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Novel Optical Fibre Devices Based on the MCVD Method
by Liang Dong

In this thesis, several new optical fibre devices are
described. These devices are based on fibres with special
structures or materials, fabricated by the MCVD technique.

Light propagation and intermodal coupling in twin-core (TC)
fibres are investigated both theoretically and
experimentally. A cascaded TC fibre filter is demonstrated
and so are TC fibre intermodal couplers using both
mechanical gratings and filbre acoustic flexural waves,
which c¢can be used as filters, wavelength-division-
multiplexing (WDM) taps and fregquency shifters.

Photosensitivity in both transition-metal-doped fibre and
cerium-doped fibre with applications for making fibre in-
core gratings are also studied. UV-induced absorption and
refractive index change are investigated. A large
absorption change occurs when fibre is exposed to pulsed
UV. The fibre IR loss eventually recovers to its original
level. The UV-induced refractive index change in cerium
fibre is found to be the same order of magnitude as that
reported in germanosilicate fibres.

Some other devices and effects, including a gold-implanted
fibre polariser, excitation poling in second harmonic
generation and a spatial model converter, are also studied.
The gold~implanted polariser is much easier to be mass-
produced and spliced to an ordinary fibre with a low loss
than its ligquid-metal-implanted counterpart. Excitation
poling gives an improved efficiency in second harmonic
generation. The spatial model converter provides an easy
low~loss connection for waveguides with different spatial
modes.



Chapter One Introduction

1.1 General introduction

Optical fibre is still a growing technology. It is only
twenty-five years since Kao and Hockham's first proposal
for using dielectric fibre waveguides for transmitting
optical pulses over long distances!. It took about ten
years for the first optical fibre system to appear??, and
now optical fibre systems are widely used for long-haul
telecommunications. The coming of wide-band local optical
fibre networks is also inevitable. The loss of a single-
mode fibre can be as low as 0.2dB/km. The last decade also
saw the rapid appearance of optical fibre amplifiers, first
demonstrated in Southampton*, providing an optical means for
regenerating optical signals for telecommunications over
long distances. Optical amplifiers, together with the
newly developed soliton technology (which utilises
nonlinear effects to compensate the pulse dispersion caused
by the material and the waveguide), have made up an optical
fibre system able to transmit light pulses over 12,000knm at
2.4Gbit/s’. This is bound to have an impact on

telecommunications.

Apart from telecommunications, optical fibres have also
been used in sensors in many areas. Optical fibre
gyroscopes have reached a very high standard®’. Optical
fibre temperature sensors are capable of monitoring
distribution of temperature over a long distance with a
single optical fibred. Optical fibre sensors can also

measure magnetic field to a very high accuracy’.
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With the fast development in optical fibres, there is a
need for a total optical fibre system, a system without
electronic devices to slow it down and narrow its
bandwidth, and a system without bulk optical devices, so
that it can become rigid, compact, cheaper and more
efficient. Optical fibre devices such as modulators,
filters, switches, frequency shifters and optical sources
are thus required. These devices will be able to generate,
process, and combine and separate optical signals, and are
therefore vital to achieve a fully optical fibre systen.
In this thesis, we will discuss some of these optical

devices made from novel optical fibres.

1.2 Thesis summary

Chapter two describes the theory of twin-core (TC) fibres,
which have the potential for devices such as switches,
filters, and frequency shifters. TC fibres are analyzed
using coupled-mode theory. Periodically-perturbed-
nonidentical-core TC fibre is investigated theoretically by
the perturbation method. Light propagation in TC fibres
with gain in one core, is derived also by the perturbation
method. At end of the chapter, measurement of coupling in
identical-core TC fibres are compared with predications of
the theory.

Chapter three describes photorefractive effects in optical
fibres. These fibres have been used to make in-core fibre
gratings, which can be used as filters in optical
communication systems and reflectors in narrow-band optical
fibre lasers. Investigations into the effect of blue light
on transition-metal-doped optical fibres, the possibility
of iron-doped fibre as a saturable absorber in a fibre
laser, and photosensitivity in cerium-doped optical fibres

are also described.



Chapter four describes the fabrication of various novel
optical fibres. Three different fibre types are discussed:
liquid-metal—-implanted fibres for fibre modulators and
excitation poling during second harmonic generation; gold-
implanted optical fibre for fibre polarisers; and double
waveguide optical fibre for cladding pumping optical fibre
lasers.

Chapter five discusses intermodal coupling in non-
identical-core TC fibres with mechanical gratings and fibre
flexural acoustic waves. This phenomenon can be used in
filtering, modulation, and shifting optical frequencies.
Intermodal coupling is investigated experimentally in both
cases and results are compared with theoretical

predications.

Chapter six describes a cascaded-TC-fibre filter, and a
gold-implanted fibre polariser. Excitation poling during
second harmonic generation is also discussed, and, finally,

a spatial mode converter is described.

Chapter seven summarises the thesis and gives a description

of possible future work in these optical fibre devices.
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Chapter Two Twin=-core Fibres

2.1 Introduction

Twin-core (TC) fibres have two parallel cores embedded in
a common cladding. The two cores can be identical, have a
difference in radil or refractive indices, or be made of
different material, with a separation varying from few core
radii to tens of core radii. There are two fundamental
modes at each polarisation in such a waveguide and they can
be easily perturbed by introducing a small optical
difference between the two cores. The fibre also has a
wavelength-dependent coupling characteristic and the
advantage of being a four port device, in which lights of
different properties can be separated spatially. The
unigque properties of TC fibres has attracted many
researchers for their applications in optical fibre
switches, filters, frequency shifters, modulators,
interferometers and sensorsh?¥3678, They are also very
important in understanding fundamental physics of modal

coupling in optics.

In this chapter, the theories for analyzing TC fibres such
as identical-core TC fibres, nearly-identical-core TC
fibres, periodically-perturbed TC fibres and doped-TC
fibres are introduced. The design and fabrication of TC
fibres are outlined, and characterisation of TC fibres

described.

2.2 Theoretical analysis of TC fibres



2.2.1 Coupled-mcde theory

To obtain an analytical solution for the fields in a TC
fibre, some approximations have to be made to simplify the
problem. A TC fibre can be treated as one core being
perturbed by the presence of the other one. The combined
structure supports a set of modes which are, in general,
not a linear combination of the modes of the isolated

cores’i?,

However, in a TC fibre with sufficient large core-
to-core separation, the modes of the TC fibre can be
described by the superposition of modes in the isolated
cores with a good accuracy!!?, This way of using
superposition of unperturbed modes to simulate the true
modes of a structure is commonly referred as the coupled-

mode theory.

If we define E,  as the filields of the m-th mode in a set of

bound and radiation modes of the isolated core p (p=1,2),
the field in the TC fibre can be written as

E=Y oD Von'2) Ep (1)

If the field expansion for a TC fibre is substituted into
Maxwell's equations, an infinite set of first order
differential equations is acquired for the axially varying
amplitude, V,,, of each mode, in the case that modal
amplitude is slowly varying. This set of equations forms
the coupled-mode equations which describe the distribution
of the field among the modes of the two isolated cores.
However, a simple solution of the coupled-mode equations
can be found when two modes are involved. For the
fundamental modes in a TC fibre, this requires that the TC
fibre modal field can be well approximated by a
superposition of the fundamental modes in the two isolated

cores, 1i.e.
E=V, (2) B ,*V, (2) E,, (2)

This is only the case when the two cores are well separated
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(core separation is at least three times the core radius).

2.2.2 Coupled-mode equations

Light coupling in a TC fibre has been dealt with
theoretically by various authors wusing coupled-mode

theory13,l4.15,16,17 .

A superposition of the isolated fibre modes
is used to replace the real modes in the TC fibre in
Maxwell's egquations. Coupled-mode equations which
determine the amplitudes of different modes in the

superposition can then be derived from Maxwell's egquations.

Figure 2.1 Parameters and configuration for TC fibre analysis

In this chapter, a slightly different approach has been
taken to derive the coupled-mode equations. The relation
among various modal overlap integral has been followed up,
thus a better physical understanding can be achieved. This
derivation will be limited to weakly guiding fibres with
sufficiently 1large core-~to-core separation and to
fundamental modes of the TC fibres. Fibres are assumed to
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have step-index profiles with cladding index matched to
that of silica glass. For convenience, we also limit our
discussion to modes with X polarisation. The orientation of

the chosen coordination and definitions of parameters for
the analysis are shown in figure 2.1.

The field of the fundamental modes in the two isolated

cores can be described as

B, =a,(x,y) el (3)

where a,and (, are the transverse field distribution and

propagation constant for core p (=0,1l) respectively. They
satisfy Maxwell's egquation, therefore

[V2+ (0, k)2 (1+2A (%, ¥) )1 E ;=0 (4)

where n, is cladding refractive index and k is vacuum wave
number. A (xX,y) is defined as the relative index difference
profile of the isolated core p, i.e. A, (%,y)=(n,(%,y)-ny)/ny
over core p and A,(x,y)=0 elsewhere (n, is refractive index
of core p). 4, is very small in weakly guided fibres and Aﬁ

term is therefore neglected.

In a TC fibre with cores well separated, the field is
approximated by equation 2.2 and it satisfies Maxwell's
equation.

[V2+ (0,,k) 2 (1+2A (x,3)) ] (V, B0+ V,Eyq) =0 (5)

In equation 2.5, A(xX,y) 1s relative index difference
profile of the TC fibre, i.e. A(x,y)=(n,-n,)/n, over core
1, A(x,y)=(ngy-ny)/n,over core 2 and A=0 elsewhere. From

equations 2.2 and 2.5, we obtain (see Appendix A).
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where Ao is cross-section of the fibre. «,?and x,®are the
second-order coupling coefficients and are very small
comparing with the rest of the coefficients in equations
2.6 and 2.7. They are neglected in the following analysis.
Since the cores are well separated, a, (p=1,2) is small over
the other core. The self-coupling coefficients, «;; and ky

are therefore negligible comparing with the cross-coupling
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coefficients, k;, and k,. Hence equations 2.6 and 2.7 can

be simplified as

dv. )

dz1 —*7K12“-93w2 Pk 2y, = 0
av.

czz2 ~k,, ef PPz o g

2.2.3 Identical-core TC fibres

(14)

(15)

In an identical-core TC fibre, the symmetrical structure

makes

V, and V, can be readily solved from equations

2.15, we have

Vv, = Ae TMaF petE

V, = ~Ae %F+ BeTre®

(16)

(17)

2.14 and

(18)

(19)

where A and B are constants determined by initial modal

amplitude distribution. The field in the TC fibre can be

obtained from equations 2.2 and 2.3.

J(Pax) 2

F(Pve) z

E=A(a;(x,y)—a,(x,¥)) e
+Bla, (x,y) +a, (x,¥)) e

(20)

The two fundamental modes of the TC fibre can be identified

as in equations 2.21 and 2.22.



E o= (a,(x,y)+a,({x,y)) gl Bar*al 2 (21)

Eosa= (@, (x,¥)-a,(x,¥)) g7 (Bara) 2 (22)

a;(x,y) and a,(x,y) have the same distribution profile over
core 1 and core 2 respectively. The first mode thus has a
symmetrical distribution over the two cores of the TC fibre
and is referred as an even mode. The second mode has the
same field strength distribution over the two cores, but
opposite phases and is referred as an odd mode. Also can
noted in equations 2.21 and 2.22 is that the propagation
constants differ by 2k, between the two modes. A plot of
the field distribution of the two modes is given in figure
2.2,

s field strength

X
//—\ et
S’

0 A— 'y

(a) even mode (circles are fibre cores)

field strength
A x

SN

(b) odd mode

Figure 2.2 Fundamental medes in an identical TC fibre

Equation 2.20 can also be written as



E= (Ae%*1Be™®) a (x,y) e’PF+

%,z vz Jpaz (23)
(~Ae " +Be' ) a, (x,¥) e

If the cores are well separated, a,(¥,y) and a,(x,y) are
small over the other core. Therefore the first and second
terms in the equation 2.23 give the field in core 1 and 2
respectively. This approximation breaks up in the case of
TC fibres with a small core separation (core separation
smaller than 3 times the average core radius). The fields

in the two cores can be described as

E,=hb(z)a,(x,y) (24)

E,=b,(z)a,(x,y) (25)

In the case of unit power launched into core 1, i.e. b;(0)=1
and b,(0)=0, we get A=B=1/2 from equation 2.20. We
therefore have

b, (z) =cos (k,z) &P (26)

b, (z) = jsin(x, z) e’Ps (27)

The power in the two cores can be calculated to be

D, (2) =|b, (2) |* = cos? (x,2) (28)

P, (2) = |b,(2) |* = sin? (k,2) (29)

Hence the power in the composite waveguide oscillates from
one core to another, and a fibre length, z,, is taken for
power to complete an oscillation cycle. 2z, is defined as
the beat length of the identical-core TC fibre, and z,=m/«k,.
The power in the two cores of an identical-core TC fibre,
when unit power 1is launched into core 1, is plotted in
figure 2.3. A coupling length is also defined in a TC
fibre, z.=2,/2.
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Figure 2.3 Power coupling in an identical TC fibre

For a step-index profile identical-core TC fibre, a; and a,
can be solved analytically from Maxwell's equations and an

analytical form for coupling coefficient can be obtained
from equations 2.9, 2.12 and 2.16',

« = V28 U7 K (id/p)
I R A i § )

(30)

where A is relative refractive index difference and p is
core radius. K, and K, are modified Bessel functions of the
second kind. V, U and W are as normally defined in a
fibre. In identical-core TC fibres, normalised coupling

coefficient are plotted in figure 2.4 against V value for
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Figure 2.4 Normalized coupling coefficient in an identical—core
TC fibre against V value

various core separations. It can be seen that coupling
coefficient decreases dramatically when the core separation
increases from three times the core radius to 4 times the
core radius. It can also be seen that the coupling
coefficient reaches a maximum at a certain V value. This
is due to the fact that, when the V value gets smaller, the
modal fields spread out so that the field strength of one
core over the other core increases, but in the meantime,
the field strength over its own core decreases. When the
first factor dominates, the overlap integral of the modal
fields of the two cores, which determines the coupling
coefficient, grows and so does the coupling coefficient.
When the second factor starts to dominate, the overlap
integral begin to decrease and the coupling coefficient

decreases too.



2.2.4 Nearly-identical-core TC fibres

In a non-identical-core TC fibre, equations 2.14 and 2.15
can be solved to give

Aej(pﬁ_ﬂl_\ﬂf’l'ﬁz) Sdx10K) g +Bej(ﬂ2“51+\/(l51_—|32)2*“‘12"21) _;— (31)

A = T By -Bay/ (By~PBa) +ak¥ny) =
V, = (ﬁl"pz—\/( B.-B.) “+ax k) e i

2K, (32)

TRy -Ba+y/(B1-Ba) Z+dny 05y) =
%(Bl_ﬁz'ﬂ/u}f—ﬁz)2+4K12K21)e 1=Ba+y/(B1-Bs 2¥21) 7
12

Following the same vein as in the last section, we have

K
Bor—2 L. % Bo+—2 oy,
Jths-=)z b (Bat—12 (33
E=4(a,-a, e F +13‘(az+al—F)eJ 7% (33)
K2 Koq
where
B.+B,
B =12 (34)
Bz_Bl
- Pa"h (35)
by =2

Ky = KoK, (36)

1

+ (|31—[32)2 (37)
a2

1

The two fundamental modes of a TC fibre, odd and even
modes, are represented by the first and second term in
equation 2.33 respectively. Over the two cores, the
amplitude distribution has the same sign for the even mode

but changes sign for the odd mode; however, the modal
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Figure 2.5 Fundamental modes in a nearly—identical—core TC fibre

strength over the two cores is no longer the same. A plot
of the even and odd mode distributions is given in figure
2.5. It can be seen that the two modes are no longer
strictly odd and even modes as in an identical TC fibre and

are quasi-even and quasi-odd modes.

The field in the two cores can be derived the same way as

in the last section. The following can be obtained
K,Z
F
X X Zz
12+b1(0)££)sin(—i—)]ejﬁ"’
K K, F

a

b, (z) = [b, (0) cos( )

(38)

+JF(b,(0)



b,(z) = [bz(O)COS(K;,Z)
p Bb Ka . K,Z bl (39)
+j£1—b2(0);;+lﬁ(0);q;)81n( F,)]e

If light of unit power is launched into core 1, i.e. b;(0)=1

and b,(0)=0, then equations 2.40 and 2.41 express the field
strength of the two cores.

K,Z , BLF

27 45 sin(XaZy) gftam (40)

X, F

cap | Brrai, ( KeZy LBas (41)
b,{z) =JF, Klzs:.n( F)e

The power in the two cores are described in equations 2.42
and 2.43.

b, (z) = (cos

N, Z

pl(z)==1—E*sin2(—%T) (42)
K'Zl Zer S 2 Kaz

= == F“81in 43

p,(2) ., Dot (=) (43)

To satisfy the condition of total energy conservation in a
lossless waveguide, the sum of p;(z) and p,(z) has to be
equal to 1, the total input power. It can be seen from
equations 2.42 and 2.43 that this is only true when k;=x,.
Under the assumption that there is only a slight difference
between the two cores and a large core separation, we have
KKy, thus the energy is roughly conserved and the
equations 2.42 and 2.43 are a good approximation of the
power in the cores. Hence

p2(z)=lﬂsin(k;f) (44)

The breakdown of power conservation in equations 2.42 and
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2.43 is due to the approximation we made in deriving the
field amplitudes in the two cores (equations 2.38 and
2.39). We took the modal power, |V,E,|? and |V,E4|%, as the
power in the two cores and neglected modal field overlap.
This 1is especially not true if the two cores are very
closely separated, when the difference between k,, and «, is
large. Besides, the normal modes of the TC fibre cannot be
accurately described by a superposition of the fundamental
modes of the two isolated fibres in this situation. A much
more complicated analysis has to be used, in which extra
terms in the modal superposition have to be added to get a

better simulation of the normal modes.

In the equations above, F is always less than 1. Therefore
equations 2.42 and 2.44 show only a fraction of the total
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power oscillating between the two cores. The beat length

is defined as the fibre length taken to complete such a
partial power oscillation.

z,= 2= (45)

A plot of the power in the two cores of a nearly-identical
TC fibre is give in figure 2.6.

In a step-index profile TC fibre with slight difference
between core indices and radii, 6én, and §p respectively,

co

the propagation-constant difference between the cores can
be obtained!'.

Plot of F? against én,/n, and &§p/p are given in figures 2.7
and 2.8. It can be seen that, in an identical-core TC
fibre with d/p=4 and V=2.4, the coupling power will reduce
to 27% with a radius difference of 1%, or reduce to 16%
with a relative index change of 0.005% (a typical value
for a fibre is 0.5%). This indicates a strict parameter

control has to be maintained during fabrication.

2.2.5 Periodically-perturbed TC fibres

In this section, a TC fibre with periodic perturbation
along fibre axis is analyzed. In practice, such a

perturbation can be applied by fibre flexural wave excited
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by an acoustic modulator, fibre micro-bending and photon-
induced photosensitivity, and produces intermodal coupling,
hence devices such as fibre modulators, frequency shifters
and filters. We use the normal modes derived in the last
two sections in this analysis. This gives a clearer
insight into the coupling between the real modes of the TC
fibre. The two normal modes can be written as

- Jp
Ey=ay(x,y)e’’e (47)

where g=e or o. In the periodically perturbed TC fibre,
the field can be described by a superposition of the
unperturbed fibre modes with slow axially varying
amplitudes.

The perturbed relative refractive index distribution can be
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E=V (3)E~+V, (2)E

[

(48)

represented as

Alx,y,z) =4, (x,y) +AP(x, y) cos (k,2) (49)

where A (%,y) is the relative refractive index distribution
of the unperturbed fibre and A°(x,y)cos(k,z) 1is the

perturbation applied. E satisfies the Maxwell eguation
[V2+ ()2 {1+2A) ] E=0 (50)

The two normal modes in equation 2.48 satisfy the Maxwell
equation for the unperturbed TC fibre, therefore
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[V+(n k)2 (1+2A,) 1B, =0 (51)
where g=e or o. The following equations can thus be
derived from equations 2.50 and 2.51 (see appendix B).

dv,

=]

2 - K,,008 (K, 7) V,=JKeo00S (K, 2) &7 PPy, =

(52)
dz° ~T%,,CO8 (k2) V- ik cos (k,2) gfPebl iy = (53)
where
APaida
= (nclk)z Aw (54)
-1 B 2
e a,dA
A
(nclk) 2 A“ApaeaodA
- B f - (55)
e a,da
pS
(nclk)2 A«.A aodA .
00— - (56)
° ﬁhgch
(nclk) 2 LQAPaOaEdA
oe = (57)
Bo agdA

An asymptotic solution for equations 2.52 and 2.53 can be

obtained by taking out the slowest varying components in
the equation (see appendix B).

dv | T (BeBoky)
__e_% g %, V, =0 (58)
dv I F(Pe-Bo-ky,)
_°-é7.ejﬂ 8 PzKOBVe=0 (59)

If unit power is launched into core 1, the power in the two



cores are expressed in equations 2.60 and 2.61.

P
pl(z)==1-fﬁsin2(;;5 (60)
D
, D
p, (z) = F2sin? (XZ2) (61)
Fp
where
_ 1
F;—
1+ o2 {62)
4xP

KP:@ (53)

2
o =Bk, (64)

The light will be coupled from one core to the other and
back at a beat period z,=nF,/«’. If higher order components
are considered, small ripples of much higher frequency will
appeared on the asymptotic solution. The perturbed
coupling coefficient, «?, is maximised when the perturbation
has a different sign over the two cores. If an uniform
perturbation 1s applied to both cores, the perturbed
coupling coefficient will be zero, due to the modal
orthogonality in the modal overlap integral in equations
2.55 and 2.57. For A’(x,Y)=AP over core 1 and AP(X,y)=-AP
over core 2, kP can be calculated easily if a Gaussian
approximation is used for the modes. Figure 2.9 gives the
result of the analysis for a TC fibre with A=A,=0.00521,
p;=1.93um, p,=1.66um, and d=6.5um (TCO9 in appendix D). The
normal coupling of the fibre is also plotted on figure
2.10. In this fibre with an index perturbation of 10*, only
about 0.1 metre of perturbation length is needed to cause

a 100% intermodal coupling around a wavelength of 1.1ium.
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2.2.6 Doped TC fibres

One core of a TC fibre can be doped with rare-earth ions,
and therefore, if appropriate pump light is used, light at
certain wavelength in that core will experience a gain
during propagation. Reduced switching power is possible in
a TC fibre switching device constructed this way. In this
section, a theoretical analysis of such a TC fibre is given
and analytical solution obtained.

We introduce a complex refractive index for the case of
transmission media with gain. The following analysis is

equally applied in the case of loss experienced in the
fibre.
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N =n(l+jy) (65)

where n and ny are the real and imaginary parts of the
refractive index respectively. For a weakly guided fibre,

we define the relative refractive index distribution as
Alx,y)=A,(x,yv)+7 [1+A, (x,3) 1 g (x. ¥) (66)

We use the normal modes of the fibre again in the following
analysis. The normal modes of the TC fibre without gain

are

E

- iBge

where g=e or o. They satisfy the Maxwell equation for the
TC fibre without gain, therefore
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[VR+(n. k)2 (1+2A,) 1 E, =0 (68)

where g=e or o. The field in the TC fibre with gain is

expressed as the superposition of the two normal modes.

E=V (2)E+V (2) E

o

(69)

It satisfies the Maxwell equation for the TC fibre with
gain.

[V2+(n, k)2 [1+2A,+27 (L+A ) 11 E=0 (70)

We can derive the following equations from equations 2.68
and 2.70 if we ignore the second order derivative terms of
V,(z) (g=e,o) on the ground that it is slowly varying (see

appendix C).

dv, {Bo-Pe)
_CY.'Z—e +KeeVe+Keoej ere zvo =0 (71)
dV '(be—p )
dzo +KooVo+KoeeJ ° zVe =0 (72)

where
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Be aidA
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[ele]
2
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Ar

V,(2) (g=e,0) can be solved from equations 2.71 and 2.72 and
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E can be obtained from equation 2.69 (see appendix C).

K.
. a K {=KaptTPe=T53) 2
E=E (a,+j—2,| 2y 7R,
; 8o | Kpy (—“°°+jb°+j%)z
E, (a,~7—. =)
21\ K,

where E, and E, are constants determined by the initial

conditions, and

KX=VKOBKSO (78)
-z — j (KES—KOO) +(Be_ﬁo> (79)

2 V KOQKBO

The normal modes for the TC fibre with gain are represented
by the first and the second term in the equation 2.77. The
new transverse modal distributions have deviated away from

a,(x,y) and a,(x,y) of the original TC fibre to become

» 8y | Ko {80)
a,+]—.| ==
«" 31 Kuo
and
a K
a -+-—-2 eo (81)
°J 31 Koo

The introduction of an imaginary part in the refractive
index has caused the two normal modes in the original TC
In fibres with gain<100dB/m,
orders of magnitude smaller than A,. «

fibre to couple. x is two

. 1s therefore two
order of magnitude smaller than (B.-8,)/2=«,/F, and |1|>100.
The two new normal modes of the TC fibre with gain are well
approximated by the two normal modes of the original TC

fibre. The real parts in the exponents in egquation 2.77

The
*jx,/21 terms in the exponents are again due to the coupling

give the gain coefficients for the even and odd modes.

between the two original normal modes. These terms can

again be neglected in the case where the fibre gain is
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smaller than 100dB/m. The field can therefore be

approximated as

E=E e g +E, e E, (82)

In the case where the gain is distributed non-uniformly
over the two cores and the two cores are dissimilar,
different gain coefficients will result for the two TC

fibre modes.

2.3 Pabrication of TC fibres

2.3.1 Background

The most straight-forward TC fibre fabrication technique is
the rod-in-hole method, involving insertion of two rods
into two parallel holes drilled in a much larger cladding
rod. The core rods have higher refractive indices than the
cladding rod. The preform is then pulled in a conventional
way. The radii and refractive indices of the two rods can
be selected individually to satisfy specific design
requirements. The distance between the two parallel holes
can also be controlled. This method is simple and
versatile, so it is used by many researchers. The
disadvantages of this technique are chiefly that it is
difficult to precisely control the core radius and core
separation during fibre pulling. This is because a tight
fit between the core rods and holes is usually difficult to
obtain, leading to unpredictable collapse conditions during
the pulling process. This causes that the two holes to
collapse differently. As mentioned in section 2.2.4, the
core radius has to be controlled very precisely ( « 1% });
this renders the method inadequate for precisely controlled
fabrication. The unpredictable collapse process can also

lead to uneven stress around the core rods and thus
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misshapen cores. This is also very undesirable, especially
for making strongly coupled TC fibres. Another
disadvantage of this method is high loss due to poor
cladding quality and imperfection at the core and cladding
interface. However this is not very important for device

applications in which only a short length of fibre is
normally required.

Figure 2.11 TC preform preparation

The technigue used in the thesis is an improved method.
The TC preform preparation involves making two ordinary
MCVD ( Modified Chemical Vapour Deposition ) preforms,
milling off one side of each of the preforms (see figure
2.11), then putting the milled surfaces of the preforms
together and inserting them into two overlapping holes
drilled in a large glass rod with slight larger diameters
than those of the preforms. The TC preform is then pulled
in a conventional way.

In an MCVD preform the core radius and refractive index
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profile have good uniformity over a reasonably long length.
The preforms can also be made with different
characteristics to meet different designs. The depth of
milling determines the core-to-core separation, which can
be scaled down to obtain an accurate core-to-core
separation in the fibre.

This method guarantees the proper <cladding layer
surrounding both cores and better core and cladding
interface, ensuring a lower 1loss than the rod-in-hole
method. Most of all, this method enables the core radii
and separation to be determined from the preform, thus
permitting precise control over these parameters. TC
fibres with loss in the region of 10 dB/km are obtained
routinely (the loss is measured with light launched into
both cores and detection of overall output). The
imperfection formed from the interfaces in a TC preform is
partially due to the irregularity of the interface and
partially trapping of air bubbles. These imperfections
cause scattering which can give rise to high loss and may
alsc disturb coupling in the fibre. The new technique
restricts interface irregularities to the flat interface
between the cores, thus reducing the loss and risk of
disturbance to the coupling. With this method, fibres with

100% coupling are achieved routinely.

2.3.2 Overview of MCVD method

As many fibre preforms mentioned in this thesis are made by
the MCVD method, a brief description of this technique is
necessary at this point. The MCVD method is based on the
high temperature oxidation of reactant gases in a rotating
tube. The chemical reagents, SicCl,, 0, and suitable glass-
forming dopants, which control the refractive index of the

deposited glass, flow inside a rotating silica substrate
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tube mounted in a glass working lathe and are heated by an
external burner traversing in the same direction as the gas
flow. Gas-phase oxidation in the burner's hot zone results
in the formation of soot particles which are deposited
further downstream by thermophoresis process, and
subsequently, when the burner passes, the deposited soot is
fused to form a glassy layer by viscous sintering. The
refractive index of the deposited glass is centrolled by
altering the relative amount of glass-forming dopants, for
example, GeO, and P,05, in the soot. Several glass layers of
required refractive indices are deposited and then the tube
is collapsed by heating to over 2000°C. The preform is then
pulled into a fibre of the required refractive index

profile.

2.3.3 TC preform preparation and pulling

The milling and drilling are done on an ultrasonic glass
mill. Errors in milling depth can be as large as 100um and
are mainly due to the wvisual Jjudgement of the initial
contact between the preferm and milling head. The
smoothness of the milled surface is normally satisfactory.
Before insertion of the milled preform, the drilled glass
rod and the milled preforms are thoroughly cleaned by
soaking in glass-cleaning solution and rinsing with
demineralised water. Fibre is pulled on a conventional
fibre-pulling tower. During the pulling process, a higher
temperature is normally used to further polish the preform

interface.

2.3.4 TC fibres

A variety of TC fibres, shown in figure 2.12, have been
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Figure 2.12 Different TC fibres

made for different applications. The identical-core TC
fibre with a core in the centre of the fibre, which eases
the splicing with another single-core fibre, 1is made for
nonlinear switching and the cascaded TC filter (figure
2.12(a)). The non-identical-core TC fibre with the larger
core in the centre is designed for demonstrating intermodal
coupling in TC fibres (figure 2.12(b)). The non-identical-
core TC fibre in figure 2.12(c) is used for a special
interferometer design in which the non-coupled cores are
used as two arms of a stable interferometer. Figure
2.12(d) shows an identical-core TC fibre with a very large
core separation for a polarisation maintained coupler, in
which four polarisation-maintained fibres are spliced to
the two cores of the TC fibre on both ends with
polarisation axis being appropriately aligned and the TC
fibre is then tapered down to a much smaller diameter to
caused coupling between the cores.



2.4 Characterisation of TC fibres

The main parameters of a TC fibre are coupling coefficient
k, and coupling ratio F. Experimental determination of the
two parameters will define the coupling characteristic of

the fibre. The parameters of fibres used in this section
are listed in table 2.1.

Table 2.1 TC fibre parameters

Name P (pm) po () A=A, d(pm)
TC1 1.76 1.76 0.00233 10
TCZ2 2.5 2.5 0.00233 14
TC3 4,22 4,22 0.00245 21

2.4.1 Coupling coefficient

The coupling coefficient can be calculated from the
spectral transmission of a TC fibre. One example is given
in figure 2.13. Light is launched into one core by
splicing the core with an ordinary fibre and 1light
transmission from different cores is detected by splicing
the core with another ordinary fibre. The curve is
measured from a 340.5mm length of TC2. The transmission is
governed by equations 2.28 and 2.29, thus the phases at the
peaks and troughs can be identified after the first peak
(k,2=n/2 or w) is determined. The coupling coefficient is
then calculated using the known fibre 1length from the
equations. The results for TCl1 and TC2 are given in
figures 2.14 and 2.15 respectively. The three sets of data
in figure 2.14 are measured from three TCl samples with
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Figure 2.13 Transmission of TC2 (340.5mm)
Light is launched into core 1

lengths of 20.5mm, 16.5mm and 7.5mm. The three sets of
experimental data are very consistent. The solid curve is
calculated from equation 2.30. At stronger coupling
(longer wavelength), the theoretical curve deviates away
from the experimental data and gives a much smaller value.
This is due to the fact that, when the modal field spreads
further into the cladding, the summation of the two
fundamental modes of the isolated cores (equation 2.2) is
no longer a good approximation. The modal fields are less
strongly contained to the cores than the theory predicts,
therefore a much larger coupling coefficient than predicted
by the theory results. Figure 2.15 gives the experimental
and theoretical data on a fibre with smaller coupling
(TC2). The lengths of fibre used are 340.5mm, 173mm and

93mm. The experimental data are more scattered than in the
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Figure 2.14 Coupling constant for TC1

previous figure; this 1is due to the weak coupling and
longer fibre length used, which will be discussed later in
this section. Nevertheless, the experimental data agrees
with the theoretical curve reasonably well in this weak

coupling case.

2.4.2 Bending sensitivity

Similar sensitivity to slight bends is found among all the
TC fibres drawn from four different preforms. Here we
report the result obtained with TC3. A bending radius of
S to 10 meters is usually applied in the measurements.

Figure 2.16 shows the transmission from the launching core
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from a fibre of 928mm long. The randomness in peak

amplitudes and positions in the straight fibre suggests a
large deviation from the expected coupling characteristics,
indicating the coupling is severely disturbed by the small
deviation from perfect straightness of the fibre. The
transmission with the slight curved fibre also proves this.
The result with a shorter 1length of 364mm shows some
improvement (figure 2.17). The slight curved fibre shows
a dramatic decrease in the coupling. The coupling in a
fibre with a much shorter length (235mm) is not very much
changed by the slight curvature in the fibre (figure 2.18).
However the shift of the peaks suggests that modal phase is
perturbed. The theoretical coupling coefficient and beat
length of the fibre are also given in figure 2.19.
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Figure 2.16 Transmission of 928mm TC3
Light is launched into core 1

2.4.3 Discussion

The theory on identical-core TC fibres given in this
chapter performed reascnably well in weakly coupled TC
fibre («¥<200m'). However the approximation in equation 2.2
breaks down in strongly coupled fibres. The sensitive
response of TC fibre transmission to slight fibre bends is
expected from the fact that a bend of few meter radius in
the plane of two cores will theoretically produces a large
phase difference between the two modes in the fibre. The
measurements suggest that any fibre with a beat length
longer than 10cm will be impractical unless special
attention is given to stabilise it. Fibre with beat length

up to 5cm is reasonably stable for a fibre length up to
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20cm.

2.5 Conclusions

A new technigque for fabrication of TC fibres with low loss
and better controlled parameters has been outlined. TC
fibres with many different configurations have been
fabricated. The theory on identical TC coupling agrees
well with experimental data in weakly-coupled fibres
(k<200m'). In strongly-coupled fibres, the theory predicts
rather smaller level of coupling, due to the fact that the
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Light is launched into core 1

summation of two fundamental modes of the isolated cores is
no longer a good approximation to the TC fibre modes.
Weakly-coupled TC fibres of long length are very sensitive
to slight bending. Short lengths of strongly-coupled TC

fibres are therefore preferred in TC fibre devices.

References

1 S.R. Friberg, A.M. Weiner, Y. Silberg, B.G. Sfez, and
P.S. Smith: "Femtosecond switching in a dual-core-fibre

nonlinear coupler", Optics Letters, 13, 1988, pp.904-



80 1 I T
-4 0.30
70 R
T 80 |- 4 0.25
k) -
= 5
p 50 | -4 0.20 o
-+ —
n )
2 =
40 |- o
N 1015 &
? —
2 30k g
[
2 4 0.10
20 - <§: —
4 0.05
10 | | |
1.2 1.3 1.6

1.4 1.5
wavelength (um)

Figure 2.19 Theoretical coupling constant and beat length for TC3

906.

K. Okamoto and J. Nova: "Fibre-optic spectral filters
consisting of concatenated dual-core fibres", Electronic

Letters, 22, No.4, 1986, pp.211-212.

K. Kitayama and Y. Ishida: "Wavelength-selective
coupling of two-core optical fibre: application and
design", Journal of the Optical Society of American, 2,
1985, pp.90-94.

M. Kobayashi and H. Terui: "Optical demultiplexer using
coupling between nonidentical waveguides", Applied
Optics, 17, 1978, pp.3253-3258.

D. Marcuse: "Directional-coupler filter using dissimilar
optical fibres", Electronics Letters, 21, 1985, pp.726-
727.

H.F. Taylor: "Frequency-selective coupling in parallel



dielectric waveguides'", Optical Communications, 8, 1973,
Pp.421-525,.

7 G. Meltz, J.R. Dunphy, W.W. Morey, and Snitzer: "Cross-
talk fibre optic temperature sensor" Applied Optics, 22,
1983, pp.464-477.

8 K. Kitayama, N. Shibata, and M. Ohashi: "Two-core coptical
fibres: experiment", Journal of the Optical Society of
American A, 2, 1985, pp.84-89.

9 H.A. Haus, W.P. Huang, S. Kawakami, and N.A. Whitaker:
"Coupled-mode theory of optical waveguides', Journal of
Lightwave Technology, LT-5, 1987 pp.l6-23.

10 A.W. Snyder: "Coupled-mode theory for optical fibres",
Journal of the Optical Society of American, 62, No.1l1,
1972, pp.1267-127.

11 A.W. Snyder and J. Love: "Optical waveguide theory",
Chapman and Hall, 1983.

12 A.W. Snyder: "Modes of optical waveguides", Journal of
the Optical Society of American, 68, No.3, 1978, pp.297-
. 309.

13 A. Ankiewicz, A.W. Snyder, and X. Zheng: "Coupling
between parallel optical fibre cores: critical
examination", Journal of Lightwave Technology, LT-4,
1986, pp.1317-1323.

14 N. Kishi, E. Yamashita, and H. Kawabata: "Modal and
coupling-field analysis of optical fibres with linearly
distributed multiple cores", Journal of Lightwave
Technology, 7, No.6, 1989, p.%02-907.

15 P.D. McIntyre and A.W. Snyder: "Power transfer between



16

17

2-38

optical fibres", Journal of the Optical Society of
American, 63, No.l1l2, 1973, pp.1518-27.

J.P. Donnelly, H.A. Haus, and L.A. Molter: "Cross power
and cross-talk in waveguide couplers", Journal of

Lightwave Technology, 6, No.2, 1988, pp.257-~268.

A.W. Snyder and A. Ankiewicz: "Optical fibre couplers:
optimum solution for unequal cores', Journal of
Lightwave Technology, 6, No.3, 1988, pp.463-474.



Chapter Three Photorefractive Optical Fibres

3.1 Introduction

It has been known for several decades that the colour, or
to be more precise the absorption spectrum, of some glasses
changes, on being irradiated with y-rays, x-rays, UV light
or even visible 1light!?**. This photosensitivity has been
used a great deal in window, windscreen and spectacle
manufacturing, photography, and information storage. There
is always an index change in the glasses associated with
the absorption change as dictated by the principle of
causality, more specifically, the Kramers-Kronig relation.
This index change is also useful in many other applications
such as grating formation and four-wave-mixing. In optical
fibres, the index change has attracted many researchers
primarily for 1its application in making in-core fibre
gratings, by exposing the fibre core axially to an
interference pattern from a suitable 1lasers®S. The
resultant gratings have many applications including single-
mode fibre lasers, WDM telecommunications and fibre
sensors. They have many advantages over their conventional
counterparts, being compact and easy to align, with 1low
insertion losses. Additionally, the absorption change can
also be used in fibre modulators and switches, where light
intensity or phase at one wavelength is controlled by light
intensity at another wavelength.

In this chapter, we first discuss the investigation of UV-
induced 1loss in transition-metal-doped fibres, then
absorption bleaching in Fe’*-doped fibre, and finally the

photosensitive response of Ce**-doped fibre.



3.2 Theoretical background

A\ Energy
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Figure 3.1 Energy diagram in a general photorefractive glass

The photorefractive effect is usually divided into two
categories, permanent and temporary effects. Much
controversy has been with the nomenclature, in particular,
among people working in different areas of physics.
However, 1in general, the effects are referred to as
photosensitive and photochromic effects. The detailed
physics 1in many of the glasses Xknown to exhibit
photorefractivity is still not clear; however, in general,

a two-energy-state system is believed to be involved (see

figure 3.1). The system can stay in two stable states, 1
and 2. State 1 has a lower energy and is the stabler of
the two. There is an energy barrier between the two

states, and an energy, AE,, is needed to transfer the system
into state 2, but a smaller energy, AE,, is usually needed
to return it to state 1. AE, and AE, have a spectrum of

values. AE, usually falls into energy level of y-rays, x-
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rays, UV and, sometimes, even visible. AE, can also be very
small. Some photochromic glasses recover spontaneously.
However, it is usually necessary to heat up the glass or
subject it to IR radiation.

3.3 Transition-metal-doped fibres

3.3.1 Background

Most of the transition metals can be easily incorporated
into silica-based fibres, and used to be the cause of
strong unwanted IR absorptions in early fibres”®. They
usually exist in at least two different ionisation states,
offering two energy states. If an ion is transferxred from
one ionisation state to the other by losing or gaining an
electron in the glass, the absorption spectrum will alter,
thus changing the refractive index. The effects of y-rays
and x-rays on iron-containing glass has been studied by
several authors!®!, ESR measurements before and after
exposure 1in samples of different silicate glasses doped
with iron have shown evidence of a change in the oxidation
states of iron.

In this section we investigate the responses of various
transition-metal-doped fibres to high power CW argon ion
laser light. A description of fabrication procedure for
these fibres is outlined. We also studied the bleaching of
Fe?* absorption.

3.3.2 Fabrication

3.3.2.1 Background



The solution doping method developed by Townsend and Poole!?
is used in the fabrication of transition-metal-doped
fibres. This technique is based on the modified chemical
vapour deposition process and enables dopants to be added
into an optical fibre in a controllable manner. Cladding
layers are first deposited in a conventional way. During
core layer deposition, the temperature is reduced in order
to deposit a porous oxide soot without consolidation into
a glassy state. The deposition temperature is about 1250°C
for a Si0,/Ge0, core. A higher temperature will reduce the
porosity and makes the incorporation of dopants difficult
at a later stage. A lower temperature will make the soot
loosely adhere to the tube and may peel off in the
subsequent soaking and dehydration process. To control the
refractive index of the fibre core, the flow rates of the
reagents are determined in a similar way to the
conventional MCVD process. The tail end of the uncollapsed
and unsintered preform is subsequently sealed and the
preform removed from the glass lathe. The soot layer is
then immersed in a dilute solution of dopant ions for a
predetermined time (typically one hour), permitting the
dopant-ion/soot bonding to reach saturation. The solution
is usually made by dissolving dopant ion halide in water.
The dopant concentration in the final fibre is controlled
by the dopant concentration in the solution. The soot
layer is subsequently dried by rinsing with acetone and
blowing with compressed nitrogen gas. The preform is then
replaced in the lathe and further dried by flowing drying
gases such as oxygen, helium or chlorine through the tube
and by heating it to about 500°C by a rapidly traversing
burner. The preform is usually dried for one hour and the
soot layer is finally sintered into a glass core. The
preform is then collapsed and fibres are drawn in the
conventional way.



3.3.2.2 Transition-metal-doped fibre fabrication

An iron-doped fibre was fabricated with a saturated
Fe,0;/HCl solution (PH=2). During collapse, an oxygen-rich
atmosphere was maintained. The fibre has a Ge0,/Si0O, core
and a NA of 0.21 (Ge0,/S1i0, core are assumed for the fibres

in this section unless otherwise mentioned).

A copper-~doped fibre was fabricated using a solution
containing 1.95g cCucCl, and 100ml H,0. The NA of the fibre
is 0.15.

A manganese-doped fibre was made with a solution having
2.05g MnCl,.4H,0 in 100ml H,0. The NA is 0.17.

A manganese and iron doped fibre is also made using a
solution with 0.5g Fe,0; and 2g MnCl, in 100ml HC1l (20%).
The NA is 0.17.

3.3.3 Characterisation

The spectral attenuation of iron-doped fibre is shown in
figure 3.2. For comparison, an ordinary GeO,/Si0O,core fibre
attenuation is alsc plotted. It can be seen a large loss
is present at short wavelength (below 500nm). This is due
to Fe’' absorption. The excessive loss indicates a Fe,0,
concentration of 130ppm(wt) using data in reference 13. No
Fe!* peak around 1100nm is observed in this fibre,

indicating that all iron ions go into the Fe’* state.

The spectral loss of the copper-doped fibre is shown in
figure 3.3 together with loss of an undoped Ge0,/SiO, fibre.
A slightly higher loss around 450nm is apparent, but not
the broad cu?* peak around 800nm, suggesting that all the
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copper ions are in cu!* state.

The spectral loss of the manganese-doped fibre is shown in
figure 3.4. A narrow absorption peak is seen around 520nm,
caused by Mn**. From the data given in reference 8, the
concentration of Mn,0, is obtained to be 190ppb(wt). The UV

loss of the fibre is also greatly increased.

A Mn’*/Fe’*-doped fibre is also made. The Mn’* ions are
doped to increase the possibility of trapping electrons
released by Fe?* ions by forming Mn’*. 1In this fibre, an
absorption band at 550nm is observed (figure 3.5),
contributed by Mn?*. The strong band at 1100nm is caused by
Fe’*. The incorporation of manganese thus had a reducing
effect on iron. The concentrations of Mn,0; and FeO are

determined to be 220ppb(wt) and 1100ppb(wt) respectively.
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Figure 3.3 Spectral attenuation of a Cu —doped fibre

3.3.4 Argon bleaching experiment

A CW argon laser at 488nm was used as the radiation source
to investigate the possibility of changing oxidation states
in transition metal ions. The iron-doped fibre, manganese-
doped fibre and manganese/iron-doped fibre were subjected
to few hundred milliwatts of argon laser (equivalent to few
mW/um?) for up to 30 minutes. No change of oxidation states
was observed in these fibres. Instead a significant
increase of absorption in UV and up to near IR was noticed
(see figure 3.6). This loss increase has also be observed
in other solution-doped fibres. They may be related to an

increase in the defect concentration 1in the glass
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associated with a near UV absorption band.
3.3.5 Bleaching of Fe?' absorption
3.3.5.1 Background

Passively mode-locked fibre lasers are a very important
area for generating short optical pulses for optical
communications and information processing. Some nonlinear
devices are used to this end. A saturable absorber is one
of them, which shows a large loss at small signal levels
but a smaller loss at large signal levels. Fel*-doped fibre
has a strong absorption around 1100nm, which makes it ideal
for a neodymium-doped fibre laser at 1.064um if the loss
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can be bleached out with low power light at 1.064um and the
recovery time is sufficiently fast. In this section, the
possibility of Fe’*-doped fibre to act as a saturable
absorber in neodymium-doped fibre lasers is investigated.
Experimental results on measuring the absorption bleaching

with YAG laser pulses are also presented.

3.3.5.2 Theoretical outline

In a simple two-level system as depicted in figure 3.7, N,
and N, are numbers of ions at ground and excited states
respectively. B,,, B,, and A, are the probabilities for
stimulated absorption, stimulated emission and spontaneous
emission respectively. NP (v) is the photon flux

(photons/em?/s) at frequency v. Thus we have



8000 T T T

7000 -

—after blue exposure
-——-before blue exposure

6000 |-

5000

4000

3000

2000

attenuation (dB/km)

1000

wavelength (nm)

3+
Figure 3.6 Spectral attenuations of a Fe —doped fibre
before and after blue exposure

Byy = By (1)
dun,
_d?l = =B;,NP(v) (N,-N,) +N,A,, (2)
adn.
th = B, NP (v) (N,-N,) -N,4,, (3)

The following analytical solution can be obtained from
equations 3.2 and 3.3:

AN(E) =N, (t) -N, ()
_ 2B,,NP(v) o~ BBLFP(v) Ay ) £ Ajy (4)
2B,,NP(v) +4,, 2B, NF(v) +34,,

The solution contains two terms, a transient term and a
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Figure 3.7 Energy states of a two—level system

steady-state term. If we define I, as the photon flux to
reduce the steady-state absorption by a factor of 2, then

I = A1
s 2B,

(S)

If thermal equilibrium is assumed and a normalised
absorption line shape function, g(v) (Hz!), is defined, we
have

2

224,
B = SﬂH:g(v) (6)

where n is the refractive index of the medium and A is the

vacuum wavelength. The I, becomes

Ann?
I (V) = —— (7)
g A2g(v)
From the Fe?* absorption curve in figure 3.5, we can

estimate



g(1.060pm) =5x10"%% (Hz™!)

Thus we obtain that I, equals to 4.8x10% photons/cm?’/s. If

a core radius of 2.5um is assumed, 18mW power is required.

3.3.5.3 Experiment
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Figure 3.8 Experimental set—up for bleaching in a Fa -~doped Ifibre

The experimental set-up is shown in figure 3.8. A Q-
switched YAG pump laser gives a train of 180ns pulses and
was launched into a sample fibre through an index matching
cell, containing index-matching fluid and having a front
facet tilt at an angle to the input beam (not a normal

incident angle). The purpose of the index-matching cell is
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Figure 3.9 Measured signals on dectector 1

to reduce reflection at the detector. A CW mini-YAG was
launched into the other end of the fibre and acts as a
probe beam. An isolator was put in front of the CW YAG to
stop the pump entering the probe YAG. The fibre has a core
radius of about 2.5um and length of about 1.9m. When a
peak power of 238 watts was launched into the fibre, no
sign of bleaching was observed. Figure 3.9(a) shows the
signal at detector 1 while only the pump YAG was on; the
pulses were from the reflections from the fibre ends.
Figure 3.9(b) gives the signal when only the probe mini-YAG

was on. Figure 3.9(c) is the signal when both pump and



probe YAGs were on. No loss bleaching was observed.
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CW YAG was also tested as pump, in which a CW YAG beam was
launched into a 2.8m long fibre, the output was measured at
various laser current settings and the fibre was then cut
back to 0.6m long, the output was again measured with the
same settings (the laser current setting was also tested to
be reasonably repeatable). The loss was then calculated
and plotted in figure 3.10. An increase trend with higher
power is observed, without sign of bleaching for power up
to 66mW. The loss increase with power level is believed to
be caused by the onset of nonlinear effect (Raman and

Brillouin effect) in the fibre.



3.3.6 Discussion

An increase of loss at near IR was observed when various
transition-metal-doped fibres were subjected to CW argon of
few hundred milliwatts. The effect may be attributed to
the forming of defect centres in the fibres, which have
been investigated in germanosilicate fibres'!*. No change
of oxidation states in manganese-, iron-, copper-, and
manganese/iron- doped fibres was observed with 30 minutes

CW argon treatments of few hundred milliwatts.

238w peak power YAG laser has been launched into Fe’*-doped
fibre, and no change in the fibre transmission at 1.064um
was observed. CW pump up to 66mW was also tested without
sign of bleaching. Higher bleaching threshold and very
fast recovery is therefore speculated. The fast recovery
process can be attributed to non-radiative decay process
associated with phonon coupling in the glass, which has not
been taken into account in the theoretical model, and the

fact that Fe’* is not a stable state in the glass.

3.4 Cerium-doped fibres

3.4.1 Background

The photosensitive response of optical fibres has been the
focus of many researchers, primarily because of its
potential for manufacturing efficient in-fibre gratings.
In certain fibre cores, the axial index may be periodically
perturbed by exposing to an interference pattern from a
suitable 1laser™®, and the resultant gratings have many
applications including single-mode fibre lasers, WDM

telecommunications and fibre sensors. They have many
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advantages over their conventional bulk counterparts, being
compact and easy to align, with low insertion losses. Such
photo-induced index changes are well known in
germanosilicate fibres on exposure to both blue (480nm) and
UV (240nm) light!$Y, Although the exact cause is still of
a controversy, it is generally believed to be associated
with germania. To increase the photosensitivity, more
germanium should be incorporated into the fibre core, this
will, of course, alter the fibre index profile. The aim of
this research is to find an improved fibre for efficient
fibre gratings, in which the photosensitive core dopant may
be changed without altering the guiding properties of the
fibre. It is Xknown that other glasses suffer large
absorption changes on exposure to certain wavelengths,
including a cerium~doped sodium silicate glass, hence it
seems likely that index change might be expected. The
absorption changes induced in fibre cores composed of SiO,,
P,0;, Al,0; and Ce,0, on exposure to pulsed UV light at 266nm
and 355nm was therefore investigated in section 3.4.4, and
an index change of 1.4x10* was recorded at 1.064um, with the
potential of further improvements with increased doping

level as discussed in section 3.4.5.

3.4.2 Fabrication

The conventional MCVD method combined with the solution-
doping method developed by Townsend et al” was used to

fabricate the fibres.

Cerium ions can exist in two ionic valency states in a
glass matrix, cerous (Ce’*) and ceric (Ce*%). The
equilibrium between the two states depends very much on the
basicity of the glass matrix and the glass preparation
condition. A photo-induced absorption change in cerium-

doped glasses has been attributed to ce?* ions in the
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glass which are photoionised to form Ce*t ions on UV

exposure. P,0; and Al,0; were therefore used as co-dopants
to favour the formation of the Ce’* instead of the cCe'*
state?. A Si0,/P,0s layer deposited at a relatively low
temperature (about 1300°C) on the inside of a silica tube
was solution-doped with AlcCl;.6H,0 and CeCl;.7H,0, using
water as a solvent. Four fibre preforms were made in this
way with similar AlCl,6H,0 concentrations but different
CeCl,.7H,0 concentrations to vary the Ce’*-doping level; one
having no CeCl,.6H,0 to clarify the effect of alumina. The
soaking time in each case was 1 hour, and the preforms were
subsequently dried by heating up to 600°C for 1 hour.
Nitrogen 1instead of the usual oxygen was used in the

following collapse process to further encourage the
formation of ce’' ions.

3.4.3 Characterisation

Table 3.1 Preform parameters

preform number 1 2 3 4
NA 0.13 0.15 | 0.18 | 0.17
ce’t (ppm) 11700 | 5800 | 1900 | O
P,0; (mol%) 12 23 22 21
Al,Cl,.6H,0 in solution (M) 3.62 2.49 | 2.49 | 3.77

The parameters of the resultant preforms are 1listed in
table 3.1. The P,0; concentration was estimated by using
the data given by Hammond et al®. The absorption spectra
are shown in figure 3.11, measured with Perkin-Elmer
Recording Spectrophotometer of the type EPS-ST with
polished thin slices of preform (180 to 480um thick)

because of the high loss. A small aperture ensured that
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Figure 3.11 Absorption spectrum of Ce —doped preforms

light could only pass through the preform core region, and
the collimated beam of the spectrophotometer was focused
down to a size slightly larger than the aperture to improve
sensitivity. The insertion loss were corrected for by
comparing with data measured at 600nm in a fibre drawn from
the same preform using a cut-back technique. The error in

these measurements is less than *1dB/m.

The Ce’* ion has a 4f-5d electric dipole transition with a
corresponding absorption peak, the position of which is
highly dependent on the glass composition. In similar
glasses, it has been centred in the 276-306nm region. The
Ce** ion, meanwhile, has a charge transfer band, which
should appear as a peak at a slightly shorter wavelength.
Only a single peak in the absorption spectrum is observed,
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however, in figure 3.11, and this is confirmed to be due to

ce*t ions by the observation of strong fluorescence centred

at 420nm, a Ce*' characteristic. In the absence of any
significant additional Ce*t peak, it is assumed that most of
the cerium ions must be in the ce’* state. The

concentration is determined by comparison with ce3*
absorption data given by Laczka et al®? for a glass composed
of Si0,+0.05A1,0;, giving 11,700ppm, 5,800ppm, and 1,900ppnm
for preforms 1, 2, and 3 respectively (£300ppm in each case
due to loss measurement error). The additional rising
trend at short wavelengths in preforms 3 and 4 is
attributed to the UV edge of the glass, which is not
visible in heavily doped preforms 1 and 2, because of the
dominant Ce3* peak. The relationship between this dopant
level and the CeCl,;.7H,0 solution concentrations is shown in
figure 3.12. It is found to be linear without any sign of
insolubility and devitrification, indicating the
possibility of producing preforms with a higher ce?**dopant
level. All the fibres drawn from the Cerium-doped preform
have a relatively 1low 1loss of about 150dB/km at the

important communication wavelength of 1.55um.

3.4.4 UV-induced loss change

Changes in absorption spectrum of preform 2 on exposure to
pulsed 266nm radiation from a frequency-quadrupled YAG
laser (pulse width 8-9ns, 30Hz repetition rate, and average
intensity of 4kW/m?) for 1 minute are shown in figure 3.13,
Curve 1 is the original loss spectrum, while curve 2 was
measured 10 minutes after exposure, curve 3 109 hours after
and curve 4 82.2 days after. It can be seen on the curve
2 that the Ce’* absorption peak at 290nm has been reduced on
UV exposure, indicating a reduction of Ce®* concentration.
A broad absorption band extending over both sides of the
ce’* peak has appeared, and may be attributed to photo-
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electrons trapped at various defect-centres. This induced
broad band shows signs of recovering in curve 3, with total
recovery by curve 4. The reduction in the Ce**t peak
remains, however, even after 82 days (curve 4) and the
anticipated Ce** absorption band resulting from ce?* ions

losing electrons can be also seen around 245nm.

The recovery process of the broad band loss was further
investigated at 632.8nm in a fibre drawn from the preformn,
with single-mode operation below 590nm and an intrinsic
loss of 2004B/km at 632.8nm. The fibre was laterally
exposed to 266nm light with an average intensity of 4mW/um?.
while probing with 632.8nm light propagating through the
fibre. On exposure, the fibre 1loss increased almost

immediately to a very high level and stabilised at that
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Figure 3.13 Absorption spectrum of preform 2
before and after UV exposure

level provided the UV intensity remained constant (figure
3.14). This loss was found to be linear with UV intensity,
indicating a single-photon process (fiqure 3.15). The loss
mentioned here and in the following text is the actual
material loss calculated by taking into consideration of
only a fraction of light propagates in the fibre core.
Figure 3.14 also shows the principle of a mocdulator, where
fibre transmission at 632.8nm is controlled by 1light at
266nm. The speed of the modulator is 1limited by the
recovery speed of the process, which may be improved in a
different glass host. ©On blocking UV, a reversal of the
loss was observed, as shown in figire 3.16. After seven
hours, the loss had dropped to 8.3% of its original value.
Also shown in the figure is a gocod fit to the data; the

summation of three exponential decays,
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where A, =0.586, A,=0.0955, A,=0.129, «=0.0291, ®,=0.00210,
and ¢;=0.0000213. Three different processes are therefore
involved with time constants of 34s, 8mins, and 13hrs
respectively, indicating that different types of defect
centre are formed. The induced losses measured during UV
exposure of 4uW/um®’ in fibres drawn from the other three
preforms are plotted for comparison in figure 3.17. As
expected, no induced loss was observed in the fibre doped
only with alumina, indicating that the mechanism is Ce-
related. There 1is, however, a significant reduction in

loss at high concentrations. The induced loss measured 4
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hours after exposure of 4uW/um’ at the important fibre
communication window, 1.55um, was found to be only 3.1dB/m.

negligible for typical fibre grating lengths (lcm long).

Fibres were also exposed to pulsed 355nm light from a
frequency-tripled YAG laser. Similar changes in absorption
were noted, but 19 times the average intensity was required
for these to be of identical magnitude. This 1is not
surprising, given that the Ce’* absorption strength at this

wavelength is only one 15th of that at 266nm.

3.4.5 UV-induced index change
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Figure 3.16 Losg_gecovery process In a fibre doped with 5,800ppm
Ce ions after being exposed to UV light of 4mW/um .

In order to produce a reliable and repeatable technique for
measuring refractive index change, four dual-core preforms
were fabricated, each containing one phosphosilicate core
and a core from each of the four preforms. These dual-core
preforms were numbered 1, 2, 3, and 4, containing in the
appropriate core 11,700ppm, 5,800ppm, 1,900ppm, and Oppm
ce®* ions respectively, and the fibres drawn from each are
referred to as TC4, TC5, TC6 and TC7. Three fibres with
different diameters were drawn in each case to give single-
mode operation over a wide range of probe wavelengths. In
all fibres, the cores are sufficiently spaced to preclude

any significant coupling between them.

The experimental arrangement used to measure the index

change is depicted in figure 3.18. A probe beam is weakly
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Figure 3.17 Ce  concentration dependence of induced fibre loss
at 632.8nm during UV exposure of 4mW/um

focused onto a cleaved end of the test dual-core fibre,
launching equal intensity into both cores. At the far end
of the fibre, the two cores act as point sources a few
microns apart, with the transmitted light interfering to
give large fringes in the far field. The lateral position
of these fringes depends on the optical path length
difference between the light propagating in the two cores,
and so a change in index in only one core will cause fringe
movement. A narrow slit is placed in this fringe pattern,
allowing only a very small part of a fringe to be
transmitted onto a photodiode and monitored on a chart
recorder. A coating-stripped section of this fibre is then
laterally exposed to pulsed 266nm UV 1light. Previous
experiments have demonstrated that no index change occurs

in the pure phosphosilicate core, so any fringe movement
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Figure 3.18 Experimental set—up for measuring UV—indueced index change

which occurs on exposure must simply be as a result of an
index change in the cerium-doped core. The best
measurement accuracy can be achieved by exposing a long
length of fibre, but this 1is limited, particularly at
shorter wavelengths, by the UV-induced loss which has the
effect of reducing fringe contrast. Lengths between 5cm
and 15cm were therefore exposed, by repeatedly scanning the
beam along the fibre until the fringe position stabilised,
typically after 1 minute. The fringes were found to be
stable for at least 30 minutes after UV exposure,
dissociating the index change mechanism from the fast
recovery process of the induced loss at IR. The core
material refractive index change could then be calculated
from the number of fringes shifted and the exposed fibre
length by taking into account the fact that only a
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proportion of the optical power propagates in the fibre

cores.
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Figure 3.19 UV intensity dependence of inducedsindex change at 784nm
in a fibre doped with 5,800ppm Ce ions

The variation of refractive index change in TC5 with
average UV intensity was investigated at 784nm and the
result 1is shown in figure 3.19. The curve shows a near
linear response at low average UV intensities, indicating
that the index change mechanism is dependent on a single-
photon process, but a saturation trend appears above
4uW/pum’. The dependence of the induced index change on Cce*f
concentrations was also measured at 1.064um using fibres
from the four different preforms. The results are shown in
figure 3.20 for an average UV intensity of 4uW/un?®. As
expected no index change was seen in TC7, in which the core

is doped only with Al,0,, demonstrating that ce’* is
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necessary for the refractive index change. The index
change appears to be a near linear function of ce’t

concentration.

The wavelength dependence of the induced index change was
investigated by comparing measurements in TCS at 632.8nm
(Helium-Neon laser) and 1550nm (laser diode) with those
already made at 784nm and 1.064um for the average UV
intensity of 4uW/um?, as shown in figure 3.21. In contrast
to the low dispersion observed with germanosilicate fibres,
however, a drop in the induced index change with increasing
wavelength was observed. Despite this, though, the index
change at the important communication wavelength of 1.55um
is still 6.8%x10°, large enough to give a 90% efficiency

reflection if induced periodically over a length of 13mm.
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Pulsed 355nm light was found to produce an equivalent
effect, but required an average intensity greater by a
factor of 4.

3.4.6 Discussion

To summarise, a UV-induced absorption change in a selection
of ce’*-doped glass preforms and fibres has been studied.
The Ce’' ion concentration is reduced and a broad absorption
band extending up to IR created on UV exposure. 82 days
after exposure, the change in Ce’* concentration remained,
but the induced broad band absorption had totally

recovered. Further investigation revealed three distinct
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recovery time constants in the order of tens of seconds, a
few minutes and a few hours. This induced broad absorption
band is attributed to defect centres formed by trapping
photoelectrons released by Ce’t ions. The anticipated Ce**
absorption peak resulting from Ce3* ions losing electrons,
observed by Stroud’”, was also seen. The UV-induced loss at
632.8nm during UV exposure was found to stay at a constant
level and depend linearly on average UV intensity. This
loss was also observed to increase with ce** ion
concentration for low concentration levels, but to decrease
at higher levels. 355nm light was also found to give a
similar absorption changes at 632.8nm but required an
average intensity of 19 times that of the 266nm.

Large average index changes are also induced in Ce’*-doped
optical fibres on exposure to pulsed 266nm UV light. A
linear dependence on UV intensity indicates a single-photon
process. The fact that the index change is stable for at
least 30 minutes after exposure disassociates it from the
fast recovery loss process. Similar effects are seen with
355nm but the required average intensity is four times
higher; however this is much less than that required to
obtain the same induced 1loss at 632.8nm (19 times),
providing additional evidence for two different mechanisms.
The saturation trend of the UV intensity dependence may be
explained by a lack of electron-trapping centres associated
with the index change mechanism, indicating that an
increased index change is achievable if this defect centre
concentration can be increased, probably by higher A13*
doping level. The index change that results from the
induced absorption change, estimated by Kramers-Kronig
relation, are an order of magnitude too small. A precise
calculation has not been possible due to unknown absorption

line shapes due to insufficient data.

3.5 Summary



In this chapter, photosensitivity in two kinds of fibres
was investigated. In transition-metal~-doped fibres, the
effect of CW argon laser (488nm) was investigated. No
change of ionisation states was observed in the fibres
tested. Higher energy radiation is apparently needed.
Instead, a creation of defect centres was observed, which
causes a significant increase in the visible and near IR
absorption. Photo bleaching in Fe’*-doped fibre with YAG
laser was alsoc tested. When CW photeon fluxes greater than
those predicted by equation 3.7 was launched into fibre,
there was no sign of bleaching. Pulsed YAG with much
higher power was alsoc tested, without success. The
bleaching is believed to happen at higher power levels than

predicted and have a very fast recovery time.

The research in ce’*-doped fibre shows that fibre index
changes by about 10* when exposed to UV light at 266nm and
355nm. This effect can be used to write gratings in the
fibre core, which 1is of great importance in single-
frequency fibre lasers, WDM telecommunications and fibre
sensors. The effect is identified as a single-photon
process and to be Ce’*-related. A broad absorption band
from UV to IR is also induced in this fibre, and a slow
modulator is demonstrated with this effect, in which light
at IR was switched on and off by another light source at
uv.
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Chapter Four Specially Structured Fibres

4.1 Introduction

Fibres with special built-in structures have played very
important roles in fibre devices for communications and
sensors. Fibres with metal rods implanted parallel to the
core enable interaction between the metal surface and light
propagating in the core through the evanescent field,
permitting the realisation of a fibre polariser!?. Fibres
containing two metal electrodes adjacent to the core
enable the application of very high electrical fields
across the fibre core over a long fibre length, to align
defect centres in second harmonic generation and to
modulate the optical phase in a fibre modulator®*. Other
specially structured fibres include ones with two guided
structures, one inside the other. The outer waveguide has
a rectangular shape and thus can couple, with high
efficiency, from a high power laser diode array of a
rectangular shape. The inner waveguide is doped with
lasing ions and forms a laser cavity. The high power in
the outer waveguide is used to pump the lasing ions in the
inner waveguide to produce a much needed high power fibre

laser.

In this chapter, we discuss the fabrication of these
specially structured fibres. Liquid-metal implanted fibres
are discussed first, and then the gold-implanted fibre.
Fibres for cladding pumping are described at end of the
chapter.

4,2 Ligquid-metal-implanted fibres



4.2.1 Background

As we already mentioned in the introduction, the
application of a strong electrical field over a long length
of fibre enables the small electro-optic effect in silica
glass to be utilised to make optical modulators and also
alignment of light-induced asymmetrical defect centres in
excitation poling of second harmonic generation®. To this
end, it is necessary to place the two electrodes very close
to each other at two sides of the core. If metal
electrodes are inserted into a fibre preform and the
preform is then drawn into a fibre, a good match of thermal
properties between the metal and silica fibre is required.
A liguid-metal filling technique is thus used, in which a
fibre is drawn with holes in the place of the electrodes
and liguid metal is subsequently pumped into the holes to
form continuous electrodes. The hole surface is fire-
polished during fibre drawing, ensuring a smooth electrode
surface. This is proved later to be crucial in application
of high voltage to the electrodes, which is chiefly limited

by breaking down at a rough electrode surface.

4.2.2 Design of fibres

Fibres with two different designs were made as shown figure
4.1, the fibre with two holes has the advantage of having
a shorter distance between the two electrodes. The one
with a flat surface has the obvious advantage of cutting
off half of the tedious process of filling a hole with
liguid metal and connecting a power supply to it. The
distance between two electrodes is ideally small; however
this is limited by the difficulty of maintaining the shape
of the fibre during fibre pulling at a temperature above
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Figure 4.1 Electroded fibre designs

1950°C. The holes should be large enough to ease the liquid
metal filling and also be much larger than the core to
ensure an even distribution of electric field across the
fibre core. Gallium is usually used as the liquid metal,
because it gives a good conductivity and has a low melting
temperature of 29.78°C.

4.2.3 Fabrication

MCVD preforms of suitable NA are used as starting preforms.
They are machined on an ultrasonic glass mill. The hole
diameter and position are determined by scaling up the
fibre dimensions. Holes are then drilled and a flat
surface is milled in the case of the design with a flat
electrode. The preforms are subsequently thoroughly
cleaned using glass cleaning solution and then pulled on a

conventional fibre pulling tower. To maintain fibre shape
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during pulling, a much lower temperature than normal was

used (1950°C compared to 2050°C). The pulling rate was also

set to be very slow (about 3m/min) to reduce the tension on
the fibre.

Gallium is pumped into the holes of the pulled fibre with
a syringe and needle to form the continuous internal
electrodes. A thin copper wire (15um diameter) is then
inserted into the hole filled with gallium, with the aid of
a microscope and a manipulator. The other end of the thin
wire is soldered onto a power supply board located adjacent
to the fibre end.

4.2.4 Discussion

In practice, a suitable hole separation is found to be
about 20pum and a suitable hole diameter 40um to 50um.
Attempts to make larger holes and smaller electrode
separation have not been satisfactory. The fibre cores
normally went flat or, in some cases, totally disappeared.
The holes also went flat and sometimes opened up. It is
found that the design with two holes gave a lower maximum
electrical field as it breaks down at the entrance of two
holes. Field strength of 500v/um has been applied to

fibres with a flat surface design.

4.3 Solid-metal-implanted fibres

4.3.1 Background

When an electromagnetic wave propagates along a metal

surface, the component with a polarisation perpendicular to



Figure 4.2 Fibre polariser design

the metal surface will penetrate into the metal surface and
be attenuated, and the component with a polarisation
parallel to the metal surface will penetrate much less into
the metal surface and suffer a much smaller loss. This
phenomenon has been known for many decades and can be used
to make fibre polarisers by implanting a metal rod along
one side of the fibre core. Liquid-metal polarisers have
been made in the same way as electroded fibres (figure
4.2), exhibiting an extinction ratio as high as 72d4B!?.
However, the difficult liquid-metal filling process makes
it unfavourable for manufacturing in large quantities and
extreme care is also needed in handling of these devices.
Besides, it suffers a large loss when being fusion-spliced,
due to collapse of the large liquid-metal filled holes
during electric arc heating, caused by the strong surface
tension of the heated glass. They are currently connected
to other fibres by UV curable glue with a weak splice and
a minimum loss of 1dB. To reduce the splicing loss, a
smaller hole is preferred. However it makes ligquid-metal
filling difficult before the loss is reduced. Therefore a
solid-metal implantation is considered, in which a solid
metal is incorporated into the fibre preform and the
preform is then pulled, enabling a smaller metal diameter

and mass production.



4.3.2 Design

The main considerations for the metal in a fibre polariser
are 1its optical characteristics, chemical stability and
thermal compatibility with silica fibre. The optical
properties of metals are considered in section 6.3 in
chapter six. In this section we discuss the design
considerations which are relevant to fibre fabrication.
Chemical stability of the metal is required first to stop
it degrading at room temperature and particularly at high
temperature during fibre pulling. Amongst the easily
available metals, gold is the best candidate in terms of
chemical stability both at room temperature and fibre
pulling temperature. It has a high melting temperature
(1063°C) and a good malleability, and therefore is a good
choice. It also has a boiling temperature of 2966°C which
is essential to stop metal boiling off at the fibre pulling
temperature (2050°C).

The distance between metal surface and fibre core is
considered 1in section 6.3 1in chapter six to be 2um to

achieve a high extinction ratio and low insertion loss.

4.3.3 Fabrication

An appropriate MCVD preform was made first. It had a
diameter of about 12mm. A hole of 2mm diameter was then
drilled parallel to the core with a distance of 0.24mm
between the edges of the core and the hole. The drilling
was done with an ultrasonic glass mill. The drilled
preform was thoroughly cleaned by soaking in glass cleaning
solution and a gold wire with a diameter slightly less than
the hole diameter was inserted into the hole. To stop

oxidation of gold at pulling temperature, the hole was
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filled with argon before fibre pulling. The preform was
lowered into a furnace on a conventional fibre pulling
tower and kept at above 2000°C for about 20 minutes. The
preform was occasionally shaken to eliminate the air
bubbles trapped in the molten gold. The air bubbles was
found to be difficult to eliminate and subsequently the
preform was pulled with small amount of air bubbles. The
fibre has a yellowish colour caused by the implanted gold.
The longest length achieved with a continuous gold implant
was over 30 meters.

4.3.4 Discussion

Gold-implanted fibre has been fabricated with continuous
gold length of 30 mneters. This technique permits the
production of fibre polarisers in large gquantities and
enables the fibre to be fusion spliced. Splice losses as
low as 0.5dB have been demonstrated. These fibres can be
handled much more easily compared with the liquid metal
fibres. The optical properties of these fibres are

discussed in section 6.3 in chapter six.

4.4 Cladding-pumping fibres

4.4.1 Introduction

The availability of high power diode laser arrays makes
compact high power fibre lasers possible. These diode
arrays are capable of providing a few watts of pumping
power; however, the output beam has a rectangular shape
with different beam divergencies at different directions.

The dimensions of a 500mw diode array and a 3 watt diode
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Figure 4.3 Dimensions of laser diode arrays

array are shown in figure 4.3. To ensure an efficient
launch, the fibre in figure 4.4 was designed. The fibre
has two waveguides. The outer one has a shape which is
similar to the diode array and has a NA of 0.4. The inner
guide is doped with lasing ions and forms the laser cavity
with NA of 0.15. It is possible to launch into the outer
guide with a high efficiency and the dopants in the inner
core are then excited through the overlap of the two
waveguides. The absorption coefficient will be reduced by
a factor which is equal to the ratio of the two waveguide
areas. However, if low loss fibre is possible, long fibre
lengths can be used to compensate the reduction in pump

absorption.

4.4.2 Fabrication

A Nd**-doped MCVD preform with 300ppm Nd**and NA of 0.15 was
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Figure 4.4 Fibre design for cladding pumping fibre laser

fabricated first. It was then milled into a rectangular
shape of 11.5mmx3.7mm with the core in the centre. The
preform was then pulled and coated with silicone rubber to
give the outer wavegquide a NA of 0.4. The coating was made
by mixing silicone rubber with 10% curing agent and was
contained in a steel cup. The fibre was passed through the
cup and then went through a circular electrical heater to
solidify the coating. A very 1low pulling temperature
(1840°C) was used to maintain the fibre shape. Slow pulling
rates (few metre per minutes) were also essential to
preserve the fibre shape and ensure a good coating on the
fibre. The final fibre has a outer waveguide dimension of
goumx30um with core slightly offset (figure 4.5)

4.4.3 Discussion
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Figure 4.5 Fibre fabricated for a cladding pumping fibre laser

A thin slab fibre coated with silicone rubber has been
produced. In an optimum design, the physical dimension of
the outer waveguide is necessary to resemble that of the
diode array. This is, however, very difficult to achieve.
Extremely thin slab is very difficult to maintain its shape
during pulling. ©Nevertheless, an improved fibre for diode
array launching was fabricated. This technique of pulling
fibre with special shape can also be used in making other
fibre devices, such as D-shape fibres and rectangular
fibres. These fibres can be used to make fibre couplers,
devices requiring access to evanescent field of fibre
cores, and devices requiring connection to ©planar

waveguides.

4.5 Summary
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In this chapter, we discussed the fabrication of liquid-
metal-doped fibres, solid-metal-doped fibres and fibres
with special shapes. These fibres have found their
applications in polarisers, modulators, second harmonic
generations, high power fibre lasers and couplers. The
techniques used to fabricate these fibres is versatile and

can be used to fabricate many other novel fibres for

different applications.
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Chapter Five Periodically Perturbed Twin-core Fibres

5.1 Introduction

As we have described in chapter two, non-identical twin-
core (TC) fibres have two fundamental modes which are well
approximated by the fundamental modes of the separated
fibres and, therefore, are physically separated in two
fibre cores. The unperturbed coupling between the two
cores 1s determined by the F factor described in equation
2.37 in chapter two, which can be designed to be very
small. If a small perturbation with a period of the fibre
beat length is applied, 100% intermodal coupling can happen
over a perturbed beat length, i.e. a total switch of power
from one core to another. The periodical index
perturbation required is only of the order of 10* to cause
a total switch of power to happen over tens of centimetres
as predicted in section 2.2.5 1in chapter two. This
magnitude of perturbation can be produced by fibre acoustic
flexural wave or mechanical means in practice, thus
modulators, filters, tunable WDM taps and frequency
shifters can be achieved. These devices are important in
the successful implementation of single-mode fibre signal

processing and communication systems.

A number of intermodal coupling devices have Dbeen
reported'?**%8’, In these devices the LP,, and LP, normal
modes of a dual-mode single-core fibre or the two polarised
modes of a birefringent fibre are coupled together by an
acoustic, a mechanical or a photorefractive grating whose
. period matches the intermodal beat length; launching light
into one mode results in a signal in another mode. One

hundred percent or near one hundred percent modal coupling
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has been achieved 1in these devices, and carrier and
sideband suppression ratios of 29 dB and 35 dB respectively
were obtained in frequency shifters. In practice, however,
it is difficult to excite just one mode in these devices,
and the coupled mode is not appropriate for efficient pig-
tailing to single-mode fibre. These problems are
compounded by the fact that slight errors in the launching
condition produce a mixture of both normal modes, resulting
in an intrinsic wavelength-dependence through intermodal
interference. TC fibres avoid these problems by permitting
low-loss fusion splicing of a single-mode fibre to either
core (0.1dB demonstrated) and having negligible intrinsic
coupling by designing the dual-core fibre to be phase-
velocity mismatched to such a degree that the normal modes
of the TC are almost identical to the modes of each core in

isolation.

In this chapter, we first describe the fibre design and
fabrication. The mechanical grating induced intermodal
coupling in TC fibres is then discussed and, at the end of

the chapter, the acoustic flexural wave case.

5.2 Fibre design and fabrication

TC fibres are designed to have two nonidentical cores and
therefore negligible intrinsic coupling between the two
cores. In this case, the two modes of the fibre are
approximated by the fundamental modes of the two cores in
the limit of infinite core separation. This is described
by the theory discussed in chapter two. The modes of such
a fibre are graphically represented in figure 5.1a. When
light is launched into one core, by means of splicing with
another single-core fibre, one mode of the fibre is mainly

excited. A small proportion of the other mode is also
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excited to cancel out the light power in the non-launching
core at beginning of the fibre. A small intensity ripple
forms in the two cores as a result of two mode
interference, the light remaining mainly in the launching
core as depicted in figure 5.1a. The unperturbed coupling
of the fibre is described by a factor, F, as defined in
chapter two.

1
J1+ (Be—ﬁcj)2 (1)

4x2

P =

where f,, are the propagation constants of the two modes
(even and odd) in the TC fibre and k, is the coupling
constant of the fibre. When a periodic perturbation with
the pitch of the TC fibre beat length, 2z,, is applied,
intermodal coupling happens and light is coupled to the

other core over a length determined by the fibre parameters
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Figure 5.1 Principle of mode coupling in a non—identical TC fibre

and perturbation strength (figure 5.1Db).

Zy, =

~ b
B.-B.  TB.-B,] (2)

A negligible intrinsic coupling is desired in TC modal
couplers and this involves design of fibres with very
dissimilar core and large core separation. We already
know, from chapter two, that this will also require a
larger perturbation strength to keep the perturbed coupling
length unchanged. A compromise is thus needed in the
design of the fibres. It is also necessary to apply the
perturbation in the plane of the two cores to produce a
perturbation with opposite signs in two cores and thus to
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maximise +the cross coupling coefficient (see section
2.2.5). Anti-symmetry is essential, since the perturbed
coupling constant is proportional to the integral over the
fibre cross-section of the transverse perturbation profile
multiplied by the product of the two optical normal mode
amplitude profiles (equations 2.55 and 2.57 1in chapter
two). If the perturbation is constant (as in the case of
an axial perturbation), the coupling constant would be zero

due to normal mode orthogonality.

To achieve controllable fibre fabrication, the TC fibres
are designed to have the same core and cladding refractive
index but different core radii. The two cores can
therefore be made from a single MCVD preform which usually
has a good uniformity over the middle section of the
preform to guarantee the cores having the same index
profile. The preform can be stretched into a smaller
diameter on a MCVD glass lathe in a controllable manner to
give the correct diameter ratio between the two cores. The
unstretched preform and the stretched preform are then used
as the two preforms in fabrication of the TC fibre using
the method described in chapter two. The two pieces of
preform are also taken as close as possible from the
original preform to eliminate non-uniformity, which can
give rise to very large errors in fibre coupling. The
larger core is also designed to be at centre of the fibre
to ease splicing with normal single-core fibres. The two
fibres made have the parameters listed in table 5.1.

Table 5.1 TC fibre parameters

Fibre A 2, £ d 0.D.
Name (um) | (em) | (um) | (um)
TCS8 0.0144 1.1 0.91 | 5.5 110

TCO 0.00521 | 1.93 1.66 | 6.1 90




5.3 Mechanical TC modal coupler

5.3.1 Background

Modal coupling in two-moded fibres by periodic mechanical
bending has been investigated by various authors!??.
Polarisation-mode coupling in a birefringent fibre was
reported by Youngquist et al' and intermodal coupling in
two-moded fibres was also studied by Youngquist et al? and
Blake et al’.

In this section we describe the first demonstration of mode
coupling in a TC fibre caused by bending the fibre
periodically by a mechanical grating. One hundred percent
intermodal coupling has been obtained in a fibre with few
percent intrinsic coupling. The perturbation was applied
by squeezing the fibre between two V-grooved aluminium
blocks. The effect of perturbation strength was also
investigated.

5.3.2 Experiment

Fibre TC9 was used in the experiment. To characterise the
device, intrinsic coupling of the TC fibre was measured
first. A combination of a white 1light source and a
scanning monochromator was used as the tunable 1light
source. A single-core fibre with a matched modal spot-size
was spliced onto the central core of TC9, so light could be
easily launched into the central core by launching into the
single-core fibre. At the detection end, one of the TC
fibre cores was butted with another spot-size matched
single—~core fibre. The length of the TC fibre was one
meter. With this arrangement, light from the two cores was
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Figure 5.2 Intrinsic coupling of TC9

measured separately and intrinsic coupling was calculated.
The result is shown in figure 5.2. The experimental data
fits reasonably well with a theoretical curve obtained from
equation 5.1.

The experimental set-up for measuring modal coupling is
shown in figure 5.3. The grating was made on two aluminium
blocks. There were 250 V-grooves with a depth of 0.3mm and
a pitch of 1lmm. Four dowel pins were used to guide the top
block to be positioned to fit into the bottom block. Four
nuts with springs were fitted to fix the two blocks and to
adjust the perturbation strength on the fibre. The fibre
was Jlaid at a certain angle with the groove to give a

required pitch. The two cores of the TC fibre were laid in
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Figure 5.3 Experimental set—up for intermodal coupling in & TC fibre
with mechanical grating

the plane perpendicular to the block surface. This was
done by marking the orientation of the two cores while
observing the fibre end under a microscope. When the angle
between the fibre and the grating was 90°, the grating gave
a pitch of 0.5mm. The central core of the TC fibre was
spliced to a spot-size matched single-core fibre for
launching into the central core. At the detection end,
the TC fibre was butted with another spot-size matched
single-core fibre for detection of light from one of the TC
fibre cores. The power was normalised against the
transmission of the system without the mechanical grating.
The results for the two cores are given in figure 5.4. A
grating pitch of 1.01pum and interaction length of 252.5mm
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Figure 5.4 Intermodal coupling in TCY9 by mechanical grating

were applied. The coupling is about 74% at 1.013um and the
coupling width is about 25nm. There are also three side

bands visible in the graph, and they are at 860nm, 910nm,

and 970nm. The outputs from the two cores are exactly
complementary, as expected. 100% coupling was also

obtained with a stronger perturbation, but the side bands
have grown to a very large size. The device was tuned by
varying the angle between the fibre and the V-groves. The
tuning was limited by the size of the aluminium blocks.
The tuning curve is shown in figure 5.5.

5.3.3 Discussion
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by mechanical grating

From equations 2.44, the coupled power p, is given by
K. L
p (A) =F?sin®(—) (3)

Combined with equations 2.36 and 2.37 in chapter two it

becomes
D)) = (xaLsinc(L\jxﬁﬂL;))Z)z (4)
where
0 (A) =27b(1-%> 5)

From equation 5.4, with IL=252.5mm and I.=74%, thus x,=3.4m'.
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The FWHM calculated from the theory is 2.8nm, which is much
narrower than the measured value. The discrepancy is
thought to be caused by the nonuniform grating pitch which
arises from the uneven pressure over the fibre to stretch
it differently. This can be improved by designing a

grating having even pressure over the whole length of the
fibre.

5.4 Acoustic TC modal coupler

5.4.1 Background

Intermodal coupling can also be induced by acoustic means.
Kim et al have demonstrated the coupling between LP;, and
LP,, modes by a travelling acoustic flexural wave guided
along an optical fibre’. Total modal conversion has been
achieved at 8MHz frequency shift with about 0.25W of
electrical power. Carrier and side band suppression of
15dB and 35dB, respectively, were obtained. Greenhalgh et
al also acquired 4.5% polarised mode conversion with
electrical drive of 2W in a birefringent fibre with a
surface acoustic wave device®. In this section, we describe
the demonstration of intermodal coupling in non-identical
TC fibres (TC8 and TC9) with acoustic flexural waves guided
along the fibres.

5.4.2 Acoustic design

The acoustic modulator is designed as in figure 5.6. A
PZT4 pad of half wave thickness is bonded to an aluminium
pad of equal thickness with electrical conducting glue.

This maximises the acoustic excitation by efficiently
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Figure 5.6 Acoustic modulator design
(left part is the aluminium

pad supporting PZT4 disc)

utilising the reflected acoustic power at the interfaces.
Aluminium has also a similar acoustic impedance to P2ZT4,
reducing the reflection at the P2Z2T4 and aluminium
interface. The aluminium pad has a thicker outer ring,
suspending the inner pad in the air, and is fixed on a
translation stage. The acoustic horn, made from silica rod
which also has a similar acoustic impedance with PZT4, is
bonded to the P2T4 disc with silicon rubber. The fibre is
bonded to the tip of the horn by soft glass solder. The
two electrodes on the PZT4 are connected via the upper

surface of PZT4 and the aluminium pad. A matching network
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is also required to couple electrical energy efficiently
onto the piezo. The translation stage ensures precise
positioning of the horn.

The TC fibre is held with two silica capillaries, which are
fixed in tension stands. The fibre is bonded with silicone
rubber to the silica capillaries, for damping acoustic
energy, and the stand has two steel sheet supports,
ensuring the fibre under tension.

5.4.3 Experiment

5.4.3.1 Characterisation of acoustic excitation

laser diode
740nm

JZ 3dB coupler

silica horn

——[>|— index

matching

detector oil

Figure 5.7 Set—up for characterisation of silica horn

The acoustic transmission of the horn was characterised
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with the set-up in figure 5.7. An interferometer
arrangement at 780nm was used to measure the movement of
the tip of the horn. The light from a Hitachi 7801E laser
was launched into one input arm of a 3dB coupler. One
output arm of the coupler was immersed in index matching
0il to eliminate the reflection from that arm. The other
output arm was cleaved and placed very close to the cleaved
tip of the horn. The reflected light from the cleaved
fibre end and the tip of the horn was collected with a
silicon detector (40k termination, 0.5MHz) from the other
input arm of the coupler.

The amplification of the horn is found to be approximately
an order of magnitude and the spectral response of the horn

is found to be fairly flat with only few nodes.

5.4.3.,2 Acoustic wavelength measurement

A TC fibre was glued into the fibre holder with silicon
rubber and bonded onto the tip of the horn with soft glass
solder. The acoustic wavelength on the fibre was measured
with the same fibre interferometer as the one measuring the
horn transmission. The cleaved end of the fibre was
mounted on a translation stage and could be moved along the
fibre. The acoustic wavelengths at various frequencies
were measured. The result of averaging over 10 or 20
acoustic periods of flexural waves is shown in figure 5.8.
The so0lid curve is a theoretical predication at 1low

frequencies given by Thurston?, which is

Cy - ‘EfaD =~/§ (6)
Coxt 2C ok

where c¢; is acoustic wave velocity, c, longitudinal wave
velocity (5760ms'for silica), and D fibre diameter (100um).
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Figure 5.8 Acoustic dispersion relation

This approximation over-estimates c;/c,,, by less than 5% for
g<0.1. At high frequencies c; approaches the surface wave
velocity. 1In our experiments, g ranges from 0.12 to 0.37
(500kHz<f,<5MHz). The expected deviation with the measured
data at higher frequency 1is apparent. The acoustic
amplitude is also measured over the 30cm lengths used; no

acoustic damping could be measured.

5.4.3.3 Intermodal coupling

The set-up in figure 5.9 is used to measure the intermodal
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Figure 5.9 Experimental set—up for intermodal coupling in a TC fibre
with acoustic fibre flexural wave

coupling in the TC fibres. A tungsten lamp and
monochromator combination was used to deliver tunable
narrow band (1-2nm) light to a single-core fibre spliced to
the centre core of the TC fibre. The offset core was
butted with another single-core fibre at the detection end
of the TC fibre. An acoustic frequency was selected, and
the optical wavelength scanned until coupling was obtained.
The acoustic driving signal was amplitude-modulated to
permit easy detection of coupling to the offset core. Once
coupling had been achieved, the interferometer was used to
measure the beat length; this enabled the beat length to
be plotted as a function of wavelength for the fibres

measured. The results are plotted in figure 5.10. The
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Figure 5.10 Tuning curves for intermodal couplinge
by acoustic flexural wave

beat length is a fairly linear function of wavelength in
both cases, indicating negligible dispersion in the
measured wavelength range. The tuning curve for TC9 also
shows that a longer perturbation period than that in the
mechanical grating case is necessary. This is expected due
to the fact that the fibre was stretched in the mechanical
grating case.

Different phenomena contribute to the acousto-optical
coupling constant; the first is micro-bending and the
second strain-optical effects. It is therefore interesting
to know how the coupling strength varies with flexural wave
amplitude. Using the set-up in figure 5.9, this is
measured directly, providing data that may be related to

theory, in order to clarify the relative importance of
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micro-bending and strain-optical effects. The horn is
bonded to a length of fibre TC9 at a point L,=91mm from one
end and L,=290mm from the other. It is straight forward to
show that the conversion efficiency to the second core

(measured at a square-law detector) obeys the relationship

N, = sin’k, L, +sin®k, 7, -2sin?*k L, sin%k,L, (7)
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Figure 5.11 Relation between coupling constant and
peak—to—peak flexural wave amplitude

A plot of k¥ as a function of flexural wave amplitude,
obtained by solving this equation for K using
experimentally determined values for =, at different
acoustic power levels, is given in figure 5.11. The
intrinsic coupling in TC8 was too small to measure, and
8.5% acousto-optical coupling was obtained at 4.6MHz and
962.5nm. TC9's intrinsic coupling is about 3%, and 100%

(and beyond) acousto-optical coupling was achieved at
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560kHz and 1.064pum. The electrical drive power at 100%
coupling was around 200mW. For L=240mm, TC8 yields 8.5%
efficiency at £,=4.634MHz and A,=962.5nm, corresponding to
a beat length of 0.407mm and coupling constant x=1.2m!. The
measured conversion-efficiency with wavelength has a FWHM
of about 1.5%0.5nm (resolution limited by the
monochromator); this agrees well with the theoretical
prediction (calculated from eguation 5.4) of 1.3nm. This
excellent agreement confirms that the beat 1length was
uniform over a fibre length of 290mm. In the case of TC9,
for 25% efficiency over a fibre 1length of 290mm at
z,=1l.21mm, £,=589kHz and Ag=1.02um, the theoretical FWHM is
4nm.

5.4.3.4 Frequency shifting measurement

The heterodyne set-up for measuring frequency shift in TC9
is given in figure 5.12. A 40MHz Bragg Cell was used. ' The
light from a YAG laser (1.064pm) was split into two fibres
by a 3dB coupler. After going through the Bragg Cell and
the TC frequency shifter, the 1light was combined in the
second 3dB coupler. The result are shown in figure 5.13.
Carrier and side-band suppression ratios were measured to
be 11dB and 4.5dB respectively. The bad side~band
suppression is due to the 91mm of fibre on the opposite

side of the horn.
5.4.4 Discussion

Total intermodal coupling in TC fibre by acoustic flexural
wave has been demonstrated for the first time. The device
can be used as mocdulators, filters, frequency shifter and

tunable WDM taps. These are vital components in fibre
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sensors, interferometers,

communications.

gyroscopes

and tele-

The TC fibre device also possesses the

unique advantage of being able to be spliced onto an

ordinary single core fibre system with very low loss (0.1dB

demonstrated).

With additional development the device has

considerable potential in practical applications.

5.5 Summary
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Figure 5.13 Frequency shift in TC9 by acoustic flexural wave

In this chapter, we have described periodically perturbed
TC fibre devices. 100% intermodal coupling has been
observed for the first time with mechanical grating and
acoustic flexural wave. The coupling bandwidth in the
mechanical grating case is much larger than that predicated
by theory, indicating non-uniformity in perturbation pitch
along the fibre. Nevertheless, efficient coupling is
observed with a small perturbation. The tunability of the
devices is also demonstrated. An improved version with
better perturbation pitch uniformity and electronically
controlled perturbation strength would make it practical
for applications such as fibre modulators, switches and
filters. The acoustic flexural wave device has a worse
carrier suppression than its counterparts; this is mainly

due to the large intrinsic coupling (of a few percent) in
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the TC fibre. This can also be improved by having more
mismatched cores or controlling temperature of the fibre to

give 2zero carrier in the second core, however, larger

electrical drive power will be required. These devices,
with further improvement, should find applications in
interferometers, filters, switches, and wavelength-

multiplexing systems.
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Chapter Six  Miscellaneous Fibre Devices and Effects

6.1 Introduction

In this chapter, we discuss some other novel optical fibre
devices and effects, e.g. cascaded TC fibre filters, gold-
implanted polarisers, excitation poling in second harmonic
generation (SHG) and spatial mode converters. These fibre
devices and effects have been investigated for various
applications in optical fibre systems. The work on the
cascaded TC fibre filter reveals the 1limits of the
technique. The gold-implanted fibre polariser has many
advantages over its 1liquid-metal counterpart. The
excitation poling with a strong electric field shows the
potential of a much improved efficiency of SHG. The
spatial modal converter deals successfully with the problen
of conversion of a circular fibre mode to a triangular
planar waveguide mode. These devices provide both passive
elements and optical sources for optical fibre systems and

are vital components in future optical fibre systems.

6.2 Cascaded-TC-fibre filter

6.2.1 Background

\

The dispersive nature of the coupling constant in an
identical-core TC fibre makes it very attractive for fibre
filter applications. A filter made by cascading four TC
fibres with a beat length of 4.8cm at 1.55um has been
demonstrated to give a FWHM of 17nm with an insertion loss
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of 1.9dB by Okamoto et al'. A narrower bandwidth filter has
many applications in fibre telecommunications and sensors.
It can be used to filter out a narrow band signal in a
wavelength multiplexing system and to separate signal from
noise in a fibre amplifier system. In these cases, a fibre
filter is also preferred to its bulk counterpart for the
reasons of easy connection and less insertion loss. It is

compact, rigid and easy to fit into the rest of the system.

6.2.2 Theory

If we launch unit power into core 1 of an identical-core TC

fibre, the power output from core 1 after a length of L is

P, = cos*(xr L) (1)

7< 7 =

== ' ' | ===

power

o,

frequency

frequency

Figure 8.1 Cascaded TC fibre filter

If TC fibres of length L, 2L, 4L and 16L are cascaded
together with only core 1 connected as in figure 6.1, the
power in core 1 at each connection is allowed to continue

its propagation and that in core 2 is lost by excitation of
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radiation modes in the following TC fibre. If no

connection loss 1s considered, the power output from the
last TC fibre will be

P, = P, (L) P (2L) P, (4L) P, (16 L)
1 sin?(16x,L) (2)
236 gin?*(x L)

This is the transfer function of a band-pass filter. If
we have «,(A,)L=m7 (m is an integer) and assume a linear

function for «,(A) in the vicinity of A, then

e, (Ag)

K, () =%, (ho) + T

(A=Aq) (3)

From equations 6.2 and 6.3, the full width of the pass-~-band
can be obtained as

_ Inm 1
AN = BT &) (4)
A

where L4,k (A,) /dA>>1. The free wavelength range is

1
A}“f:ree = E|A2_k1| (5)
where \,,are determined by
k(M) = (m-1)w (6)
x,(A,) = (m+l)=w (7)

For a TC fibre with A=0.0017, p,=p,=p=2um and d/p=4,
AN=3.3nm at 0.7pum with IL=5cm and m=1.

6.2.3 Experiment



The spectral response of a TC fibre was investigated in
chapter two. The sensitivity of the coupling to small
perturbations was alsoc investigated. Despite this, a
cascaded TC band-stop filter was successfully realised
using the fibre TCl (see chapter two). There were three
sections with 1lengths of 5.8cm, 7.8cm and 11.6cm
respectively. The sections were fusion spliced together
(yielding a total insertion loss of 1.2dB) and were Kkept
straight to give a bandwidth of 16nm and a rejection ratio
of 15dB. The filter performance deteriorated severely if
one of the sections was slightly bent.

6.2.4 Discussion

A theoretical bandwidth of 13nm can be derived from
equation 6.4, and the slightly woxrse performance of the
filter is believed to be caused by the fact that the
sections are not in a perfect straight state. As discussed
in chapter two, filters with more sections become extremely
difficult to make owing to the perturbation-sensitivity of
the fibres.

6.3 Gold-implanted fibre polariser

6.3.1 Background

In many areas of optical fibre systems, polarised light is
regquired to eliminate polarisation-dependent properties.
These areas include coherent telecommunication systems,
fibre gyroscopes, polarised fibre lasers and some fibre
sensor systems. A fibre polariser 1is therefore a vital

component in these systems, producing linearly polarised
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light without the penalty of large insertion loss. Metal-
implanted polarisers employ the property that light with
different polarisations propagating along a metal surface
will suffer different losses due the difference in field
penetration depths. Ligquid-metal implanted polarisers have
been demonstrated with extinction ratios as high as 72dB
and insertion losses of 1dB?*). However they are difficult
to splice to ordinary fibres as desired in practice. Well
developed fusion-splicing techniques cannot be used owing
to the fact that the big hole in the polariser collapses
under strong surface tension at the high fusion
temperatures. UV curable glue has been used yielding a
splice loss of 1dB. This method is, however, tedious and
does not give a strong splice. A small hole is apparently
desirable, but this makes the liquid-metal insertion very
difficult if not impossible. The solid-metal implantation
described in chapter four was therefore used. This method
not only supplies a solid fibre but also offers a more
convenient way of mass fabrication. Silver has been
attempted and found to be oxidised thus degrading the
polariser performance. The success of gold-implantation in
chapter four revives the thought of a solid-metal-implanted
polariser.

6.3.2 Theory

The performance of a polariser is assessed by means of its
extinction ratio r,, in dB, which is defined at the output

of the polariser to be

Loy = @m0,

(8)

p
10 log—¥
gf’

X

where ¢,,~10logP,,. P,, are the output powers from the
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polariser along the x and y polarisations respectively, for

equal input powers along the two polarisations.

The earliest attempt to analyze a metal-implanted fibre
polariser theoretically used a slab model?. This reduces
the problem to one-dimension, simplifying it significantly.
The propagation constants can be easily worked out for both
™ and TE waves by deriving the eigen equations from
Maxwell's equations and then solving them numerically. The
TM field has a major electric field component normal to the
metal surface (y direction) and suffers a large loss, q,.
The TE field only has an electric field component parallel
to the metal surface (x direction) and suffers a small
loss, a. A more rigorous analysis is later given by
Vassallo with a two-dimensional model’. The field inside
and outside the fibre core is written as a Fourier-Bessel
series and near the metal surface as a plane wave. The
result 1is a far more complicated equation for the
propagation constants. The solution, however, is very
similar to that of the one~dimensional model. Another
attempt to solve the two-dimensional model is recently
given by Tong et al®. This analysis is based on equivalent
current theory of optical waveguide coupling and the
reflected wave from the metal surface in the core area is
ignored. The result is in a simple analytical form, which
fits well with the previous solutions apart from when the
distance between metal and core is small. Many other
aspects of fibre polarisers have also been investigated by
various authors7'8‘9"0’“’12'13'14‘15’16.

In the slab model, the eigen value equation for a four-

layer structure is given by*

K. K. K,
tan™ ( j; ) —u2t2+tan'1[—;f%-tan(tan‘1( jI:’ ~u,t,))] =0 (9)
2 2 3

where K, = u,/n? for TM wave,
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Figure 6.2 Slab model of a metal-implanted polariser

The equation given by Vassallo® for the three-dimensional

model is

VK,/,,_U_‘:?_JE)B*_ v, g, 1 %
K J, 8T

mn m

( = 0 (10)

where P, = 2{,® R,cosh(mg)cosh(ng)e?**@qq,
4] = aR,
v =R,



a2 = kzncoz - 621

Y =8 - ¥ng,

B,, modal amplitudes in Fourier-Bessel series,

K, = K,(v) Bessel function,

J, = Jd,(V) Bessel function,

I, = I, (v) Bessel function,

R, = (a, - b)) /(a, + b,) for TE wave,

R, = (a,/n, - b,/Npu’) /(au/Ny’ + b,/Ny,’) for TM
wave,

a’ = v + o,

b, = a/ + kK'(ny Neet’) 1

N = 2,

1, = 1 for m>0.

As a result of numerical iteration methods, the propagation
constants, f,,, which are complex numbers, B+ B, can
be solved from equations 6.9 and 6.10. The extinction

ratio can be calculated from (8.

ax'y =10 1Oge‘2pi(x,y) (11)

For a fibre with n,=1.47, n,~1.4585, n,,=2.09-3j5.063 and
d=3.33um, at A=0.8um, the solutions are shown in figure
6.3.

6.3.3 Design considerations

6.3.3.1 Metal choices

The compatibility with silica glass places a stringent
restriction on the choice of metals. High melting

temperatures are therefore required to match the high
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Figure 6.3 Attenuation of the x— and y— polarised mades for gallinm—implanted
fibre polariser as a function of metal—to—core distanee

melting point of silica (about 1800°C). The melting and

boiling temperature, for the commonly available candidates
are listed in table 6.1.

Table 6.1 Melting and boiling temperatures of some common
candidates

Metals Melting Points Boiling Points_—
Gallium 29.78°C 2403°C
Indium 156.61°C 2000°C
Aluminium 660.2°C 2467°C
Silver 960.8°C 2212°C
Gold 1063°C 2966°C

These metals all have high boiling temperatures which
prevent Dboiling off. The High melting temperature
requirement makes gold and silver better candidates.
Chemical stability, especially at high temperature, is also
required to prevent degradation of the metal. Gold is a
better candidate in this aspect.
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The optical performance in a polariser of the various
the
The optical constants of the

candidate metals 1is now compared by means of
theoretical simulation.
metals are given in table 6.2. The permittivity, e, is
given by n_2=(n-ik)? and can be used in the simulation to

investigate the extinction ratio if the metal is used.

Table 6.2 Optical constants of various metals

A 0.6um 1.3um 1.5um
Metal n k n kK n k
Ga . 2D 6.6 4,55 12.5 5.8 13.8
In .29 2.b9 2.07 9.62 2.3 11.3
Al .1 7.5 1.92 10.9 2.02 12.5
Ag .06 3.75 0.38 7.8 0.45 9.0
Au .2 2.9 N/A N/A N/A  N/A

As a result of simulation, gallium gives the highest

The
order of metals in order of better extinction ratio is

extinction ratio and is much better than the rest.
gallium, aluminium, indium, silver and gold. In an optimum
design with an insertion loss of 0.5dB, an extinction ratio
35dB with
Despite the poor

of more than 75dB is achievable with gallium,
aluminium and only 12dB with gold.

performance of a gold polariser, the thermal compatibility

with silica still makes it the best choice and was
therefore the one chosen in the experiments.

6.3.3.2 Structural considerations

A compromise between polariser insertion loss and

extinction ratio can be achieved by varying the core/metal

distance, modal spot-size and fibre length. A core/metal
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distance of about 2um is found to give the best overall
performance from the simulation. The fibre NA is chosen to

be a common value of 0.12.

6.3.4 Measurements

white
light Lari
source polariser
chopper
mono-—
chromator - n
fibre polariser

attenuator

Figure 8.4 Experimental set—up for fibre polariser measurement

The polariser was fabricated in the way described in
chapter four. The fibre diameter is 125um and has a metal
diameter of 20um. The core became slightly elliptical
during pulling. The distance between the edges of the
metal and core is 2um. The set-up in figure 6.4 was used
to characterise the polariser. A 150W tungsten lamp was

employed as a light source. Light from a monochromator was
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Figure 6.5 Extinction ratie of the gold—implanted fibre polariser

depolarised and a polariser was placed at the end of the
fibre to discriminate light with two different
polarisations. The input light was modulated by a
mechanical chopper and the in-phase signal was detected by
a lock-in amplifier. The system had a dynamic range of
404dB. The extinction ratio for one meter of fibre is shown
in figure 6.5. The curve above 900nm is due to cross-
coupling between the polarisations. The insertion loss
from 800nm to 1100nm is a flat response of 1.5dB/m. Fusion

splice with 0.5dB loss has been demonstrated.

6.3.5 Discussion

A gold-implanted fibre polariser has been demonstrated for
the first time. The polariser has shown a reasonably good
performance. Moreover, it can be mass-produced and spliced

easily with low loss to ordinary fibres. The maximum
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extinction ratio given by a polariser with a 0.5dB
insertion loss worked out in practice to be larger than
8.5dB, which compares quite well with the theoretical
prediction of 12dB.

6.4 Excitation poling in second-harmonic generation

6.4.1 Background

It was first reported by Bergot et al'’” that by subjecting
a fibre core to a poling electric field and at the same
time launching blue 1light into it, a process called
excitation poling, a strong permanent second order
nonlinearity was obtained. It was postulated that non-
centre-symmetrical defect centres were excited by the blue
light and subsequently aligned by the electrical field. If
efficient SHG can be achieved in fibre, it will provide
convenient and inexpensive green or blue sources. It is
therefore very interesting to find out more about the
physics in the process.

6.4.2 Theory

The second-order nonlinear susceptibility, x®, can generate
a wave of sum frequency from two waves of different
frequencies. A typical application of this is to generate
a second-harmonic wave from a fundanmental wave. Assume
that a wave of frequency « and electric field E* is
propagating in a medium with a nonlinear coefficient 4%,
which is related to x® by

and if the wave is confined to a cross section of area A



oo = EoX® (12)
2

(in m)) the conversion efficiency for the SHG (second

harmonic generation) is given by

2

nﬂw=(Acn

mcF“LChsinc(f%gé))afg (13)

where Ak=k* - 2k (k* and k* are the propagation constants
for waves at frequencies 2w and w respectively) and 0, is
the overlap integral between the SH and fundamental wave.
The conversion efficiency is governed by the intensity of
the fundamental wave, P,, the interaction length, L, the
overlap integral, 0,, the magnitude of the second-order

nonlinearity, x®, and the propagation constant difference,
Ak.

A phase-matching criterion can be written as k*=2k¢. If
phase-matching between the fundamental and SH waves is
achieved, the factor sinc?(AkL/2) becomes 1 in equation

6.14. This is the condition for efficient SHG.

A variety of possible methods exist for achieving phase-
matching for SHG in optical fibres’®?®X2_ These methods
mainly fall into two categories: modal-phase-matching and
grating-phase-matching. Modal phase-matching involves the
selection of appropriate modes for the fundamental and SH
waves. It 1s then possible to use waveguide dispersion to
compensate the material chromatic dispersion between the
two waves to obtain phase-matching. The pump usually
operates at the fundamental mode of the waveguide and the
SH wave at one of the higher-order modes. The design
requires a high numerical aperture and a precisely
controlled V value. Moreover, the overlap integral, O,
between the phase-matched fundamental mode and the higher-
order mode is usually small (about 10%). In grating phase-
matching, a grating of period A is produced in the fibre,



leading to phase-matching if

koo = 20T (14)
A
where m is an integer and is usually chosen to be 1. A
suitable grating is therefore required. This can be

achieved in many different ways?®%*,

The fibre was designed to be multi-moded at blue light
wavelength and to be D shape with one internal electrode.
A novel method based on modal interference gratings of the
defect excitation source was wused to achieve phase
matching. x® gratings were generated by the stationary
interference pattern of blue light inside the multi-mode
fibre when poling field was applied. The gratings were
permanent. Phase matching between pump and SH waves was
therefore achieved when the pump was tuned to the correct

wavelength satisfying equation 6.14.

6.4.3 Experiment

The fibre used is gallium-filled and has a germanium-doped
core and a NA of 0.3 and becomes single-mode at
wavelengths longer than 1.15um. It is elliptical with an
aspect ratio of 3:1. The applied field was aligned with
the major axis of the fibre core. A fibre length of 30cm
was used. A Raman-shifted dye 1laser was used as the
tunable IR pump. A CW argon at 488nm provided the optical
excitation source. By using suitable filters and
detectors, simultaneous measurement of the fundamental

wave, the SH wave and the excitation power was possible.

The effect of launching an intense infrared light while
simultaneously applying a field was investigated first.
However, it is found that the SH signal simultaneously
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Figure 6.6 Time and poling—fileld dependence of induced x(z)(2w=m+m) for a
constant launched blue light power of 25mw at 488nm in a Ge—doped fibre

appeared when dc field was on and was very small when the
field was off. No permanent x® was therefore ¢generated.
When argon 1light was launched into the fibre with the
poling field on, a permanent x® was observed. With a fixed
CW argon light power of 25mw, the variation of the induced
x?® as a function of the poling field intensity was
measured. The result is shown in figure 6.6. With a
poling field up to 150V/um, no saturation was observed.
The SH power was lihear with the applied poling field. The
induced nonlinearity was bleachable by launching only blue
light into the fibre. The highest SH conversion efficiency
was obtained when the launched intensity of the excitation
power was 6mw/um?’. For blue light power greater than this
optimum level, the SH conversion efficiency decreases. A

maximum SH conversion efficiency of 1% was obtained for an
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infrared pump power of cnly 150w. The maximum induced x@®

was approximately 10Pm/V.

6.4.4 Discussion

Much of the underlying physics for SHG in fibres remains
unclear. In the original experiment of Osterberg et al®?%,
SH signal was observed to grow when a single-mode fibre was
exposed to intense YAG pulses for few hours. It was also
found that the process was greatly accelerated by adding a
small amount of SH to the pump. This was explained by
Stolen?” that a periocdic phase-matching x® can be generated
by a periodic field induced by ¥® through pump and SH in

the presence of centre-symmetry.
P (0= +w-20) =y P B ES, (15)

Osterberg's observation can be explained as that the
tightly confined fibre core possessed an axial asymmetry
and thus SH can be generated through the axial gradient of

the fibre modes?®. This process can thus seed itself.

Our experiment confirms the necessity of blue light in the
generation of the x@ gratings in the fibre. The novel
phase matching method also provides more evidence for the

existence of periodic non-centre-symmetrical defect centres

produced by combination of blue light and electrical field.

6.5 Spatial mode converter

6.5.1 Background

The value of the single-mode fibre taper in the
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construction of fibre devices is widely recognised. The
changes in fundamental mode size brought about by a taper
allow closer matching to the modes of other waveguides, and
tapered fibre ends have found widespread use for
interconnecting fibres with optical elements such as diode

laser®? and isolators®.

Previous work on the single-mode fibre taper has been
restricted to variations in the taper width only, with a
uniformly circular-sectional shape throughout the
transition. However, low-loss transitions are possible in
which the cross-sectional shape also changes’. The
realisation of such a transition 1is reported in this
section. In particular, a circular-to-rectangular
transition is constructed in a tapered single-mode fibre,
in which the fundamental mode is transformed in shape from

circular to rectangular.

6.5.2 Theory

It is well established that light entering a single-mode
fibre taper spreads out from the core and becomes gquided in
the fundamental mode of the waveqguide formed by the
cladding/air interface®. This waveguide dominates the
guidance of the fundamental mode at taper ratios greater
than 3:1. If the taper is sufficiently gradual, 1little
loss accompanies this transition. The cladding waveguide
is highly multimode, so the fundamental mode is strongly
confined by the cladding and closely follows the shape of
the boundary®. If the taper cross-section is rectangular
then the fundamental mode shape will also be rectangular.
Therefore, such a taper functions as a mode shape
transformer, in which a circular mode is transformed into
a rectangular cladding mode, and vice versa.

Fundamentally, a rectangular taper should be no more prone
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to waveguide transition loss than a conventional circular
taper, for a given taper angle. Similar adiabaticity

considerations prevails in both cases.

6.5.3 Fabrication

A motor-driven polishing wheel* was used to change the
circular cross section of a standard single-mode fibre
(diameter 125um, cut-off wavelength 1150nm) into a
rectangle. Two parallel sides are polished flat, and these
constitute the long sides of the rectangle. The two short
sides retain the circular curve of the original fibre
cross~-section, but the more closely the polished sides
approach the fibre core, the more 'rectangular' the cross-
section becomes. By polishing each side to the same depth,
a symmetrical guasi rectangle is produced. The polished
region is then tapered in the conventional manner in a
flame, and the throughput loss of the whole transition is
monitored.

Rectangularly polished fibres with symmetric and parallel-
sided cross-sections can be routinely produced. As would
be expected, the polishing process does not introduce any
loss prior to tapering. Many rectangular mode transformers

were then made by tapering these polished fibres.

6.5.4 Experiment

In a polished rectangular fibre with an aspect ratio of
22:1, the throughput loss of the taper was 0.4dB. The
taper ratio was about 4.5:1, which is sufficient to bring
about cladding guidance in unpolished fibre. The cladding
mode behaviour of the rectangular tapers was confirmed by



6-20

the application of index matching fluid, leading to a total
loss of power. '

To investigate  whether the circular-to-rectangular
transition is in itself a source of 1loss, a uniformly
rectangular fibre (with a circular core) was also tapered
to a similar ratio. This nonstandard fibre was fabricated
from a rectangular preform, having an aspect ratio of 2.5:1
therefore needing no polishing. A taper throughput loss of

less than 0.1dB was readily obtained.
6.5.5 Discussion

In a previous design of mode transformer®, a single-mode
fibre with a rectangular core was fabricated from special
soft glasses. The initial rectangular core diffused into
a circular shape in part of the fibre after heat treatment,
resulting in a core cross-section which gradually varied
from a rectangle to a circle along the fibre. However,
because the initial rectangular core wavequide was single-
mode, the fundamental mode was weakly confined by the core
and was near-circular to begin with. The change in the
shape of the core therefore had little effect on the mode
shape.

In contrast, the tapered mode transformer reported here was
made from standard off-the-shelf silica fibre, and because
of the highly multi-mode and strongly confining nature of
the taper wavequide, there was a true circular-to-
rectangular mode transformation. Such transitions should
permit more efficient interconnection of fibres and other

optical wavegquides.

The typical throughput loss for the tapered rectangularly
polished fibres 1is 0.4dB. This is probably due to
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scattering from the rough polished surfaces; finer
polishing should therefore reduce this loss. The circular
to rectangular transition in itself does not introduce any
further loss, as was demonstrated by tapering the
rectangular fibre. The loss of one mode transformer is in
any event half the measured throughput loss of the tapered
fibre, since each tapered fibre is cleaved at its waist to

yield two mode transformers.

The circular-to-rectangular transition discussed here is of
particular interest for wavegquide interconnection.
However, other shape transitions are also possible with
this polishing and tapering approach. For instance, a
circular-to-semicircular mode transformer has been
fabricated with the above technique, and may give low-loss
joints between fibres and ion-diffused wavegquides, in which

the modal fields can be semicircular in shape.

6.6 Summary

In this chapter, we investigated TC cascaded filters, gold-
implanted fibre polarisers, excitation poling in SHG and
spatial mode converters. They are all vital components in
optical fibre systems. Specially structured fibres have
been used in these devices. A cascaded TC filter of 17nm
has been fabricated, proving the possibility of the
technique, but the filter performance is limited by the
perturbation sensitivity of TC fibres. A gold-metal
implanted fibre polariser has been demonstrated for the
first time, with the advantages of easy mass-manufacturing
and splicing with good extinction ratio and better
insertion loss. Excitation poling in SHG has yielded 1%
conversion efficiency; although far from being practical,
it represents, nevertheless, a potential way of producing

visible or even UV source from a IR laser. The spatial
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mode converter also provides a low-loss way of
interconnecting waveguides with different spatial modes.
These devices, although not yet very practical in some ways
and needing further research and development, have large
potential in many applications.
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Chapter Seven conclusions

7.1 Summary of the thesis

In chapter two of the thesis, light propagation in twin
core fibres was analyzed with coupled-mode theory. Both
identical-core TC fibres and near-identical-core fibres
were treated. Periodically perturbed TC fibres were also
investigated using a method based on grating assisted
coupling between the normal modes of the unperturbed TC
fibre. TC fibres with gain were also analyzed based on
coupling between normal modes of the unperturbed TC fibre.

A novel technique for fabrication of TC fibres with low
loss and better controlled parameters was presented. Light
propagation in three identical-core TC fibres was
investigated experimentally. The theory agreed well with
the experimental data for weakly coupled fibres (x<200m').
In strongly coupled fibres, the theory predicted a smaller
coupling than experimental data, due to the fact that the
superposition of the fundamental modes in the two isolated
cores is no longer a good approximation to the normal modes
of the TC fibres. Perturbation sensitivity of TC fibres
was also investigated. Weakly coupled TC fibres of long
length were much more sensitive to slight bending.
Strongly-coupled TC fibres with short lengths are therefore
preferred in stable TC fibre devices.

In chapter three, photosensitivity in two kinds of fibres
was investigated. In transition-metal-doped fibres, the
effect of CW argon laser radiation on the fibre
transmission was measured. A creation of defect centres

was observed, causing an increase in UV absorption. No
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change in the oxidation states of the transition-metal

ions, however, was observed. The possibility of photo-
bleaching in a Fe’'-doped fibre with radiation from a YAG
laser was investigated. A CW photon flux over the

theoretical prediction was launched into fibre, without
sign of bleaching. A pulsed YAG with much higher power
(200W peak power) was also tested, without success. The
bleaching is believed either to happen at a much higher
power level, or to have a much faster recovery time (less

than tens of nano-seconds).

Photosensitivity in Ce’*-doped fibre was also investigated.
The fibre index was observed to change by as much as 10%
when exposed to UV light at 266nm and 355nm. This effect
is useful for writing gratings in fibre cores by forming
interference pattern on side of the fibre and is of great
importance in single-frequency fibre lasers, wavelength-
multiplexing telecommunications and fibre sensors. The
266nm light was also found to give a much larger effect
than 355nm light. This effect was identified to be a
single-photon process and Ce'*-related. A broad band loss
from UV to IR was also observed upon UV exposure, and
recovered totally with time. A slow modulator was
demonstrated, where 1light transmission at 632.8nm was
modulated by a light at 266nm. The induced loss at 632.8nm
was found to be linear with UV intensity. The induced
index change was found to saturate at high UV intensity,
but to increase almost linearly with cCe®* concentration.
The index change dropped off at longer wavelengths
(>1.0um) . The Ce’* absorption peak was observed to be
reduced on UV exposure and a Ce'' peak was found to appear.
The change in cerium absorption was seen to be stable for
at least several months. The index change that results
from the induced absorption change, calculated by Kramers-

Kronig relation, are an order of magnitude too small.

In chapter four, the techniques for fabricating electroded
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fibres, solid-metal-implanted fibres and fibres with
special waveguide structures was discussed. Fibre designs
and methods of fabrication were described. These fibres
have found their applications in fibre ©polarisers,
modulators, excitation poling in second harmonic
generations, high power lasers and couplers. These

techniques are also versatile for fabricating many other

fibre devices for a variety of applications.

In chapter five, periodically-perturbed TC fibre modal
couplers were 1investigated experimentally. Total
intermodal coupling in non-identical-core TC fibres by a
mechanical grating and fibre acoustic flexural wave was
demonstrated for the first time. The tunability of the
devices by varying perturbation pitch was also studied. 1In
the mechanical grating case, the measured coupling
bandwidth was broader than that predicted by the theory,
indicating a non-uniformity in the grating along the fibre.
In the acoustic flexural case, the coupling bandwidth fits
well with theoretical prediction, indicating a uniform
perturbation pitch along the fibre. The frequency shift by
an acoustic flexural wave was also measured. Carrier and
side-band suppression ratios were measured to be 11dB and
4.5dB. The carrier suppression was affected by the large
intrinsic coupling (3%) and the side-band suppression by
the 91mm of fibre on the other side of the acoustic horn in
the experiment. 100% coupling was achieved using the fibre
with 3% intrinsic coupling with an electric driving power
of 200mW. These devices have the advantage of easier
incorporation into a single mode fibre system than devices
based on two lower order modes or polarised modes in
fibres. They can be spliced with ordinary fibres with very
low loss (0.1dB demonstrated) and be used as filters,
switches, and signal taps in wavelength-multiplexing
systems.

In chapter six, cascaded TC filters, gold-implanted fibre
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polarisers, excitation poling in second harmonic generation
and spatial mode converters were investigated. These
devices are important components in an optical fibre
system. A cascaded TC filter of 16nm bandwidth and 15dB
extinction ratioc was fabricated, but filters with better
performances were found to be limited by the perturbation
sensitivity of TC fibres. The results obtained fit well
with the theoretical predictions. A gold-implanted
polariser was demonstrated for the first time. The device
has the advantage of relatively easy mass-manufacturing and
low splice losses with good extinction ratioc. Excitation
poling in the second harmonic generation was investigated
with 1% conversion efficiency achieved. Although still far
from being practical, it nevertheless demonstrates a
potential way to produce visible or even UV laser sources.
A spatial mode converter was also demonstrated for
converting a circular mode to a rectangular mode with very
low insertion loss (0.2dB), thus providing a connection
between circular fibres and rectangular planar waveguides.
These devices, although not yet practical in many ways,
have a large potential of being used in many applications

in future optical fibre systems.

7.2 PFuture work

An erbium-doped TC fibre amplifier with gain compensation
has been proposed, in which the dispersive nature of a TC
fibre is exploited to produce differential gain for signals
at different wavelengths. In a TC fibre, even signals with
very close wavelength spacings follow individual paths. If
a signal is large enough to cause gain saturation, that
signal will see a smaller gain than any other signals due
to the other signals propagating on different paths and
thus seeing a smaller saturation effect. This amplifier

would be able to produce an equal power output for signals
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at different wavelengths. A high NA fibre would be
required to lower the signal saturation threshold and a

short beatlength (<1mm) would also be necessary to shorten
the device length.

Another proposal which has been put forward is to mode-~lock
a fibre laser with an in-line frequency shifter. The 5MHz
frequency shift is matched to the cavity mode spacing thus
the laser cavity modes are coupled among each other and
therefore locked together. A broad band in-line fregquency
shifter is possible by careful shifter design and narrow

pulses should therefore be possible from this laser.

The fabrication of fibre gratings in cerium-doped fibres
would allow comparisons with germanium-doped fibre gratings
to be made. An improved nonlinearity may be possible in
this fibre if higher dopant levels can be achieved.



Appendix 2 The Derivation of Coupled-mode
Equations in a TC Fibre

The fundamental modes 1in a TC fibre can be well

approximated by the summation of the fundamental modes of
the two isolated cores, if the cores are well separated.

E=V1(Z) E10+V2(Z)E20 (A' 1)

E,and E,, are the fundamental modes of the isolated cores

1 and 2 respectively.

B, =2, (x,y) glPm (A.2)

B,y = a, (x,y) 7P~ (A.3)

In equations A.2 and A.3, a;, and (,,are the transverse
field distribution and propagation constant respectively.

E,, and E,, should satisfy Maxwell's equation, therefore

[V2+ (n_,k) 2 (1+2A, (x,) ) ] ;=0 (A.4)

[V2+(n,,k)2 (1+2A,(x,¥) )] E,, =0 (A.5)

In equations A.4 and A.5, ny is the cladding refractive
index, k is the vacuum wave number, and A ,(X,y) are defined
as the relative index-difference distribution of the
isolated fibres, i.e. A=(n,-ng)/n, over core 1 and A=0
elsewhere (n,, is the refractive index of core 1). Higher

orders of A, have been neglected in equations A.4 and A.5.

In a TC fibre, field E described in equation A.1 should
satisfy Maxwell's equation.

[V2+(n k)2 (1+2A (x,¥)}) ] (V,(2) B ,+V,(Z) E,;) =0 (A.6)

In equation A.6, A(x,y) is the relative index-difference
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distribution of the TC fibre, i.e. A=(ng -n,)/n, over core

1, A=(ng,-n,) /n, over core 2 and A=0 elsewhere. By using
VAV E,) = V VB, +2VE, VV +E,,V*V, (A.7)
where p=1 or 2 and
A=A+A, (A.8)
equation A.6 can be simplified to

2VE, VYV, +E, \V*V, +2VE, VV, +E, V2V, (A.9)
+2(n,, k) *A, VB ,+2 (n,k)2A V,E,, =0
If we assume the modal amplitudes, V,(z) and V,(z), change
slowly then the second-order derivatives of V,(2) and V,(2)
can be neglected. Using equations A.4 and A.5, equation
A.9 becomes

27a,V(B,z) VV,e’P%+272,V (B, z) VV,e Ps* (A.10)

+2 (n_;k) 2A,V, &, "% +2 (n_,k) 2A, V,a,e7P" = 0
By multiplying equation A.10 by E,, and integrating it over
the whole cross-section of the fibre, A, we obtain

equation A.11.

v, AV, s
2351T;L@ala1d‘é+23 Bszzej(Bz PO=f 4 a,da+ @A)

Ao
2 (ngk) 2V1fA,AzalaldA+2 (nzk) 2V, (PP LAi218,dA=0

Equation A.11 can be written as

dv, - av, . , -
dzl +K3(_§) ej(b: ﬂﬂzTZZ _Jxllvl_JK—lzej(p;‘ p]‘)zvz =0 (A. 12)

In equation A.12,



(n, k)zf A,a a,dA

L= (A.13)
By
fkalaldA

A a a da
K, = (n k)? fh 18418, (3. 14)
By j;“alalcﬁa

f a1a2
Kg) = az Aw (A.15)

B f balaldA

Similarly, if equation A.10 is multiplied by E," and
integrated over the whole cross-section of the fibre, we

obtain equation A.16.

Cg; (2) o3 (hs- wzd Tk @Iy e v g (A.16)

In equation A.16,

(nclk) 2 fA“Alazasz

L= (A.17)
B A a,a,dA
(nc.zk)2 anAzalasz (A.18)
L=
B J; a,a,da
a,a,da
k2 = By L‘ T (A.19)
Bzf aza2

k,? and k,® are very small comparing with the rest of the
coefficients in equations A.12 and A.16. They are
neglected in the following analysis. Since the cores are
well separated, a;, are small over the other core . The
self-coupling coefficients «;, and k, are also negligible
comparing with the cross-coupling coefficients, x; and «,,.

Therefore they are also neglected. Equations A.12 and A.16



become

dv,
dz

dv,
dz

—JKy, €

j(pz'pl) ‘/2 = 0

_szlej(h‘az) V:L =0

(A.20)

(A.21)



Appendix B The Analysis of Periodically
Perturbed TC Fibres

In appendix A, we derived the coupled-mode equations for TC
fibres from Maxwell eguations and fundamental modes of the
two isolated fibres. In this section, we will analyze the
situation where a TC fibre is periodically perturbed.
Normal modes of the TC fibre are used in the analysis,
which give a better insight into the coupling between the
real modes of the waveguide. These normal modes have
already been derived in the chapter two and can therefore
be used to complete the analysis.

The normal modes in an unperturbed TC fibre can be written

as
= FBgE .
E,=a,(x,y)e (B.1)
where g=e or o and represents even and odd modes of the TC
fibre respectively. In a periodically perturbed TC fibre,
the field can be described by a superposition of the

unperturbed fibre modes with slow axially varying
amplitudes.

E=V (z)E,+V,(2)E, (B.2)

If the relative refractive index distribution of the

perturbed fibre can be described as
A (x,y) = A, (x,y) +A® (x, y) cos (k,z) (B.3)

where A,(x,y) 1is the relative index distribution of the
unperturbed fibre, E will satisfy the Maxwell equation



[VE+(n k)2 (1+2A)]E=0 (B.4)

The two normal modes in equation B.1 satisfy the Maxwell
equation for the unperturbed TC fibre, therefore

[V3+(n,;k) 2 (1+2A) 1E =0 (B.5)

where g=e or o. Combining equations B.4 and B.5 we have

ENRV +2VV VE,+2 (n, k) *APcos (k,z) V E,+

B - 6
ENPV +2VV VE +2 (n k) *APcos (k,z) V,E, =0 ( )

V, (g=e,o0) varies slowly, we can therefore ignore higher

order derivatives of V,.

av, . -
gz 2 TBS 67?4 (n k) 2APcos (k,2) V,E + (B.7)
dV . 3 = »

az 20 TP) e”P"+ (n,,k) 2APcos (k,z) V B, = 0

By multiplying equation B.7 by E', and integrating it over

the cross-section of the fibre, Ax, we have

dv, . ) -
723 ~JKeeCOB (K, 2) V=K ,cO8 (k,Z) g7 (Pe=bo) *v.,=0 (B.8)

where
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= (nclk>2 L.APa,dA

aa p‘ aidA

A=

(B.9)

_ (nclk) 2 fAﬂAPaeaodA (B . 10)

Keo ﬁe f-aidA

By multiplying equation B.7 by E’, and integrating it over
the cross section of the fibre, we have

dav,

o—

dz

Jreoc08 (Kky2) V- JK,cO8 (K, z) gl PP %y =g (B.11)

where

(B.12)

K = (nclk)2 A.ApaoaedA (B 13)
oe Bo f agdA

Equations B.8 and B.11l define the solutions of V,(2) (g=e,o0)
and can be further written as



dve J, .-k fk,
~2(e P e )k, V, -
dz 2 cee (B.14)
%(ej {Ba-Pa-k,) z,ed (BaBotky) zy KV, =0
dvo _7 -Jk,z, _dk,z
—_ - + P -
dz 2("‘3 &) KooV (B.15)

The complete solutions of equations B.14 and B.15 are too
complicated, however, asymptotic solutions are much easier
to obtain. If we consider only the slowest components
(varying with a frequency of $.-8,-k,) in these equations, the

equations become

C;Zo-%'ejupr p)zkaeve= 0 (B.17)
where
B, = BB, (B.18)

2

By cancelling out V, in equations B.16 and B.1l7, we have

szG 3 dVa KGOKOO —
gz I BBy = Ve R 0 (B-19)

V., can therefore be solved from equation B.19 and V, can be

obtained form equation B.16.
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v =Aej‘—§ ?,,”+Bej‘§ ki (B.20)
[~
p  J(2-25; »  J(2:%,z (B.21)
Vom 2 la(-9-E)e B R g (- 2. ) R
K'BO Fp Z Fp
where
0=2ﬁb_kp (B022)
kP = KoeKeo (B.23)
2
_ 1
F, =
- (B.24)
axP*

Follow the same way as in section 2.2.4 for a near-
identical TC fibre. We are able to obtain the power in the
fibre cores for initial condition of p,(0)=1 and p,(0)=0.

p,(2) =1—F§‘,sin2(ﬂ) (B.25)
FP
D, {=) =Ff,sin2(% (B.26)

p



Appendix C The Analysis of TC Fibres with Gain

We introduce a complex refractive index for the case of a
TC fibre with gain.

n =n{1+jy) (C.1)

where n and ny are the real and imaginary parts of the
refractive index respectively. If the power in the fibre
can be written as p=p,e¥, where 6§ is called the gain

coefficient, therefore

8 = 201y (c.2)
C
where w 1is the angular frequency of the propagating wave.
For a weakly guided fibre, we define the relative
refractive index distribution as

Alx,y) =A (x, ) +F [L+A (x,3) 1y (%, ¥) (c.3)

where A (x,y) is the relative refractive index distribution
of the same fibre without gain, which is 2zero in the
cladding and only non-zero over the two cores. If we

assume the two normal modes of the TC fibre without gain

are
= i 1 .

E =aux,y)e (C.4)
where g=e,o, the field in the TC fibre with gain can be
expressed as

E=V, (2)E,+V,(2)E, (C.5)

It satisfies the following Maxwell equation
[V2+ (n,, k)2 [1+2A +27 (1+A ) ¢l 1 E=0 (C.6)

In the TC fibre without gain, we have the following



equations for the normal modes.
[V2+ (n k)2 (1+2A,) 1 E =0 (C.7)

where g=e,o. By substituting equation C.7 into equation
C.6 and ignoring the higher derivatives of the slowly

varying V,(z) (g=e,0), we have

dav,

, av, , ;
—=a,(7B,) ej°°’+Tz°aa(JB,,) &Py (c.8)

F(1+A) x (0 k) 2V,a ETPF+ 5 (1+A,) x (n k) *V,a,67"* =0

By multiplying equation C.8 by E; (g=e,o) and integrating

it over the cross section of the fibre, Awx, we obtain

av,

dz.:e +Keeve+'<eoejw°~ﬂ’) *V,=0 (c.9)
i‘; sk,,e?BPIZy 4 vo=0 (C.10)
where
2
Kz | (1+A)) xaldA
= (ncl ) fA» (C.11)
B. aida
Ae
(n_,k)? fm(1+A°)xaGaodA
0 = c (C.12)
Be aidA
An
n k)2 (1+A,) xa,.a,da
Ko = ( ol ) an (C.13)
Bo f agdA
Awn
(n 1) * [, (1+A0) xalda
oo = c. (C.14)
Bo N af,dA

By assuming the solutions take the following form

V,(z) =Ae "W (z) (C.15)
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V,(z) = Be™ W, (z) (C.16)

where A and B are constants and substituting them into
equations C.9 and C.10, we have

dw, x ,

— %, 20 o (Ax-jAR) Zzpy = (C.17)
dz C ° 2=0

WZ+ Ce-(Ax-AP) zpy = (C.18)
dz K Ce e =0 .

where Ak=«x.,~x,, AB=.-B, and C=A/B. W/(z) (g=e,0) can be
obtained from equations C.17 and C.18.

W, =Dlerlz+Dzerzz ({C.19)
W, =- KC (D,z, e *%+D,r,e %) (C.20)

80

where D, and D, are constants to be determined by the

initial conditions, and
Iy, =K (-FIxy1-17) (C.21)

where

szvxoakea (0'22)

_Z:L'A.K;AE (c'23)
ZVKOGKGO

From equations C.5, C€.15, C.16, C.19, and C,20, we have

~ke+JB,
— r V1-12
E=e 2 [E (ae—aon—l) ghV iz,

e (C.24)
Iy ~x/i1 fz]
x

E,(a,va,—)e

o8

where E; and E, are constants to be determined by the

initial conditions and
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K =K otKoo (C.25)

B.,=B,+B, (C.26)

For fibres with gain < 100dB/m, x<10®. x is thus two orders
of magnitude smaller than 4,, and «, is two order of
magnitude smaller than AS (see equations 2.9, 2.12, 2.33,
2.36, C.12, C.13 and C.22). We can then deduce |1|>100 and

Ji-12=1--L (C.27)

21
E can then written as
'a K (_Ra."'jﬁ‘_j'& )
E'=E1(ae+J e | =2%)e 71’7,
21 Keo (C.28)
) 4
a X (%o tiBoti=)z
E a —— e aQ 21
2 (207 21 xos)

The two normal modes of the TC fibre with gain are
represented by the first and second terms in equation C.28

respectively.



Appendix D The Table of Relevant Fibres

Fibre Name

TM1

T™M2

TM3

TM4

RE1

RE2

RE3

RE4
TCl

TC2

TC3

TC4

TCS

TCé6

Descriptions

Fe’*-doped fibres with a Ge0,/Si0, core and
NA=0.21; Fe,0; concentration is about
130ppm(wt) .

cu'*-doped fibres with a Ge0,/Si0, core and
NA=0.15.

Mn**-doped fibres with a Ge0,/Si0, core and
NA=0.17; Mn,0, concentration is about
190ppb(wt) .

Mn®*/Fe’*—-doped fibres with a Ge0,/Si0O, core and
NA=0.17; Mn,0, and FeO concentrations are
220ppb(wt) and 1100ppb(wt) respectively.
Ce’*-doped fibres with a Al,0,/P,05/5i0, core and
NA=0.13; Ce’* concentration is 11,700ppn.
ce’t~doped fibres with a Al,0,/P,0,/5i0, core and
NA=0.19; ce?* concentration is 5,800ppm.
ce’*-doped fibres with a Al,0,/P,0,/Si0, core and
NA=0.18; cCe’* concentration is 1,900ppm.
fibres with a A1,0,/P,05/510, core and NA=0.21.
a twin-core fibre with p,=p,=1.76un,
A=A,=0.00233 and d=10pm.

a twin-core fibre with p;=p,=2.5um,
A=A,=0.00233 and d=14pum.

a twin-core fibre with p;=p,=4.22um,
A=A=4.22um and d=21um.

twin-core fibres with one core composed of
P,0,/S10, and the other core the same as REl.
twin-core fibres with one core composed of
P,0;/Si0, and the other core the same as RE2.
twin-core fibres with one core composed of

P,0,/S8i0, and the other core the same as RE3.



TC7

TC8

TCS

S1

S2

S3

S4

D=2

twin-core fibres with one core composed of
P,05/5i0, and the other the same as RE4.

a twin-core fibre with p,=1.1lpm, p,=0.91um,
A=A,=0.144, d=5,.5um and a fibre diameter of
110um.

a twin-core fibre with p,=1.93um, p,=l.66un,
A=A,=0.00521, d=6.5um, and a fibre diameter of
90um.

a Gold-implanted fibre with a NA of 0.12, a
core/gold distance of 2um and a gold diameter
of 20um.

a Gallium-implanted fibre with a Ge0,/SiO,
core, a NA of 0.3 and a core diameter of
3.0um.

a rectangular fibre with a NA of 0.15 and an
aspect ratio of 2.5:1.

a double-waveguide fibre with a circular inner
core of 0.15 NA and with 300ppm Na&** ions

and a rectangular outer core of 0.4 NA

and 80umx30um dimension; the fibre is

coated with silicone rubber.



Acronym

CwW
ESR
FWHM
IR
LP
MCVD
NA
RE
SH
SHG
TC
TE
™
™
uv
WDM
YAG

Appendix E The Table of Acronyms

Description

continuous wave

electron spin resonance

full width at half maxima
infrared

linear polarised

modified chemical vapour deposition
numerical aperture

rare earth

second harmonic

second harmonic generation

twin core

transverse electronic (field)
transverse magnetic (field)
transition metal

ultraviolet

wavelength division multiplexing

Yttrium Aluminium Garnet



var.

™

H W =
-]

Appendix ¥ The Table of Variable Definitions

Chap.
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Definition

transverse modal distribution of core p
(p=1,2).

transverse modal distribution of g mcde
(q=e,0).

(a2+42) 112

spontaneous emission rate.

1-U?/ V2.

Ve for core p.

a, k> (Ng* Ny

stimulated absorption rate.

stimulated emission rate.

modal amplitudes in Fourier-Bessel
series.

velocity of light in vacuum
longitudinal acoustic wave velocity.
acoustic wave velocity.

core separation.

nonlinear coefficient.

fibre diameter.

electric field.

electric field at frequency w.
electric field at frequency 2w.
electric field of m-th mode over core p
(p=1,2).

electric field of g mode (g=e,0).
acoustic frequency.

1/ (148, k,) 1

absorption line function.

threshold photon flux to bleach a two
level system.
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1/ (1+0/4kP) 12,

Bessel function.

Bessel function.

vacuum wave number.

wave vector at angular frequency w.

wave vector at angular frequency 2w.

perturbation vector

Bessel function.

u;/n; for ™ wave, u, for TE wave.

[ (KeemKoo) =3 (Be=Bo) 1/ 2k,

fibre length.

real part of refractive index.

cladding refractive index.

core refractive index.

core refractive index of «core p
(p=1,2).

effective refractive index.

refractive index of layer 1i.

photon flux.

population of level p.

overlap integral between SH and

fundamental waves.

coupled power.

x®EE,, .

2{,> R,cosh(mg)cosh (ng)e?*=®qqg.

power in core p (p=1,2) or in

polarisation p (p=x,Yy).

power at angular frequency w.

e/ Cor’«

extinction ratio.

(a,~b,) / (a,+b,) for TE wave, (a,/n,-
b,/Ngl) / (a,/n 40" /n,..2) for TM wave.
time.

thickness of layer 1i.

kn2-32.

as normally defined in a fibre.
normalised wavelength in a fibre.
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F-3
modal amplitude of 0-th mode over core
p (p=1,2).
modal amplitude of m-th mode over core
p (p=1,2).
modal amplitude of g mode (g=o,e).
as normally defined in a fibre.
beat length.

(k2n,2-F2) 12,

power in polarisation p (p=X,Y).
propagation constant.

average propagation constant.

(By-B,) /2.

propagation constant of core p (p=1,2).
propagation constant of q mode (g=e,0).
(B2-K’n,) 2.

gain coefficient.

relative refractive index difference of
a TC fibre.

relative refractive index difference of
an unperturbed TC fibre.

perturbation strength of relative
refractive index.

relative refractive index difference of
core p (p=1,2).

k?=2k®.

dielectric constant.

dielectric constant in vacuum.

complex refractive index.

2.

conversion efficiency in TC mode
coupling.

1 for m>1.

conversion efficiency for SHG.

(Kipky) 2.

(KoeKeo) 1212

coupling coefficient from core m to p

or from m mode to p mode in case where



p,m=e, 0.

Ko 2 higher order coupling coefficient from
core m to p.

Ky 2 (Kookeo) 2.

A 6 grating pitch.

A 5 wavelength.

Ao 5 central wavelength.

m 6 magnetic constant.

) 2 Be=Bo=wy-

Py 2 core radius of core p.

v 5 (2m/2,) (1-XNo/N) -

X 2 ny is the imaginary part of the
refractive index.

x@ 6 second order nonlinear susceptibility.

x@ 6 third order nonlinear susceptibility.

W 6 angular frequency.
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