaxation oscillations

showing "push-pull" patterns.

207



inversion. Moreover, it also indicates that a higher
intensity of the stimulating field can extract more
inverted population and then suppress the lasing action
of the other polarisation component during the pulse

period.

(3) Influence on Q-switched operation

It is well known that slow Q-switched operation may
canse a multiple-pulse trainl[2?2]. The mechanism can be
described by Fig.8.4 schematically. As shown in
Fig.8.4(a), a fast switching time of threshold, tg, gives
a short duration df the change from high loss to low loss
of the cavity. The rapidly increased difference between
the population inversion and the threshold related to the
cavity loss leads to a short build-up time, tp, as well
as a strong pulse. Such a strong pulse depletes almost
all the inverted population, so that no second pulse can
be built-up within the switch time. In contrast, a slow
O-switch allows the second, or even more, pulses to be
built up during the switching time.

The second pulse of Q-switched operation has been
observed in fibre lasers. Experimentally, an
investigation was made with a low repetition rate, Q-
switched, Nd3t-doped fibre laser. The schematic diagram
of the experiment is similar to that shown in Fig.3.1l. A
mechanical chopper served as the intracavity Q-switch,
and its chopping rate was varied from 0 to 400Hz with a
mark-space ratio of 1:300. It was discovered that when
the pump beam was launched on the x or y axis, the first
peak of the Q-switched pulse is the corresponding
polarisation component and the orthogonal polarisation
component occurs at the second peak. This 1is a
consequence of the push-~pull phenomenon.

Both the time interval between these two pulses, and
the ratio of the power in the first pulse to the second,
increase with an increased repetition rate. Fig.8.5
shows a comparison between the two cases. Curve (a) was

taken with a Q-switch repetition rate of 80Hz while
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curve (b) was at 280Hz. The increase of both time
interval and pulse power ratio can be seen clearly from
the picture. In fact, a more powerful x-mode Q-switched
pulse causes a significant increase of the threshold
required for the y-mode pulse. This, together with the
power ratio of the x mode Q-switched pulse to the y mode
are shown in Fig.8.6, which was taken at 45° launching
angle in order to 1limit the influence of differential
effective pump power.

With a vexry slow Q-switch, a multiple-pulse train
can be generated. Fig.8.7 shows such a multiple-pulse
train, which was taken with 45° launching angle and a
repetition rate of B80Hz. The time scale 1is 10us per
division. It can be seen that the first Q-switched pulse
consists of two peaks, corresponding to the x and y modes
respectively.

For many applications, the second pulse of Q-
switched operation is undesirable and must be suppressed.
This can be done by choosing a proper switching speed.
Single-polarisation Q-switched operation can be realised
by using a intracavity polariser as mentioned in Chapters
6 and 7.

8.3 Polarisation Competition in the Frequency Domain

Because of differences within the glass structure,
the local fields at individual sites in rare-earth doped
glasses vary in strength and symmetry. This results in
site-to-site variation in the energy levels and the
radiative and non-radiative transition probabilities of
the laser ions. These cause the wide fluorescence bands
of rare-earth doped glasses and give the fibre laser a
very wide tuning rangel3]. It has been shown that the
combination of polarisation mode competition and the wide
fluorescence linewidth leads to a significant
polarisation frequency splitting.

The experimental set-up for investigating the

polarised spectral properties of fibre lasers is similar
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(a) repetition rate: 80Hz

(b) repetition rate: 280Hz

Fig.8.5 Trace showing a Q-switched fibre laser operated

at two different repetition rates.
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to that shown in Fig.8.1, except the oscilloscope is
replaced by an optical spectrum analyser (OSA).

(1) Non-polarisation resolved spectrum

In general, the spectral bandwidth of a fibre laser
increases with an increased pump power level, By using
an OSA of high resolution, the spectral broadening with
an increased pump level is found to be due to an
increasing number of lasing lines. Fig.8.8 shows spectral
measurements for a LD-pumped, Nd3*-doped, fibre laser
(fibre sample: ND199) for four different pump levels,
namely the pump rate P/P¢p=1.01, 1.15, 2.20 and 3.5,
respectively. It can be seen from Fig.8.8 that not only
the strength of the initial lasing line, but also the
number of the lasing lines increases when the pump power
is increased. Also shown in Fig.8.8 is the comparison of
spectrd for different pumping polarisation orientations,
on the x-axis and the y-axis. It is found that the non-
polarisation resolved spectrum of the fibre laser does
not change substantially when the pumping polarisation
orientation is rotated. This indicates that the spectral
property related to the energy level structure of a fibre

laser is identical for both the x and y modes.

(2) Polarisation resolved spectrum

Using a polariser, as shown in Fig.8.1, a
polarisation resolved spectrum was observed. It is
discovered that each lasing line belongs to a certain
polarisation component, either the x-mode or the y-mode.
The spectra shown in Fig.8.9 were measured for a LD-
pumped, Nd3*-doped, fibre laser with a pumping
polarisation orientation at «=45°. The upper spectrum is
the x-mode whilst the lower is the y-mode. It is seen
that the x-mode and y-mode have separated peak lines in
the frequency domain. The difference between them is 2nm.
The whole spectrum of both modes forms an
"interdigitated" pattern. This is further evidence of

the independence of the two polarisation eigenmodes. The
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same order of output power for both modes confirms that
pumping is at 45°.

The spectrum for on-axis pumping at «=0 is shown in
Fig.8.10, which was taken just above the threshold of the
secondary polarisation mode, the y-mode. It is found that
the x-mode (the upper picture) has occupied multi-lines
around the previous peak lines shown in Fig.8.9.
Consequently, the y-mode (the lower picture) has been
pushed away from the centre of the fluorescence spectrum,
and built-up its lasing action around another wavelength.
At a pump rate P/Pyy=5.0, a separation of peak
wavelengths between the two modes as high as 1llnm was
measured, as seen from Fig.8.11, where the envelopes of
the spectra were displayed by letting the OSA have a low
resolution of 5nm. This means that the polarisation
competition in the frequency domain haé developed to be a
significant polarisation frequency splitting.

A similar behaviour has been observed for an Er3t-
doped fibre laser[4]. A typical spectrum of two
orthogonal polarisation modes measured with the pump
power at 4 times threshold power is shown in Fig.8.12.
The laser cavity was formed by a 1l.4m long fibre with a
dopant concentration of 300ppm. An Art-ion laser pumped,
DCM, dye laser operating at 650nm was used as the pump
source.

It was also discovered that the polarisation
frequency splitting is intensity dependent. The x and y
modes had a close centre wavelength when pumped Jjust
above the threshold. With increased pump power, a
significant '~ polarisation frequency splitting was
demonstrated. At a pump power level of 6 times the
threshold, a frequency splitting as high as 530GHz (or
4.3nm) was measured, which was about four times the
lasing spectrum width of each mode. The dependence of
polarisation frequency splitting on the pump power has
also been observed, and the figures are plotted in
Fig.8.13.
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It is believed that polarisation frequency splitting
in fibre lasers is caused both by polarisation effects
and the particular spectral properties of fibre lasexs.
Polarisation effects tell us that two orthogonal
polarisation modes exist in a fibre laser and lase
independently. This means that the x and y modes do not
necessarily oscillate at the same frequency. Assume that
the dominant x mode lases at frequency of f,. If there
is some reason to make the y mode inverted population at
f, be less than at £y+Af, then y mode will presumably
lase at f,+Af instead of fy. In fact, the relatively flat
part of the wide fluorescence spectrum provides the
possibility to realise this situation, and to force the y
mode to lase at fy+Af when the dominant mode, x. mode,
sufficiently depletes the inverted population at £y due
to the polarisation mode competition. From this point of
view, it can be understood why the polarisation frequency

splitting is an intensity-dependent phenomenon.

8.4 Conclusions

Polarisation mode competition in fibre lasers causes
lasing action of a certain polarisation component to
deplete the majority of the population inversion and
therefore influence the other polarisation component both
in the time and frequency domains. Temporal polarisation
mode competition affects Q-switched operation, and
spectral polarisation mode competition leads to a

significant polarisation frequency splitting.
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Chapter Nine
CONCLUSIONS AND DISCUSSION

9.1 Concluding Remarks

(1) Phenomena
The polarisation effects in fibre lasers can be
characterised by three basic factors:

— The fluorescence from spontaneous emission 1is

depolarised independently of the polarisation of the pump
light.
. — Two orthogonal, 'phase—independent, linear
polarisation eigenmodes exist in "single-mode" fibre
laser cavities, with different thresholds, slope
efficiencies and relaxation oscillation frequencies. 1In
addition, +they have independent spectra, which usually
forms an "interdigitated" pattern, or sometimes develop
to be a significant polarisation frequency splitting.

— The state of polarisation of the output from the
fibre laser depends on the polarisation of the pump
light, the pump level and the dopant characteristics. The
degree of polarisation (DOP) can be expressed as the

following function:
DOP = f£(Pgp,a) cos(2a) (3.1)

where o is the angle the linearly polarised pump light
makes to the x-axis, P,y is the absorbed pump power and a
is the parameter introduced for describing the property

of dopant ions relating to the polarisation effects.

(2) Interpretation
The polarisation effects in fibre lasers can be
interpreted quite well by the following assumptions:
— Fach rare earth ion in glass corresponds to a
partially  anisotropic oscillator. The polarisation
anisotropy is described by the parameter of the polarised

cross-section ratio, asog/op,
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— The orientations of these oscillators, transition
dipole moments, are randomly distributed in space.

— The absorbing and emitting oscillations of the same
rare earth ion have the same orientation in space related
to a system of coordinates which is rigidly fixed to the

centre, independently of the non-radiation transition.

(3) Theory ‘

Based on the above assumptions, a theoretical model
has been established. The introduced concept of effective
pump power for each polarisation eigenmodes can be

expressed as:

p¥ COSza sinza cq
= P_y (4.42)
pY Sin2 cos? c
(2 (24 2
where
cp=(3+4a+8a2)/(4+12a+14a?) (4.40a)
c,=(1+8at+6a2)/ (4+12a+14a?) (4.40b)

The degree of polarisation (DOP) of output from

ordinary fibre laser is derived as:

c
DOP = ! 2 cos2a (5.31)

L= (Pthx+Pthy)/Pab

which gives an exact interpretation to the phenomena.

(4) Measurements

By using the method of "complementary angle
compensation", the values of the polarised cross-section,
a, for various rare-earth ions in glass can be measured.

For the Nd3*-ion in silica based glass, the dipole
oscillator corresponding the 4F; ,-#I11/p transition with

a non-resonant pump at 820nm absorption band has a rather
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strong polarisation anisotropy with the polarised cross-
section ratio being 0.015%0.004. -

The dipole oscillator of Er3*t-ion in silica glass
has a=0.11:0.02 for the transition of bPgp-4T15)2 with a

non-resonant absorption band at 650nm.

(5) Engineering

single-polarisation operation using a intracavity
polariser in fibre laser offerxs more than 95%
polarisation efficiency. Technically, the metal-cladded
integrated fibre polarisers introduced in the study have
shown to be ideal candidates, which have the advantages
of low insertion loss, high extinction ratio and
compatibility with existing single-mode fibre

components.

9.2 Discussion

Although only Nd3% and Er3t doped fibre lasers have
peen studied in detail, it is to be expected that other
rare-earth ion doped fibre lasers possesS the same oOr
similar polarisation properties, due to their similar
atomic structure. Therefore, the theory in the thesis may
be extended to the whole family of rare-earth doped fibre
lasers. In addition, optical fibre laser research has now
expanded to include not only conventional silica-based
fibres but also crystal fibres[1.2], ZBLAN fibresl3,%4,3]
and multiply-doped fibres (e.g. Er/¥Yb silica-based
fibres( 6,71 or "soft glass" fibres[8] comprising several
glass forming materials). However, the results obtained
on the more conventional fibre type are relevant to these
~ exotic new fibres.

Recently polarisation switching in a InGaAsP twin-
stripe injection laser diode was reported for the first
time(9]. The experiment shows that polarisation switching
can be realised with an optical triggering element
intégrated on a single chip. guch a similarity of

polarisation behaviour between fibre and semiconductor
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lasers indicates that the analysis of polarisation
effects in fibre lasers may be applicable to other
types of lasers with pirefringent cavities.

There is considerable interest in using rare-earth
doped fibres, especially Er3t-doped fibres to amplify
weak signals for both local and trunk optical
telecommunications networks[10,11,12,13]1,  preliminary
investigations[14,131 on the polarisation behaviour claim
that no significant dependence of amplification gain is
observed for a Er3t-doped fibre amplifier. This result
leads to no conflict with the assumptions and theory
described Iin the thesis. In fact, as a result of
travelling wave amplification, the optical signal to be
amplified follows the same rules as in an ordinary fibre
for transmission. Excited ions contribute coherently
to stimulated emission. When the measurements are non-
polarisation resolved, the total gain is related only to
the population inversion and is thus polarisation-
independent. However, it is believed that the post-pulse
gain will be polarisation-dependent if the pump and
signal are both aligned on birefringent axes of the
fibre, since this phenomenon, known as polarisation hole-
burning, has been observed in bulk Nd:glass

amplifiers[16].

9.3 Future Work

The future study of polarisation effects in fibre
lasers includes two areas: physics and applications. In
this thesis, only a few transitions of Nd3* and Er3t ions
in silica-based glass, with few given absorption bands
have been tested. It has not really been known whether
different transitions or absorption bands possess
substantially different polarisation properties. The
particular knowledge can only pe obtained by the
corresponding investigations. In reality, nature,
especially at a microscopic level, is much more
complicated than simplified theoretical models suggest,
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and it will not be surprising if the electric dipole of a
certain rare-earth ion in glass is found, one day, to
rotate the orientation during non-radiative decay from
absorption band = to metastable level. Also the
influence of the Stark effect on the polarisation as well
as spectral properties of fibre lasers 1is not well
understood.

Some studies both in theory and experiment need to
be done in order to achieve further understanding of the
polarisation effects in fibre lasers. They include the
influence of fibre twisting on polarisation behaviour,
the possibility of making circular polarisation output
from fibre lasers and _the existence of circular
polarisation eigenmedes in a Fabry-Perot cavity.

A theoretical model for polarisation mode
competition is also needed. It will be useful for
predicting polarisation frequency splitting and
polarisation switching performance, as described in the
following paragraphs.

Apart from the single-polarisation fibre laser, some
other attractive subjects of practical applications are
as follows: |

(1) Polarisation switching

(2) Polarisation frequency tuning

(3) Polarisation-orthogonal dual-wavelength fibre

lasers. '

Under certain operation conditions, the single
linearly-polarised mode of the output from a fibre laser
can be switched to its orthogonal polarisation mode when
the pump polarisation is suitably rotated. It is believed
that if some intracavity conditions are changeable to
favour one of the polarisation modes alternatively, the
output polarisation will be switched accordingly.

Polarisation switching has also been observed in the
frequency domain. It was discovered with a Art-ion laser
pumped Er3*-doped fibre laser that the x and y modes

can éhange their operating wavelengths.
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If the intracavity conditions causing polarisation
switching are sensitive to a certain physical parameter,
the phenomenon of polarisation switching can then be used
as a sensor.

A technique controlling such a switching needs to be
found and developed.

Fig.9.l shows frequency tuning of a Nd3+-doped fibre
laser using an intracavity polarisation control
component. The total tuning range obtained is 14nm.
Although the experiment is stable and repeatable, the
mechanism of this novel frequency tuning has not been
fully understood.

A dual-wavelength fibre laser can be constructed
with suitable intracavity component. As shown in Fig.9.2,
the Nd3t-doped fibre laser can not only operate at
different wavelengths (see picture (2) and (b)) but also
at dual-wavelengths (picture (c)). In principle, if a
suitable polarisation control component is employed in
the cavity it is possible to make these .two wavelengths
correspond to orthogonal polarisations respectively. Such
a polarisation-orthogonal, dual-wavelength fibre laser
source can, the author believes, become a new and useful

member of the laser family.
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