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UNIVERSITY OF SOUTHAMPTON
ABSTRACT
FACULTY OF ENGINEERING AND APPLIED SCIENCE
ELECTRONICS
. Doctor of Philosophy
EIREFRINGENCE IN SINGLE-MODE OPTICAL FIBRES
By Arthur John Barlow

The birefringence properties of single-mode optical-fibre
waveguides are discussed.

A fibre birefringence measurement system has been
developed specifically to measure the birefringence
of fibres as a function of temperature, wavelength,
twist and bending. By incorporating a birefringence
modulator into the system, the measurement speed and
sensitivity is substantially increased, particularly
for low birefringences.

The fibre spinning technique has been invented to
provide a means of manufacturing ultra-low birefringence
fibres with extremely high yield. It is shown that
spinning averages the intrinsic local birefringence to
produce very low overall retardation. A coupled-mode
analysis to describe the birefringence properties
of spun and twisted fibres is developed and
confirmed experimentally. It is now possible to
manufacture ultra-low birefringence fibres routinely.

The coupled-mode analysis is subsequently extended
to treat the effects of bending, twist and magnetic
fields on both linearly- and circularly-birefringent
fibres. The predictions are subsequently confirmed
experimentally and a thorough understanding of
extrinsic effects on fibre birefringence has been
established. The design criteria of polarisation-
maintaining fibres are discussed.

A novel technique is also described for the
measurement of polarisation mode-dispersion, based
on the variation of birefringence with wavelength.
The dramatic reduction of polarisation-dispersion
achieved by spinning is demonstrated, thereby
indicating the high suitability of spun fibres to
high-bandwidth communications.

The separate identification of the stress and
waveguide effects contributing to the intrinsic
fibre birefringence has been achieved by observing
the changes in birefringence as a function of wavelength
and temperature.
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CHAPTER 1 INTRODUCTION

The development of optical fibre waveguides has
undoubtedly made a great impact upon the telecommunications
industry in recent years. Conventional coaxial-cable
systems are unable to compete against the far greater
information capacity, reduced weight and
lower attenuation of optical fibre systems. Optical
communication provides a cost-effective solution to
the ever-increasing demand for information transfer
and numerous systems are already in operation
throughout the world.

Optical fibres can also be incorporated into
industrial sensors of all types. The chief advantages
of optical sensors are the elimination of electrical
fire risk and the lack of sensitivity to electromagnetic
interference. Integrating the sensing and communication
functions into one fibre yields the possibility of

all-optical distributed-sensing systems for industry.

In recent years, research in optical communications
has shifted its emphasis from multimode fibres towards
single-mode fibres which can provide higher transmission
bandwidths, greater sensing capabilities and compatability
to integrated optical circuits for direct optical

processing systems.

This thesis covers birefringence in single-mode
fibres, a topic which encompasses both telecommunications
and sensor applications of these fibres. The research
_programme was also to some extent directed towards the
development of fibres with special birefringence

properties.

1.1 Background to the Research Programme

Initially optical fibre wavequide development
centred on multimode structures and relatively low

data-rate, short-haul communication systems. However,



it soon became necessary to develop single-mode fibres
for higher-performance systems, including submarine
systems. These fibres support only one mode,
eliminating the intermodal dispersion prevalant in
multimode fibres. The resultant high bandwidth

( ~ 100 GHz km™ L nm~ 1) coupled with the move to the
wavelength regions of low material dispersion and low loss
at 1.3um and 1l.55um has enabled repeater spacings in
excess of 100km to be achieved in a 140 mbits/s systeml.
The compatibility of single-mode fibres with integrated
optical circuits has promoted their development still
further.

However, in practice a single-mode fibre can
support two modes with orthogonal polarisations and
different propagation characteristics, the latter
being considerably influenced by external effects
such as pressure on the fibre. A single-mode fibre
is therefore birefringent and also exhibits
a modal group-delay difference which can limit the
fibre bandwidthz. Thus, for a fixed input polarisation
state the output polarisation varies according to the
environmental conditions prevailing. This affects the
efficient coupling of light into integrated optical
devices which are polarisation-sensitive, and the
operation of optical phase-coherent detection schemes3
in advanced communication systems with large repeater-

spacings.

'A parallel development to the extensive research
effort in the telecommunications sector is a widespread
exploitation of fibre-optic technology in sensing devices4
Single-mode fibres come into their own in this case;
interference between the single guided modes in two
fibres can be made to occur in a fibre interferometric
sensor such as a Sagnac-effect gyroscope. Again it is
found that the fibre birefrinqénce properties can greatly
upset sensor operation. Conversely, these very properties
can be used in polarimetric (single-fibre) sensors as

an extremely sensitive measure of magnetic or

acoustic fields, for example4. The light guidance of



a fibre allows extremely long optical path lengths to
be achieved and hence the sensitivity to be increased,
as in the Faraday-rotation current monitor device5

The same fibre can, of course, also provide an optical

telemetry function from the sensor head.

The polarisation behaviour of a single-mode fibre
is thus an extremely important parameter to consider
in the design of advanced communications and

sensor systems.

1.2 The Research Programme

The general objective of the research programme
was to investigate the phenomenon . of birefringence in
single-mode fibres to gain a full understanding of the
subject. Possible applications were also examined.

As we shall see, the successful use of fibres in both
communications and sensors rests to a large extent on
the ability to produce structures having special
polarisation properties such as very low or very high
birefringence. The development of such fibres was
therefore a specific aim of the programme. Several
other important questions concerned with birefringence
were also addressed, notably the measurement of the
extreme range of possible fibre birefringence, the
environmental sensitivity of birefringent fibres and
the evaluation of the bandwidth limitations likely to

arise from birefringence.

At the beginning of the programme in 1978 the field
was in its infancy and previous work centred largely around
/748 1ut with little firm

-theoretical backing. However, the requirement for very

experimental observations

high birefringence fibre59 for interferometric sensors and
coupling to integrated optical circuits, and ultra-low
birefringence fibreslo for polarimetric sensors such as

the Faraday-rotation current monitor, hadalready been widely
recognised. Although little was understood of the

origins and mechanism of fibre birefringence, initial

o
efforts to fabricate these fibres were already underwayg'l .



Over the duration of the present research however,
the amount of activity increased sharply. The field
can now be said to have reached maturity with many
important areas having been covered. For example
the present understanding of the causes of birefringence
and the effects of external parameters appears to be
largely complete. The influence of birefringence
on bandwidth and its exploitation in several types of
fibre sensor have also been investigated. Furthermore,
fibres with both ultra-low birefringence and high-—
birefringeﬁce can now be manufactured on a routine

basis in the laboratory and will eventually reach production.

The programme described in subsequent Chapters is
set out with several distinct divisions. Chapter Two
embraces the complete scope of the thesis and presents
the important basic concepts. A summary of the
origins of fibre birefringence, both internally and
extrinsically produced, is presented. The effect of
birefringence on bandwidth is also introduced. This
chapter also describes the theoretical modelling techniques

for studying fibre birefringence.

Chapter Three is concerned with the experimental
aspects and details of the present study. Much of the
work has relied on the measurement of birefringence in
fibres to provide confirmation of theoretical ideas,
such as the effect of twisting on birefringence. The
main problems encountered when measuring the large range
of magnitudes of fibre birefringence are examined and
special techniques to overcome these are described.

The reduction of undesired extrinsic effects during
the measurement has been achieved by hanging the fibre

vertically.

A large part of the research work, described in Chapter
Four, is concerned with the development of fibres
with very low birefringence which are suitable for
high-bandwidth telecommunications and sensors. It is

found that conventional techniques for fibre manufacture



have very poor yields for low birefringence. To
circumvent this, a new "spinning" technique has been
developed which, by imparting a large frozen-in twist
to the fibre, guarantees ultra-low birefringence in
production. The analysis of twisted, birefringent
fibres is therefore an important part of 'spun'

fibre development and is discussed in considerable
detail.

Chapter Five extends the analysis of Chapter Four
to provide a theoretical evaluation of the magnitude
and influence of several external effects which can
in fact be classified into two different types.

In many of these cases direct experimental confirmation
is provided by measurements of the properties of

fibres deformed in a controlled manner. The results

are subsequently applied to fibre telecommunications

and sensors. Indeed, this analysis provides a

conceptual design strategy for fibre sensors in addition
to quantifying environmental influences such

as bending on birefringent fibres.

In Chapter Six, the dispersive effects of fibre
birefringence are examined, beginning with mechanisms
and measurement. Experimental results obtained using a
tunable-wavelength source are presented and the effect
of twisting and spinning a fibre on its polarisation

dispersion is discussed.

It is found that for maximum bandwidth a 'spun'
fibre is essential. A subsequent section examines the
variation of birefringence with ambient temperature and
quantifies this effect to estimate the stability of
‘various polarimetric fibre sensors. In addition, by
exploiting the temperature dependence and the dispersion
of birefringence, methods of isolating the various
sources of fibre intrinsic birefringence are demonstrated
for the purposes of diagnostic feedback to birefringent

fibre fabrication.



Finally, Chapter Seven concludes the study,
outlining the major achievements of the work, the
areas for future study and briefly reviewing some very

recent developments in the field occurring during the
compilation of this presentation.
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CHAPTER 2 BIREFRINGENCE IN SINGLE-MODE FIBRES

2.1 Introduction

Any core asymmetry or stress anisotropy within
a single-mode fibre will raise the degeneracy between
the two orthogonal linearly-polarised modes, to give
a slight relative phase-velocity difference between
the modes, or linear birefringencel’z. If the plane
of polarisation of the two modes (corresponding to the
geometric axes) varies along the fibre, circular bire-
fringence is also presentl. Circular birefringence can
be regarded as a phase-velocity difference between left-
and right-circularly polarised light equal to twice
the angle of rotation Q of the plane of polarisation

of the linearly-polarised fibre modes.

Fibre birefringence arises intrinsically, from
core asymmetry or internal thermal-stress anisotropy,
and extrinsically from stresses or electromagnetic
fields applied to the fibre.

Stress introduces birefringence by means of the
photo-elastic or stress-optic effect3 which plays a

very important role in fibre birefringence effects.

This Chapter is confined to a general appraisal
of birefringence phenomena in fibres to elucidate the
most important problems and research objectives concerning
the application of birefringent single-mode fibres in
practical systems. First, the various sources of
birefringence are discussed. It is shown that the

instability in fibre properties caused by time-varying
external effects is of prime importance in the design
of practical fibres. Several means by which these
properties may be analysed theoretically are compared.
Next, the effect of birefringence on transmission
bandwidth will be discussed. Finafly, the design
objectives for fibres suitable for communication and

sensors will be described.
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2.2 Origins of Intrinsic Fibre Birefringence

2.2.1 Liﬁear birefringence

(i) Core asymmetry

The most common form of asymmetry is generally
assumed to be core ellipticity. In a fibre with an
elliptical core, a difference in propagation constants
81 - 62 = ABG between the two lineariy—polarised
modes arises from a waveguide effect . The resultant

birefringence BG is given by:

By = 5 - ABg (2.1)
where A is the wavelength of light. BG is
proportional to the square of the core-cladding
index difference A'n and the ellipticity e = (£ - 1)
for e < 0.2,where a and b are the core semi-major
and semi-minor axes respectively4_8. Figure 2.1

shows BG/(A'n)2 evaluated9 at the V—valuelo
corresponding to the second-order mode cut—offll
in the elliptical core (V = 2.4 for near-circular
step-index fibres). The waveguide shape birefringence
BG has a fixed sign (taken as positive) such that the
polarisation direction of the mode with the higher
phase-velocity always coincides with the minor axis

of the core ellipse.

(ii) Stress anisotropy

The doped-silica regions in a fibre providing
the required index profile for light guiding invariably
possess different thermal expansion coefficients
according to their respective dopant concentrations.
Thus as the fibre cools from the drawing temperature,
large thermal stresses are set up by differential
thermal contraction within the fibre.
Any structural asymmetry such as an elliptical core
or cladding will result in anisotropy in the radial
and tangential thermal stresses at the core centre.

Through the photo-elastic effect, this gives rise to
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a stress-birefringence BS' However, since a fraction

of the total light travels in the claddinglo, it is

not clear whether the stresses in the cladding will

also contribute to B Furthermore this fraction

g*
varies with fibre V-value and may therefore affect

the variation of Bg with light Wavelengthlz’lB.

The sign of B, relative to the minor axis of

]
the core can vary according to the shapes and the
relative thermal expansion coefficients of the

stress-producing regions of the fibre.

In the fibre the total intrinsic linear
birefringence B is simply the algebraic sum of B

and BS.

G

B =By +Bg =5 .08 = 6n (2.2)
where Af 1is the total difference in propagation constants
and 6n is the difference in mode effective-indices.

When both polarisation modes are launched, the polarisation
state (PS) evolves cyclically along the fibre as the

modes beat together in phase relationship. The PS is
periodically repeated each time the total retardance

R(z) for fibre length z , given by

R(z) = ARz (2.3)

increases by 2m. This occurs at distances
along the fibre spaced a "beat-length" apart. The
beat-length Lp is given by

)
3

L=_=

b 5 (2.4)

| >
=

and is particularly useful for characterising the

birefringence of a fibre.
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2.2.2 Circular birefringence

If the linearly-birefringent fibre described
above were twisted, the axes of the birefringence would
vary in direction along the fibre. It can be shown
that the rotating birefringence axes give rise to
a rotation or circular birefringence in the fibre as
well as modifying the apparent linear birefringence.
Although twist is strictly an extrinsic effect, it is
possible for a fibre to possess a frozen-in twist
imparted while it is still molten, for example
during fibre drawing and therefore to exhibit
intrinsic cilrcular as well as linear birefringence.
The effect of twisting a fibre which is already
linearly-birefringent will be discussed in

Chapter Four.

2.3 External Effects in Fibres

The birefringence of a fibre is sensitive to
external effects, such as bends, which cause the
output polarisation state to vary randomly with
time. While this causes severe operational problems
in communication and polarisation-sensitive
applications, the sensitivity to external parameters
can be used to advantage in fibre‘sensors. External
effects perturb the fibre locally, introducing
birefringence in addition to the intrinsic birefringence
already present. Since the axes of the
birefringence induced will not in general coincide with
those of the fibre, power transfer (coupling) and
propagation constant changes (beating) between the
fibre normal modes will result. External effects
may be classified into those inducing linear and

circular birefringence respectively.
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2.3.1 Effects inducing linear birefringence

(1) Fibre bending

Bending a fibre introduces a stress anisotropy
and hence a linear—birefringencesﬁb with a

fast axis in the plane of the bend14 where:

2 2
_mTCE ,r.“ _ _0.75 ,r -1
9 _215
E =7.45 x 10" kg m l6is Young's modulus, C =
-3.19 x lO-ll m2 kg_l is the stress-optic coefficient

for bulk silica at A = 1.064 pum and r and R' are the
fibre outer and bending radii respectively. If the
fibre is bent under tension to produce an axial

strain € , an additional linear birefringence \GBtc

is introduced, again with a fast axis corresponding

to the plane of the bendl7, given by

2T 1

= 2T _ r -~
‘SBtc = 5 CE (2-3Vv) €, (RJ rad m (2.6)
(1- v)
. . . ' . 15
where v is Pocisson's Ratio = 0.164 .
. S8 ~ o 2:69 L) e rad m_l (2.7)
' tc A R z :

SBb and GBtc add and cause beating and coupling
between the two fibre modes, depending on the plane of
the bend relative to the fibre birefringence axes (see
Chapter Five).

(ii) Side pressure

Pressure applied transversely to the fibre

similarly produces a linear birefringence dBp, with

a fast axis in the direction of the applied compressionl

given by:

8,19
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s = 8C & . 2.55x1071%
Bp A r A

£
r

1

) rad m - (2.8)

where f is the applied force in kg ﬁqZ_Again both
'beating' and 'coupling' between .the modes will be
produced according to the orientation of the fibre bire-
fringence axes. The fibre coating has a significant
effect in reducing pressure sensitivity of the

fibrelS’zo.

(iii) Electric fields (Kerr Effect)

An electric field can produce linear birefringence
via the Kerr Effect21. The effect is however, extremely

small and may be neglected under most circumstances.

2.3.2 Effects producing circular birefringence

(i) Twist

As mentioned in 2.2.2, twist or precession of
the local birefringence axes in a linearly-birefringent
fibre results in apparent circular birefringence.
Twisting a fibre when cold also produces torsional
stresses, which by the photo-elastic effect, give
rise to an optical rotation Q(z) or circular birefringence

8B proportional to the rate of twist £ given by:

circ

-R C

Q(z) = g' &z =0 2z = €z = 8B /2 (2.9)

o
n circ
2

- 15
where g' = 0.073 for silica®?’23, R = 3.19 x 107 kg m°
is the rigidity modulus and s is the refractive
index. ©Note that unlike the precession effect, torsion

birefringence arises even if the fibre is isotropic.

(ii) Magnetic fields (Faraday Effect)

For a fibre exposed to a longitudinal magnetic
field H, the Faraday effect induces a rotation Op

radians per unit length given by:
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1
aF = VO H rad m {2.10)

where Vo ~ 4,5 x 10_6 rad A_l is the Verdet constant

for silica24. Although this effect is non-=reciprocal,

for unidirectional propagation o, can be regarded

P
as equivalent to a normal (reciprocal) optical

rotation Q.

2.3.3 Ambient Temperature

This is a special type of external influence
since it only indirectly introduces output
polarisation state changes. Both the differential
thermal expansion and the stress-optic effect
governing the intrinsic stress-birefringence Bs
are temperature sensitive. Thus the phase~relationship
between the modes is altered by temperature changes,
resulting in output state variations. Similarly, .
the external effects already mentioqed, which utilise
the stress-optic effect, will be slightly temperature
sensitive. Another common cause of polarisation
changes is the differential expansion of the fibre
and any support structure (e.g. a spool) which
introduces highly temperature-sensitive transverse

stress—-birefringence.

2.4 Modelling of Fibre Birefringence

The polarisation properties of a fibre may be
represented theoretically in several ways. On a
microscopic (local) level, the fibre exhibits both
linear and circular birefringence and often the
.birefringence axes vary in orientation along the
fibre, an effect known as Fast Axis Rotation (FAR)25.
The macroscopic properties are therefore a very
complex combination of these local birefringences,
depending on both the intrinsic birefringence and
external effects. This combination is altered by
changes in the environmental conditions giving rise

to the varying output PS described above.
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Jones Calculus26 is frequently used to describe. the fibre
properties. The fibre is represented as a 2 x 2 matrix
[M] and the input vectors EX,Ey are related to the

two output vectors EX' Ey' by:

(2.11)

Although Jones Calculus provides mathematical
elegance and accuracy, the Poincaré sphere
representation is also extremely useful, since it
has great visual and conceptual appea127. The sphere
is shown in Figure 2.2. Any polarisation state
[EX,Ey] is represented by a point P on its surface.
Points on the equator represent linearly-polarised
light at wvarious azimuths, 'H' and 'V' representing
horizontal and vertical polarisation directions
respectively. Similarly, 'L' and 'R' represént left-
and right-circularly polarised light, while the
upper and lower hemispheres represent general left-
or right-elliptically polarised states according
to the phase relationship between EX and E
Birefringence has the effect of rotating the
sphere27 so that the input polarisation state Pl
or [EX,Ey] is transformed into a new output state
P2 or [EX',Ey']. Thus the fibre properties may
be represented by either the relationship between
P and P,, or equivalently, by th§6matrix [M].

A major theorem of Jones Calculus states that any
series of local linearly-and circularly-birefringent
fibre sections can be uniquely represented by a
single retarder of retardation R with a principal
axis direction ¢, followed by a single rotator of

rotation Q. On the Poincar& sphere, this is equivalent

to P, to
1 2 27

two simple rotations .about two axes at right angles™ ',

to reducing the complex trajectory from P
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usually about an axis in the equator (equivalent to
the retardation R) and the polar axis (equivalent

to the rotation Q) respectively.

The fibre retarder-rotator model given by
R, ¢t and Q applies for a given fibre length, wavelength
and point in time and is shown in Figure 2.3. There
are always two directions of input linear-polarisation
corresponding to the "principal axes" ¢ and 90 + ¢,
where linear-polarisation emerges at the output,
through in general rotated with respect to the input.
This is the so-called "linear-output/linear-input"
condition. In general the principal axes ¢ and
90 + ¢ do not bear any relation to and are distinct
from, the local fast and slow axes given by the fibre
geometry. When light is launched along ¢ or
90 + ¢ the PS may not be linear throughout the fibre
because of the local rotation and fast axis rotation.
On the Poincaré& sphere (Figure 2.4 (a)), the input and
output state both lie on the equator but are
transformed from one to the other along a random

trajectory.

The universal retarder-rotator model also possesses
two general elliptically-polarised polarisation
"eigenstates" which, when presented a£ the input,
are each exactly reproduced at the output. Again of
course, the PS may vary considerably along the fibre.

On the Poincaré sphere, this is a special case where
Pl and P2 are coincident but are linked by a
general trajectory (see Figure 2.4(b)). In Jones

Calculus form this situation is

A M{|A
= [ ] (2.12)
B B

where A, B are the eigen-vectors of [M] representing
the eigenstate. Although external effects modify
the birefringence continually, the eigenstates

can always be found, but will vary with timézg.
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If there were no external effects and the fibre
were intrinsically untwisted and therefore uniformly
linearly-birefringent, the local axes all along thé
fibre would coincide with the fibre principal axes ¢.
These axes not only correspond to the eigenstates but
are also "normal modes", since light polarised along
one of the axes would remain linearly-polarised throughout
the fibre. Normal modes, which are generally insensitive
to light wavelength, and are length~invariant, are given

by

_ . +Hyz .
Uy 5 = [Nl inNz] e (2.13)

where Nl and N2 are constants and 2y is the difference
in propagation constants between the two modes, in this

case AB.

When the fibre is uniformly twisted, or the two
undisturbed fibre modes are coupled uniformly by some
disturbance, it is possible to find new normal modes
(and identical eigenstates) which are generally
elliptically-polarised. Again, light launched in one
of the modes propagates without change to the output.
In this instance, the input and output state on the
Poincaré sphere are identical while the 'trajectory'
reduces to a spot (Figure 2.4(c)).When the fibre
has length invariant properties the normal modes and
polarisation eigenstates are indistinguishable.
HOWevér, when the external effects or mode-coupling is
random, normal modes may only be defined on a local
scale, whereas overall fibre eigenstates still exist.
It is essential to make this distinction since both the
effects of environmental influences and the fibre
polarisation mode~dispersion deal with the fibre normal

modes.

In this thesis, Jones Calculus, the Poincaré sphere
and normal modes will all be used, often in conjunction,
to provide complementary conceptual aidsfor the understanding

of birefringence phenomena.



19.

2.5 Polarisation Mode-Dispersion

The variation of the difference in propagation
constants AR with wavelength (or fibre V-value) gives
rise to a group-velocity difference between the modes
called polarisation mode-dispersion (PMD). The

relative group delay ATO between the two modes is

given by:
- L, d(Ag) -1
ATO =3 ad % sec km (2.14)
where L = fibre length and ¢ is the free-space speed

of light. ATO represents a significant dispersion or
limitation of the fibre transmission bandwidth,
particularly when the first-order chromatic-dispersion
has been minimised or if a monochromatic source is

used. The value ATO depends onlffe fibre birefringence
and is of the order of 5-10 ps km in nominally-

circular telecommunications fibres.

Note that PMD can only be defined if the fibre
possesses normal modes. If the undisturbed fibre modes
defining ATO are uniformly coupled, new normal modes

are set up and the dispersion becomes

AT =3 3k ec km (2.15)
from equation (2.13). If , however, the modes are

randomly coupled, AT is no 1longer a linear function of
length since the normal modes are only defined

locally within the fibre. The individual dispersions

of each section may add constructively or destructively
. depending on the fast axis rotation along the fibre.

It is possible to experience either bandwidth reduction
or increase in the presence of random coupling, as shown
in Chapter Six.
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2.6 Fibres for Practical Applications

(1) Communications

In a communications system, fibre bandwidth is
of great importance and the values of polarisation mode-
dispersion typically found in fibres present a problem
in long-haul high bit-rate systemé. Also, coherent
detection systems require a stable fibre output PS
for heterodyning. As already indicated, both the output
state and the PMD are greatly influenced by the prevailing
environmental conditions in the fibre cable. However,
if by increasing the fibre intrinsic birefringence
external effects could be rendered negligible,
stability of fibre output state would be ensured.
In this case, the fibre would support two linearly-
polarised normal modes, only one of which would be
launched to avoid PS variations arising from the
temperature sensitivity of birefringence. This mode
would be transmitted without significant change and the
fibre would "maintain" a stable polarisation state despite
the external effects. Moreover, though the PMD in a
high birefringence fibre might be substantial,

polarisation-maintenance would ensure it is inoperative.

The drawback with this approach is that perfect
polarisation-maintenance is unobtainable; a finite amount
of power is always coupled into the unlaunched mode by
bends or twists. Consedquently, the output polarisation
state will undergo massive excursions due to ambient
temperature changes, precluding the use of active

polarisation—controller529'30

which have a very limited
"pull-in" range. Moreover, the PMD is invoked by the
coupling resulting in intolerable communications
bandwidth reduction. The alternative is to use a low-
birefringence fibre. Here, the polarisation excursions
would be very small and largely due to external effects
other than temperature. This permits the use of a
polarisation-controller and the much lower PMD ensures
that the effect on fibre bandwidth due to mode-coupling

would be negligible.



21.

(ii) Sensors and other Fibre Devices

In two-fibre interferometric sensors3l, efficient
interference is obtained only if each fibre preserves
polarisation32. Thus high-birefringence polarisation-—
maintaining fibres are required in these applications.
For the Sagnac-effect fibre rotation sensor (gyroscope)
a single fibre is used for both light paths, so it
is sufficient only to insert polarisers at both fibre
ends33 to ensure correct operation. However, the use
of a polarisation-maintaining fibre vastly improves the

stability of the device.

In contrast, polarimetric (singlé—fibre) sensors
require maximum fibre sensitivity to the desired stimulus.
Fibre intrinsic birefringence can interfere with the
induced birefringence to reduce.sensitivity. For example,
linear birefringence quenches the Faraday—rotation34
in a Faraday-effect current monitor22’24. Thus a
low-birefringence fibre would be advantageous, but such
a fibre would also be very sensitive to any ‘other effects.
By using a fibre having birefringence of the same type
(i.e. linear or circular) as the birefringence induced
by the stimulus, sensitive but selective sensing is
possible. Since fibre intrinsic birefringence ié‘not
easily controlled in practice, it is preferrable to use
a low-birefringence fibre into which a controlled amount
of retardation or rotation has been introduced by bending
or twisting. This principle is used to provide controlled-
birefringence fibre elements for fibre devices such as
sensors35 , filters and isolator536. Any intrinsic
fibre birefringence would not only unpredictably modify
the required birefringence but would also introduce
" temperature sensitivity and hence device instability.

Thus a low~birefringence fibre is essential.

(iii) Low- and High-Birefringence Fibres

From the discussion above, ultra-low birefringence

fibres with B < 10_8 (i.e. Lp > 100m) are required for
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high-bandwidth communications, polarimetric sensors and
other fibre devices. On the other hand, high-birefringence
fibres with beat lengths of less than lcm are suitable

for interferometric sensors and communications where
polarisation must be maintained. The manufacture of fibres
with these extreme birefringence properties requires

highly specialised fabrication techniques. For example,
because it is difficult to control Bg and BG at low
values37, the fibre "spinning" process has been developed
to provide high yields for low-birefringence fibres.

"Spun" fibres automatically have negligible birefringence
or PMD regardless of the value of B. These fibres have
attenuation and other characteristics similar to any
nominally—-round single-mode fibre. Their development

will be described in detail in Chapter Four.

High-birefringence fibres either employ highly-
elliptical cores9 (see Figure 2.1) or have highly-
asymmetric stress-producing structﬁres such as elliptical
claddings38. The latter approach has so far proved
extremely promising, with beat lengths of O.6mm
(O.633;¢m)39 and losses of 0.8 dB km—l
at 1.55um having already been achieved. It is also
possible to design a true "single-polarisation" fibre
which supports only only one po;arised mode4O for
polarisation-maintenance applications but this has yet

to be realised in practice.

In general the PMD in a high-birefringence fibre
is high i.e. 100-1000 ps km—l. However, it is
possible to substantially reduce this figure by offsetting
the PMD's due to stress and ellipticity against each
other, but without sacrificing the birefringences.

The salient features of both low- and high-
birefringence fibres are shown in Table 2.1.
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Feature Low-birefringence [High-birefringence
fibres fibres
i i -7 -4
Birefringence B <10 - >10
Beat length L >10m < lcm
(@ 1lpm)
Attenuation <<1dB/km O;8dB/km38
@ 1.55um

core geometry

Peclarisation-
dispersion

Sensitivity to
external effects

Temperature
sensitivity

Best performance
achieved @ 633nm

round, small A'
<lps/km

High (cannot
maintain
polarisation)

generally small

L_=140m (unspun)37
Lp>360m (spun)22

round, small A'
or
elliptical large &'

>0.3ns/km
(can be made
lower 8)

Low (can maintain
>=30dB extinction
ratio over

1km38)

very large

L <O.6rnm39
P

Table 2.1

Proposed High bandwidth Coherent detection
Applications communications, systems, inter-
coherent detection, facing to integ
polarimetric rated optics,
devices and interferometric
sensoxrs sensors (e.q.
gyroscope)
Properties of ultra-low and ultra-high

birefringence fibres.

28.
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Figure 2.4

32.

(a)

(b)

(c)

The Poincaré sphere showing polarisation
evolution along the fibre length when light is
launched (a) on one of the principal axes,

(b) for polarisation eigenstates and (c) for
normal modes.
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CHAPTER 3 BIREFRINGENCE MEASUREMENT TECHNIQUES

3.1 Introduction

A central part of any study of birefringence in
fibres involves measurements on single-mode fibres.
The results are also of importance in the subsequent
development and production of fibres for long-distance
telecommunications and fibre sensors. This Chapter
describes the various techniques available for the
determination of birefringence in fibres, concentrating

on the specific methods used throughout this study.

Very few methods can adequately cover the enormous
potential range of fibre normalised linear bifefringence
B which can vary from 100V Yo L1073 2, Any
rotation and twist effects arising must also be detected.
However, these effects are negligible in highly-linearly
birefringent3’ 4 "polarisation-maintaining" fibres2'5-l4
and a simple linear retardation measurement may suffice
(Section 3.2). In general, particularly in ultra-low
birefringence fibres suitable for the Faraday current
monitor, or twisted fibres, the effects of the rotation
are not insignificant15’16’17. Consequently, the fibre
must be described by the universal retarder/rotator
model introduced in Chapter Two. Considerable emphasis
has been placed on the development of a suitable
technique to measure the parameters retardation R,

rotation £ and principal axis direction ¢ in a fibre.

3.2 Experimental Methods for High-Birefringence Fibres

The birefringence of predominantly linearly-
birefringent fibres (with Lp < 0.5m) can be measured using
the Tardy and Friedel or Senarmont methods, commonly
employed in polarisation microscopy18 and photo-elastic
stress analysislg' 20, 21. These methods utilise )/4
pl ates or compensators22 and are not usually sensitive

to any rotation which may unexpectedly be present23.
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3.2.1 Fibre birefringence determination by Rayleigh

scattering

The preceding methods require access to the fibre
ends, but this limitation can be avoided by making use
of polarisation-dependent dipole Rayleigh scattering3’ ?
of the light propagating along the fibre. The light-
scattering dipoles radiate with nulls in the direction of
their axes, so that the fibre appears dark when viewed
in the direction of linear polarisation. When both fibre
polarisation modes are launched, inter-mode beating gives
rise to a periodic variation in polarisation state (PS)
along the fibre, which can be observed as a series of
light and dark bands of the Rayleigh-scattered light
with a spatial period equal to the beat length.

Naturally this "beat" pattern is not set up if only one
of the modes is launched i.e. input light polérised
parallel to fibre principal axis. "Beats" are usually
observed using linearly-polarised input light at

45 degrees to the principal axes, or circularly-polarised
light. The fibre is laid upon a black plate covered in
index-matching liquid to reduce internal reflections,
giving maximum "beat" visibility. Figure 3.1 shows

the "beat" pattern obtained at 633nm in a highly-
elliptical high-birefringence fibre with a 4 mm beat
length24’ 25.

The method is only suitable for visible and
near infra-red wavelengths, because of the A—4 dependence
of scattering intensity. Although beat lengths less
than O.5mm or greater than ~20mm are difficult to
observe, Rayleigh-scattering provides a simple
non-destructive method.

An interesting extension of this technique occurs
in Polarisation Optical Time-Domain Reflectometry
(POTDR)ZG. In conventional OTDR some of the Rayleigh
scattered light is returned to the launch point,
where the intensity can be used to determine the local

fibre attenuation by time-resolving the signal. However
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the scatter return also mirrors the PS at any position,
so that analysis of the backscattered light with a

polariser (POTDR) reveals the evolution of the PS
along the fibre>' and hence the beat length28: 22,
The spatial resolution in beat length is limited to

~1lm. but the technique has been widely proposed for

30, 31, 32

distributed remote environmental sensing or

for the location of birefringence "hot spots" (kinks,

twists etc.) in long fibre cable526.

3.2.2 Birefringence modulation techniques

Modulation of the local polarisation state in
a fibre using external magnetic or electric fields33
or stresses34 produces a corresponding variation in
the fibre output PSlG. A non-destructive measurement
of fibre birefringence can be performed by observing
the output polarisation whilst the point of modulation
is scanned along the fibre. Although fibre twist
effects can be measured in this wayl6, at least one
complete birefringence beat must be observed, thus
limiting the technique to beat lengths of ~1lm

or less.

3.3 Measurements on Low-Birefringence Fibres

3.3.1 Measurement technique

The measurement methods described in Section 3.2
are largely unsuitable for fibres where the beat
length exceeds ~1m, since the rotation effects are
no longer negligible. The retardation R, rotation
and principal axis direction ¢ which must be used to
describe such a fibre are determined by analysis of the
output polarisation state for a given input (linear)

polarisation.
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The output polarisation is measured with a simple
analyser, A/4 retardation plate/analyser or a Soleil

35

compensator/analyser with a single detector, or a

polarising beamsplitter and two detectors3’ 4. These
methods usually require a lens to collimate the fibre

output beam. When the fibre birefringence is smallthis
lens, inevitably birefringent, must be replaced by

simple dichroic analyser and wide~area detector.

However, dichroic polarisers .are unsatisfactory
at wavelengths beyond ~700nm so that a prism

polariser (e.g. Glen-Thomson) and lens are necessary.

The basic apparatus thus consists of an unpolarised
light source (usually a laser), input polariser,
output analyser and photo-detector,
3.2. The polariser provides linearly-polarised input

light at any azimuthal angle,@o.

as shown in Figure

If the fibre is represented by a retarder of
retardation R and principal axis ¢, followed by a

rotator of rotation {2, the Jones calculus equation 1is

writtenls’ 36:
E A -B* cos O
X o
- . (3.1)
E B A% sin ©
vy o
R ) . .. R
where A = cos 5.COs 2 + i sin 5.CO0Ss (29+8) (3.2)
R . . .. R .
B = cos 5.8in Q + i sin 5 .sin (29+0Q) (3.3)
and Ex’ Ey are the electric vectors in the x and y

' directions after fibre length z.

36 that equation (3.1) represents

an output polarisation ellipse with angle ¥ with respect

It can be shown

to the positive x axis. The intensities I and I .
max min

along the major and mimnor axes respectively are

measured using the analyser at y and y+90°.

The ellipse
polarisation P is:
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I - I,
p = _Max " min _ v/l - sin’r. sin?| 2(eo—¢ﬂ (3.4)
I -1,
max min
with
Y= (d+Q) + % tan-—l [tan{2(®o-¢)} cos R:] (3.5)

-

Polarised light launched into the fibre parallel
to the principal axis, i.e. 60 = ¢, results in a
linearly-polarised output (see Chapter Two) with P = 1

and I_, = 0 at an angle
min
Y =0+ Q (3.6)

This is the familiar "linear-output/linear-input”
condition, which can be detected as an output "null"
using the analyser at an angle of (¢ + Q + 900).

The rotation is given by the difference in analyser
and polariser angles (Figure 3.2) , whilst the input
polariser direction is the principal axis direction.
In practice, since the magnitudes of ¢ and Q are
unknown, the polariser and analyser are rotated
independently, iterating these rotations, until the
absolute best null is obtained at the detector,

thus indicating the above "linear-output/linear-input"
condition. This procedure becomes insensitive and

time~-consuming if R< ~5O since P = 1 for all @O

Next, the input polariser is rotated to lie at 45°

to the principal axes i.e. 0_-¢ = 45°, to give
P = cos R (3.7)
v =6 + 0 + 45° (3.8)

Measurement of P thus directly gives the fibre retardation R,
modulo 21 . The number of beats, or units of 27
phase difference in R which occur over the fibre length,

can be determined by "cutting-back" the fibre and
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repeating the measurement537. If required, the sign

of R, i.e. if ¢ is the 'fast' or 'slow' axis, must be

inferred.

3.3.2 Retardation measurement using a Soleil Compensator

The sensitivity of the measurement of R at low R
values can be increased using a Soleil compensator. After
finding the fibre principal axes by the above
iterative technique, the compensator is inserted before
the fibre at‘A‘in Figure 3.2, with its axes parallel to
those of the fibre so that its retardation is linearly
additive to the fibre retardation R. The compensator
retardation can be set to 'bias' the total retardation
by a known amount to ~45° 37 where the measurement of
P, and hence R, is very sensitive. Alternatively, the
compensator can be set to exactly oppose the fibre
retardation giving a total retardation of zero (+ 2m).

At the zero-retardation point, the polarisation P is

unity which results in a null in Imin when 60 ~-¢ is set to
450. Using the compensator in two orthogonal azimuthal
directions and subtracting the retardations necessary for
exact compensation removes the quite substantial

compensator zero calibration error.

Retardation measurement with the compensator in
conjunction with the iteration technique for the
determination of ¢ and &, requires the detection of nulls
only, not absolute intensities, thereby reducing errors

arising from laser source/fibre launch fluctuations.

3.3.3 External effects and fibre birefringence measurements

Special attention has been paid to the minimisation,
during birefringence measurements, of external influences
on the intrinsic fibre properties such as twists or
stress. For example, considerable fibre stresses are
introduced when spring clamps or magnetic rubber strips
are used to anchor the fibre in its metal V—groove38.

Alternative anchoring methods were adopted to minimise
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these stresses, namely "plasticine" or silicone rubber

adhesive.

Twist and side-pressure can also arise when the

fibre is laid out on a flat surfacels'

giving rise

to inconsistent measurement results. These effects can
be consistently reduced to negligible levels by hanging
the fibre vertically so that only the input end is
anchored and the fibre hangs freely. In this way the
clamping stress and twist are miminised. The axial
tension caused by the weight of the fibre is very small
and, moreover, neither produces any differential photo-
elastic effectzo nor significantly changes the light
propagation characteristics4o. The low fibre stress
levels achieved by hanging the fibre freely enables the
effects of known applied disturbances, such as bends, to
be measured. Fibre twist experiments may be performed
by holding the lower fibre end in a rotatable mount using
silicone rubber adhesive. The vertical system énsures

that any twist introduced is uniform.

The effects of the standard primary coating of
silicone rubber on the properties of a typical low-
birefringence fibre41 were shown to be negligible by
comparing results before and after the fibre coating was
removed. It appears, therefore, that despite shrinkage
during the coating process, the coating imparts neglible

stress or twist to a glass fibre.

3.3.4 Experimental arrangement

The basic experimental arrangement using a He-Ne
laser is shown in Figure 3.3. Later sections describe
the modifications of this system to include measurements

as a function of wavelength and temperature.

The vertical optical bench is ~3m long. Randomly-
polarised light from the lmW He-Ne laser (0.633um) is first
passed through an optional 0G570 filter to remove the blue
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laser-discharge light which might otherwise be inadvertently
launched into the fibre. The beam is chopped mechanically
at ~260Hz, using a chopper blade equipped with a photo-
switch to derive a reference signal.

A pellicle beamsplitter permits focusing of the
laser beam onto the fibre front face by projecting the
front-face reflection onto a screen. A dichroic polariser
and optional Soleil-Babinet compensator precede a x10
strain-free polarising-microscope objective lens which
focuses the light into the core of the fibre. The fibre
hangs freely, fixed in the groove of a micromanipulator.
The lower end of the fibre is held loosely in position
over the dichroic analysexr and lcm2 silicon p-i-n photo-
diode by an iris diaphragm, which also serves to block
stray light from the fibre and othér components. Stripping
of cladding-modes is performed by removing any silicone
coating on a short section of the fibre and placing
it between two glass plates containing index-matching
ligquid, held by capillary action. A telescopic tube
protects the fibre from draughts. To determine P, the
intensities Im.

in
even though they may differ by up to four orders of

and Imax must be accurately measured,

magnitude. The detection electronics is therefore
designed to have maximum dynamic range. However to reduce
phase distortion in tﬁé intensity waveform caused by the
photo-diode capacitance, a constant value of diode load
resistance must be used for all intensity measurements.
The switched matched-T attenuator of (60 +05)dB

provides this, whilst vastly extending the limited range

of available gains in the low-noise amplifier.

The phase-sensitive detector provides sensitive and
accurate intensity measurements from ~1lmW to ~1nW
even in high ambient-light levels. The noise of the

detection system is negligible in this range.
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3.4 Estimation of the Minimum Measurable Birefringence

Fibresexhibiting less than a few degrees of phase
retardation42 are examined using the system described
above. It is therefore important to evaluate and
improve the smallest birefringence measurement possible

with this system.

3.4.1 Cladding modes

Some cladding modes, which are generally unpolarised,
are invariably launched into the fibre under test.

These modes must be well stripped using index-
matching o0il in order not to affect greatly the fibre
(single-mode) output after the analyser which, for a
null, can be exceedingly small ( ~1 pW). The intensity
of the cladding modes becomes significant in short pieces
of fibre and gives a lower length limit for fibre

measurement of -O.5m.

3.4.2 Higher-order modes

In a near~-circular fibre the first higher-order

mode has a cut-off at V = 2.405
43

linearly-polarised LPll

and is made up of several composite modes which are not

individually linearly-polarised. These are often launched
with unequal efficiency44, giving the LPll mode

vastly different polarisation properties from the lowest-
order LPOl mode. Thus measurements of fibre birefringence

are restricted to the single-mode region.

3.4.3 Optical components

The quality of the optical components used is
typically the limiting factor in ultra-low birefringence
measurements. For example, the finite extinction ratio of

,,lO_4 of the dichroic polarisers gives an effective

maximum P of ~0.9998 i.e. a minimum measured R of ~l.2_O
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for the fibre and lens even when the fibre output is
perfectly linearly-polarised (true P = 1l). 1In effect

the finite light leakage through the polarisers reduces
the polarisation P at the fibre output and hence the depth
of polarisation nulls. This affects the accuracy of the
principal axis position, found by iterating for the

best null, particularly at low R values, as well as the
accuracy of the compensator nulling technique ( sub-section
3.3.2)) and the value of R itself.

Vibration of the vertical bench, and laser output
variations give rise to a time-varying fibre output
power which can be averaged by the phase-sensitive
detector, using time-constants of 1-3 secs. to
give < 1% intensity measurement error. By far the
largest source of error is the birefringence of the
polariser (~1°) and the "strain-free" input objective
lens ( ~2° - 30). These cannot easily be compensated
in measurements since the apparatus is frequently
dismantled to accommodate new elements (furnaces, tunable
light sources etc). The input lens sets the primary lower
limit for fibre retardation measurements to -~ 5O or 2° - 3O/m
for the 2m maximum test fibre length. The addition
of an output lens further degrades this limit. It is possible,
but unlikely, that an alternative input lens may lead to
substantial improvements in the system performance. However,
the present measurement system is more than adequate
for the vast majority of the experiments presented in

this work.

3.5 Measurements of Birefringence as a Function of

Temperature and Wavelength

The isolation of the stress and shape contributions
to the birefringence in a fibre can be achieved
(see Chapter 6) by measuring fibre birefringence as a
function of either temperature or wavelength. The
necessary modifications to the basic apparatus are

described below.
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3.5.1 Temperature

To vary the temperature of a length of fibre under
test, a tube furnace was used. This consists of a 1"
diameter copper tube 1 metre long with ceramic-
insulated windings, lagged (Fiqure 3.4) with a 1%"
layer of "Kaowool" silica fibre. Chromel-alumel
thermocouples are fixed at regular intervals along
the tube. Convection through the furnace whilst it
is mounted on the vertical bench is minimised by iris
diaphragms at the top and bottom of the tube which close
round, but not touch, the fibre hanging inside the
furnace. A temperature controller was used to maintain
the furnace temperature to within + 1°C of any set
temperature up to 4OOOC maximum. The average fibre
temperature profile and the lengths of test fibre outside
the furnace are compensated for in experiments. The furnace
is also useful for stabilising the fibre against ambient
temperature fluctuations, which would otherwise modify
the birefringence properties during the course of an
experiment.

3.5.2 Wavelength

For the measurement of birefringence as a function
of wavelength, a tunable fibre stimulated-Raman laser45
is substituted for the He-Ne laser shown in Figure 3. 3.
The fibre is pumped by a Q-switched NA:YAG laser (A=1.064um)
producing 300ns, 1OOOW peak-power pulses with a
repetition rate of lkHz. The Raman fibre is ~ 400m long
to produce a wide range of usable output wavelengths46.
The fibre V-value is 2.4 at 1.0 um and the loss is
< 1dB/km over the range 1.0um to 1l.24um with a hydroxyl -
ion loss peak of -~ 10dB/km at l.39um47. In the fibre,
the 1.064pm pump input power exceeds the threshold set
by the Raman gain and the fibre loss. Thus pump power
is depleted gradually along the full fibre length as
it is Raman-shifted into the first Stokes order centred
at 1.12um. In silica fibres, this order is relatively
broad. Further broadening will occur as the first peak

is also Raman-shifted to consecutively higher orders at
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1.18, 1.24 and 1.30um. Thus, a near-continuous overall
fibre output spectrum arises. Further Raman conversion
beyond A = 1.36um is prevented because the fibre loss
rises sharply. Anti-Stokes shifting of the pump to
shorter wavelengths also occurs. The total output is

almost continuously tunable in the range 0.95 to 1.36um.

The experimental arrangement for birefringence
measurements using the Raman source is shown in Figure 3.5.
Prism polarisers and both input and output lenses are
necessary. The analysed light passes via a grating
monochromator, to a germanium p-i-n photodiode
detector and transimpedance amplifier48. This detection
arrangement gives maximum system throughput but is slightly
polarisation sensitive, and thus precludes the measurement
of absolute intensities Imin and Imax' However, null
detection sensitivity is barely affected and the
retardation may be measured using a compensator, as
described previously. A linear gate is used to sample and
hold the height of the optical pulse from the fibre.

A gate trigger is derived optically from the YAG laser
output via a digital delay to compensate for the

optical propagation delay in the Raman fibre. Part of the
Raman output is "picked off" by the beamsplitter tc pass
through a second monochromator, detector/amplifier, and
linear gate to provide ratiometric compensation for the
Raman output fluctuations at the test wavelength. A
polarisation null is detected as a minimum in the ratio-
meter output voltage, the procedures for measuring o,

 and R being exactly as described previously.

3.6 Birefringence Measurements using a Photo-Elastic
Modulator

3.6.1 The photo-elastic modulator

The preceding simple, analyser-polariser method
is not sufficiently sensitive, particularly for low
birefringence measurements, because the birefringence to
be measured is static. A large increase in sensitivity

X . 49
may be obtained by modulating the system birefringence ~,
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for example, by using a photo-elastic modulatorso' 51.

This section describes the first known application of

such a device to fibre birefringence measurement.

In the photo-elastic modulator, an oscillating
strain-birefringence is set up in a fused silica optical
element using a piezo-electric quartz crystal driver.

The silica element behaves as a retardation plate whose
retardation varies sinusoidally with time. The modulator
assembly is placed aftexr the test fibre, where beam
alignment is less c¢ritical. This avoids variations in
fibre launch efficiency arising from the vibration of

the silica element.

3.6.2 Theory and measurement techniqgue

The determination of the fibre retardation R,
principal axis ¢ and rotation  using the modulator
is as follows. Linearly-polarised light of intensity IO
is launched into the fibre with an azimuthal angle
of OO using the prism polariser, while the modulator
and prism analyser rotate as one with a fixed relative
orientation of 45° (see Figure 3.6). In this case the

principal axis ¢ is taken as the reference direction

(¢ = 0). The Jones calculus equation is
iR
EX cosf -3in® e2 0 cos 60
= [A}{B} ~iR VI
. 2 ‘0 ©
Ey sinQ cosfl|| O e sin O (3.9)
,where
2 .
cos” (r = 45) cos (r - 45) , sin (xr - 45)
[A] _ (3.10)

cos (r - 45).sin (r - 45) sin? (r - 45)
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represents the analyser and

id -id
2 2 .2 2 . . . O
cos r.e + sin"r.e 2i,cosr.sinr. sin 5
[B] = -i5 is
2i,cosr.sinr.sin g coszr.e 2 + sinzr.e

(3.11)

represents the modulator. The modulator is orientated

at angle r and its retardation ¢ is given by
§ = K. sin w t (3.12)
where K is the amplitude of modulation (set to some

arbitrary value,e.g. 1/4 of the operating wavelength)

and w = 2mf, f being the frequency of modulation

(50kHz). Simplifying equation (3.9) gives the
intensity I = |EX|2 + |Ey|2 falling onto the detector:
I = Io 1 + sinR . sinS§. sin2@O + cosS8. cosZ@o.sin(Zr—2Q)
_2— .
- cosR, sin2®o.cos5.cos(2r—29) }
(3.13)

Expansion of sind and cosd to 4th order in ywt using
equation (3.12), yields only odd and only even
harmonic terms in wt respectively. Thus, defining the

intensity modulation component at w as Wl and that

- at 2w as W, we obtain:

2

I
_ o R . .
Wl = > -[K X ]. sin R. sin 2@0 (3.14)
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IN

I K2 _ 4
2 o.] — +§ cos 20 .sin(2r-2Q)
—2— 4 4 (@]

0|

—~cosR. sin290.cos(2r—2Q) } (3.15)

W, and W, are measured using phase-sensitive

1 2
detectors operating at f and 2f respectively.
Calculation of the sensitivities Sl and 82 of the
signals Wl and W2 respectively, to a change in @O
yields:
d Wy 3
s, = —— = I ,|JK - K }.sin R. cos 20 (3.16)
1 o - o)
d © 8
o
and
d W2 2 4
82 = —= = IO‘E_ - K [.{-sin 20_ sin(2r-2Q)
d e, 4z 48 °©

~ cosR. cos 260. cos (2r-2Q) }
(3.17)

From equation (3.14), Wl neither contains terms in
r nor {, so that the 50kHz component is independent
of the orientation of the modulator/analyser assembly.
Therefore by initially rotating of the input polariser,
a zero in the 50kHz component Wl can always be obtaineq
corresponding to OO = 0. The input polariser must then
be orientated along the fibre principal axis ¢ (the
reference direction). Note that from equation (3.16),
the sensitivity of this rotation procedure, Sl' is
proportional to sinR. The principal axis position can
thus be quickly and accurately found, even for small R's,
providing the detection gain is increased. Naturally
Sl +~ 0 at R = 0, but in this case there is no principal

axis.
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Next, retaining the input polariser position
OO = 0, the modulator/analyser assembly is rotated until
W2 is also zero, corresponding to r = Q, from equation
(3.15). Wl remains zero. The sensitivity of this
procedure (E_y% | 1is a maximum for 0, = 0 and
d(r-Q)

r - § = 0, and is independent of the value of R.

The rotation ! can thus be found very accurately from

the difference in modulator and input polariser positions,

The input polariser is now rotated by 45° to give
OO = +450, while the modulator position is left
unaltered (i.e. r - § = 0). In this condition Wé x cos R
and Wl « sin R. Detecting the ratio Wl/W2 gives a
calibrated output proportional to tan R independent of
variations in the input intensity IO or fibre launch
efficiency. Note that unlike the previous method, the
sign of R with respect to the principal axis pocsition ¢
just measured may be determined. Another advantage is
that in the case of O_ = 457 and r - @ = 0°, the
sensitivities S and 82 of Wl and W2 to 96 and those
of Wl and W2 to r - §§ all approach zero. This means
that the measurement of R using Wl/WZ has large tolerances
to the settings of @O and r - Q. This is particularly
useful for ultra-low fibre retardations R where it

becomes more difficult to determine accurately ¢ and {.

The range of R values measurable is limited by
the detection system dynamic range using the ratio
output Wl/W2 = tan R. However, using a Soleil compensator
to give zero total system retardation as described in
sub-section 3.3.2 substantially reduces this problem.
. Moreover since Wl = 0 is a sufficient condition for
detecting RTOTAL = 0 and is independent of IO, ratio
detection becomes superfluous. With W2 no longer of
concern, the signal gain may be increased to optimise
the detection of a zero in Wl'

The detection system requirements using the modulator

then reduce to the sensing of a zero in the 50kHz and
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100kHz detector signals to find ¢ and Q and a

subsequent zero in 50kHz signal to determine R . Moreover,
unlike the preceeding method, the modulator technique

can determine the principal axis position ¢ and

rotation Q@ without a time-consuming iteration procedure.
The method is therefore extremely fast and is much

more accurate and sensitive, particularly at low R values.

3.6.3 Detection system

The detection system for the modulator technique
using a c.w. source is shown in Figure 3.7. The signal
from the lcm2 silicon photodiode is greatly amplified to
give sensitive detection of the zeros in the 50kHz and
100kHz components. In the 50kHz channel the amplified
signal passes via a 40dB attenuator to a coherent tracking
filter with a 3Hz bandwidth and a gain of 40dB at 50kHz.
The filter prevents phase-sensitive detector input
overload by rejecting the large 100kHz signal which
arises when the compensator is used to set zero total
retardation. For the 1OOkHz channel, the amplified signal
passes directly to a lock-in amplifier, operating in
"2f" mode, whose sensitivity is adjusted to match that
of the 50kHz channel. A stable 50kHz reference signal
for the channels is derived from the modulator controller.
If required, source intensity compensation is provided

by the ratiometer and voltmeter.

3.6.4 - Operation of the modulator system using a tunable

wavelength source

The tunable source used for the modulator system
is the Q-switched Nd:YAG laser/Raman fibre described
in Section 3.5. The modified experimental arrangement
using the modulator is shown in Figure 3.8. As before,
the test fibre output passes via the monochromator to
a Ge-pin photodiode and transimpedance amplifier. As a
result of the 50kHz and 100kHz modulation components
introduced by the modulator, the lkHz-rate 300ns output

pulses will have randomly-varying heights.
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To extract the required 50kHz and 100OkHz modulation
components Wl and W2 from these pulses, a sampling
technique 1is used. A 1lkHz clock is obtained by

dividing the 50kHz modulator drive reference signal.

This triggers the laser Q-switch controller, via a delay
generator, to phase-lock the laser pulses to the modulation.
The delay generator and its associated sampling controller
are used to increase the delay of each successive laser
trigger pulse by an additional 200ns with respect to a
reference point in the 50kHz reference waveform. The
correspondingly delayed optical pulses thus sample the
complete 20ps cycle of the 50kHz and 100kHz modulation

components W, and W2 to be detected. By detecting the

height of loé successive optical pulses using a linear
gate (as described in Section 3.5.2), a complete cycle of
the "replica modulation waveform" can be built up in 10Oms,
Then the sampling control resets the delay to sample

the modulation a second time. The"replica waveforﬁ‘has

a 1l00Oms period,so contains sampled frequency components

Wl and W2 at 10Hz and 20Hz respectively. These signals
represent the actual optical modulation components Wl
and W2 at 50 and 1OOkHz. Wl and W2 are measured using

the two-channel phase-sensitive detection system of

Figure 3.7 which now operates at 1OHz and 20Hz. A 10Hz
reference for this system is derived from the 50kHz modulator
drive signal using a second linear gate. The amplifier

is equipped with a 33Hz low-pass filter which rejects

much of the high-frequency noise appearing on theureplica
waveform due to pulse-to-pulse laser intensity

fluctuations.

In operation, the 1OHz and 20Hz components Wl' and Wz
- play the same respective roles as the 50kHz and 1OOkHz

frequency components W, and W2 in the c.w. procedure

1
described previously.
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3.6.5 Measurement limitations

In the practical system, the maximum measurement
sensitivity is limited by photodiode shot-noise and
source laser noise (a particular problem when using
the fibre Raman source described in Section 3.5 ).

Any such noise occurring within the pass-band of either
detector channel causes intolerably large output
fluctuations at very high signal gains. For]R<<O.lo

the 50kHz component Wl becomes so small as to be

swamped by noise, and principal axis determination is
impossible. However, for moderate R values, the maximum
zero detection sensitivity obtained gives a resolution
for R, ¢ or Q better than O.lé,limited largely by the
finite resolution of the vernier scales on the optical

components.

The limitations of the simple polariser-analyser
technique (see Section 3.4) 52 also apply to the
modulat or the major drawback being the intrinsic
birefringence of the polarisers, modulator (~ O.3OL input

and output lenses.

Although there is little improvement in the lower
measurement limit of rv5o of the preceding method, the
higher-speed and sensitivity provided by the modulator
is a great advantage. Moreover, in the event that ultra-
low birefringence lenses could be obtained, the modulator
technigue is by far the superior method for ultra-low
and medium birefringence fibre measurements. It is

also ideally suited to automation53’ 54.
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3.7 Summary

There are several techniques available for measurement
of fibre birefringence according to its magnitude

which can vary over some 6 orders.

In high-birefringence fibres with beat lengtth
< .20mm, obsexrvation of the Rayleigh-scattering beat
pattern is suitable. In contrast, for medium and low
birefringence a polariser—analyser technique has been
adopted. This can provide accurate measurements in
fibres at various temperatures and wavelengths and is used
to obtain the majority of the experimental results
presented in this work. More fecently, the first known
application of a photo-elastic modulator to optical
fibres for more sensitive measurement of very low
birefringence as well as high birefringence has been

developed as a routine technique.

By hanging the test fibre vertically, minimisation
of external influences on the fibre has been achieved.
For ultra-low birefringence measurements the input lens
birefringence provides the major practical limitation of

any measurement technique.
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Figure 3.3 The vertical experimental arrangement using a
Helium-Neon Laser to measure birefringence

in a single-mode fibre.
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Figure 3.7 The dual-channel phase-sensitive detection

system used with the photo-elastic modulator.
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components Wi, WE are measured using the detection

system shown in Figure 3.7.
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CHAPTER 4 THE DEVELOPMENT OF LOW-BIREFRINGENCE FIBRES

4.1 Introduction

Low-birefringence single-mode optical fibres were
initially developedl’ 2 for use in the Faraday current
monitor device, to give maximum Faraday rotation
sensitivityB' 4r 54 6, 7. It is now recognised that
low-birefringence fibre is essential to the design and
stable operation of controlled birefringence fibre
polarimetric devices such as polarisation controllers8,
filtersg’ 10 isomatorsll’ 12 12, 13, 14.

15

Furthermore, fibre telecommunication bandwidth may be

and sensors

reduced by polarisation mode-dispersion. This is

negligible in low-birefringence fibreslG’ 17

which are
therefore potentially useful in high-bandwidth

communications.

An evolutionary development of ultra-low

8 has occurred within

birefringence fibres with B < 10~
the last five years, centring around two distinct types,
(1) the 'conventional' untwisted fibre and (ii) the 'spun'
fibre. In 'conventional' fibres, the intrinsic fibré
birefringence B itself is designed to be the absolute
minimum possible. This 1s achieved in the CVD

fabrication technique by careful reduction of the preform
ellipticity and thermal stress which contribute to fibre
birefringence. On the other hand, a *%spun' fibre allows
the retention of a relatively large intrinsic anisotropy
within the fibre, achieving ultra-low overall birefringence
by means of a spin averaging affect on the anisotropy,

similar to a twistla.

In this Chapter, both these types of low-birefringence
fibre are discussed in detail. Although birefringence as
low as 4.5 x 10_9 can be obtained in ‘'conventional' fibresz,
the main drawback is lack of reproducibility. This is
attributed largely to the poor control available in the
CVD process. This problem can be all but eradicated by

adopting the technique of fibre spinning. By its very
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nature, the ability of spinning to produce ultra-low
birefringence is not affected by quite considerable

variations in fibre intrinsic birefringence.

4.2 Conventional Low-Birefringence Fibres

In designing 'conventional' low-birefringence
fibres, the aim is to reduce the intrinsic birefringence
B to an insignificant level by minimising both the

waveguide shape birefringence B, and the stress

G

contribution BS'

It is possible to calculate the contribution B

G
due to core ellipticity e for operation at the higher-
mode cut-off. At low ellipticity valuesl9 BG is
proportional to (A'n)z. e , where A' is the

normalised core-cladding refractive index difference, and
n the refractive index of the core. A large reduction in
BG can thus be obtained by mgintaining good core
circularity and reducing A' . However, to obtain a
reasonably low fibre bend and microbend losszo, A'

must be greater than ~0.003.

Minimisation of the stress birefringence B, entails

S
reducing the overall stress levels in the fibre core,
for example by matching the cladding and core thermal
expansion coefficients through suitable adjustment of

their respective dopant levels2'

Moving these
thermal expansion coefficients closer to that of the
(silica) substrate, ire. using a low A' value, also

reduces fibre stress levels.

In a fibre with an ellipticity of <0.1% and
A' = 0.0034, a birefringence B = 4.6 x lO-9 was obtainedz,
corresponding to a beat length Lp ~ 140m at A = 0.633pum.
This fibre possessed a boron-doped silica cladding, a
Germania-doped silica core with a silica substrate.
Table 4.1 shows the birefringence properties of several

similar fibres, both coated and uncoatedzz.
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BG and Bg normally act in unison i.e. have
the same 'fast' axis direction, when the expansion
coefficient of the core exceeds that of the cladding.
However, in the fibres of Table 4.1, the shape
contribution BG as predicted by Ref. 19, is
consistently larger than the total birefringence B,
indicating that a larger stress contribution B
B

g Opposes

a There are several possible explanations of this
situation. PFirst, any cladding and core ellipticities
may not be orientated in the same direction. Secondly,
the dopant concentrations actually present in the preform
vary according to preform deposition and gas delivery
conditions23. However, these two effects would give a

random sign for B, from fibre to fibre, the consistency

S

of BS opposing BG

It has been shown

rather points to another effect.
24 that in the three-layer core/cladding/
substrate structure of these fibres that By can oppose

BG when the core and cladding elliptic axes are

orientated in the same direction if the core expansion
coefficient is substantially lower than than of the
claddingzs. This could arise, for example, (i) if the
calculated dopant concentrations in the preform for

stress matching are subject to systematic error21 or

(ii) as a result of out-diffusion of the volatile core
dopants during collapse of the fibre preform23
Out-diffusion depletes the deposited core layers of dopant
to yield fibres with cores of consistently lower
equivalent expansion coefficient than intended, thereby

reversing the .sign of B A central dip in the refractive

index profile (RIP) alsg arises from out-diffusion,
providing a measure of the extent of the depletion.
Figure 4.1 shows a typical RIP obtained in fibre GSB4
~using the spatial-filtering technique26. Maintaining a
dopant~-rich atmosphere inside the preform tube during

3, 27 can reduce the out-diffusion. This was

collapse
not performed for the fibresof Table 4.122 and is thought
to be the major reason for Bg consistently opposing Bo

in these fibres.
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Further evidence that BS does indeed oppose B

in these fibres was provided by gently heating the

G

fibres to reduce the internal thermal stresszz, whereupon

the fibre birefringence increased.

The low birefringence in many of the fibres of
Table 4.1 can always be attributed to exceptionally
good control of core ellipticity, but in addition, to a
substantial cancellation of the stress and ellipticity
effects. In effect, fibres such as GSB6 can exhibit
low-birefringence despite their considerable core

ellipticity.

4.3 Low-Birefringence Reproducibility in 'Conventional'

Fibres

From Table 4.1, the reproducibility of low fibre
birefringence i.e. B < 10—8 is unsatisfactory.
Evidently the fibre core and cladding ellipticities,
dopant concentrations and hence thermal expansion
coefficients cannot be accurately and repeatedly
controlled to guarantee low birefringence in conventional
fibres, as already outlined above. The problem is
compounded by geometry variations along the length of the
preform. This results in some sections of a fibre
(e.g. GSB4) exhibiting different birefringence from others.
Moreover, fibre cross-sectional variations can arise
during fibre drawing from fluctuations in pulling-furnace

environmental conditionszg.

By exploiting the mutual cancellation of BG and BS

a fibre with BS - BG = O could be designed which would
be insensitive to a production spread in ellipticity since
both BS and BG are approximately proportional to
ellipticity. However, the necessary control of fibre
dopant levels would be difficult to achieve in practice

and such a fibre would be extremely temperature sensitive.

Several of the fibres of Table 4.1 exhibit undesired

circular-birefringence (rotation) most likely arising from
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fibre twists produced during drawing. During pulling
the fibre is wound evenly onto a transversely moving

take-up drum. The lateral motion of the drum causes

the fibre to roll over the drum surface so imparting

a torsion to the fibre. This is relieved by viscous

flow in the fibre 'hot-zone' and is therefore

'frozen-in' to the drawn fibre as it cools.

The twist which occurs during drawing has been
confirmed by drawing a fibre with a rectangular
cross-section. A one-axis scanning laser fibre diameter
monitor recorded readings alternating between each of
the fibre dimensions, indicating that the fibre below
the hot-zone was revolving due to the lateral drum

motion.

The optical rotation often seen in 'conventional’
fibres arising from drawing-induced twist can be
reduced by using a separate fibre capstan and take-up
drum. Since the capstan would not be required to move
laterally, little twist of the drawn fibre would be
expected.

In view of the difficulties encountered this far,
it remains uncertain that high production yields could
be obtained in conventional fibres if continued

development took place.

4.4 Twisted and 'Spun' Fibres

The poor reproducibility of ultra-low birefringence
in conventional fibres has spurred the development of
'spun' fibres. The basic process and concepts of spinning
are now introduced.

Spinning is basically a process whereby a twist
is imparted to a fibre whilst in its molten state. In
practice the twist can be introduced by simultaneously
rotating or spinning the preform about its axis during

standard fibre drawingl7. At the high forming
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temperature the fibre is in a molten or viscous state
and cannot support any significant torsional shear

stress arising from the.preform rotationzg. Upon
subsequent cooling then, the applied twist is 'frozen'
into the 'spun' fibre. The now-permanent frozen-in

fibre twist is given the term 'spin' and can be

regarded effectively as a twist imparted without
torsional stress. This is distinct from 'twist'

applied to the cold fibre where torsional stress <s
supportedBo. This stress introduces an additional twist-

31, 18

induced circular birefringence proportional to the

fibre twist rate by means of the photo-elastic effect.

Except for this important difference, the basic concepts
of spin and twist are in fact identical. In the following
conceptual model this distinction is omitted since

it does not affect the intrinsic mechanism.

A fibre with no applied twist or spin, with
intrinsic linear birefringence AR can be modelled
as a series of simple linearly-birefringent plates
with their principal axes aligned along the fibre length.
If the fibre is then spun, the local principal axes of
birefringence precess along the fibre length. The
fast axis direction at point A approaching apposition with
the slow axis direction at point B one quarter-turn of
twist further down the fibre. As a simple model, the spun
fibre can be divided up into discrete untwisted sections,
each having a length of a quarter of a spin period and
rotated with respect to each other by 90° (Figure 4.2).
At each junction between sections an interchange of
fast and slow axes occurs so that the birefringence of
the first section is cancelled by that of the opposite
sense in the second section. This model, albeit a crude

one, clearly demonstrates that the mechanism of spinning

a fibre is an averaging effect on the intrinsic birefringence

in the fibre by which a small overall fibre retardation

may be obtained.
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To predict the overall fibre retardation as a
function of fibre length, the more refined model shown in
Figure 4.3 must be adopted. On this model, the spin
rate is implicitly assumed to be much greater than
the fibre intrinsic birefringence ABR. Consideration of
the series of retarders with rapidly spiralling fast
axes, for each fibre length, intuitively gives an overall
retardance with a principal axis position ¢ equal to
half the total spin angle along that length (see Figure
4.3(a)).The retardation with respect to ¢ oscillates about
zero along the fibre, with an amplitude which depends
on the birefringence of each individual section
(Figure 4.3(b)).Clearly, the shorter the spin period with
respect to the birefringence beat length Lp in the unspun
fibre, the smaller the birefringence in each section
will be and thus the smaller the overall retardation

oscillation amplitude.

In contrast to the case of an unspun fibre, the
overall retardation in a spun fibre never builds up to
an appreciable level over a long fibre length. A '
highly-twisted fibre also appears to have almost zero
overall linear birefringence, but a residual twist-induced
rotation appearsls. However, in a tightly spun fibre this
rotation does not arise and a very small linear and
circular birefringence results. In the limit of a large
spin rate the fibre becomes in effect a perfectly
isotropic fibre, the spin restoring an overall average
circular symmetry of the locally-anisotropic waveguide
structure. This spin averaging effect produces a highly

reproducible ultra-low birefringence in ‘'spun' fibres.

4.5 The Analysis of Twisted Fibres

We now consider the detailed analysis of twisted
and spun fibres to quantify the basic concepts introduced

in the previous section.
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The polarisation behaviour of twisted birefringent
media has been considered by several authors32' 33
particularly with application to twisted cholesteric liquid
crystals34 and insect photo—receptors35. In the case of
fibres many authors have used perturbation theory and
coupled-mode analysis to predict the properties of twisted
fibres either directly in terms of output

36, 37, 38' 39’ 40

polarisation parameters or by graphical

representation on the Poincaré spherels’ 38. Monerie
and Jeunhomme41 also used coupled-mode analysis and
calculated the polarisation mode-dispersion in a twisted
fibre. However it is important that any analysis
relates the measured universally applicable fibre

parameters32' 42, of retardation R, rotation Q@ and

principal axis ¢ to the twist43’ 44.

This has been
demonstrated by Papp and Harms44 but it is not possible to
include the twist-induced rotation (€ ection 4.4) or to

. , . . 15 . .
calculate polarisation mode-dispersion in their analysis.

In view of all these difficulties, the author and
his co—workers45 developed a coupled-mode analysis based
on the method by McIntyre and Snyder35.

This method has the following important advantages:

(1) it is simple, intuitively appealing and
versatile, being easily adopted to solve other

fibre mode-coupling problems (see Chapter 5).

(ii) it relates directly to the fibre
properties R , Q and ¢.

(iii) the inclusion of twist-induced rotation is
possible, allowing a better understanding of the

difference between spun and twisted fibres,

(iv) the calculation of polarisation mode-dispersion

in both twisted and spun fibres is possible.
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(v) the results may also be represented in the
form of an output polarisation-ellipse or plotted
on the Poincaré sphere for comparison with

other methodsls.

McIntyre and Snyder35 use a plane-wave approximation
to analyse a uniformly-twisted birefringent medium
by modelling it as a stack of rotated birefringent plates
and employing coupled-mode theory. For a twisted fibre,
these retardation plates are interspersed by optical
rotation elements which represent the torsional stress-
induced rotation46 per unit length, o = g'f for a twisted
fibre. Here, £ 4is the right-handed twist rate in
radians per metre and g' the proportionality constant
which has been found experimentally to be ~O.0818’ 31.
On the other hand, for the permanent twist in a spun
fibre no torsional stress is present; thus o = O.
Figure 4.4 shows the new model where each retarder-rotator
pair &z thick is rotated by an angle §Q with respect

to the preceding pair.

The electric field equation35 for Section A in
matrix form, using Jones calculus to represent the
retarder and rotator, is written:

cos adz -sin adz eleZ 0 a R
[_ X A
E] = L3 *
A
A
sin adz cos adz o} eleyZ ay Y

(4.1)

where BX and By are the propagation constants of the two

orthogonally-polarised light components)aX

and a
A Y
and Y, are unit vectors,

are the field amplitudes and QA
in the Xp and Ya directions. Similarly, the electric

field at the input to plate B is:

- X ble B )
[EB} - . (4.2)
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The vector systems in sections A and B are related by:

A A _ N .

Xp = Xp cos 80 yg Sin 5Q (4.3)
A _ 5D .

Ya Xy sin 8Q + 9B cos 8 (4.4)

The fields EA and EB are now matched at the boundary
between the two sections A and B. Assuming a linear
twist, using equations (4.3);(4.4) and taking the limit

6z >~ O, yields the two coupled-mode equations:

dAx -

T " By By = (E-o) B (4.5)

Py

3 T iB, A, = -(8-a) A (4.6)
where

A - a, JiB 2 (4.7)

Ay = a, eiByZ (4.8)

If no twist-induced rotation is present, as in a spun
fibre, g'€= o = 0, the analysis is identical

to that of McIntyre and Snyder35' 47. It has been

x = By /By + B <<L
and €<<|BX],(By| to neglect the power transfer

implicitly assumed that |(8

between forward and backward-travelling waves.
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The solution to the coupled-mode equations (4.5)

and (4.6), describing the plane-wave propagation along

the twisted fibre, is written as:

—-H*
Ax(z) G H AX(O)
A H G* A 0
v (%) ], y (©)
where
. . iB =z
G = (cos vz + i o sin yz)e "s
1 + p2
H = - 1 sinyz.elBsz
1 + p2
and
B, = B A
p = x = B
2(g=a) 2(&~a)

Here, the asterisk denotes complex conjugation, and

AR the intrinsic birefringence of the untwisted fibre in

radians pexr metre. Equation (4.9) expresses the
output vectors Ax(z) and Ay(z) in terms of the

twisted co-ordinate system x(z), yv(z).

The twisted stack of local retarders and rotators

representing the fibre in Figure 4.4 may be universally

=

(4.

(4.

(4.

described32 by a retarder and rotator equivalent model.

.9)

10)

.11)

12)

.13)

14)
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To obtain the parameters R(z), ¢(z), Q(z) in this
model the matrix elements G and H in equation (4.9)
are written as42

G = cos cos (24+R-£2z) (4.15)

Nl

cos (Q-&z) + i sin

ot

H = cos sin (Q-£z) + i sin

j
SIPY

sin (2¢+0-£2) (4.16)

B =z

Therefore, neglecting the common phase factor e:L s
equations (4.10), (4.11), (4.15) and (4.16) gives<>:

R(z) = 2 sin T o sin vz (4.17)
v 1 + 02
Q _ -1 1.
(z) = £z + tan - tan yz{ + nm (4.18)
[ 1+ 02 J
where
o = g'g (4 20)

In its untwisted state, the fibre has been assumed to
exhibit only linear birefringence Ag arising from
core ellipticity and thermal stress. However, as seen
in Section 4.3, many fibres may already be twisted
during drawing and exhibit a degree of intrinsic
circular rotation48 oy which can be treated as a
twist-independent term oy in the parameter o

(equation (4.20)).
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The two modes A, and Ay are in fact coupled by
the twist4l as is evident from the coupled-mode equations
(4.5) and (4.6). The coupling coefficient for the plane-wave

approximation used3'5 is real and given by
(E-a) = &£(1-g") = E@1~-3 (4.21)

where g is the proportionality constant for twist-induced

optical activity18

(i.e. twice the optical rotation
defined by g'). A full analysis of twisted fibres,
taking into account the waveguiding effect36 has been
shown45 to give a coupling coefficient (& - a),
provided V > 1.5 and the fibre ellipticity does not
exceed 5%. The plane-wave approximation is wvalid

in the (loss=less) twisted waveguide at high V-values
provided the cladding surrounding the core in which part
of the guided light propagates19 also twists with the

35
core™ .

4.6 Physical Interpretation of the Twist Analysis

The twist analysis of the previous section describes
the polarisation properties of a length z of uniformly
twisted birefringent fibre in terms of a discrete
equivalent retarder R and principal-axis orientation ¢,
followed by a discrete optical-rotator element with
rotation Q.

In this section the interpretation of these

results is described in detail.

4.6.1 Principal axes in a twisted fibre

In a twisted birefringent fibre, there are no true
'fast' and 'slow' axes. The properties of net retardation
R and rotation Q derived are complex functions of both
Ag8 and g. Neverthless, a "pseudo-fast axis" ¢ has

been derived for the twisted fibre.
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However, some care is required in the interpretation
of ¢, the principal axis orientation, since the
retardation R given by equation (4.17) can be both
positive and negative. The angle ¢ is interpreted as
the azimuthal direction to which the retardation R is
referreq,being the fast axis when the retardation R
is positive and the slow axis when R 1s negative. The
actual 'fast' mode "flips" its direction 90° each time
the retardation R given by equation (4.17) passes
through zero.

4.6.2 Normal modes in twisted fibres

The coupled linearly-polarised modesA.X}Ay described
by equation (4.9) are not the true modes of a twisted
fibre, since they rotate with the twist angle and
exchange energy as they propagate. However, in a twisted
fibre, there always exists a pair of true normal modes35
or polarisation—eigenstates4l which propagate along the
fibre without change or power coupling. In a loss-less
twisted fibre these modes are obtained by diagonalising

the coupled-mode equations (4.5) and (4.6) 35, to give:

o, , - [Q(z) - 1o + /1 402 9(z)] exp {i(Bsi Y>Z}
(4.22)

where p and Y are given by equations (4.12) and (4.13)
respectively. The normal modes Ul and U2 are in general
orthogonally elliptically-polarised and rotate with

the twist;, they do not intuitively relate to the measurable
fibre properties R, Q, ¢. For this reason the above
linearly-polarised coupled modes have been used to

obtain R, Q and ¢.

Nevertheless, the normal modes are often
extremely useful when considering polarisation mode-
dispersion45 or the effects of external influences on
twisted fibres24 (see Chapters Six and Five respectively).

The existence of normal modes in twisted fibres has been
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verified experimentally49.

4.6.3 Evolution of polarisation along a twisted fibre

In addition to deriving the fibre birefringence
properties R, Q@ and ¢, it is also useful to study
the evolution of the actual polarisation state along a
twisted fibre. The fibre output polarisation is a primary
consideration while using a polarisation sensitive

detection systemSO.

As an example, we consider the case of a loss-less
fibre with a linearly-polarised input at an
azimuth Go to the x(o) axis. The ellipticity & and
the angle ¥ of the output polarisation ellipse relative

4
to the x(o) axis are given by35’ 7:

sinzeo cos 2yz - 1 cos 260‘sin 2yz

Vl+p2

Y = £z + %tan—l
1
1+p2

cos 260(cos2yz+pz) +

1
Vl+02

.
(4.23)

i+

nm

sin ZGOsin 2vyzZ

-

.. —1( 2p . , 1 . ‘
Z = tan| % sin sinyz,(sin26 cosyz - cos206 31nyz%
( é’l+p2 © Vl+p2 ©

(4.24)

Thus the state of polarisation (SOP) oscillates between
left and right-elliptical polarisation along the fibre
length z with a simultaneously rotating azimuth y. The
parameters i) and gz may also be plotted on the Poincaré
sphere to give an interesting visual description of the

behaviour of a twisted fibrel8

and yield, in general,
cycloidal trajectories on the sphere. The typical result
(Figure 4.5) demonstrates the similarity and agreement

between the present analysis and that of Ref 18.
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From this figure and equation (4.24), two particular

situations of interest arise.

(i) There is always a certain value of eo

for which the output polarisation is linear i.e.

z = 0, for a given length z of fibre. Then

eo must correspond to the principal axis ¢ for

this length of fibre, that is, the "linear-output/
linear—input" condition. Linearly-polarised
output is only obtained when the input is polarised
parallel to the principal axis i.e. 6 =¢ and
furthermore is rotated by an angle ¢ =&z

(equation (4.23)) with respect to the input
polarisation direction. .In Figure 4.5, points where

this condition is satisfied are marked 'A'.

(ii) At points periodically spaced along the fibre,
given by sinyz = O the output is also linearly-
polarised, for all input angles 60. This corresponds
to zero total retardation of the fibre R(z) given

by equation (4.17) where the fibre acts as

a pure rotator. In the example shown in Figure 4.5

this condition is satisfied at points marked 'B'.

The Poincaré sphere illustrates immediately how the
polarisation state evolves along the fibre, this
evolution depending on the actual values of £, AB and
eo.

| Two special cases of twist are now considered to
highlight the rather subtle but important
characteristic differences between a spun fibre and a

twisted fibre.

4,6.4 Small twists

The calculated retardance as a function of length =z
from equation (4.17) is shown in Figure 4.6, for
various ABR/E values'®. In the limit of small twists

relative to the intrinsic birefringence (& << Af )
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the principal-axis orientation ¢(z)= O from equation
(4.19), while the retardance R(z) =ARz

is linear with length, shown in Figure 4.6 for AR/E = 4000.
Also, the rotation @ = £z (equation (4.18)).

In other words, little modification of the original
birefringence AB occurs, the principal axis ¢ remaining
approximately coincidental with the minor axis of

the core ellipse ~ the 'fast' axis of the

untwisted fibre45.

Alternatively, the evolution of the polarisation
state can be examined, the equations for the

polarisation ellipse (4.23) and (4.24) reducing in this

case of
AB
p = >> 147 to
2(&-a)
-1 1 ;
U = gz + % tan ‘{tan 260 cos ABz + O /D)} (4.25)
and
_l l
z = tan [% sin {sin28O sin ABZ}] + 0(/p) (4.26)

These equations represent elliptical-polarisation in
general resulting from the intrinsic phase retardation
ABz. Thus, launching lineafly—polarised light parallel
to the net retarder principal axis i.e. 80= ¢ = O results
in a polarisation state at the fibre output which is
approximately linear along the entire fibre length but
which rotates as if locked to the fibre twistl8’ 35, 45.
On the Poincaré sphere then, the trajectory of the SOP
oscillates with a very small amplitude as it slowly

moves around the equator, following the twist.
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It is evident that in the case of small twists
the torsion-induced circular birefringence 2a has
a negligible effect, being effectively swamped by the
large intrinsic linear birefringence given by
equation (4.17)18.

In the limit of p >>1, the normal modes given
by equation (4.22) become linearly-polarised along
the twisting x(z) and y(z) axes respectively35
Again it is immediately evident that linearly-polarised
light launched into one of the modes remains uncoupled
and therefore linearly-polarised, but nevertheless
rotates in synchronism with the twist47' 49, 51. This
is the basis of the linear "polarisation-maintaining"
ability of high linear-birefringence fibres which are
insensitive to moderate fibre twists52 (see Section
5.2.1).

4.6.5 Large twists

In the limit of a large twist rate relative to
the birefringence i.e. & >> AR , the retardance predicted

by equation (4.17) becomes

R(z) = sin[ (E—oa)z] (4.27)
(E=a)

while the rotation @ and principal axis ¢ predicted by
equations (4.18) and (4.19) become

R

Q (z) oz (4.28)

It

¢ (z) (E-a) =z (4.29)

In this case, the intrinsic fibre retardance
is considerably reduced by the twist and the overall
retardation R(z) becomes oscillatory about zero along
the fibre length, as shown in Figure 4.6 for AB/E
= 0.04. Thus accounting for the rotation a, the
results of the conceptual model presented in Section 4.4

are confirmed by the more detailed analysis.
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/

Considering the output polarisation ellipse,
equations (4.23) and (4.24) for the case p <<l

reduce to

Y o= 8 + az (4.30)
r o= 2(2%“) sin [(g—a) z].sin[2eo - (E;—oc)z] (4.31)

These equations and also equations (4.27) to (4.29)
show that by launching linearly-polarised light into the
fibre at any azimuth 90 results in a near-linear output
rotated by an angle &z with respect to the input
direction45. In fact the SOP along the length consists
of an oscillation between very slightly left-and right-
elliptically-polarised light rotating in orientation
along the fibre. The trajectory on the Poincaré sphere
runs rapidly round the equator due to the rotation
Q(z), with a small amplitude of oscillation which can
be regarded as resulting from the small but finite

retardation R(z) present.

Effectively a high twist rate rapidly couples the
two modes Ax and Ay 41 thereby averaging the birefringence
AB to zero, to leave the twist-induced rotation alone.
In the limit of large twists i.e. p << 1, the normal
modes {equation (4.22)) are oppositely circularly-
polarised with a difference in propagation constants of
2(g=q). Linearly-polarised light launched into. the fibre
will excite both these modes equally, resulting in
linear output state but rotated through an angle az,
as above49. In contrast, circularly-polarised light
will excite only one mode and travel unperturbed along
the fibre. The fibre will "maintain" circular

18, 53 under external influence554, provided

polarisation
that the fibre is sufficiently twisted to induce a

large rotation (see sub-section 5.2.2).
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4.7 Experimental Verification of the Twist Analysis

The evolution of polarisation along a twisted
fibre described by equations (4.23) and (4.24) has
already been shown to agree closely with Ulrich's
methodls. Similarly, the normal modes agree with those
calculated49 by Sakai and Kimura37 and confirmed
experimentally by these authors49' 55. Nevertheless
the predicted birefringence properties R, 2 and ¢
must be verified experimentally in twisted fibres.
Measurements were made at 633nm with the fibres hanging
verticallylas described in the previous Chapter/to

ensure a uniform applied twist.

The first experiment was performed on a conventional
low-birefringence fibre (GSB4 in Table 4.1). The
birefringence of ~80/min the sample selected, enabled
investigation of the interesting limit of large twists
(Section 4.6.5), while avoiding mechanical limitations
on maximum twist angle. The results for the optical
rotation @ and principal axis position ¢ are shown
in Figure 4.7(a) and Figure 4.7 (b) respectively, for
ratios of twist to birefringence £/AR up to ~90.

As predicted by equation (4.28), for the case of large
twists, the rotation @ is linear with twist rate &,

a left-handed rotation being induced by a right-
handed twistlB' 31. The slope of the line gives

g' = 0.073, a value in excellent agreement with the

results of other investigationsSG’ 3L, 18, and theoretical

calcﬁlationsl8' 37.

This particular fibre is evidently
already twisted since there is a rotation oy present
at zero twist whicQ,as predicted in Section 4.5, merely

acts as a fixed offset of the twist-induced rotation az.

The principal axis ¢ is also linear with twist
angle as predicted by equation (4.29) showing considerable
departures from the untwisted position which is assumed
to lie along one of the core elliptic axes. Ignoring

ao it is found that
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20 + Q= &z + mrm as predicted by equation (4.19).
In this experiment, the retardation (not shown)

remained below + 10°/m for all twist rates and could

not therefore be measured accurately. Moreover at points

where the retardation was particularly small, corresponding

to (2n+l)% of total twist, the principal axis ¢ - was

subject to considerable error (see Figure 4.7 (b)).

Because of the difficulty of measuring such low
retardations accurately, a second experiment
was performed on a fibre (VD214) with a silica core and
B203/Sio2 cladding,za %%near birefringence of ~123O/m and
very small rotation™’ . In view of the higher
birefringence, a correction was made using Jones
Calculus to allow for the untwisted birefringent fibre

sections at each end of the twisted test fibre.

The results for retardance R are shown in Figure
4.8(a). Note the rapid reduction in overall birefringence
that can be obtained as the twist rate is increased up
to a ratio £/AR =5. Also shown is the theoretical
prediction of equation (4.17) which gives excellent
agreement in spite of a slight difference in periodicity,
thought to arise from an uncertainty in the values of

AR and z in the sample of fibre used.

The rotation Q@ is shown in Figure 4.8 (b), together
with the curve predicted by equation (4.18). It can be
seen that at large twist rates the rotation asympotically
approaches proportionality to the twist with a slope of
~ 0.073, i.e. g', as predicted by equation (4.28) for
large twist rates £>>AB (see Section 4.6.5). Similarly,
the principal axis position ¢, shown in figure 4.8 (c)
shows close agreement with the theoretical prediction

of equation (4.19).

These experiments thus provide clear verification

of the analysis of Section 4.5.



88.

4.8 Spun Fibres

4.8.1 Introduction

The above theoretical analysis has already shown
that by tightly twisting a fibre the intrinsic
birefringence can be reduced dramatically. Such a
fibre is thus suitable for use in the current monitor
device3l, where ultra-low linear birefringence is
required4, The maximum applied twist rate is however
limited by fibre fatigue failure and moreover, results

in a large, temperature—sensitive3l’ 56

torsion-induced
circular birefringence g&z. In Section 4.4 it was
noted that 'spun’ fibres exhibit the same advantages

of low birefringence with the additional benefit of

negligible circular birefringence.

In this section, the properties, fabrication and

other features of 'spun' fibres are examined in detail.

4.8.2 Birefringence properties of spun fibres

As previously described, drawing a fibre while
simultaneously rotating the preform produces a simple
precession or twist of the axes of asymmetry in the
fibre, which is subsequently frozen-in to the fibre.

It is assumed that the actual intrinsic birefringence

AR arising from the normal core non-circularity and thermal
stress effects, remains unaffected. The preceding
analysis of twisted fibres may therefore be applied

to a spun fibre, with the proviso that since no appreciable
torsional stress is supported in the viscous fibre preform

hot-zone at the drawing and spinning temperature (o = 0).

As with twisted fibres, a high spin rate £' (&' >> AR)
will provide the dramatic reduction in intrinsic
birefringence necessary for the production of ultra-low

birefringence fibres.
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Using equations (4.27) to (4.29), the polarisation

characteristics of a tightly spun fibre are given by

R(z) = é@ sin (£&'z) (4.32)
2
L
Q(z) = - ggv 2 = O (4.33)
blz) = S22 (4. 34)

A spun fibre thus has very small amounts of
retardation and rotation. In the limit of very
large spin, the fibre behaves as a perfectly isotropic
waveguide and can transmit any polarisation state
without change, provided no external influences exist.
Thus on the Poincaré sphere, for any input polarisation
state, the general cycloidal trajectory derived in sub-
section 4.6.3 reduces to a spot on the sphere. Consequently,
the waveguide asymmetries caused by ellipticity and thermal
stress can be averaged to produce near perfect overall
symmetry by rapidly spinning the fibre about its axis.
Naturally, at finite spin rates, a small amount of
polarisation anisotropy remains and the evolution of the
polarisation state for linearly-polarised light input is,

from equations (4.23) and (4.24)

2
@O - %%T z (4. 35)

=
R

Y _
L = TE sin &'z,sin [2@0 E'z] (4. 36)

Thus the trajectory on the Poincaré sphere is again
an oscillation between very slightly left- and right-
elliptically polarised light, which rotates slowly
around the sphere. Here only a very small second-order
rotation Q(z) (equation (4.33)) of the polarisation

(equation (4.35)) exists, in direct contrast to the case



90.

of a fibre twisted tightly after drawing which exhibits

a substantial rotation (equation (4.28)).

In a tightly spun fibre the normal modes
(equation (4.22)) are oppositely circularly-polarised,
rotating with the twist, with a difference in propagation
constants of ~2&'. Linearly-polarised incident light
excites both modes equally giving a linear output,
but with very small net rotation. As in a highly-twisted
fibre, circularly-polarised light travels without change
alone the fibre. However since there is only a second-
order circular birefringence, a spun fibre possesses
little ability to maintain circular-polarisation.
A small modulation of the spin rate &' will result from
any twist arising from the drawing drum (Section 4.3).
However since &' >> AB, this modulation will not introduce
any rotation in contrast to conventional fibres. The
adoption of a fibre pulling capstan to reduce these
effects, described in Section 4.3, would seem to be

unnecessary for spun fibre manufacture.

As predicted in Section 4.4, so long as &' >> AR,
the averaging mechanism of spinning will guarantee
ultra-low overall birefringence in every spun fibre
manufactured. In practice, by ensuring that the
spin rate always far exceeds the likely range of AB
values expected in the unspun ('conventional') fibres,
the actual AB value is of no concern. The resultant
tolerance towards AR in a tightly spun fibre leads
one to expect a very high degree of reproducibility for
ultra-low birefringence in ‘'spun' fibres. Furthermore,
low birefringence may be attained along an entire length
of fibre, regardless of any variations in AR arising

from preform or fibre geometry variations along the length.

Peak retardations below measurable levels (i.e. less
than 10—2 radians) may be obtained in a spun fibre if
the ratio of spin rate ' to intrinsic birefringence AR
is greater than one hundred. It is relatively easy to

produce conventional fibres with beat lengths of 1m
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or more2. Satisfying the above guideline thus requires
a lcm spin pitch, which may be obtained in practice
without difficulty. A lm-beat length fibre spun with

a pitch of lcm would have a residual rotation Q of

~7.8 x 10_3 rad/m or one complete turn in .800m.

In the case of ultra-low birefringence fibres of

the type shown in Table 4.1, a 5-10 cm pitch is
sufficient to produce immeasurably small overall

retardations.

Any spun fibre meeting the criterion £'/AB8 > 100
is ideally suitable for use in the Faraday ammeter

device6’ 57.

4.8.3 Fabrication of spun fibres

The actual spinning procedure was mainly

17, 45, 58

developed at Southampton University and is

described briefly in this Section.

The preform, typically made by the CVD process,
1s attached to the shaft of a speed-controlled DC
motor, which is gimbal-mounted at the top of the fibre
drawing tower in place of the usual preform chuck
(Figure 4.9). The lower end of the preform is accurately
centred inside the pulling furnace using a spring-loaded
iris diaphragm which also serves as a furnace gas-seal.
Normal fibre drawing 1s commenced and once stable
conditions have been established, the spinning motor is
run up to the required speed. Rotation rates of up to
2000 rpm have been achieved with accurately centred,
straight preforms, which at a typical pulling speed of
~0.5 ms_l gives a spin pitch of ~1l.5cm in the fibre.
Typical motor speeds are in the range of 600 rpm, however.
The primary-coating process and automatic diameter

2 . .
control system 8 are used in the normal fashion.

If the preform is not straight or accurately centred
prior to spinning, centrifugal forces act to cause the

viscous glass in the furnace hot-zone to "throw-out" still
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further away from the centre to eventually touch the
walls of the graphite resistance-furnace. An additional
problem is that the eccentric drawing region at the end
of preform sets the drawn fibre into vibration. The
rapid fibre movement within the measurement zone of the
scanning-laser fibre diameter-monitor can be sufficient
to cause loss of fibre diameter control. Hot zone

"throw out" can however be substantially reduced by using
a lower furnace temperature (alSOOOC) to increase the fibre
drawing tension, which also gives improved diameter
control. It then becomes possible to spin unstraight
preforms to produce fibres with sustained ~lcm spin
pitches and controlled diameters (+ O.3pm) in lengths of

several kilometers.

Consideration of the viscosity of the fluid
fibre hot-zone29 shows that there is almost complete
relaxation by viscous flow of elastic torsion in the drawn
fibre during spinning, even at the unusually low
pulling temperatures required for good diameter control.
This results in negligible applied twist in the fibre
wound on the drum as verified by paying out the fibre
from the drum and allowing the end to hang freely,
whereupon no untwisting of the fibre was observed24' 59.
The preform spin rate w is thus taken-up almost entirely
by the viscous hot-zone to give a fibre with a spin

pitch s given by

\®)

=20
£ (4.37)

n
1l
zl<

pulling speed in ms_l. The spinning motor speed

where v
w is linked to the fibre drawing speed v so that despite
variations in drawing speed caused by the diameter

control, a constant fibre spin pitch s is obtained.

An alternative method of producing a fibre
spin has recently been proposed60 using a rotating fibre
drawing drum as opposed to the preform. The effect is the
same, however and avoids the problems associated with the

spinning hot glass, but only at the expense of considerably
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more complex drawing and fibre coating apparatus.

The spinning process has been fully developed and
it is now routinely possible to manufacture spun fibres

in large quantities.

4.8.4 Experimental properties of spun fibres

Fibre preforms similar to those shown in Table 4.1
are normally used to manufacture spun fibres. To
demonstrate the effect of fibre spinning, both spun and
unspun sections of fibre were each drawn from various
preforms of this type. The unspun sections, used as
controls, were obtained by stopping the spinning motor
and taking a fibre sample from the fibre section

immediately adjacent to the spun section of fibre.

Table 4.2 shows the properties measured using a
polariser and analyser in various spun and unspun fibres,
showing the marked effect of fibre spinning on the
birefringence properties. In all the fibres, spinning
gives a reduction in linear birefringence approaching two
orders of magnitude. In reality, the spun fibre
birefringence was typicaily at or below measurement limits
so that the actual reduction may be much larger in many
cases. Spun fibres also consistently exhibit negligible

levels of rotation as predicted in sub-section 4.8.2.

Evidently from Table 4.2, the theoretically predicted
spun fibre birefringence properties are verified in
practical spun fibres. The consistently low retardation
and rotation confirms the prediction of very high
reproducibility of ultra-low polarisation anisotropy

in spun fibres.
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4.8.5 Local anisotropy in spun fibres

It has been assumed throughout the discussion of
spun fibres that spinning produces little modification
of the local anisotropy A within the fibre itself but
only a simple frozen-in fibre twist which averages
the anisotropy to restore a near-perfect symmetry to
the waveguide structure. If this were true, a spin
fibre, although exhibiting low overall retardation,
would still have high birefringence on a local scale.
The consistently low birefringence seen in practical
spun fibres leaves little doubt of the validity of the
above assumption. Nevertheless, it is conceivable that
spinning could also produce ultra-low birefringence by
actually smoothing the elliptical cross—-section to
reduce the local anisotropy itself in the revolving
molten preform hot-zone. This would give rise to a
low birefringence not only on a macroscopic scale but
also on a local scale within the fibre. Moreover, such
an effect should also be expected to be highly

variable from fibre to fibre.

If the spin averaging mechanism does occurltwisting
a spun fibre after drawing in a direction as to oppose
the spin, should reduce the averaging effect59’ 61.
This would cause the original anisotropy to fully reappear
at a point where the applied twist exactly negates the spin.
The analysis presented in Section 4.5 shows that a spun
fibre should behave as a twisted fibre but with zero
torsion-induced rotation o. An applied twist £ acts as
an additional twist but in contrast, has an associated
rotation ¢« = g'f. Using the twist analysis of Section 4.5,
the retardation and rotation of a spun fibre with a spin
rate £' (taken to be negative) and an applied twist £

are given by

_l pl
R(z) = 2 sin — 735 1 sin le (4.38)
(

l+p,7) "
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_l -

a(z) = (g+€')z + tan | —F o tan v,z (4.39)

(l+pl )

where
py = =

1 2 [g(1-g") + g'] (4.40)

) 2
vy = %/ 88" +4[e-g") +g'] (4.41)

and AR is the intrinsic birefringence in the unspun fibre.

As the applied twist opposes the spin the net
precession of the axes is progressively reduced and the
intrinsic local birefringence consequently becomes more

apparent. At a twist rate Ec given by

£, (1-g') = -¢' (4.42)
the retardation R given by equation (4.38) rises and
peaks at a value R = ABz, while the rotation Q(z) from

equation (4.40) and (4.42) is given by
Q(z) = (E+8")z = g'E, 2 (4.43)

At this point, the applied twist Ec is such that the rotation
is equal to the remaining net twist (EC+E')Z in the fibre.
The plane of polarisation of the light rotates in

synchronism with the twist so that light polarised

parallel to the local axes of the intrinsic birefringence

at the input remains oriented parallel to these rotating

axes along the fibre lendgth. Effectively all the local

axes along the fibre are "aligned" to the linearly-polarised
light and the fibre exhibits its full birefringence AR,

in addition to a net rotation g'&cz.
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Increasing the applied twist ¢ beyond gc results
in a return to the averaging effect of the net positive
applied twist, to give negligible levels of retardation.
Note that if £ acts in the same sense as the spin
( i.e. £ is negative) the retardation remains negligibly

small for all applied twist rates.

An experiment was performed to verify these
predictions using a spun fibre (VD348)
at 633nm of length 1.262m. The retardance was measured
using the polariser-and-analyser technique described in
Chapter Three, as a function of applied twist.
Figure 4.10 shows the experimental result, showing, as
predicted above, a peak in retardation, of 14.420/q
corresponding to the local birefringence AR in the spun
fibre. This compares well with the value AR = 320/m
measured in an unspun section 100m down the fibre and is
within the normally-expected variation of intrinsic
birefringence along the fibre length. From the applied
twist necessary to produce this peak retardation the
fibre spin pitch s = 27/&' was found, using
g' = O.O7345 (Section 4.7) in equation (4.42) to be
5.24cm. This value agrees with the nominal value of
5.0cm shown in Table 4.2 within the calibration error of
the preform spinning motor speed-control. The close
agreement verifies that almost complete relaxation
of torsion occurs in the cold fibre by means of viscous
flow in the fibre hot zone, as discussed in sub-section
4.8.3., The determination of the spin pitch in a spun
fibre by this means requires prior knowledge of the nominal
pitch since the range of twist over which the retardation

reappears is very narrow.

Using the values AR= l4.42o/m and s = 5.24cm, the
theoretically predicted retardation given by equation
(4.38) also shown in Figure 4.10, showing the excellent
agreement with the experimental results. The reappearance
of the birefringence with applied twist is an important
feature of spun fibreswhich could be exploited in a

fibre angle sensor. It also shows conclusively that a
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spun fibre retains a local anisotropy approximately equal
to the intrinsic fibre birefringence, with apparently
little modification of the fibre cross-sectional geometry.
Further confirmation of this fact is provided by the cross-
sections of both the spun and unspun sections of a highly-
elliptical fibre®? shown in Figure 4.11(a) and 4.11 (b)
respectively, which are evidently almost identical.

Figure 4.12 compares the transverse-sections of these
fibres to clearly show the elliptical core and cladding
spiralling along the spun fibre. The unspun fibre

had a high birefringence due to its elliptical cross-
section with a beat length of 19mm. However, in the spun
fibre, since the spin pitch of ~1.2mm is far shorter

than the beat length i.e. &' >> A8 there was, as
expected, negligible birefringence. This illustrates how
even a high birefringence fibre may be spun to produce

low birefringence, using a sufficiently short spin pitch
obtained in practice at greatly-reduced fibre drawing

speeds.

From the above experiments it is clear that the
repeatable reduction in birefringence obtained in a
spun fibre can be attributed largely to the averaging
effect of the precession of the fibre axes Of symmetry
and not to changes in fibre cross-sectional geometry or

smoothing of anisotropic stress.

4,.8.6 Other features

Apart from their ultra-low birefringence, spun
fibres have several other features pertinent to their

potential applications.

(1) Temperature and wavelength sensitivity

As a consequence of the intrinsic overall geometric
symmetry of a tightly spun fibre, the ellipticity
and thermal stress effects contributing to the
intrinsic local fibre anisotropy AR are of little
consequence to the overall fibre properties.

Thus spun fibres are insensitive to variations
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in temperature which affects only the value of AB
Evidence of this was provided by varying the
temperature of a length of spun fibre using the
tube furnace described in Chapter Three;

no change in the fibre birefringence was observed.

The birefringence of a spun fibre will remain

low despite variations in AR arising from a change
in source wavelength; thus spun fibres have
negligibly small polarisation mode-dispersion, as
with all low-birefringence fibres, as will be

shown in Chapter Six.

Fibre attenuation

Figure 4.13 shows a typical spectral attenuation
curve for a fibre in both spun and unspun conditions.
This fibre (VD386) was similar to

the conventional low-birefringence fibres of

Table 4.1, having a B203/Si02 cladding/

Geoz/SiO2 core structure, optimised for low
birefringence AR rather than for low attenuation.
Nevertheless, within experimental error

(~0.5 - 1ldB/km), negligible increase in loss over

a wide spectral range is observed in the spun

fibre over that of the unspun fibre. This was
confirmed by OTDR attenuation measurements63.

Similar results may be obtained in all spun fibres,

. even with fibre spin pitches as short as lcm.

In as much as spinning places little constraints

on any other parts of the fibre fabrication process
and furthermore guarantees ultra-low birefringence
with virtually any value of AB, there is effectively
enormous flexibility in the choice of preform

design for an ultra-low birefringence spun fibre.
Essentially, ultra-low birefringence could be
obtained equally well using a preform optimised

for loss or one optimised for a low AR value.

There is every reason to expect that simultaneously

ultra-low attenuation and ultra-low birefringence
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spun fibres will be made in the future.

(iii) Chromatic dispersion

It is possible to compensate the material chromatic
dispersion in a single-mode fibre using the waveguide
and profile dispersion of the propagating modes

in a fibre, to give zero first-order chromatic

dispersion at any given wavelength longer than

~1.3pm 64. Fibre polarisation mode-dispersion
then becomes the major limitation of fibre
bandwidthls. At longer wavelengths such as 1.55pm

where a silica-based fibre has its lowest loss,
a fibre numerical aperture (NA) greater than 0.15
is needed for chromatic dispersion optimisation,
while the fibre core diameter must be very
closely controlled to within O.lpm 64.

In conventional low-birefringence fibres, the

high NA required for chromatic dispersion
optimisation would pose a severe problem for low-
birefringence reproduéibility. If as well as

zero dispersion, joint loss, bending loss and
cabling loss optimisation64 is required, the
additional attainment of ultra-low birefringence
and polarisation mode-dispersion appears to be

a remote possibility in a conventional fibre.
However spinning could be used to obtain the
required ultra-low birefringence and polarisation
mode—~dispersion, independently of and

supplementary to, the normal preform design and
fibre diameter control necessary for loss and
chromatic dispersion optimisation. The exciting
possibility of potentially ultra-low loss,
ultra-low birefringence, ultra-high bandwidth fibres
with low joint, bending and cabling losses for
advanced telecommunications immediately springs to
mind. Such a fibre would naturally have a great
market potential for submarine cable systems

and cohérent (heterodyne) fibre systems65
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(iv) Environmental sensitivity

We will show in Chapter Five that, as with any
low-birefringence fibre, a spun fibre is extremely
sensitive to environmental effects such as bending,
applied stress or twists. These effects upset the
spun fibre near-perfect circular symmetry on

a local scale to induce the same birefringence or

rotation effects as in conventional low-birefringence

fibres.

Although a spun fibre is almost perfectly isotropic
and can therefore transmit any polarisation state
without change, it cannot maintain that state under
conditions of external effects since power transfer
readily occurs between the normal modes. Thus a
spun fibre has little polarisation-maintenance
ability, but it is of course highly suited to
various fibre sensors such as the Faraday current
monitor3’ ?7
in a spun fibre is exceedingly useful in the design
and stable operation of fibre sensors, filters

and isolators which use controlled birefringence

fibre elementss—l4.

4.9 Summary

In this Chapter, the two types of low-birefringence
fibre have been discussed. The production yield of
'conventional' low-birefringence fibres is extremely low
because the sources of intrinsic fibre birefringence,
namely anisotropic thermal stress and core ellipticity,
are difficult to control during the CVD fibre
fabrication process. In ‘spun' fibres, this lack of
control is of no conseguence because spinning
(performed by simply rotating the preform durinq fibre
drawing) imparts a frozen-in twist to the fibre
guaranteeing that any intrinsic polarisation anisotropy
arising from stress or ellipticity, whatever its value,

is averaged to give near-perfect waveguide symmetry.

. The negligible intrinsic birefringence



101.

The extremely high reproducibility of ultra-low

birefringence expected has been demonstrated in practical
spun fibres.

A new analysis of twisted and spun fibres has
been developed relating directly to the properties
of net retardation and rotation usually measured in a
fibre and furthermore highlighting the important
differences between twisted fibres and spun fibres.
A highly-twisted fibre can exhibit low linear—
birefringence only at the expense of a substantial
twist-induced circular-birefringence. In contrast,
a spun fibre exhibits negligible linear and circular
birefringence provided the spin rate far exceeds the
intrinsic birefringence in the fibre arising from
stress or ellipticity. Spinning has been verified
as being a process of averaging the intrinsic anisotropy
with negligible modification of the anisotropy itself on
a local scale, by applying a reverse twist to a spun
fibre, whereupon the full retardation of the corresponding

unspun fibre reappeared.

The invention of fibre spinning means that ultra-low
birefringence fibres can now be produced on a routine basis
in the laboratory. Spinning provides ultra-low birefringence
in any type of fibre, so permits great flexibility of
preform design, which could be set for optimal loss
and bandwidth characteristics, for example. It is
not difficult to envisage that low-loss, high=bandwidth
spun fibres exhibiting negligible birefringence or
polarisation mode-dispersion will find widespread
application in future advanced fibre telecommunications
systems. For the present however, spun fibres, with their
ultra-low birefringence and high environmental sensitivity
are being widely used in fibre sensors and other ’

optical devices.
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(a) Spun fibre model to illustrate the
spiralling local fast axis and overall fibre
principal axis equal to half the total spin
angle.

(b) The overall retardation predicted in a spun

fibre as a function of length.
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(b)

Figure 4.11 Cross-sections of an elliptical-
core fibre when (a) spun with a spin pitch of

~ 1l.2mm and (b) unspun.
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