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Abstract

This thesis describes work on fibre transitions made in photonic crystal fibres (PCF)
and conventional standard fibres. Three post-processing techniques were used to make
the transitions: fibre tapering, ferrule drawing and a new technique – PCF hole inflation.
All these methods change the fibre dimensions on a centimeter scale while maintaining
very low loss.
In the hole inflation technique, cladding holes are pressurized and can be enlarged
while heat-treating, unlike other techniques where the holes can only be reduced in size.
Controlled hole expansion was used to produce devices for applications such as
supercontinuum generation. Furthermore, differential pressurization of holes could
create a diversity of core shapes in a PCF section. For example they were investigated
to improve interfacing of laser diodes to fibres.
Differential pressurization was also used to introduce new cores into PCFs.
Introducing a larger core asymmetrically by the original core resulted in a fundamental
to second-order mode conversion with a high extinction ratio. Alternatively, similar
mode conversion was demonstrated by fusing two unequal standard fibres. Also with
standard fibres, low-loss multimode to single-mode fibre transitions were made using a
modified fibre fabrication technique.
These fibre transitions and optical devices have a wide range of potential
applications, for example in supercontinuum generation and low-loss interfacing of
fibres to other optical systems.
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Chapter 1 Introduction
Optical fibres are very fine fibres of glass. Typically they consist of a glass core of
a few or a few tens of micrometres diameter, surrounded by a glass optical cladding
giving an outside diameter of about 125 µm (Fig. 1.1). Light entering one end of the
fibre is guided to the other end.

cladding
core

Fig.1.1 The cross-section of a conventional optical fibre.

The light-guiding principle behind optical fibers (total internal reflection) was first
demonstrated by Irish inventor John Tyndall in the 1840s and first practical
applications for medical purposes based on uncoated plastic fibres appeared early in the
twentieth century [Crisp 01]. Modern fibres suitable for telecommunication with a
silica core surrounded by a silica cladding were demonstrated in the late 1970s. Optical
fibers are widely used in telecommunication to transmit a modulated laser beam. The
rate at which information can be transmitted by a wave (light, radio) is proportional to
the frequency. Infrared and visible-light waves guided by optical fibres have much
higher frequency than radio waves, so a modulated laser beam can transmit an
enormous amount of information through a single fibre-optic cable. Another advantage
of fibre-optic cables is that they are electrical insulators. They are immune to electrical
interference from lightning and other sources and they don’t allow unwanted currents
between source and receiver. Optical fibers are also used to form sensors, and in a
variety of other applications.
More recently, a new type of fibre called the photonic crystal fibre (PCF) has been
developed [Knight 96, Birks 97, Cregan 99, Russell 03] and my research mainly
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concerns their properties. PCFs have generated much attention offering many degrees
of freedom in their design that are not available in standard optical fibres. Amongst
their main advantages towards the latter are single-mode guidance over very wide
wavelength ranges [Birks 97], extremely small or large mode areas [Knight 98 b],
unusual dispersion properties [Knight 00] and many others.
In this Chapter I outline some principal optical properties of conventional singlemode fibres (SMFs) and photonic crystal fibres (PCFs), both used in my research. I
will use the abbreviation SMF to denote conventional single-mode fibres, even though
at short-enough wavelengths they do become multi-mode. Only fibres made from fused
silica glass are considered.

1.1 Conventional optical fibres

1.1.1 Structure and fabrication
To maintain total internal reflection, the core of the fibre in Fig. 1.1 must be given
a higher refractive index than the cladding [Born 64].
There are two main stages to the manufacture of optical fibres: the making of the
preform which is a glass rod of about 25 mm in diameter and a meter in length (eg
using the Modified Chemical Vapour Dispersion (MCVD) technique) and the drawing
of the fibre from the preform. The MCVD technique [Nagel 92] relies on chemical
reactions where a precursor gas placed in a hollow substrate tube reacts with oxygen at
high temperatures (~1800 K). The tube serves afterwards as a part of the cladding. The
inside wall is covered with a number of glass layers forming the outer of the cladding
and then the inner most layers with small amounts of index-raising dopants forming the
core. Further heating collapses the tube making the preform ready to draw to the fibre.
In order to draw the fibres, the preform is passed vertically through a furnace to
soften one end which is then stretched to form a glass fibre. The interior of the fibre
retains a very similar refractive index structure as the preform with the same relative
dimensions. The fibre passes through a coater which coats it with a plastic buffer
protecting the fibre from the contamination and damage. Finally the fibre is wound on
to a drum.
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1.1.2 Guiding mechanism
The core is doped with impurities such as germanium or other dopants (unlike the
cladding) to increase the refractive index of this region. The light can be guided
through such a fibre due to the difference between the core (n1) and the cladding (n2)
refractive indices, making use of total internal reflection (TIR) to confine light within
the core of the fibre [Born 64, Marcuse 72].

Refractive ray

θ c θ1
Acceptance
cone

Guided ray

n1
n2

Fig. 1.2 Guiding and refractive rays in a step index fibre. The acceptance cone determines the maximum
angle within which light will be accepted by the fibre.

As shown in Fig. 1.2 TIR occurs at the intersection of two media where n1>n2
providing that the incident angle θ1 is larger than a critical angle θc. The condition for
TIR is:

 n2
 n1

θ1 ≥ θ c = sin −1 





(1.1)

1.1.3 Optical modes
Fig. 1.2 shows a single ray propagating in a zigzag path reflecting at θ1. Each ray
propagates along the downward/upward path with wavevector k1=k0n1. Each reflection
changes transverse kT but not longitudinal kL. The longitudinal component is therefore
invariant and is referred to as the propagation constant β:
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β = k1 ⋅ sin θ1 = n1 k 0 sin θ1
where k 0 ≡

ω
c

=

2π

λ

(1.2)

is the free space phase constant, λ is the wavelength of light

measured in vacuum, and ω is the optical angular frequency.
The propagating wave changes with the direction of propagation z as e-iβz. A light
wave that propagates without change except for its phase is called a mode of the fibre.
The electric field distribution of a mode can be expressed as [Marcuse 72]:

E ( x, y, z, t ) = E ( x, y )e i (ωt − βz )

(1.3)

In order to avoid destructive interference between the various reflected component
waves, the round trip phase change in the transverse plane needs to be a multiple of 2π.
For a given wavelength, core size and choice of indices only certain values of θ1 satisfy
this requirement. Each allowed incident angle θ1 corresponds to a mode of the guide.

β as a θ1 dependant constant is responsible for a diversity of mode orders. The
higher β is, the lower is the order of the mode. The first mode (with the highest β) is
called the fundamental mode.
The number of guided modes N depends on the wavelength, core size and
refractive index differences and is determined by a parameter called the normalised
frequency or V-value as follows:

V =

2π

(

2

a n1 − n 2

λ

1
2 2

)

=

2π

λ

aNA

(1.4)

where a is the core radius and NA is the numerical aperture. If V>>1 and both
polarizations are present the number of modes is [Diament 90]:
N~

V2
2

(1.5)

In general, a fibre will support many modes of propagation. However by reducing
the V-value the mode of lowest β stops being guided and is cut off. When V < 2.405 the
fibre becomes single-mode and only the fundamental mode is guided. However, the
fundamental mode exists in two perpendicular states of polarisation. Thus a singlemode fibre really guides two perpendicularly polarised modes. If these modes have
different β, such a fibre becomes birefringent.
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1.1.4 Kinds of modes and mode patterns
The exact modes of a step index fibre are known [Marcuse 72, Snyder 83] but
complicated. Depending on the field distribution they divide between transverse
electric (TE) transverse magnetic (TM) and hybrid (HE and EH) sets. In a TM mode
the magnetic field lies entirely in the transverse plane and in a TE mode the electric
field does. In the hybrid modes neither field is completely transverse.
In general the direction of electric vector E varies across the fibre cross-section.
However, in the weak guidance approximation, where the refractive index difference
between core and cladding is small, the direction of E can be assumed constant. This
means that modes are linearly polarized (LPlm) and TE, TM, HE and EH modes can be
represented by LP modes instead [Marcuse 72]. Generally, the parameters l and m of a
LPl,m mode can help to visualize the mode’s intensity pattern. 2l gives the number of
intensity maxima in the azimuthal direction, while the second index m gives the number
of intensity maxima in the radial direction. The intensity patterns of some lower-order
modes are shown in Fig. 1.3.

Fig. 1.3 Electric field amplitude profiles for guided modes of a multimode fibre. The two colors indicate
different signs of electric field values.

Certain groups of LP modes become degenerate, meaning they have the same
value of β. Their fields maintain the same relative phasing at all values of z, and so
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their fields can be superimposed to form a new mode. The second order mode LP11 is
composed of TE01, TM01 and two degenerate HE21 modes whose field distributions and
orders are presented in Fig. 1.4. This particular mode is of special interest in Chapters 5
and 6.

Fig. 1.4 The electric field directions of the six lowest-order polarisation modes of a circular multimode
fibre core. The propagation constant decreases and the mode order increases from left to right. The HE
modes are degenerate pairs.

When looking at mode patterns two descriptive images can be obtained: either in
the nearfield or in the farfield. In the nearfield a lens is used to image the endface of the
fibre on the camera, while the farfield is a Fraunhofer diffraction pattern which can be
obtained with a lens or without. It is the Fourier transform of the nearfield pattern.
The intensity I(r) of the mode pattern is proportional to the square of the amplitude
A(r):
I (r ) ∝ A 2 (r )

(1.6)

1.1.5 Directional coupling
Light may couple between parallel cores, forming a fibre optic directional coupler
[Kawasaki 81]. If their modal fields are close enough they can overlap and thus interact
leading to power transfer. Such a set of two separate cores can be considered as a single
two-core composite waveguide (Fig. 1.5).
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P0

P1
core 1

d
P2
core 2
ψ+

ψ-

Fig. 1.5 Fiber optic directional coupler with two identical cores. When power is launched into one arm of
the symmetrical coupler the lowest-order modes of the composite waveguide (even mode ψ+ and odd
mode ψ-) are excited with equal amplitudes.

The behaviour of a directional coupler depends on the dissimilarity of the cores,
which is represented by the F2 factor. A good review to this field is given in
[Jeunhomme 83, Buck 04].

F2 =

1
 (β 1 − β 2 )2
1 +

4C 2







(1.7)

where β1 and β2 are the propagation constants of the fundamental modes present in the
isolated first and second cores respectively and C is the coupling coefficient. C is a
function of wavelength and of the core separation, size and refractive index.
In a symmetric coupler the two cores are identical and when considered in isolation
their fundamental modes have the same propagation constants β1=β2 so as seen in Eq.
1.7 F2=1. This happens for any value of C. In this case complete power transfer
between the two cores can be reached.
Otherwise the coupler is asymmetric β1≠β2 and F2<1. However in this case if C is
large compared to the difference of propagation constants C >> β1 − β 2 then F2≈1 and
significant (if not complete) power transfer between the two cores can be achieved.
Otherwise, small values of C (large core separation, short wavelength, small core
diameter) makes F2 →0. This extreme case is called the null coupler described in
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[Birks 94, Birks 95]. In the null coupler there is negligible power transfer between the
two cores provided they are weakly interacting or very dissimilar [Leon-Saval 05 b,
Wadsworth 02].
The null coupler has been studied and implemented in fibre mode convertor
experiments where the fibre transitions play the crucial role. This issue will be
explained in the Section 2.2.2 of Chapter 2.
The power in both cores can be determined using:

 CL 
P2 = F 2 Pin sin 2 

 F 

(1.8)

P1 = Pin − P2

(1.9)

where P1 and P2 are the optical powers in the 1st and 2nd core respectively, Pin is the
input power and L is the length of the coupler.
The normal modes of the composite waveguide are combinations of the
fundamental modes of the isolated cores. If the coupler is symmetric these are the even
and odd combinations. By launching light into one of the cores, both normal modes are
equally excited. As they have different propagation constants β+ and β- they develop a
phase difference while propagating through the system. It can be shown that:

β+ − β− =

2C
F

(1.10)

1.1.6 Loss
The reduction of power as light travels along a fibre or through a fibre device is
known as loss. Loss in a straight piece of fibre is due to absorption and scattering by the
material it is made from or leakage through the cladding. Additional loss can also be
caused by bending of the fibre: bend loss [Jeunhomme 83, Snyder 83].
A loss in transmission also arises in the interface between two fibres. In order to
keep low interface loss the modes ψ1 and ψ2 (Eq. 1.11) of the fibres must be wellmatched, as is the case when the core diameter and numerical aperture are the same.
Furthermore the ends of the fibre must be brought together in close proximity and they
must be accuretely aligned.
Fusion splicing is the most permanent and lowest loss method of connecting
optical fibres. The fibres must first be stripped of their coatings, cleaned and cleaved. In
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a typical case, the fibres are inserted into the vee-grooves and moved until the ends of
the fibres meet guide lines visible through a lens or camera. After clamping them in
position and choosing the splicing program, they are aligned and prefused (by an
electric arc between two electrodes) in order to clean and dry the end surfaces.
Afterwards the fibres are brought together and some additional end pressure is applied
while a second fusing arc is generated to connect the fibres.
The transmission coefficient across a perfect intereface is [Snyder 83]:
2

T = ∫ψ 1ψ 2 dA
(1.11)
where ψ1 and ψ2 are normalized field distributions of the modes of the two fibres and
the integral is evaluated over the transverse cross-section (dA). This shows that T<1
unless ψ1=ψ2, so for low loss the mode fields need to be well matched. In particular it is
necessary for the mode sizes to be matched. The parameter describing the spatial extent
of the mode is the mode field diameter (MFD) [Gambling 77]:
1

∞ 2
2
 ∫ r IdA 


MFD = 2 0 ∞

 IdA 
 ∫

 0


(1.12)

where I is the mode field intensity distribution.
The more dissimilar two fibres are, the higher is the loss due to significant light
coupling to the cladding modes. Therefore mode field diameter for low loss
transmission in fibre systems should be similar when interfacing fibres.
It is also necessary for the mode shape to be matched. However, in most normal
fibres, mode shape is the same (ie circular).
Fibre transmission loss is expressed in decibel units dB:
loss (dB) = 10 log10

Po
Pi

(1.13)

where Pi is the input power of the fibre and Po is the output power.
The loss per unit length of a fibre is called attenuation and can be expressed in
dB/km.
Loss can be measured using the cutback technique [Derickson 97]. This method is
based on the measurement of the power Po at the output of a fibre. Then a short piece of
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the fibre is cut at the input without changing the input conditions and the power Pi
leaving this piece is also measured. Their ratio, Eq. 1.13, gives the loss of just the piece
that was cut out.

1.2 Photonic crystal fibres

1.2.1 Structure
Photonic crystal fibres (PCFs) [Russell 03] are typically formed from just one
material – pure silica. The cladding has a periodic structure of parallel air holes
constituting an array along the fibre length as shown in Fig. 1.6.

air
d

silica

Λ
Fig. 1.6 PCF cross-section. d is the hole diameter, Λ is the pitch.

Light is guided along a core created by a defect in the above-mentioned periodicity
[Knight 96, Birks 97]. The defect can be a missing air hole in the centre or perhaps a
larger hole [Knight 98 a, Cregan 99].

1.2.2 Fabrication
Drawing the PCFs is a multi-step process [Knight 96]. First a silica tube and silica
rod with diameters of several centimetres are drawn down to a diameter of
approximately 1-2 mm using the drawing tower. A stack is then constructed by stacking
the capillaries and rods by hand in a hexagonal array, where usually one rod is placed
in the centre surrounded by capillaries, forming the core and the cladding respectively
of the eventual fibre. More sophisticated designs can be implemented at this stage by
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for example omitting one or more capillaries (forming a hollow core), placing doped or
birefringent elements and so on. Such a prepared stack is placed in a silica tube (of
around 20 mm diameter) to hold the stack together ready to be drawn down in the tower.
A vacuum is applied between the capillaries while drawing to collapse the air-space
between them. The product is a preform or cane composed of air-holes arranged in a
regular hexagonal array. The preform can be then placed in a jacketing tube and then
drawn down into PCF. The final diameter of the fibre is about 30-200 µm. Fig. 1.7 is a
summary of the stack and draw process.

Capillaries stack
Draw the fibre
Draw the preform
several
cm

30-200 µm
several
mm

Fig. 1.7 Summary of the stack and draw process.

A photo of the drawing tower is given in Fig. 1.8. The perform feeding mechanism
consists of a chuck mounted on a precision lead screw and this slowly feeds the
preform into the furnace at a speed ranging from several to tens of mm/min. The
furnace consists of an argon-purged graphite element which heats up (up to 2200 0C)
when a current is applied to it. The cane puller is a set of two touching wheels with a
precision speed control that pulls thick silica rods, capillaries or canes (1-5 mm
diameter) out of the furnace at speeds from several mm/min to several m/min. In the
case of fibre drawing (~ 100 µm diameter) its role is replaced by a capstan consisting of
a set of wheels and springs and a drum winder controlling the tension on the drum. A
coating monomer is applied to the fibre and cured using a UV lamp to increase the
strength of the fibre.
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(a)

(b)

Fig. 1.8 The drawing tower (a) feeding mechanism, (b) furnace, diameter monitor and cane puller.

1.2.3 Guiding mechanism
A PCF guides light by one of two complementary guidance mechanisms. In the
first case for an index-guiding PCF the guidance principle is analogous to that for
conventional fibres. Total internal reflection occurs as the inner cladding made from air
and silica has a lower effective refractive index than the solid core. The main difference
is that the effective index of the cladding is a function of the wavelength of the
transmitted light which affects the optical properties of the fibre. Additionally unlike in
conventional fibres there is no need for the use of dopants.
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For bandgap-guiding PCFs the structure in the cladding creates a photonic bandgap
where the light is trapped in the core and cannot leak out even if the core refractive
index is lower than that of the cladding. This can be used to make hollow-core fibres
but is not restricted to air and silica [Alkeskjold 04, Steinvurzel 04, Luan 04]. It can be
satisfied for example in an all-solid structure consisting of germanium-doped silica and
pure silica materials [Argyros 05 a, Argyros 05 b].

1.2.4 Endlessly single-mode fibres.
The normalised frequency parameter V for standard fibres was introduced in
Section 1.1.3. PCF has a similar expression for the effective V parameter:

V =

2π

λ

(

Λ n1 − n2 (λ )
2

1
2 2

)

(1.14)

where λ is the wavelength, Λ is the pitch or centre-to-centre separation of holes in the
cladding (which approximates the core radius), n1 is the refractive index of the core
and n 2 is the effective refractive index of the cladding.
It can be shown that, unlike in conventional fibres, V for a PCF tends to a finite
value as λ → 0, and a PCF can be single mode for any wavelength (or “endlessly single
mode”, ESM) if this finite value is less than the second-mode cutoff V value for the
fibre [Birks 97, Kuhlmey 02 b]. The strong wavelength dependence of the cladding
refractive index counteracts the explicit λ dependence of the V parameter. At longer
wavelengths the field reaches further across the fibre and therefore experiences a
cladding index closer to the average of the cladding. Conversely, light of shorter
wavelengths becomes more confined to the silica regions and avoids the holes. This
results in an increase of the effective cladding index with decreasing wavelength which
reduces the dependence of V on wavelength - V becomes almost constant for short
wavelengths [Birks 97]. Unlike in conventional SMFs, the endlessly single-mode
regime in PCFs does not depend on the core size (if the core is made from a single solid
unit cell) and is only determined by the relative hole size d/Λ. For d/Λ < 0.4 the PCF
stays endlessly single-mode. For larger d/Λ ratios, the isolation of the core from the
cladding increases and therefore such a fibre can become multimode.
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1.2.5 Supercontinuum in PCFs
Supercontinuum (SC) generation in PCFs is a nonlinear process resulting in a wide
output spectrum while pumping with a single wavelength (often in the invisible range).
The key parameters are the nonlinear coefficient and dispersion of the guide
[Wadsworth 04 a].
Fibre nonlinearities are related to anharmonic motion of bound electrons under the
influence of an applied field. Induced polarization in cylindrical fibres originates from
1st and 3rd order susceptibilities only, as 2nd order susceptibility vanishes for central
symmetric glass. 3rd order susceptibility is responsible for 3rd order harmonic
generation, four wave mixing (FWM) and nonlinear refraction. A good introduction to
this field is given in [Agrawal 01]. Nonlinear refraction can be described as:

n = n0 + n 2 I

(1.15)

where n0 is the ordinary refractive index, n2 is the nonlinear refractive index and I is the
intensity of the light propagating through the medium. In the nonlinear fibre the phase
shift Φ in the direction of propagation z is composed of 2 terms: linear and nonlinear.
The nonlinear phase shift Φnl depending on the nonlinear coefficient γ and transmitted
optical power P is denoted as follow:

Φnl = γPz

(1.16)

2πn 2
λAeff

(1.17)

γ =

where Aeff is the fibre effective mode area. The smaller the effective mode area is the
bigger the nonlinear coefficient and the phase shift are.
The explanation of SC generation is very complicated [Alfano 89]. Firstly, there are
two different pulse regimes for continuum generation in PCF: ultrashort (femtosecond)
pulses and picosecond/nanosecond pulses. In the first case, in the presence of the
anomalous dispersion, pulses which do not change along fibre length or follow a
periodic evolution pattern (called solitons) are formed [Agrawal 01]. Self-phase
modulation, soliton effects and pulse walk-off are important considerations, and the
propagation is described by the generalised nonlinear Schrödinger equation
[Wadsworth 04 a]. In the second case SC generation can be understood by considering
degenerate FWM [Wadsworth 04a, Serebryannikov 07]. By pumping a nonlinear
medium at a frequency close to the zero dispersion wavelength (ZDW) of the medium
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two sidebands (idler and signal) spaced at equal frequency intervals from the pump are
generated (Fig.1.9). Phase matching and conservation of energy give the equations
[Agrawal 01]:

2k pump = k signal + k idler + 2γP

(1.18)

2ω pump = ω signal + ω idler

(1.19)

where P is the peak pump power.
These phase matching conditions specify the wavelengths for peak gain in a given
fibre, and will depend on the chromatic dispersion of the fibre. Fig. 1.9 represents a
graphic solution of the phase matching illustrating the need for zero group velocity
dispersion (GVD).

k

ks
kp
ki

ω
ωi ωp ωs
Fig. 1.9 Representation of the phase matching. Points must lie on a straight line with no second
derivative, which is proportional to the GVD [Agrawal 01].

The relationship between dispersion and phase matching is critical for many
nonlinear processes. PCFs can have nonlinear coefficients ranging from 3 orders of
magnitude less than SMFs, or several orders of magnitude greater. A significant
nonlinearity in a PCF can be reached through careful design of the fibre, or locally
tapering it down to the smaller core size [Birks 00, Wadsworth 02, Leon-Saval 04a].
PCFs also opened up a range of new possibilities in dispersion control. It has been
demonstrated that decreasing the fibre diameter shifts the zero dispersion wavelength
(ZDW) down to smaller wavelengths [Wadsworth 02, Kudlinski 05] The holes along
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the fibre not only affect the magnitude of the dispersion but also isolate the light from
the surroundings even for small tapers [Birks 00]. Combining high nonlinear coefficient

γ (small Aeff) with zero GVD is possible for very convienient pump wavelengths such as
1064 nm.
PCF SC can be used in place of other white-light sources in many characterisation
and spectroscopy experiments, providing high brightness and broad spectral coverage
simultaneously [Wadsworth 04 a]. Furthermore SC as emerging from PCF is more
convenient for fibre coupling purposes than some incandescent sources, as the light is
typically in a single mode. Broadband sources are also needed for the low-coherencebased imaging technique known as optical coherence tomography [Huang 91]. Here the
use of PCFs results in unprecedented resolutions [Hartl 01]. Other applications of
massive spectral broadening in PCFs were frequency standards [Udem 99] as a
femtosecond laser comb in a PCF can be easily broadened to the optical octave required
for determining the offset frequancy.
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Chapter 2 Optical fibre transitions
Optical fibres are normally designed to be as uniform as possible along the
direction of propagation. Any irregularities can cause coupling to higher order modes
and loss in transmission. However if changes of structure in this direction are
introduced smoothly, light can pass gradually from one fibre structure to another with
low-loss. Such a smoothly-varying section is referred to as a fibre transition in this
thesis. Depending on how this transition is made, it can generate some desirable effects
as changing of mode size and shape, mode conversion or beam splitting, providing new
possibilities in light control [Okamoto 86, Alder 00, Hunsperger 02, Choi 03, Belardi
05, Wadsworth 05, Nasilowski 05].
In this Chapter I describe two post-processing techniques used to make optical
fibre transitions. The background of light propagation through fibre transitions is
described. As an example of fibre transitions the null coupler idea is presented, a use of
which is described in Chapters 5 and 6.

2.1 Fabrication of optical fibre transitions
There are two techniques developed and used in our photonics centre to produce
fibre transitions. One of them is to make fibre tapers from stock fibres using a taper rig.
The second technique uses fibre fabrication facilities in order to produce a preform
which is then drawn into a fibre using the drawing tower, providing a fibre transition
between two sections. The taper rig is a more compact and less expensive way of
producing fibre transitions.

2.1.1 SMF tapers
The taper rig is composed of two motorised stages that stretch a fibre while it is
heated by a burner mounted on a third stage (Fig. 2.1). The heated part therefore
narrows to form a waist that is connected to untreated fibre ends by taper transitions
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(Fig. 2.2). The whole resulting structure is called a tapered fibre, or (more loosely) a
taper.

Fig. 2.1 Taper rig setup.

Fibre tapering is a convenient and effective way of dramatically modifying the
nature of a fibre waveguide, while introducing hardly any loss of light. This powerful
post-processing-technique can form taper transitions and waists of almost any shape
and size with waist diameters down to 100 nm allowing precise control of taper
parameters [Kenny 91, Birks 92].
Without the transition, input coupling into thin tapered waists would be impossible.
In order to provide low loss these transitions should be sufficiently gradual. This
adiabaticity condition is easily satisfied in practice [Birks 92] even for small diameter
tapers. The light propagates with negligible loss (typically less than 0.1 dB) along the
input transition into the waist where it can fill the entire fibre and then is recaptured by
the growing fibre core at the output end (Fig 2.2).
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untapered
fibre

transition

waist

Fig. 2.2 Light propagation along a tapered fibre.

As well as tapering a fibre on its own, two parallel fibres can be fused and tapered
together. This structure behaves like the directional coupler in Section 1.1.5 of Chapter
1, even though it is more complicated. Light entering one input fibre is split between
the output fibres as described in Eq. 1.8 and 1.9. Depending on how similar two fibres
are and how strongly they interact, all of the light can be coupled between them.
However, if the fibres are dissimilar enough there is no power transfer which
corresponds to the case where F2=0. Such a device is called a null coupler, to be
described in more detail in Section 2.2.2.

2.1.2 PCF tapers and ferrules
Tapering of PCFs is even more interesting as there is an additional degree of
freedom, namely the size of the holes, which tend to shrink under surface tension when
the fibre is heated. In order to keep the guided mode in the core of the fibre we need to
preserve the holey structure in the cladding, even though there is always a little hole
collapse. As tapering reduces the core size, it affects the dispersion of the fibre in ways
that have been successfully applied in nonlinear applications such as supercontinuum
generation [Birks 00, Coen 01, Wadsworth 02, Leon-Saval 04 a]. These nonlinear and
dispersion properties depend on the size of the holes, as does the number of modes
supported by the fibre. Other applications of tapered PCFs are in the area of optical
sensors [Magi 05, Nguyen 05 b]. For example, when the holes collapse completely in
the taper section, the guided light spreads out and interacts with the surrounding
environment. Therefore changing the hole size in a controllable way in PCFs while
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tapering is an important factor to optimize the optical properties of the fibre and thus
leads to several new applications.
The tapering of PCF’s can also help solve the problem of interfacing PCFs to other
fibres with low loss. The interfacing of different fibres is an important problem because
if the modes of the fibres are mis-matched there will be loss at the interface (see
Section 1.1.6). The fibre taper rig described above can be used to make transitions that
match between both fibres. However, the process of fibre drawing on a drawing tower
can also be used to solve this problem [Leon-Saval 05 b]. A preform, called a ferrule, is
made which incorporates one or more pieces of SMF which protrude from one end of
the ferrule. One end of it is drawn down to a length of PCF, the core of which
incorporates material from the entire SMF. These two fibres are connected via a
gradual transition which results in a low optical loss. Fig. 2.3 shows an example of
using such a ferrule transition for interfacing between a SMF and a PCF [Leon-Saval
04 b].

SMF port

adiabatic
transition

PCF port

Ferrule

Fig. 2.3 Ferrule technique applied to SMF and PCF interfacing.

A ferrule transition with two dissimilar fibres in the central hole of the cane has
been demonstrated as a mode convertor, to be described in Section 2.2.2.
Furthermore, low-loss ferrule transitions have been made with a greater number of
SMFs in the ferrule: Chapter 7 describes the use of the ferrule technique to make
multimode to single-mode transitions.
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2.2 Transitions and mode guidance

2.2.1 Adiabatic transitions.
A fibre transition can profoundly change the field distribution of a mode. Severe
structural changes of the core along a fibre introduce coupling to higher order modes or
loss. However if the fibre transition is gradual enough there will be negligible coupling
and low loss. Such a transition is described as adiabatic.
A taper transition can be divided along the propagation direction z into a sequence
of thin slices (i0, i0+i), Fig. 2.4. Each slice at a position z supports its own “local
modes” with propagation constants β(z) which are defined as the modes of the uniform
fibre of the same dimensions [Snyder 83]. Normally if light propagates through
different slices there is some light coupling from one local mode to another one, which
is called “local mode coupling”. However, it can be shown that if the fibre transition is
gradual enough, the coupling from this local mode is negligible and the local mode
evolves adiabatically into the neighbour local mode of the next slice.

untreated fibre
core
transition core
core in the waist

ρ(z)
θ(z)
i0 i0+i
Fig. 2.4 Local mode concept. Each slice of the fibre transition has its local mode fields and propagation
constants, which refer to a uniform fibre of the same physical parameters.

Theoretically the condition for low-loss is expressed through some adiabacity
criterion [Love 91]. There is a length-scale criterion based on a comparison of the local
taper length scale zT with the beat length LB between two possible closest modes m and
n. If zT>>LB then negligible coupling occurs and the fundamental mode propagates
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adiabatically with negligible loss. This corresponds to a taper angle θ (z) much smaller
than a local delineating angle θL (z):

θ ( z) < θ L ( z) =

ρ ( z ) (β m − β n )
2π

(2.1)

where ρ(z) is the core radius, and βm and βn are the local mode propagation constants.
In practice a measurement of loss and/or purity of the mode at the fibre output can
indicate whether a transition is adiabatic or not.

2.2.2 Null coupler
The null coupler is a device based on fibre transitions proposed by T. Birks [Birks
95] and developed by S. Leon-Saval [Leon-Saval 05]. It can be made by fusing together
a parallel pair of dissimilar SMFs (eg. of different sizes) whilst tapering to form a fused
coupler with a common waist. Depending on which fibre the light is launched into, a
fundamental core mode evolves adiabatically into the fundamental mode or the second
mode of the waist [Burns 75], as shown on Fig. 2.5.

Fig. 2.5 Mode evolution.

The mode conversion is effective at all wavelengths (and any polarisation). So
when we cleave the coupler at the waist and couple light just into the smaller fibre, we
can get a mode convertor from the fundamental mode of the smaller fibre to the second
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mode of the waveguide in the coupler waist [Birks 95]. Paradoxically, an ideal null
coupler is a perfectly adiabatic device. This is because the fundamental mode of the
smaller individual fibre is in fact the second mode of the pair of fibres (it has a smaller

β than the mode of the larger diameter fibre). Null couplers can be made by pretapering one of a pair of identical fibres before forming the coupler, as described in
Chapter 6. A discussion of adiabaticity in this structure is complicated by the pre-taper,
which (strictly-speaking) is non-adiabatic with respect to the pair of fibres even if it is
adiabatic with respect to the one fibre alone. However, the (ideal) null coupler beyond
the pre-taper is still perfectly adiabatic.
This idea was implemented using the ferrule technique described in Section 2.1.2.
Two SMFs with different propagation constants were introduced to one hole of a PCF
preform which was then drawn down to the PCF, which in fact represents a null coupler
embedded in a PCF. The device was shown to couple light from the LP01 mode to the
LP11 mode with an extinction ratio better than 30 dB from 650 to 1750 nm wavelength
[Leon-Saval 05]. Unfortunately, the core shape was elliptical, so the higher-order mode
was LP11 rather than a hybrid HE or TE mode, and so could not be generalized, eg. to
excite the circular LP02 mode needed for dispersion compensation. However, increasing
the circularity of the core and/or decreasing the size of the core should make possible
the excitation of higher order hybrid modes.
In Chapter 5 I describe an improved form of null-coupler-type mode convertor
with a circular core, simply by post-processing a PCF. In contrast to ferrule drawing, no
fibre fabrication is needed in our experiment. Instead, using our hole-blocking
technique described in the next Chapter we demonstrated the fabrication of a TE01
mode convertor with low insertion loss.
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Chapter 3 Hole inflation technique
Optical fibre tapering as described in the preceding Sections is a powerful postprocessing technique. When applied to PCF it allows us to change not only the overall
final diameter profile of the fibre along its length, but also the air-filling fraction. The
hole size is a new degree of freedom that PCFs can offer. Control of hole size is of
great interest in order to control dispersion properties, mode field diameter and the
numerical aperture of a fibre [Knight 00, Mortensen 02, Kuhlmey 02, Reeves 02, Zsigri
04].
The shrinkage of holes while tapering is an expected and natural effect of surface
tension and an excess of hydrostatic pressure is required to resist collapse, as explained
in the next Section. Controlled hole shrinkage (at different rates) has been demonstrated
in PCFs [Kakarantzas 02, Leon-Saval 04 a, Magi 04, Nguyen 05 a]. Even in small-pitch
PCFs hole shrinkage has been minimised in order to preserve the hole structure by
reducing the heating time and temperature [Kakarantzas 02, Leon-Saval 04 a, Nguyen
05 a]. Nevertheless in all cases the holes collapse at least partially.
However, a greater number of interesting devices could be provided if the fibre
hole size could change the other way – getting enlarged. The effect of surface tension
can be opposed by applying an internal pressure to resist collapse while heating.
Provided there is an excess of hydrostatic pressure inside the holes they should expand.
Pressurisation of the holes of a PCF in order to change the mode field diameter
(MFD) has been reported by [Birks 02]. Tapering with the ratio more than four times
resulted in increased hole diameter to pitch ratio (d/Λ) starting from 0.46 to 0.66.
Another way to prevent the holes from collapsing is by sealing the end of the fibre
while drawing [Magi 04]. When a sealed volume of gas is heated, its pressure
increases. In both cases the hole expansion was not significant and so the character of
such a fibre was little changed. However, much more significant and better-controlled
hole expansion is possible by applying a higher pressure directly.
In this Chapter I describe a new hole inflation technique that allows a controlled
hole expansion in PCFs by heating the fibre while the holes are pressurised. By
pressurisation of the holes it is possible to resist the hole collapse and indeed expand
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the holes during tapering. In [Birks 02] ~ 30 % a hole size increase was demonstrated
in this way, but I show that dramatic increases in air-filling fraction of more than 90%
are possible. This enabled me to make low-loss transitions from an endlessly singlemode PCF (ESM PCF) with a large core and small holes to a highly nonlinear PCF
with a small core and large holes. I show how such transitions help in the generation of
supercontinuum light.

3.1 Surface tension and hole size
Whether a hole in fused silica shrinks or expands when the fibre is heated depends
only on the pressure difference between the excess air pressure P in the hole and the
effective pressure Pst due to the surface tension γ of the glass [Tabor 69]
Pst = 2 γ /d

(3.1)

where d is the hole diameter. If P > Pst then the hole will expand instead of collapsing.
Given the commonly-quoted value of γ = 0.3 J / m2 for silica [Kingery 59], Eq. 3.1
is conveniently expressed in terms of pressure in bar and hole diameter in µm:
Pst (bar) = 6 / d (µm)

(3.2)

so an excess pressure of 6 bar is needed to keep a 1-µm hole in (unstable) equilibrium.
Although the viscosity of silica glass does change rapidly with temperature close to
the softening point of 1700 °C, the surface tension varies little with temperature
[Kingery 59].

3.2 Loss and adiabacity in the transitions
For transitions to have low optical loss, the guided mode must transform
adiabatically through the transition, as described in the previous Chapter. In practice
this means that any changes in mode size or shape in the transition must be over a
length scale long compared to the diffraction of the guided mode [Love 87].
We consider transitions in both hole size and in core diameter, starting with ESM
PCFs (d/Λ ≤ 0.4 [Birks 97, Birks 99]) with core diameters of 5 or 12 µm, i.e. large
compared to the wavelength. For such fibres the mode is well confined to the core at
visible and near-infrared wavelengths. If the hole diameter d is increased by inflating
the fibre without stretching it, the fundamental mode will still fill the core so the mode
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field diameter (MFD) will not change much. For example the MFD is plotted against
d/Λ for a PCF with a fixed solid core diameter of 5 µm in Fig. 3.1.
Field profiles are calculated using a full-vector plane-wave model [Pearce 05] for
round holes and the MFD is calculated under the approximation that the mode field is
scalar using
∞
⌠
⌡r 2 I dA
0
MFD2 = 4 ×
∞
⌠
⌡I dA
0

(3.3)

where I(r,θ) is the mode intensity [Gambling 77]. The small change in MFD shown in
Fig. 3.1 with hole diameter suggests that adiabaticity will be easy to fulfil for this type
of hole expansion.
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d /Λ
Fig. 3.1 Calculated MFD (by W. Wadsworth) at a wavelength of 1 µm for PCFs with a 5 µm diameter
solid core and varying d/Λ.

Once the holes were inflated we then tapered the fibre by stretching it in a second
process to form an interfaced highly-nonlinear PCF. This reduces the core diameter to
1-2 µm. Since this is just the standard tapering process that we have previously applied
to PCF, we already know it should be adiabatic.
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3.3 Experimental technique
As outlined in Section 3.2, two conditions must be met for hole expansion in PCF.
Firstly the internal pressure must exceed that set by Eq. 3.2, and secondly the fibre must
be heated long enough and hot enough to allow the expansion to take place.
Our procedure is summarised in Fig. 3.2. The holes at one end of a length of PCF
were completely collapsed by heating the fibre in a fusion splicer. Then we used a gas
cell with a fibre chuck and optical window (Fig. 3.3) to pressurise the other end of the
fibre with dry nitrogen at up to 10 bar pressure whilst still allowing optical access for
monitoring of the fibre transmission during processing. To heat a length of fibre in
between in a controlled manner our standard flame-brush tapering rig was used [Birks
92]. The fibre was stretched slightly just to keep it taut while heated, typically to an
extent that would reduce the transverse scale of the fibre by about 10% if the air filling
fraction was unchanged. Transitions from unprocessed fibre to inflated fibre were made
by heating a shorter length of fibre with each successive sweep of the burner.
The tapering parameters required for hole inflation are actually the opposite of
those needed to taper with little hole collapse. To prevent hole collapse under surface
tension without pressure we taper ‘fast and cold’, with a relatively cold flame to
minimise the rate of hole collapse, and stretching as quickly as possible to minimise the
processing time. In contrast, for hole inflation we must process ‘slow and hot’, using a
relatively hot flame for rapid hole inflation and stretching slowly to increase the
processing time. With constant flame conditions, tapering and burner speeds, we
controlled the inflation of the holes by using different nitrogen pressures. After making
a section of fibre with inflated air holes, the fibre could be tapered again but in a
conventional ‘fast and cold’ process to reduce the fibre core diameter as required with
little further change of air filling fraction.
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Fig. 3.2 Fibre inflation and tapering process to produce a 2-µm-core PCF with large air holes, connected
at both ends to 5-µm-core PCF pigtails with small air holes. The example SEMs of the cleaved waist are
to the same scale. The initial fibre was 125 µm diameter.
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GAS CELL
window

fibre holder

gas input

Fig. 3.3 Schematic figure of a gas cell.

The flame temperature is controlled through the ratio of butane to oxygen.
However, in order to achieve a high enough temperature for significant hole inflation,
the standard metallic burner was replaced by one made of silica providing a 2.8 mm
flame (Fig. 3.4). This flame was hotter because metal burners absorb significant
amounts of heat [Lienhard 01]. For a given butane to oxygen ratio, we found that the
hole inflation was much easier to achieve with the glass burner.

Fig. 3.4 Photos of (a) gas cell (b) glass burner (c) standard metallic burner. Photographs (b) and (c) are
roughly at the same scale; in (c) the holes are 1 mm diameter.
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3.4 Hole expansion control
To investigate the effect of different pressures, we inflated a 5-µm core ESM PCF
with Λ = 3.2 µm, d/Λ = 0.43 and outer diameter OD = 125 µm, which was splicecompatible to conventional step-index fibre designed for 1060 nm light (e.g. Corning
HI 1060). The hole diameter was 3.2 × 0.43 = 1.4 µm, so from Eq. 3.2 a pressure of 4.3
bar was required to counter surface tension. We formed 70 mm inflated sections with
30 mm transitions with a flame length of 2.8 mm and a processing time of ~280 s. The
flame made 13 sweeps so one transition had 6 steps, the other 7 steps. The total time
that for each portion of fibre in the waist spends in the flame was estimated to be 9 sec.
Figure 3.5 shows scanning electron micrographs (SEMs) of the fibre inflated at
pressures from 6 to 10 bar under otherwise identical conditions. The more highlyinflated fibres have the "cobweb" structures of some highly nonlinear PCFs
[Wadsworth 02], with a core suspended from thin webs and almost entirely surrounded
by air, although the core diameter was of course much greater at this stage. Parameters
measured from the SEMs are given in Table 3.1. For highly inflated fibres (8 and 10
bar) the hole size d in d/Λ is the distance across the flats of the rounded hexagonal
holes. The initial core diameter (the solid region between the inside edges of the central
ring of holes) was 5.0 µm. We define the core diameter as the distance between the
inner edges of the inner ring of air holes:
d

d core = 2Λ − d = Λ 2 − 
Λ


(3.4)

During the processing the fibre was stretched slightly (as mentioned above), which
in the absence of hole collapse or expansion would have proportionately changed the
fibre's dimensions to those given under the heading "scaled fibre", the final core
diameter being reduced by 8 % to 4.6 µm. The core diameters for all three inflated
fibres were slightly smaller than this, indicating that there was some flow of glass from
the core into the webs holding the core.
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5µm core fibre

6 bar

8 bar

10 bar

(a)

(b)

(c)

(d)

100 µm

10 µm

Fig. 3.5 SEMs of (a) the original 5-µm-core ESM PCF and (b)-(d) the same PCF inflated at pressures of
6, 8 and 10 bar respectively. All images in each row are at the same scale.

The increased air filling fraction in the inflated-hole fibres also increased their
outside diameter. The scaled fibre should have an OD of 115 µm and contain 120 holes
of 1.4 × 0.92 = 1.29 µm diameter. The total area of glass in the fibre cross-section can
thus be calculated, and this will be the same for all the inflated fibres. A greater
proportion of air in an inflated fibre will then necessarily increase the fibre OD in a
predictable way. Monitoring fibre OD is standard in fibre drawing towers, and if
implemented on an inflation rig would give a clear online indication of the hole size
attained.

OD (outer
diameter)

Initial Fibre

Scaled Fibre

6 bar

8 bar

10 bar

125

115

121

144

163

dcore

5.0

4.6

4.0

4.0

3.7

d

1.4

1.29

2.9

8.0

10.5

Λ

3.2

2.9

3.8

8.3

10.8

d/Λ

0.43

0.43

0.74

0.96

0.98

Air filling
fraction

0.16

0.16

0.50

0.91

0.95

Insertion
loss (dB)

--

--

0.08

0.10

0.05

Table 3.1: Dimensions of the inflated PCFs shown in Fig. 3.5. The scaled fibre values are obtained by
multiplying the initial fibre values by the same factor of 0.92, to represent the effect of the slight tapering
if the holes did not deform.
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Optical losses from 0.05 to 0.3 dB for 1550 nm light were measured during the
inflation process. Losses at shorter wavelengths are expected to be even lower as the
guided mode will be more strongly confined to the core and will therefore be less
affected by changes in hole size.

100 µm

Fig. 3.6 SEMs of the 12-µ m-core PCF before and after inflation, to the same scale. The inflated fibre has
210 µm OD.

A 12-µm-core ESM PCF was also processed in the same way. This fibre had Λ = 8
µm, d/Λ = 0.46 and OD = 125 µm. The mode field diameter matches standard SMF-28
at 1550 nm, allowing low-loss splices to conventional fibre systems. SEMs of this fibre
before and after inflation are shown in Fig. 3.6. The maximum OD obtained in our
experiments exceeded 400 µm, more than 3 times that of the un-inflated fibre.

3.5 Making highly nonlinear PCFs
Once a large-hole PCF had been made in this way, we then conventionally tapered
the inflated section in a standard ‘fast and cold’ process to yield 100 mm long waists
with core diameters of 1.1, 1.6 and 1.9 µm. The fibres were pressurised at 10 bar during
this process so there is some further hole inflation, although the fibre is not processed
hot enough or slowly enough to allow the holes to deform greatly. SEMs of these fibres
are shown in Fig. 3.2 (a) and 3.7. Images of the initial and inflated fibres are essentially
the same as Fig. 3.5 (a) and 3.5 (d). The scale reduction during tapering is shown by the
bottom row of Fig. 3.7 which shows the tapered fibre at the same scale as the initial and
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inflated fibres. Parameters of the inflated and tapered fibres are given in Table 3.2.
Note that for tapered fibre (c) the fibre has been elongated by a factor of 3.7, so the area
of glass in the fibre cross-section is also reduced by a factor of 3.7. However the final
fibre diameter is almost the same as the initial diameter. The absolute hole diameters d
in the tapered sections are all larger than in the initial fibre (holes in tapered fibre (a)
would be as small as 0.37 µm without inflation or collapse).
The measured optical losses at 1550 nm for this second tapering stage ranged from
0.05 to 0.3 dB. The insertion loss of the entire structure (from initial ESM PCF to
inflated PCF to small-core PCF, and back) was less than 0.4 dB for the 1.9 and 1.6 µm
core samples, but was high for 1.1 µm core samples. For a 1.1 µm core diameter, the
core is smaller than the measurement wavelength, so guidance may be expected to be
weak. We note that the loss from mode mismatch if the untreated fibre was simply
butted or spliced to 2 µm core high air filling fraction PCF would be at least 5 dB per
junction.

Fig. 3.7 SEM images of the inflated and tapered fibres. Top: initial PCF; Middle: inflated PCF; Bottom:
tapered inflated PCF. All pictures to the same scale. Left to right; Final taper core diameters 1.1, 1.6 and
1.9 µm respectively.
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(a)

(b)

(c)

Total
Elongation

OD
(µm)

dcore
(µm)

d
(µm)

Λ
(µm)

Inflated
fibre

1.18
(125-115 µm)

165

3.5

10.4

10.8

taper

14.3
(125-33µ m)

65

1.1

4.9

5.1

--

Inflated
fibre

1.18
(125-115 µm)

132

3.6

6.3

6.6

0.075

taper

5.2
(125-55 µm)

69

1.6

3.7

3.9

0.30

Inflated
fibre

1.18
(125-115 µm)

192

3.6

12.6

12.7

0.28

taper

3.7
(125-65 µm)

119

Loss
(dB)
0.27
--

0.38

0.34
1.9

8.5

8.6

0.06

Table 3.2. Parameters for the inflated and tapered fibres shown in Fig. 3.7

3.6 Nonlinear applications

3.6.1 Supercontinuum generation
The structures described in Section 3.5 have final waist sections similar to the
PCFs and fibre tapers used for supercontinuum generation [Ranka 00, Birks 00,
Chandalia 01, Wadsworth 02, Cordeiro 04, Leon-Saval 04 a], but with some advantages
over both. The waist is a PCF (as in [Ranka 00, Coen 01, Chandalia 01, Wadsworth
02]), so the dispersion can be tuned by using different air hole sizes as well as by
altering the core diameter. However, uniform PCFs [Ranka 00, Coen 01, Wadsworth 02]
require that the input light is coupled into a very small core. This is alleviated in
conventional fibre tapers [Birks 00, Cordeiro 04] because the input and output are
conventional single-mode fibre pigtails. However, in conventional fibre tapers the
guided mode is exposed on the outer surface and so is sensitive to environmental
contamination, eg by dust. In contrast, in our device the input and output pigtails are
single-mode fibres with a relatively large core diameter, but the waist is a PCF so the
guided mode is enclosed and protected. A similar effect was achieved in a pioneering
experiment by Chandalia et al. [Chandalia 01] where an otherwise conventional step42

index fibre had large holes in the cladding, which were used to confine the light when
the fibre was tapered. Our device has the additional advantage that the PCF pigtails are
close to being endlessly single mode, so they guide the whole continuum output in a
robust single mode, whereas a conventional step-index core is unlikely to be singlemode and low loss over an octave or more in frequency. Our device is also fabricated

Intensity (dBm/5 nm)

from stock ESM PCF and does not require any special preform or fibre.
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Fig. 3.8 Supercontinuum spectra for inflated fibres. Orange and red curves, tapered core diameter of 1.6
µm and coupled power of 123 and 92 mW respectively; blue and green curves, tapered core diameter of
1.9 µm and coupled power of 130 and 103 mW respectively.

Fig. 3.8 shows the continuum spectra produced by devices with 1.6 and 1.9 µm
core diameters in the waist when pumped with a fs Ti:sapphire laser (790 nm, pulse
duration ~200 fs, repetition rate 75 MHz) with ~100 mW average power coupled into
the fibre. The input pigtail was cut to 6 cm length to avoid pulse broadening by the
chromatic dispersion of the fibre before the tapered section. The output supercontinuum
is naturally in the fundamental fibre mode, as the second mode (if excited) is only
weakly guided and is easily stripped with a small bend. Although the inflated and
tapered sections are strictly multimoded, we do not expect to excite any high-order
modes as the nonlinear process occur in the fundamental mode of the multimode waist.
The output continuum is then expected to reach the single mode output pigtail in the
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fundamental mode and therefore will be output without loss. This is borne out in our
nonlinear experiments, where the output power achieved is consistent with the small
measured linear propagation loss in the structures, given in Table 3.2. The spectral
extent of the continuum is as expected from previous experiments with similar active
structures [Ranka 00, Birks 00, Wadsworth 02].

3.6.2 Visible supercontinuum generation
The previous Section has shown improved coupling for SC generation. However,
as in most SC generation experiments, the range of wavelengths over which the
supercontinuum is spread out rarely reaches half of the pump wavelength. This can be
seen in Fig. 3.8. However if a shorter pump wavelength can be used, shorterwavelength continuum can be generated.
Here we demonstrate bright single-mode visible continuum generation pumped by
a simple compact 1062 nm Nd:LSB microchip laser (125 mW average power, 25 kHz
repetition rate, 0.6 ns pulse duration, 5 µJ pulse energy). The hole inflation technique
enables the whole process to be carried out in a monolithic all-fibre system. The
process is in two steps. First we use four-wave mixing in a properly designed PCF to
generate intense 734 nm pulses, which are then fed into a second PCF which generates
supercontinuum from this output as the pump. The resulting total continuum spans the
whole region from 400 nm to 1300 nm.
The experiment builds on the results of [Ranka 00] and [Wadsworth 04]. It has
previously been demonstrated that PCF may be designed to convert 1064 nm pulses
efficiently to wavelengths around 700 nm by four-wave mixing [Wadsworth 04]. It is
also well established that small-core PCF is ideal for SC generation from pulsed
sources at these wavelengths, e.g. from Ti:sapphire lasers [Ranka 00]. My colleague C.
Xiong combined these two effects (Fig. 3.9) to generate a broad continuum spectrum
spanning the visible and near-IR using a simple piece of inflated fibre produced by
myself.
The two fibres required for the two-stage visible continuum generation are very
different from each other. The first fibre (fibre A) is an endlessly single mode PCF with
a core diameter of about 5 µm and small holes. This has a zero dispersion wavelength
(ZDW) at 1103 nm and gives strong FWM gain at 734 nm, allowing >25% conversion
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of the 1062 nm pump light over a 6 m length of fibre. The second fibre (fibre B) has a
smaller core diameter of 2 µm and large air-holes. This fibre then has a ZDW at
approximately 700 nm and thus displays strong modulation instability and continuum
generation when pumped at 734 nm. The widely different core dimensions mean that it
is not possible to splice the fibres together in a simple manner. To demonstrate the idea
my colleague C. Xiong coupled light between the two fibres using free-space optics,
and obtained the output SC spectrum shown in red in Fig. 3.11.
To improve the coupling we took a piece of type A fibre, and inflated and tapered
part of it to form a section of type B, with a low-loss transition between the two
sections. A schematic of the device and example electron micrographs are shown in Fig
3.9 and Fig. 3.10 respectively.

infrared

inflated section
185 mm

infrared + ~700 nm

type B fibre

type A fibre

Fig. 3.9 Schematic for the two-stage visible generation process. Infrared 1062 nm laser light enters the
input and is converted in the pigtail into ~700 nm light by four-wave mixing. The ~700 nm light acts as a
pump for SC in the inflated fibre section.The output continuum is measured in the output fibre. Both
input and output sections are endlessly single-mode fibre with a relatively large (5 µm diameter) core.

Fig. 3.10 SEM of (a) initial type A fibre before processing (OD 125 µm), (b) waist of inflated device.
Images (a) and (b) are to the same scale.

First pressure is applied to the air holes in a length of fibre A with dry nitrogen at
6-10 bar. The fibre is then heated and stretched in a flame. The pressure makes the
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holes expand, whilst the stretching reduces the transverse dimensions of the fibre. The
result, shown in Fig. 3.10, is that the core diameter is reduced from 5 µm to 2 µm,
whilst the air-filling fraction is increased. Thus the fibre in the waist region of the
inflated device is equivalent to the bulk fibre B used above. All transitions were made
gradual so that the insertion loss of the entire device was just 0.68 dB. The waist length
is 120 mm.

Fig. 3.11 Two fibres with free-space coupling (red) and the monolithic device (black). The apparent
rising intensity towards 350 nm in all traces is an artefact of the spectrometer used.
.

The maximum output power for continuum generation in this device was 40 mW,
considerably more than from the free-space coupled device. The spectrum is shown in
Fig. 3.11. The spectrum is not quite flat as there is a strong peak at 561 nm due to
accidental phase matching of the FWM process 2 ω734 – ω1062 = ω561. This will occur at
some point in the transition as the ZDW sweeps from 1064 nm in fibre A to 700 nm in
the waist. The effective length will be very short, but we still see a strong signal as
there is pump field at the central frequency and the idler frequency to drive the process.
Residual 734 nm light is also seen as the short device is unable to give full conversion.
We have demonstrated efficient visible continuum generation from a longwavelength 1062 nm pump source by a two-stage process in a monolithic all-fibre
device. The output fibre is single-mode at all wavelengths, which is ideal for delivery
of such a broad continuum. Further enhancements are possible through transition
design to enhance or reduce the peak at 561 nm, and fabricating more than one device
in a single fibre to achieve a greater interaction length for the second stage.
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3.7 Conclusions
In this Chapter a powerful post-processing technique has been described. We have
demonstrated for the first time the thermal post-processing of a stock single-mode PCF
to form a transition to a cobweb-type PCF structure with a smaller core but larger airfilling fraction. The inflation process can be well-controlled applying appropriate
pressurisation. Generation of a supercontinuum has been demonstrated as one of the
applications of inflated-hole structures. The insertion loss of complete structures was
less than 0.3 dB. In these experiments all the holes were pressurised equally leading to
the same inflation rate. In the next Chapter a differential hole inflation will be reported
resulting in new core configurations and creation of additional cores along a length of
the fibre.
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Chapter 4 Differential pressurization
4.1 Introduction
The design of a PCF has many degrees of freedom, which are affected by tapering.
For example core size and air-filling fraction can be varied on a cm-scale by tapering
[Birks 92, Knight 97, Leon-Saval 04, Birks 04, Cordeiro 04]. In these experiments the
shape of the core was little-changed, deviating at most only slightly from six-fold
rotation symmetry and an essentially circular aspect ratio. However, core shape is an
important parameter that affects the mode pattern and controls form birefringence.
Furthermore, the number of cores is also of interest. Guided light can interact between
parallel cores and couple between them. The shape and configuration of cores in a fibre
can therefore be regarded as a new degree of freedom. Unusual core shapes and
numbers can be formed during the fabrication of PCFs, but the local introduction of
fibre transitions in core shapes or to additional cores along the fibre through tapering
would provide new possibilities of light control.
Here I report the postprocessing of a PCF to change the shape of the core and to
introduce secondary cores along its length. The approach is based on the inflation
technique presented in the previous Chapter. We adapted this technique to change the
core shape by two alternative methods of differential hole pressurisation: either
exploiting surface tension to achieve different effective pressures in holes of different
sizes; or applying different gas pressures to different holes by plugging some of them
with glue at the end where pressure is applied.
A change of the core shape can be introduced using either method of differential
hole pressurisation. Applying the first method to a PCF with 2 enlarged holes near the
core results in unequal hole expansion where the bigger holes enlarged more and
squashed the core, giving it and its mode patterns an elongated rectangular shape. With
the second method we choose to pressurise all the cladding holes apart from one or
more holes placed in line next to the core. When the fibre was heated the unpressurised
holes collapse, adding extra solid unit cells to the core and giving it an elongated shape.
We demonstrated that all-fibre anamorphic core-shape transitions made using both
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methods can provide low-loss coupling of light between fibres and diode lasers. In
other experiments ellipticity introduced into a core induced birefringence in the inflated
section of a single-mode PCF.
With the second method the change of the core shape is made by blocking holes in
the direct neighbourhood to the core adding new silica area to it. However if no
physical connection is established between the original core and the blocked hole, it
forms an additional separate core. Multi-core fibres have many interesting properties
[MacPherson 01, MacPherson 03, Leon-Saval 05 b], but special fabrication techniques
must be employed. Now using the adapted hole inflation technique we can easily
introduce secondary cores along a piece of the PCF. We introduced a second core with
a gradual transition. Input light excited only one supermode and therefore no light
interaction between the cores. Such a device could potentially be used as a bend sensor.

4.2 Differential hole pressurization
In the preceding Chapter equal pressurisation of all PCF holes was demonstrated in
a fibre where all of the holes were the same size. As a result inflation was identical for
each hole. However, different rates of hole expansion occur when the hole sizes are
different because the effective pressure due to surface tension differs (Eq. (3.2)).
Therefore bigger holes expand quicker relative to smaller ones. Dramatic changes in
core shape are therefore possible without blocking any holes if the initial fibre has a
suitable distribution of hole sizes. The hydrostatic pressure common to all holes
changes the "bias point" (eg whether two holes shrink at different rates or one expands
while the other shrinks), giving an independent way to control the size of any one hole.
In order to demonstrate differential hole size pressurization without making a fibre
specially, an existing polarisation-maintaining (PM) PCF with two holes bigger than
the others (Fig. 4.1 a) was used. This fibre was pressurised to 7 bar and inflated. The
bigger holes enlarged more as expected and squashed the core, giving it and its mode
patterns an elongated rectangular shape, Fig. 4.1 b) c). The transition loss was 0.03 dB
at 1550 nm.
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Fig. 4.1 Micrographs of PM PCF (a) before and (b) after inflation. (c) Output images of far-field for
visible light and (inset) near-field at 1000 nm, not to scale.

Such transitions to rectangular cores can provide low-loss coupling of light
between fibres and diode lasers or integrated optic waveguides with non-circular modes.
Such an experiment has been carried out using this device with the elongated core
section and will be described in Section 4.3. In due course, suitable fibre designs could
be conceived and implemented for various shape transitions.

4.3 Blocking holes

4.3.1 Introduction
If all the holes are of the same size and the same pressure is applied to the fibre,
differential hole pressurisation is still possible if one or more holes are plugged at one
end of the PCF, not letting the pressure get in. Selected holes are blocked at the end
where pressure is applied (all the holes at the other end being sealed as before). The
plug of glue keeps such a hole near atmospheric pressure while its (open) neighbours
become pressurised, Fig. 4.2. When the fibre is heated, each plugged hole collapses as
its neighbours expand, leaving a new solid "unit cell" in the fibre's cross-section.
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Fig. 4.2 Differential pressurisation in a PCF by blocking selected holes.

In all cases, the plugging of selected holes in an endface need only be done once
for a whole length of fibre to give thousands of transitions in 1 km of PCF.

4.3.2 Hole blocking method.
The holes at the endface of a PCF are blocked using UV-sensitive glue. A tiny
fibre tip is used to dispense the glue. The glue distribution setup consists of 2 xyz
stages (Fig. 4.3). One of them positions the target fibre, and other one serves as a tip
holder. To make hole blocking reproducible this method should be controllable in every
possible aspect. A camera with a large-zoom microscope images the fibre endface and
the position of the tip on a screen. Fig. 4.4 shows a target fibre, another fibre storing a
supply of glue and a fibre tip. The method relies on picking up a small amount of glue
by the tip and positioning it under the target fibre hole to be blocked. By approaching
such a fibre to the tip, the glue can be placed on the hole to be blocked.
As shown on the Fig. 4.4 fibre holes as small as 4 µm can be blocked with a tip of
comparable diameter using our setup. However in order to block fibre holes of smaller
diameter we first use the inflation technique of Chapter 3 just to make a fibre section
with holes large enough to see and block (Fig. 4.5).
When the glue is in place, it is cured using UV light, then pressure is applied as
described in Chapter 3.
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head cameras

treated fibre
xyz
stages
tip

Fig. 4.3 Glue dispensing setup. The picture in the corner shows the cross-section of the fibre with one
hole filled with the glue next to the core, at “11 o’clock”.

Fig. 4.4 Target fibre (left), the fibre storing glue (right) and movable tip (centre) under the microscope.
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Fig. 4.5 Preinflation procedure in small-hole PCFs. (a) original fibre (b) inflated fibre cross-section (c)
inflated fibre cross-section with one hole blocked.

It is important to allow enough time for the holes along the whole length of fibre in
the experiment to reach equilibrium pressures. The flow of gas depends on the length
and the diameter of the hole. Therefore pressurization can be time-consuming,
especially for longer pieces of fibre. The same applies to the process the other way –
depressurisation. For example some time (up to two hours) is needed before moving a
pre-inflated fibre to the glueing stage. Otherwise, the glue can be pushed out and spill
over in a neighbour hole.

4.3.3 Making fibre transitions
The method for plugging the holes has just been explained, but it is also important
to explain how transitions to a different core size or shape or to a newly-introduced
core are formed.
In order to form a gradual low-loss transition the hot-zone length is varied. As the
burner progresses back and forward in an oscillatory way along a stretching fibre its
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distance is shortened every time it changes direction, Fig. 4.6. The length of the waist is
determined by the final distance travelled by the burner.

Fig. 4.6 Schematic diagram [Lai 06 b] of the movement of burner to form core shape transitions: (a)
number of sweeps experienced by each section of fibre, (b) the fibre structure along the taper and (c) the
motion of burner in practice.

This results in a gradually changed longitudinal fibre cross-section. If a single-core
fibre is heat-treated in a such way, a gradual core transition is formed between the waist
and the original fibre. If the hole inflation technique is applied and one hole is not
pressurised one can expect a gradual hole collapse along the heated length. The hole
collapses slightly every time is heated and finally collapses completely (in the waist)
adding a new silica material cell.
Abrupt transitions are possible by increasing the hot zone length so that every time
the burner changes direction it reaches to the previously-heated point of the fibre. As
the fibre is being stretched the burner must go further and further every time.

4.4 Core shape change through hole blocking.
For our experiments we used an ESM PCF with a non-birefringent ~12 µm
diameter core, as shown on inset picture (Fig. 4.3). It is commercially available and it is
splice compatible with SMF-28 telecoms fibre. We used the hole blocking technique to
create low-loss transitions to elliptical, rectangular and other-shaped cores.
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4.4.1 Blocking one hole – elliptical core
Here we blocked one hole to give the core a pronounced elliptical shape and hence
form-birefringence, which could be enhanced by tapering the core down in size.
Dry nitrogen at a pressure of 5.3 bar was supplied to the appropriate end of the
fibre to pressurise all the holes except the one blocked with glue, which remained at
atmospheric pressure. A section of the pressurised fibre was stripped of its coating and
tapered down using an oxy-butane flame on our fibre tapering rig. The taper ratio was
4:1, meaning that the fibre's diameter would have reduced by this ratio if there had been
no changes in relative hole sizes; ie the area of glass in the fibre's cross-section was
reduced by 16:1. The transition loss of the fibre with one hole collapsed was measured
by the cut-back technique to be <0.4 dB at 1550 nm wavelength.
The tapered waist was then cleaved, leaving a 3 cm transition between ~1 m of the
original (input) fibre at one end and 9 cm of inflated-and-tapered (output) fibre at the
other end.

Fig. 4.7. The PCF (a) before and (b) after inflation and tapering with one hole blocked next to the core.

Fig. 4.7 is an optical micrograph of the cleaved waist, together with the original
fibre to the same scale. The pressurised holes inflated as described in the preceding
section, but the unpressurised hole collapsed completely instead. The "circular" core at
the centre of the original fibre has reduced in size by the tapering and become
"elliptical" by the addition of solid material from the collapse of the adjacent hole. The
dimensions of the core are now roughly 4.6 × 2.1 µm, an aspect ratio exceeding 2:1. It
can be seen that three other holes also collapsed, unintentionally, forming new cores in
the fibre. However, they were well-enough isolated to have no observable effect on
propagation in the central core. The holes were probably blocked by water
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condensation on the fibre endface (a particularly humid day in a lab without air
conditioning).
To characterise the birefringence of the output fibre, polarisation beating with
wavelength was recorded by launching polarised light from a broadband source into the
input fibre, and passing the output light to an optical spectrum analyser via a polariser
at 45º to the optical axes of the fibre. Fig. 4.8 is the output spectrum.

Fig. 4.8 Measured polarisation beating.

The spectral beat period ∆λ is related to the beatlength LB and the fibre length L by
[Ortigosa-Blanch 00]
LB =

∆λ

λ

 λ dLB 
L

 LB d λ 

(4.1)

The factor in brackets is of order unity, so since the output fibre is 9 cm long and
∆λ = 5.95 nm from Fig. 4.8, the equation gives an estimate for the beatlength of ~390
µm. This compares well with the value of 280 µm calculated for a 4.6 × 2.1 µm
rectangular silica core in air [Snyder 86]. (This value is highly sensitive to the
dimensions, which can be only imperfectly known from our optical micrograph.)
Repeating the measurement with the input fibre alone confirmed that it did not
contribute significantly to the birefringence.
The simple periodic form of Fig. 4.8 indicates that the output is in a single mode
regime. If more than one mode had been excited to a significant extent, their different
birefringences would have resulted in a more complicated beating spectrum.
Fig. 4.9 (a) is a near-field image of the output for 1430 nm light at the input. Only
the central core was lit up, no light being evident in parasitic cores. The near-field
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pattern, and the simple symmetrical centrally-peaked far-field pattern we observed for
red light (not shown), indicate that the light was in the fundamental mode even though
the core was almost certainly multimode.

Fig. 4.9 Near-field images at the output (a) with the input fibre present and (b) with the input fibre
removed so that cladding features are illuminated.

4.4.2 Blocking more than one hole – rectangular core
It is not straightforward to block a given hole in the fibre endface, and even harder
to block four. However, using this technique, four holes in the same line were blocked
with glue to produce a core with an even greater aspect ratio. Fig. 4.10 (a) shows the
endface of the fibre with glue in defined holes.
100 µm

(b)

(a)

Fig. 4.10 The PCF (a) before and (b) after inflation. The four glued holes are in a nearly-horizontal line
in (a).

The fibre was pressurised at 3 bar and tapered down. Four unpressurised holes
situated at the same line as the core collapsed during processing due to the surface
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tension. It is important to control how much the holes are inflated. On one hand, if the
holes are too small then light can leak into the solid outer cladding past the holes at the
ends of the core. On the other hand, if the holes are too big then those along the sides of
the core impose a corrugated edge to the core that disrupts the mode pattern, Fig 4.11.

(a)

(b)

20 µm
Fig 4.11 Optical micrographs of (a) processed fibre with a corrugated edge (b) mode shape of this fibre
(near-field).

(a)

(b)

Fig. 4.12 Optical micrographs of (a) near and (b) far field spectrum of the output waist for He-Ne laser.

The dimensions of the tapered inflated waist core were now roughly 5 × 1 µm. The
transitions of the fibre with 4 holes collapsed were 60 mm long and the insertion loss
was only 0.2 dB at 1550 nm wavelength, corresponding to 0.1 dB per transition.
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Red light from a He-Ne laser was coupled to around 70 cm of untreated fibre
followed by 50 mm long transition to the inflated waist fibre of Fig. 4.11. Fig. 4.12
presents near and far-field images of the fibre output. The near field pattern is strongly
elongated with intensity concentrated in the central core section. In the far-field
distribution the central intensity is accompanied by some diffraction fringes.
Two further experiments demonstrated by our colleague Ke Lai showed the
versatility of hole blocking. Five holes were plugged so that they and the core formed a
ring with an open hole in the middle. Inflation gave low-loss transitions (0.25 dB each
at 1550 nm) to an annular core (Fig 4.13 (a)) and hence a ring shaped mode (Fig. 4.13
(b)). A simple beam expander (0.2 dB loss at 1550 nm) was formed by inflation after
the six holes around the core had been plugged (Fig. 4.13 (c)).

Fig. 4.13 (a) Micrograph of fibre A after inflation to give an annular core. (b) Output near-field image at
1000 nm. (c) fibre A after inflation to give an expanded core, with (inset) to give a near-field image for
visible light, not to scale

4.5 Coupling from diode lasers
In the previous sections ESM fibre transitions to rectangular cores were
demonstrated using two alternative differential pressurization techniques. Such
transitions can provide low-loss coupling of light between fibres and diode lasers or
integrated optic waveguides with noncircular modes. To demonstrate improved
coupling from a diode laser, we inflated and tapered the ESM fiber to give a 3:1
rectangular core (by plugging two holes) and an outer diameter of 60 µm. The aspect
ratio roughly matched the ratio of divergence angles specified for a diode laser (Fig.
4.14).
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Fig. 4.14 (a) Optical micrograph of fibre with a core aspect ratio 3:1. Far-field images of the output at
658 nm from the laser diode (b) and the rectangular fibre core(c).

The laser’s visible output (658 nm) simplified alignement but raised the transition
loss to 0.9 dB; the light must spread out further in the transition relative to its
wavelength, making adiabaticity harder to achieve.
Light was coupled from the laser to the rectangular core using a spherical coupling
lens, then to the circular core via the transition. We could couple 12.5 mW of the 22.4
mW laser output (measured before the lens) through to the circular core, hence a
coupling efficiency of 56%. This compared with 42 % for a conventional fibre (singlemode at 658 nm) after similarly optimizing the alignment. Our transition improved
coupling despite the relatively high loss of the transition; without that loss, the
efficiency would have been ~ 70%, which we would expect to approach for longer
wavelengths. By further tapering (and with enough inflation to suppress leakage loss)
butting the fibre against the diode laser emitter should be sufficient without the need for
a lens at all.
The other device with the rectangular core (Fig. 4.1) was used in the experiment
with laser diode coupling. The elongated shape of the mode at the output of the device
is shown in Fig. 4.1 (c). Although its shape corresponds to the diode laser mode (Fig.
4.14 (b)), it did not yield better coupling efficiency than 36%. The use of a specially
designed PM fibre would be a solution to consider for better coupling results especially
where state of polarisation matters.

4.6 Introducing a secondary core into the fibre
Multiple-core fibres open up new opportunities for exploiting the interaction of
light between the cores. They are often proposed for sensing applications [Vallee 94,
Blanchard 00, MacPherson 01, MacPherson 03], and wavelength-dependent coupling
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to the neighbouring secondary waveguide has applications in spectral filtering [SafaaiJazi 91, Saitoh 05]. Extra defects/cores can be introduced into a PCF during the fibre
fabrication process. Very often only a short piece of a specially designed fibre is
needed to get a desired interaction of light between the cores. For these reasons the hole
inflation technique is very helpful.
Below I present an experiment based on 2-core PCFs. The second core was
introduced using the adapted hole inflation technique. The appearance of the second
core can be abrupt or gradual, which affects the behaviour of the device. I demonstrate
results for gradual transitions.

4.6.1 Secondary core
PCFs can be used as bend sensors to monitor the deformation of a structure. In an
early paper [Blanchard 00] a three-core PCF was designed so that there was no
significant coupling between the single-mode cores. Bending of the fibre introduces a
relative optical phase difference between light propagating in the cores which can be
measured interferometrically.
Here I demonstrate a similar approach but with a two-core fibre section made by
the hole inflation technique. The cores are connected to ESM PCF outputs through
adiabatic fibre transitions. Single-mode outputs have the advantage (compared to the
fibre assembly examined in the report mentioned above) of allowing a simpler
interrogation system. Only the transmitted power needs to be detected in place of the
complex analysis of a spatial interference pattern.

4.6.2 Principle of operation of the device.
Introducing a second core beside the initial core in a gradual and adiabatic way
(with a long fibre transition) will cause the fundamental core mode of the single-core
fibre to evolve into the fundamental (even) supermode of the 2-core fibre section, as
explained in Section 2.2.1 of Chapter 2. The reverse mode evolution is expected in the
output transition (Fig. 4.15). Light present in both cores should be in phase. Fig. 4.15
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shows the schematic configuration of proposed PCF device for bend sensing
applications.

adiabatic fibre
transition

two-core fibre
section

Fig. 4.15 Schematic configuration of the two-core fibre device.

When the two-core fibre section is deformed, a differential strain is introduced
between the cores in the plane of deformation. That, in turn, introduces a relative
optical phase which couples light into the odd mode, which is not transmitted to the
single-mode output core. The optical phase difference ∆φ between light propagating in
the cores depends on the angle of bend (Ψ) [Blanchard 00]:
∆φ = 1.14

2πδ

λ

ψ

(4.2)

where δ is the distance between the cores and λ is the wavelength. The reduced
transmission allows us to monitor the bend.

4.6.3 Transitions made from stock ESM PCF
Standard ESM PCF (Fig. 4.16 (a)) was used in which a second core was introduced
by hole blocking technique. First, the fibre with one hole blocked at the endface was
pressurised at 5 bar and then tapered with a gradual transition (see Fig. 4.6) resulting in
2-core waist with the configuration shown in Fig. 4.16 (b). The insertion loss was 0.4
dB for the whole device.
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(a)

(b)

Fig. 4.16 Optical micrographs (to the same scale) of the holey part of the (a) initial 5 um-core ESM PCF,
(b) 115-um tapered ESM PCF with introduced core.

The transmission spectrum was measured and no spectral beating was observed
(Fig. 4.17) which suggests that the transition is adiabatic. Then the fibre waist was
cleaved in order to look at the mode pattern. Fig. 4.18 presents the near and far-field
mode patterns of the device for different wavelengths. They show that the power
distribution in the cores is not equal, even though it improves for longer wavelengths.
Reducing the size and the distance between two cores through tapering (which would
increase C in Eq.1.7 and also increase F2) improved the result, but still did not provide
equal illumination of the cores.
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Fig. 4.17 Spectral transmission at the output of the two-core fibre section (two transitions present).

63

600 m

1000 nm

1600 nm

Far-field

Near-field

Fig. 4.18 Near and far-field mode patterns at the two-core waist for 600 nm, 1000 nm and 1600 nm
wavelength transmission.

This result can be explained by considering how the fibre was made. The preform
of the stock fibre contained a rod in the centre which after drawing to fibre becomes the
original core. The amount of silica in the rod differs from the amount of silica in each
capillary that gives the holes in the fibre. Therefore, when we collapse one hole, the
core that is created will be smaller than the original core. This makes the directional
coupler asymmetric (Section 1.1.5).
If this asymmetry is the cause of unequal illumination, we need a new fibre which
could provide two equal cores.

4.6.4 Transitions made from special ESM PCF.
To achieve symmetric cores, a special ESM PCF was designed and fabricated. This
fibre’s original core was introduced in the fibre drawing process in the same way that
the secondary core was introduced by hole collapse later on the taper rig. The fibre was
drawn from a preform composed only from capillaries (with no rod) during its
fabrication process. When the cane (Fig. 4.19 a) was drawn to the fibre, the central hole
was collapsed to yield a single core (Fig. 4.19 b). Thus when a cladding hole is
collapsed to form a secondary core, it will be the same size as the original core.
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(a)

(b)

100 µm

1 mm

(c)

10 µm

Fig 4.19. (a) Cross-section of a 4.75 mm diameter preform with no core rod, (b) drawn ESM PCF
endface of 125 µm diameter, (inset) 31 µm diameter two-core fibre section to the same scale, and (c)
enlarged inset in (b).

Following the procedure used to make a two-core section as before (first
introducing the core then tapering) did not yield the expected result as some spectral
beating was observed. Our explanation is that the transition length into and out of the
two-core fibre section is not long enough to be adiabatic.
Tapering before adding the second core allows more gradual transitions. We
replaced the glass burner with the standard metallic burner. Because this has a much
colder flame than the glass burner, it is more suitable for producing long transitions in
hole size providing the starting diameter is small enough. Secondly, the smaller the
core, the easier it is to make transition adiabatic. Therefore we first tapered the fibre
from 125 µm to 80-µm diameter then introduced the core along the tapered section,
then tapered this down again with a taper ratio of around two.
The insertion loss of the resulting device was large at around 3 dB for 1550 nm.
However this time no spectral beating at the output was observed for wavelengths
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longer than 1200 nm (Fig. 4.20). (We believe that the significant coupling for shorter
wavelengths is due to the multimode regime of the imperfect ESM fibre). Cleaving the
waist shows that the light is present in both cores and more importantly the power
distribution for a wide range of wavelengths (650-1550 nm) appears to be equal (Fig.
4.21). Therefore our device behaves in the expected way for longer wavelengths as the
intensity in both cores is almost equal with no light interaction (Fig. 4.20), and we
excite here only the fundamental supermode in the waist. The desired even supermode
generator has therefore been demonstrated.
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Fig. 4.20 Spectral transmission received at the output of the two-core fibre section with two transitions
(black line), and in the waist from the original core (red line) or introduced core (green line).
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650 nm

1050 nm

1550 nm

Fig. 4.21 Near-field mode patterns recorded at the output of the two-core fibre section.

It is also possible to introduce a second core while keeping the transition length
close to zero. An abrupt transition ensures the coupling of the fundamental mode to
both even and odd fundamental modes of the 2-core waveguide, as explained in the
Section 1.1.5. The interaction of light between two equal cores would lead to sinusoidal
spectral beating. Different lengths of such a two-core section would allow modulation
of the spectrum in order to get a bandpass filter as proposed by [Okamoto 86], but
without any splices between two-core fibres.

4.7 Conclusions
In this Chapter two alternative differential pressurisation methods have been
described. These methods were used to change the core shape in widely-available stock
ESM PCFs on a cm-scale.
An elongated core shape (and mode shape) was achieved through the pressure-like
effect of surface tension. Other changes in core shape were provided via the hole
blocking technique. For example a low-loss taper transition in a PCF was demonstrated
by collapsing one hole, where the core shape change from "circular" (6-fold rotational
symmetry) and non-birefringent to "elliptical" (2-fold rotation symmetry) with an
aspect ratio exceeding 2:1. A very short birefringence beat length of about half a
millimetre was measured. As well as showing how strong variations in birefringence
can be achieved, our result is also a demonstration of a general new technique with a
much wider applicability. More radical changes of core shape were described where 4
holes were blocked resulting in a rectangular core with aspect ratio 5:1. This is the first
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time that such a transition in core shape has been reported in PCFs. Improved laser
diode coupling exceeding 50 % using such fibre transitions for mode matching has
been demonstrated.
Then, using our powerful hole blocking technique a separate core was introduced
beside the original core. Two-core fibre section with adiabatic transitions was
demonstrated using a specially-designed ESM PCF. In the device only the even
supermode was excited.
Many cores of different configurations and shapes can be implemented in a PCF
using the hole blocking technique. In the next Chapter this technique will be used to
produce new devices and demonstrate striking effects related to mode conversion.
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Chapter 5 Mode convertor in PCF
In Chapter 4 we demonstrated the potential of the hole blocking technique.
Changing of the core shape and introduction of a secondary core into a fibre structure
were reported. However the diversity of cores configurations offered by hole blocking
technique can be explored further to provide other interesting new devices. Introducing
a secondary core into the structure in an appropriate way can affect the guided mode of
the entire structure. Like the null coupler [Birks 95], described in Sections 1.1.5 and
2.2.2, such a structure can act as a mode convertor. The symmetry of the device
determines the output mode [Snyder 83].
In this Chapter I report a low-loss PCF mode convertor from the fundamental LP01
mode to the TE01 & HE21 modes in the second-order LP11 set of modes.

5.1 Motivation
Mode convertors couple light from one fibre mode to another. They have
applications in dispersion compensation [Poole 92, Ramachandran 05], nonlinear optics
[Hu 06] and atom guiding [Zhan 03] for example. Here we demonstrate coupling from
the fundamental LP01 mode to the circularly symmetric TE01 mode, which has
applications for atom guidance.
The mode convertor in some dispersion compensators and other fibre devices is
usually a long-period grating with a period matching the beat length between the
modes. This means that the strength of the grating must be closely controlled to give
complete coupling between the modes. If the grating is even slightly too strong or too
weak the modes will be over- or undercoupled, increasing the residual power in the
input mode and reducing the extinction ratio. The grating is also a resonant device,
giving complete conversion only over a band of wavelengths. This can make the
extinction ratio and the operating wavelength sensitive to its environment.
Mode conversion relying on adiabatic propagation rather than resonant coupling
has many adventages over the approach presented above. Its extinction ratio is
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determined only by the adiabaticity of the transition. Such a mode convertor should be
effective at all wavelengths, and very stable environmentally.
An LP02 mode convertor of this type was made by my colleague Ke Lai [Lai 06 a]
using the hole blocking technique I developed. Here I describe a TE01 mode convertor I
made using the same technique. This device lacked the symmetry that prevented
coupling to the TE01 mode in the previous device.

5.2 Construction and explanation
Here we describe a device that can generate modes in the LP11 set from an input in
the fundamental mode. Understanding its operation relies on the order of modes in
multimode fibres (discussed in Chapter 1 and summarised here in Fig. 5.1) and the fact
that, symmetry permitting, light stays in a mode of a given order along a waveguide
transition that is gradual enough to be adiabatic.

Fig. 5.1 Schematic diagram showing the electric field directions of the six lowest-order polarisation
modes of a circular multimode fibre core. (The patterns are similar for a hexagonal core, but the LP11
patterns are sensitive to elliptical deformations.) The propagation constant decreases and the mode order
increases from left to right. The HE modes are degenerate pairs.
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Fig. 5.2 (upper) Schematic longitudinal cross-section of the PCF mode convertor, showing core areas in
dark grey. (lower) Optical micrographs of the holey region in the cleaved fibre in each of sections A-E,
to the same scale.

The mode convertor resembles the LP02 device [Lai 06 a], in which a large
parasitic core was formed symmetrically around the original central core of a singlemode PCF. However, in the present case the parasitic core is formed asymmetrically, to
one side of the original core, so that the output is in the next mode of any symmetry (ie,
LP11) rather than the next symmetric mode (ie, LP02) [Birks 95].
The device was made in three stages and cross-sections along the final structure are
shown in Fig 5.2. In the first stage, four holes were plugged with glue at one end of the
fibre (section A) before that end of the fibre was pressurised and a section half-way
along the fibre was heated on the taper rig. The plugged (and therefore unpressurised)
holes collapsed where heated to locally form the arc-shaped parasitic core of section B.
In the second stage, 14 holes were plugged and the fibre pressurised and heated again to
yield the single merged hexagonally-symmetric core of section D. The heating time
was varied so that the holes collapsed gradually (and hence adiabatically) along the
transitional section C between B and D, the image in the figure being roughly at the
midpoint of the transition. In the third stage, part of section D was heated and stretched
to halve its width and form section E. Finally the structure was cleaved in section E to
yield two separate devices.
The waist can support several modes, including those of Fig. 5.1, but only four of
them can be excited via the cores of section B. This is because the cores support four
polarisation modes in total (two polarisations of LP01 in each core). These evolve
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adiabatically into the four lowest-order polarisation modes of the waist. However, the
4th and 5th modes in the waist are the two degenerate HE21 modes (Fig. 5.1).
Light enters in the fundamental mode of the original core in section A. The light
stays there in section B because the transition between A and B is abrupt. However the
parasitic core, being larger, now supports the fundamental mode of the two-core system
analogously to the structure of LP02 mode convertor. The light in section B must
therefore be in the second mode of the system. If the transition via section C is gradual
enough to be adiabatic, the light must remain in the second mode and so ends up in the
LP11 mode of the merged core in section D. The reduction in size to section E makes it
easier to access the individual TE01 and HE21 components of the LP11 set, the
distribution of power between these components depending on the input polarisation
[Birks 95].

5.3 Results
The lengths of sections A, B, C and D in the final device were roughly 1 m, 50
mm, 25 mm and 10 mm respectively, and the transition to section E was 24 mm long.
(Uniform sections like A could of course be arbitrarily short.) A very low loss of just
0.3 dB at 1550 nm wavelength was measured from the input in section A to the output
in section E by the cut-back technique, with index-matching gel applied to strip away
any light in cladding modes. As shown in Fig. 5.3 (a) the far-field intensity pattern at
the output of the device always had a null on the axis for various wavelengths (from
1000 to 1500 nm) and input polarisations, and as the input and output fibres were
moved, indicating the absence of light in the fundamental LP01 mode. We measured an
extinction ratio of 20 dB from the intensity profile (Fig. 5.3 (b)) of the farfield pattern,
this value being limited by the dynamic range of the measurement.
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Fig. 5.3 (a) Measured output far-field pattern and schematic TE01 & HE21 modes showing electric vector
orientation. (b) Intensity distribution along the line shown across the far-field pattern in (a).

Fig. 5.4 (a) is an image of the far-field after adjusting the input polarisation to
obtain the ring-shaped pattern expected for a pure TE01 or HE21 mode. Which of these
two modes is present can be determined by placing a polariser at the output. As can be
seen by inspecting the electric field vector directions in Fig. 5.3 (a), this passes a twolobed "LP11 - like" intensity pattern in both cases. If the polariser is rotated, the lobes of
the transmitted pattern also rotate. However, for a TE01 mode the lobes rotate in the
same direction as the polariser, whereas for an HE21 mode the lobes rotate in the
opposite direction [Birks 95]. As shown in Fig. 5.4 (b), in this case the transmitted
patterns rotated in the same direction as the polariser, indicating the TE01 mode. For the
orthogonal input polarisation the rotation was in the opposite direction (not shown) as
expected for the HE21 mode. The device can therefore be used for the efficient
excitation of the TE01 or HE21 members of the LP11 mode set, and hence an
azimuthally-polarised free-space beam.
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Fig. 5.4 (a) Measured output far-field pattern of the PCF mode convertor at 1500 nm. (b) (to a different
scale) Far-field patterns after passing the light through a polariser oriented to transmit electric field along
the arrows shown above.

5.4 Conclusions
A TE01 fibre mode convertor has been demonstrated. The method is based on
controlled hole collapse in a PCF, and can be generalised to other modes by collapsing
different patterns of holes with different symmetries or adjusting the size of the
parasitic core to turn the mode of the original core into a third or even higher-order
mode of the two-core system. By optical reciprocity, such devices should also work in
reverse. They may be proposed for dispersion compensation but can be also used to
explore the nonlinear propagation of pure higher-order modes in PCFs [Birks 01].
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Chapter 6 Mode convertor in SMF
In the previous Chapter a PCF-based second-order mode convertor was described.
The hole blocking technique was used to introduce a second core into the structure,
enabling the mode conversion.
In this Chapter I describe a second-order mode convertor in which, in contrast, no
special fibers are used. This all-fibre device converts light from the fundamental mode
to the second-order set of modes in SMF, without using PCFs. It is a twisted fused
coupler made from few-moded SMF fibres.

6.1 Principle of operation
Our device is based on the null-coupler polariser described in Section 2.2.2 of
Chapter 2, which is an adiabatic fused coupler with a circular waist cross-section made
from dissimilar standard fibres. Like the device of the previous Chapter the waist of the
coupler supports several modes but only the 4 lowest-order polarisation modes can be
excited via the input fibres. Light entering the coupler in the fundamental mode of one
input fibre passes through the multimode waist and evolves into the fundamental mode
at the output of the same fibre. However, the 4th and 5th modes in the waist are the two
degenerate HE21 modes (Fig. 5.1). A 45° twist of the coupler couples light directly from
one to the other, for which there are no more core modes available in the output fibres.
One polarisation state of the smaller input fibre is therefore lost. The principle is
summarised in Fig. 5.1 of Chapter 5.
In contrast, here the mode convertor is a similar twisted null coupler but operated
at a short-enough wavelength that the fibres are multimode, so there are more guided
core modes available in the output fibre. Light coupled by a 45° twist into the "spare"
HE21 mode in the waist now has somewhere to go: it evolves into the lowest-order LP11
mode of the two fibres, namely the TE01 mode of the larger fibre, if the coupler really is
adiabatic. Suitably-polarised light entering the smaller input fibre should therefore
emerge in this mode. The twist response should clearly be periodic with a period of
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90°, a further 45° twist returning the light to the original HE21 mode in the waist and
hence to the smaller fibre at the output.

6.2 Fabrication and results
We made our null coupler from Corning SMF-28, a standard telecoms fibre that is
single-mode at a wavelength of 1550 nm. However, we carried out our experiments at
633 nm, where the fibre is few-moded. 40 mm of one of two lengths of this fibre was
pre-tapered to reduce its outer diameter from 125 µm to 90 µm, before a coupler with a
waist of length 30 mm and diameter 1.78 µm was formed from the pair of nowdissimilar fibres. Fig. 6.1 shows an SEM image of the circularly-formed waist of a
coupler made identically to the one whose characteristics are described below.

1 µm

Fig. 6.1 SEM of the cleaved circularly-formed coupler waist.

The excess loss of the coupler as made was 1.9 dB and the splitting ratio between
the pre-tapered and un-pretapered fibres was 3 %, ie it was a reasonable (if lossy) null
coupler. To ensure that light entered the device in only the fundamental mode, we
tapered 40 mm of the input fibre to a diameter of 30 µm and surrounded it in indexmatching gel. This made the fibre locally single-mode at 633 nm and acted as a filter
for higher-order modes.
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633 nm light was passed through a polariser and half-wave plate and launched into
the pre-tapered fibre via the mode filter. We could identify the right input polarisation
for mode conversion by adjusting the polarisation until twisting the coupler had
minimum effect on transmission (polarisation #1) and then rotating the wave plate to
select the orthogonal polarisation #2. Twisting of the coupler had a dramatic effect for
this polarisation.
Output powers measured in the two output fibres are plotted against twist angle in
Fig. 6.2, together with far-field images of the light emerging from the two output fibres
for two extreme cases. For a twist angle of 45°, over 80 % of the output light was
transferred to the un-pretapered fibre and emerged in a ring-shaped intensity pattern
with a central minimum.
This pattern behaved as expected for a TE01 mode when a polariser was placed at
the output and rotated, Fig. 6.3. A further 45° rotation returned the light to the pretapered output fibre. This behaviour is just as expected from the discussion above.

Fig. 6.2 (upper) Schematic diagram of a null coupler mode convertor. (lower) Powers in the pre-tapered
(A) and un-pretapered (B) output fibres of such a device at 633 nm versus twist angle, for input light in
the pre-tapered fibre with its polarisation adjusted to maximise the twist dependence. The insets show far
field images from the two fibres for the twist angles indicated.
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Fig. 6.3 (a) Measured output far-field pattern of a null coupler mode convertor at 633 nm. (b) (to a
different scale) Far-field patterns after passing the light through a polariser oriented to transmit electric
field along the arrows shown above.

The loss characteristics of the device were unexpected. The 1.9 dB loss of the
coupler as fabricated is far from typical of our tapering rig, and similar null couplers
were made with losses as low as 0.3 dB at the same wavelength when untwisted.
However as can be seen in Fig. 6.2 an additional ~1.5 dB of light was (reversibly) lost
when the coupler was twisted by 45°, and other similar devices suffered similar losses
on twisting. In all cases the additional loss was correlated to TE01 light emerging from
the un-pretapered fibre and, as in Fig. 6.2, the light was recovered when the couplers
were further twisted to return the light to the pre-tapered fibre. Furthermore there was
no additional loss with the other polarisation (#1) for which twisting does not couple
light to the un-pretapered fibre. We therefore conjecture that the additional loss is a
result of the coupler's output transition not being gradual enough to be adiabatic for
higher-mode propagation. This can be remedied by making the transition longer, in
which case the twisted coupler represents an effective way of generating a TE01 mode
(and hence an azimuthally-polarised beam) from a gaussian-like fundamental mode
using only conventional fibres and well-known processes.

6.3 Conclusions
A TE01 mode convertor has been demonstrated. The method is based on a fused
coupler made from conventional fibre and so does not require any PCF. It should be
possible to concatenate two or more of them to "pump up" the mode order of the light
further, and perhaps generate very high-order modes [Birks 01].
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Chapter 7 Multimode to multiple single-mode
transitions
This Chapter describes work aimed to produce low-loss multimode to multiple
single-mode fibre transitions. This short project was funded by the Anglo-Australian
Observatory (AAO). The AAO needs to couple each “pixel” of a telescope image to a
fibre. The most suitable fibre is a multimode fibre (MMF) characterized by a high
numerical aperture (NA). The night sky background is rich in bright infrared spectral
lines due to atmospheric OH emission which can overwhelm a faint astronomical
image. In order to get rid of them and improve the contrast, fibre Bragg gratings can be
used as selective light filters [Bland-Hawthorn 04]. However, Bragg gratings in
multimode fibre will reflect a different wavelength for each mode, making the outcome
unsuitable. One solution would be a fibre device consisting of a number of
conventional single-mode fibres (SMF) connected to a MMF via fibre transitions Fig.
7.1 (a). Insertion of fibre gratings between single-mode ports of two such devices
would give the required response, Fig. 7.1 (b).
This concept was implemented using the ferrule technique described in Section
2.1.2, to join 19 SMFs to a multimode PCF output port [Leon-Saval 05 c]. A PCF
ferrule’s central holes are filled with SMFs. Then one end of the ferrule is drawn to a
PCF MMF fibre connected to the 19 SMFs via a transition, Fig 7.1 (c). A good filter
spectrum with a narrow spectral width was demonstrated but the device suffered from
high loss. The loss can be due to two mechanisms, either a mode number mismatch or
non-adiabacity of the transition [Birks 05]. Further work on a device with 37 SMFs
demonstrated successful control of NA and core size leading to mode-number matching
[Leon-Saval 06, no published work]. However the transitions were still lossy at best ~ 6
dB.
It was not practical to improve adiabaticity by lengthening the transitions in this
experiment, because transition length was fixed by the size of our furnace. However,
decreasing the number of SMFs will also improve the loss as the adiabacity criterion
becomes less rigorous [Birks 05]. Although this makes the device less effective for the
AAO's application, the hope was that the smaller port count would enable us to
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demonstrate that these devices can be made low loss. Here the aim is to make 1×7
transitions by the same process, Fig. 7.1.

Fig. 7.1 (a) Schematic taper transition between an MMF and several SMFs [Leon-Saval 05 c]. Each
MMF mode evolves into a supermode of weakly-coupled SMF cores and is distributed between separate
output SMFs, and vice versa. (b) MMF grating device made by inserting SMF gratings between two
transitions. (c) Schematic implementation using a PCF ferrule filled with multiple SMF and then drawn
to a multimode PCF in a fibre drawing tower.

7.1 Objectives
The final objective of the work was to provide the AAO with two MMF-SMF
transitions with:
•

7 ports of Corning SMF-28 single-mode fibre

•

1 port of multimode PCF with a core diameter of 20 µm and an NA of 0.12
or more, supporting 7 modes

•

operating wavelength of λ = 1550 nm

•

loss less than 1 dB

•

packaged to be robust enough for handling and shipping

The MMF characteristics were chosen for compatibility with the AAO's
experiments, but also so that the number of (spatial) modes would match the number of
SMFs. The number of modes in an MMF can be expressed as [Crisp 01]:

N=

π 2 d 2 NA2
4λ 2
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(7.1)

where d is the core diameter, NA is the numerical aperture and λ is the wavelength.
This expression is the same as Eq. 1.4 but divided by 2 to count spatial modes rather
than polarisation modes.
The number of SMFs was chosen to conform to hexagonal packing in the PCF
ferrule.
Our principal research task was to control the NA of the MMF via the geometry of
the holes. The effective index of a PCF is mainly determined by the size of the silica
structures in the cladding [Birks 97, Wadsworth 04 b].

7.2 Fabrication
The fabrication of ferrule canes by drawing silica capillaries, stacking them in a
hexagonal array (Fig. 7.2) and then drawing them to the cane is described in Section
1.2.2 of Chapter 1. Each of the 7 large holes in this cane was filled with an SMF, then
one end was drawn to a multimode PCF port (Fig. 7.1 c) as described in Section 2.1.2
of Chapter 2.
From effective-index calculations carried out by Sergio Leon-Saval I designed a
ferrule for producing a multimode PCF from stock silica capillaries with pitch Λ= 7.5
µm, a relative hole size d/Λ of 0.45 and core diameter of 20 µm. The bore diameters
were chosen for the best chance of giving the target MMF. The inner 7 holes must end
up big enough to accept SMFs, whereas the smaller outer holes will form the holes in
the final MMF.

Fig. 7.2 (left) Design of the stack, made from tubes of 1.32 mm OD and 1.22 or 0.26 mm ID. (right)
Photos of two ferrules drawn from the stack. Due to variations in the drawing process, the upper ferrule
has small interstitial holes in the cladding whereas the lower one does not.
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7.3 Results
Several metres of ferrule of diameter 3.2 - 3.6 mm were drawn from a single stack,
Fig. 7.2. A total of 12 transitions A-L were made, Fig. 7.3. Optical micrographs of their
MMF ports are shown in Fig. 7.4, and a summary of their structural and optical
characteristics is given in Table 7.1.

transition

7 SMFs

MMF

Fig. 7.3 A photo of a typical complete MMF-SMF taper device.
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Fig.7.4 Photos of the MMFs in transitions A to L (reading from left to right, then top to bottom) to the
same scale. The outer diameter (OD) of A is 132 µm.

taper
OD (µm)
Core
diam
(µm)
Λ (µm)
d/Λ
NA
loss
of
each
SMF
path (dB)

mean
loss (dB)
MMF
loss
(dB/m)

A
132
21

B
128
21

C
127
22

D
116
19

E
131
21

F
128
20.5

G
129
20.5

H
130
20.5

I
130
21.5

J
130
21

K
126
20

L
131
21.5

7.8
0.44
0.17
2.5
2.7
3.7
3.8
4.2
4.2
4.2
3.56

7.6
0.39
0.14
8.6
8.7
11.0
11.1
12.2
12.4
13.1
10.7

6.6
0.14
0.13

6.6
0.44
36.6
38.0
38.2
45.0
>45
>45
>45
>30

3.4
0.43
0.16
5.4
5.6
6.8
7.0
7.7
9.9
11.7
7.3

7.5
0.45
0.15
2.0
2.0
2.0
2.2
4.3
5.4
6.2
3.1

7.9
0.47
0.18
0.3
0.3
0.33
0.7
1.1
3.2
4.2
1.2

7.9
0.48
0.18
0.55
1.8
1.8
4.5
4.7
6.2
7.3
3.2

8.0
0.46
0.21
0.19
0.21
0.29
0.3
0.35
0.43
0.5
0.32

7.8
0.50
0.19
0.28
0.48
1.9
2.4
6.5
9.5
bn
3.1

7.8
0.46
0.14
0.4
0.5
1.1
1.8
2.6
4.6
8.0
2.1

7.9
0.47
0.16
0.2
0.3
1.0
1.45
3.3
3.7
bn
2.1

1.8

3.3

32

6.0

1.2

0.1

0.05

0.1

0.4

0.2

0.2

Table 7.1 Measured characteristics of the 12 MMF-SMF taper samples, bn = broken.
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Fig. 7.5 Measurement of NA from the angular distribution of light emerging from a detached length of
MMF.

The dimensions were simply taken from optical micrographs, the core diameter
being measured across corners. The NA was found by measuring the angular
dependence of the intensity emerging from a piece of the MMF using a movable
photodiode (Fig 7.5). Losses were measured by launching light from a 1550 nm diode
laser into each SMF in turn and measuring the output from the MMF. This was
compared to the input power using the cutback technique. Index-matching gel was
applied to the outside of the (uncoated) MMF to strip away cladding modes and prevent
any light they support from contaminating the measurement. The average losses in the
table are averaged as linear transmission coefficients and then expressed in dB.
Samples J and L each suffered the breakage of one SMF port, incorporated as a zero
transmission for that path when calculating average loss. Sample C did not transmit any
light at all, presumably because the holes in the cladding were too small to confine light
to the core.
The attenuation of a section of each MMF was also measured in the same way.
The processes used to make all 12 samples were identical, except that from sample
G onwards greater care was taken over cleanliness while filling the ferrules with SMFs.
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The avoidance of finger contamination will reduce scattering losses in the final tapers,
and indeed losses were reduced which allowed us to make our first low-loss devices.
This can be most clearly seen in the measured values for the MMF attenuation. Before
avoiding contamination, the “best” value was 1.2 dB/km. After avoiding contamination,
the “worst” value was 0.4 dB/km.
Sample I is clearly low loss, with an average loss of about 0.3 dB. Its NA of 0.21 is
a little high, such that the MMF would support roughly 21 modes instead of the 7 that
would correspond to mode-number-matching. The next best sample is G, with an
average loss of 1.2 dB. If these two tapers were joined together via their SMF ports
with no additional splice losses, and assuming only the lowest 7 modes are excited in
the input MMF, the net loss would be 1.52 dB. (This assumes that the nth lowest-loss
ports of each taper are spliced together, which is the optimum configuration. The worst
case would be 1.57 dB, if the ports are spliced together in reverse order.) The 7-way
split would allow a 7-fold improvement in optical throughput in the proposed
assembled OH-suppression device if it had no loss, so if such a device was assembled
from samples G and I there would be a 4.9× improvement in throughput (assuming
perfectly optimised input coupling into the MMF and the single SMF with which the
comparison is being made).

Fig. 7.6 A close-up of the best sample I.

Small residual holes can be seen in the cladding in the micrograph for sample I and
some others, Fig. 7.6. These are interstitial holes between the capillaries in the original
stack that did not completely close up during drawing. They are unlikely to cause any
loss (as demonstrated by sample I) but could raise the NA, as they will reduce the
effective refractive index of the cladding.
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7.4 Conclusions
One low-loss 1×7 MMF-SMF transition was made, thus providing an existence
theorem for the manufacturability of “low-loss” multimode to multiple single-mode
transitions, although the NA was greater than the target. As shown in Fig 7.1, two such
transitions are needed to make a filter for each pixel in the telescope image. The total
number required will therefore be twice the number of pixels. However, for
spectroscopic studies a small number of pixels may be adequate. The two best samples
if used together could provide a 4.9× improvement in throughput in an OH-suppression
device.
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Chapter 8 Summary
8.1 Summary
This thesis focuses on the fabrication of new fibre transitions in PCFs (and SMFs)
and the propagation of light in these structures. I made fibre transitions using postprocessing techniques, amongst them a new hole inflation technique in PCFs has been
developed and used. As powerful tools they allowed us to fabricate some interesting
optical devices which have been demonstrated.
Hole inflation technique
This new post-processing technique which I developed, in connection with
tapering, offers very easy control of the hole size along a cm-scale piece of PCF.
Introducing a required pressure into all holes at one end of the fibre (the other end
being sealed) and heating results in expansion of the holes. Additionally, this technique
can be easily adapted to create new cores, or even change the shape of the original core.
The latter can be achieved by two alternative methods. The first method is based on
differential pressure due to surface tension for different hole sizes, so dramatic changes
in core shapes are possible without blocking any holes if the initial fibre has a suitable
configuration of hole sizes. Otherwise, blocking one or more holes prevents build up of
pressure in those holes, which as a result will collapse when heated by the flame
whereas others (which are still pressurized) will expand.

•

This technique enabled us to get low-loss adiabatic transitions (insertion loss
less than 0.3 dB for 1550 nm) between an original fibre and a fibre section with
enlarged holes. The maximum outer diameter of the expanded fibre section
reached 400 µm, more than 3 times that of the untreated fibre.

•

Highly nonlinear PCFs have been demonstrated using this technique. They were
made on a cm-scale from stock 5-µm diameter core ESM PCF (no special

87

preform or fibre needed) where the inflated section, connected to the singlemode pigtails through transitions of less than 0.4 dB loss, became nonlinear
through tapering by factor of 3.7. SC generation using a Ti-Sapphire laser was
reported.
•

Using the hole inflation technique a monolithic all-fibre system was fabricated
with a linear loss of 0.68 dB, for supercontinuum generation down to 400 nm
when pumped with a simple compact 1062 Nd:LSB microchip laser.

•

For the first time dramatic changes in core shape have been reported in PCFs. In
a birefringent fibre, the differential pressure due to two larger holes on both
sides of the core squashed the core, giving its mode patterns an elongated
rectangular shape. The transition loss was 0.03 dB at 1550 nm. In other
experiments, one, two or four holes next to the core were blocked leading to a
significant change of the core shape approaching even a 5 :1 aspect ratio with a
transition loss of 0.1 dB.

•

A 3-cm-long low-loss (less than 0.4 dB) PCF taper transition from “circular” to
“elliptical” core shape was demonstrated. The aspect ratio exceeded 2:1 and a
very short birefringence beatlength of about half a millimetre was measured.

•

Improved coupling from diode lasers to a rectangular core made by the inflation
technique was reported. The coupling efficiency was up to 56% for 658 nm
(compared to 42% for a conventional fibre).

•

We succeeded in locally forming a two-core fibre section by hole blocking.

•

We demonstrated a low-loss (0.3 dB at 1550 nm wavelength) PCF mode
convertor from the fundamental LP01 mode to the TE01 & HE21 modes based on
a null-coupler produced using the hole inflation technique. An extinction ratio
of 20 dB was measured, this value being limited by the dynamic range of the
measurement.
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Tapering of SMFs
Fibre tapering is a convenient and effective way of dramatically modifying the
nature of a fibre waveguide, while introducing hardly any loss of light. This powerful
post-processing-technique can form taper transitions and waists of almost any shape
and size with waist diameters down to 100 nm allowing precise control of taper
parameters.

•

A mode convertor from the fundamental mode to the second-order set of modes
in SMF using tapering was demonstrated. We made a twisted fused coupler
from two dissimilar fibres with the outer diameters of 125 µm and 90 µm, and a
coupler waist of length 30 mm and 1.78 µm diameter. The excess loss of the
coupler, as made, was 1.9 dB. By twisting of the waist, over 80 % of the output
light was transferred to the un-pretapered fibre and emerged in a ring-shaped
TE01 mode. It should be possible to concatenate two or more of them to "pump
up" the mode order of the light further, and perhaps generate very high-order
modes.

Ferrule technique
This technique unlike the previous ones implies the use of the fibre drawing tower.
It has been proven to be a very versatile method. Fibre transitions are made by drawing a

part of a preform (incorporating a number of fibres protruding from one end) into a
PCF. They can provide with low-loss multimode to single-mode transitions as has been
proposed to make a device for OH-line suppression.

•

One low-loss (insertion loss less than 1 dB) 1×7 MMF-SMF transition was
demonstrated, providing an existence theorem for their manufacturability
although the NA was greater than the target. The two best samples if used
together could provide a 4.9× improvement in throughput in an OH-suppression
device.
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