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ABSTRACT

Single crystals of organic materials have been
grown within small (10-100 ym) diameter glass capillary tubes.
The crystals were of sufficient length for their properties
to be assessed and for their applications in fibre-optic
communication systemc as crystal-cored optical fibres (CCOF)
to be studied.

The basic theory of light propagation in optical
fibres is reviewed and a summary of the theory of anisotropic
optical fibres is presented. "Attention is also given to non-
linear optical effects with emphasis on the utilisation of
these effects in fibre-optic systems.

The preparation of crystals of the required form
has presented many difficulties in the past and it has pre-
viously been possible to grow only short lengths of crystals
in a defect-free condition. By studying the growth of the
crystals in a specially designed heater under the microscope
the mechanism of formation of many of the defects has been
determined. This in turn has enabled an improved growth
technique to be utilized. The results of X-ray and optical
examination of the crystal products fcr meta-dinitrobenzene
and benzil are presented.

The importance of the orientation of the crystal
within the fibre is discussed in connectien with its device
utility and the results of an investigation for orientation
control during growth are given. A technique is described
which enables the growth to be initiated from a seed of
desired orientation within the fibre.

The results of preliminary experiments on light
propagation in crystal-cored optical fibres are presented.
The propagation loss was measured and methods of cutting
CCOF specimens and their connection to optical fibres were
devised. Device applications in the fields of both non-
linear optics and fibre-optics are discussed.

Some of the potential applications of 'fibre
growth'" for the preparation and assessment of organic crystals
are given. Finally a new method for the measurement of
refractive indices and dispersion in organic solids 1is des-
cribed. In this technique the diffraction pattern resulting
from the back-scattered light from a laterally-illuminated
fibre was related to the geometry and refractive indices of
the fibre., Refractive indices were determined to an accuracy
of 2 in 10~ without difficulty, and it is shown that by the
use of various refinements an order of magnitude improvement
can be anticipated.
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INTRODUCTION

The original objective of the work presented in
this thesis was to study the crystal growth of organic
optically non-linear crystals in glass capillaries of down
to 10 um diameter, for the préparation of defect-free crystal-
cored optical fibres (CCOF). The prepqration of CCOF had
been proposed by Stevenson and Dyott (1974), and the problems
involved in the process were more recently reported by
Stevenson (1977). However it quickly became apparent that
this method of crystal growth ('"'fibre growth'") for the pre-
paration and assessment of organic crystals in general was
of considerable importance. Hence efforts were directed
both to modify conventional property measurement methods
to suit the geometry of the crystals obtained and to devise
new methods.

Thus, the wofk can be divided into three parts:
(a) The study of the fibre growth process to identify the
nature of the problems involved and to find the optimum con-
ditions for a defect-free growth process.

(b) Experimental work concerned with the utilization of
the crystals obtained as optical waveguides, to delineate
promising areas for further investigation.

(c) The study of ﬁossible applications of the fibre grown
crystals with respect to the characterization of organic
materials in general.

The three different aspects of the work, in fact,
progressed in parallel, and hence chronological presentation
of the results obtained was difficult.

In the first Chapter a fundamental theofy of light

propagation in optical fibres is given, to provide a mathema-
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tical basis for the concepts employed in Chapter 4 where
fibre optic applications of fibre grown crystals are dis-
cussed. Also in this Chapter a revicw of the theoretical
work on the propagation in anisotropic optical fibres 1is
presented. This has been added mostly to summarise ianforma-
tion on the new subject of CCOF, rather than for use in the
following Chapters.

The second Chapter is a short introduction to non-
linear optics, the contents of which have been limited to
the needs of the following Chapters.

The remaining Chapters then deal with different
aspects of the work, and each can be considered as being in-
dependent. In Chapter 3 fibre growth as a method of crystal
growth for organic materials is studied, and the growth of
void-free crystal fibres is reported. Chapters 4 and 5 deal
with the applications of the crystals obtained in fibre-
optics and materials preparation and assessment aspects.

In these Chapters, the experimental verification of several
ideas 1s recorded and other proposals made which are based

on the recorded results. In none of the cases a complete
systematic investigafion has been attempted, since each aspect
should in ifself be the subject of relatively lengthy work
both from the theoretical and experimental viewpoint.

As an example, a new method for the measurement of
refractive indices of organic crystals utilizing fibre grown
samples was systematically approached, to determine the
practical value of the fibre grown crystals. This part of

the work is the subject of Chapter 6.



Thus, in this thesis in addition to the study of
capillary growth for a wide range of core diamcters and
applications in the field of fibre-optics, a ncw technique
for crystal growth and property measurements on organic
materials is presented, which is of general applicability

and is not limited to the CCOF applications considered.
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CHAPTER 1

AN INTRODUCTION TO OPTICAL COMMUNTICATIONS

An optical communication system in general con-
sists of a transmitter which emits 1light carrying coded in-
formation, a length of optical fibre guiding the light to
a destination, and a receiver where the light is detccted
and the original information cxtracted.

In this Chapter the basic theory of light propaga-
tion in optical fibres is given and a fundamental comparison
between available transmitters is made. TFinally, the behaviour

of light in crystal cored optical fibres is discussed.

1.1 Propagation in Optical Fibres

An ‘axial cross-section of a step-index optical
fibre is shown in Fig. 1.1. It consists of a cylindrical
core with a radius and refractive index of a and n, respect-
ively, surrounded by a medium (cladding) of refractive index

n,, where n, >n,. A ray of light incident at an angle 8,

1 2

the angle between the ray and the fibre axis (Fig. 1.1), will

undergo successive total internal reflections and be con-

ducted through the-guide if 6<<8C, where

2 2
2

GC = Arc sin (nl - n

)3

The numerical aperture of the fibre is then defined as

N.A. = sin GC (1.1.1)
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An exact knowledge Qf the light propagation in fibres is
afforded by solution of Maxwell's equations. The boundary
conditions are simplified by assuming an infinitely large
cladding radius. This assumption is justified because in

a well designed fibre the field intensity at the cladding-air
boundary is practically zero. Also homogeneous and isotropic
core and cladding will be assumed. The starting point is

Maxwell's equations:

2D
VXH::'B—_‘:'
0B (1.1.2)
VXE=-§:E'
and
D = €E V. D =0
B =ul V. B =0

Considering solutions with time and z dependence as

| et
]

E, (x, ¥) exp.[i(ot - B2)]

and

jas
]

H = H, (x, ¥) exp.[i(wt - Bz)| ,
substituting in Eq. (1.1.2), and transferring the equations
obtained to cylindrical co-ordinates (r, ¢, z) results in

the expressions:-

i aEz 1 3Hz
B, = - _;7 (8 d O, T 3% ) (1.1.3)
. oE oH
= - _1 4 Z . _Z A
oH dF
T 7 1 z
IIr 2 LBar WE T 200 ) (1.1.5)
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| S) 2 Ny !
Np
Fig. 1.1. Axial cross-section of a step-index optical fibre.

f4E"

TEos

Fig. 1.2. The transverse electric field pattern for

several gulded modes.
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i 1 BHz 8Ez :
Hnb'= __L:,_[ (B = 5J>—+w€ 57) (1.1.6)
and
o%B L aB, ;. o’E, . .
4 r + u'E = N N
arz T AT 2 30 z :
2 2
3 “H o H o H
____,_Zz + % Z 4 12 ZZ + uZHZ =0 (1.1.8)
AT or T 3¢
where

Substituting a trial solution as EZ = AF(r)e_lv¢ el(wt“BZ)

’

where v is an integer to ensure that E7 (r, ¢) = EZ (r, ¢ + 2I1),

into Eq. (1.1.7) leads to:

2 2
d°F(r), 1 %F_i{_ll r (ul - \%,2_) F(r) =0 (1.1.10)

dr2 T 1

Considering the physical nature of the problem, the accept-
able solutions of Eq. (1.1.10) within the core (r<a, ¢ = el)

(see for example, Marcuse, 1972), are

B, = AJ (kr)e'V? (1.1.11)
where Jv indicate; a Bessel function of vth rank and

k = wlequ, - 8 (1.1.12)
In a similar way HZ for r<a follows as

= B J (kr)et™? (1.1.13)



Then
(1.1.6)
- . 1
Er = kz
i
E, = - —-
0 " T
|
Hr ;2‘ e 1
_ i
H¢ = ;7 1

The prime
argument;

Solutions of Eq. (1.1.10) acceptable for r > a are

H

C Hv(iyr)elv¢

ivd

il

D Hv(iyr)e

A and B are constants.

other field components are obtained from Eqs.

[Bk AJY (kr) o+ oden 2B Jv(kr)] o1V
cn VY ) Y . ive
[18 A Jv(kr) quo BJv (kr) ] e
. v . ive
[—1w 7 A Jv(kr) + k g B Jv (kr)]e

kve A J! (kr) + ig% B Jv(kr)] e 1V0
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(1.1.3) -

(1.1.14)

(1.1.15)

(1.1.16)

(1.1.17)

indicates differentiation with respect to the

(1.1.18)

(1.1.19)

where Hv indicates a first kind Hankel function of vth rank

and

(1.1.20)

For other field components Eqs. (1.1.3-(.1.0 result in

¢

- - 5 [pye oy @
Y Vv

N T P :
= YZl? % C H,(iyr)

Y . i
AECE - D Hv(lyr)u

- 1 3
YU D Hv (1yr)~

e

ive

ive

(1.1.21)

(1.1.22)



1= - L v 3 1 S v
”r thwmz 1,CII\) (wr)-*yBDi% (ﬂx)]e
(1.1.23)
.1 [ s v . ivd .
Hy = —;7 ywe, CHY (iyr) + 8% D HV(Iyx)] c (1.1.24)

Again a prime indicates differentiation with respect to the
argument, and C and D are constants.

The tangentiél components of both E and H must remain
continuous at the core-cladding boundary. Equating these
components (EZ, E¢, Hz and H¢ ) of the two sides of the
boundary at r = a gives rise to a system of four homogeneous
simultaneous equations. Thus three of the four constants
- present (A, B, C and D) can be detcrmined in terms of the
fourth, which remains, as expected, to be determined by the
amount of power launched into the guide. However a system
of homogeneous equations has meaningful solutions only if
its determinant vanishes. Equating the determinant of the
above-mentioned set of equations to zero provides a fifth

equation which, after some tedious algebra, reduces to

[ P & 1 - 1 - 1 -
.(il aY2 Jv (ka) + iva Hv(%ya))(ayz Jv(ka) . iva Hv (1ya))
€, k SN (ka) ¢ Hv(lya) k Jv(ka) Hv (iva)

2 5 (1.1.25)

£ — 2
= vl - 1) BurEsu,
€ —_——
K

Eq. (1.1.25) is called the characteristic or eigenvalue equa-
tion of the guide, by solution of which the last unknown para-
meter, B, in the field equations (Eqs. 1.1.11-24) is provided.
Thus, through the procedure described in this section legitimate

solutions of Maxwell'’s equations satisfying all the boundary
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conditions imposed by a step-index optical tibre can be

obtaincd.

1.2 Guided Modes

The term "mode" 1is defined by Marcuse (1972) as '"an
eigensolutionof Maxwell's equations belonging to a particular
eigenvalue and satisfying all the boundary conditions of the
problem". Here, values of g allowed, i.e. the eigenvalues
of the problem, are obtained from the solution of the charac-

teristic equation (1.1.25) for a fibre of known paramcters

| €4 €y
(nl = Q/;;:, n, =%[;:. and a).
o o) ‘

Eqs. (1.1.11)-(1.1.24) and boundary conditions, then, provide
the field components related to each 8 value, which are le-
gitimate solutions of Maxwell's equations for the fibre con-
cerned. The fieclds related to a B value is called a mode.

Being concerned with guided modes, i.e. those in which
the power carried is somehow bound to the fibre, y must be real.
If this were not so, the magnitude of the related fields out-
side the core would increase exponentially with r (see Eqgs.
(1.1.18) - (1.1.24), having in mind that H(x)~e* . for large
values of x). k also must be real in order to have oscillatory
solutions inside the core. Hence regarding Eqs. (1.1.12) and

(1.1.20)7for a guided mode

orT

w /uoez < B < w/uoel

w/p_€ (1.2.1)

Ny Wi,Ey < B < n 00
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Due to the oscillatory nature of Besell functions, for each
value of v there are n, solutions of the characteristic
equation which satisfy conditions imposed by (1.2.1).

For v = 0, the right hand side of Eq. (1.1.25) vanishes and
setting the two left hand brackets equal to zero results in
two different'sets of modes. It is easy to show (Marcuse
1972) that for these modes either EZ or HZ vanishes. Thus
they are called TE (transverse clectric) and TH (transverse
magnetic) modes respectively. Furthermore, modes are identi-
fied with subscripts v and m where m indicates that the mode
corresponds to the mth solution of the characteristic equation.

For v # O the characteristic equation, has a non-zero
right hand side. This results in hybrid modes, which have
non-zero values of EZ and Hz’ These are designated as HEvm
or Eva modes depending on whether Hz or EZ is the dominant
transverse field (Keck, 1976). ‘

It follows from Eqs. (1.1.11) - (1.1.24) that the field
patterns related to TE0m and THom modes are axially symmetric
(no rotational dependence about the direction of propagation).
Modes corresponding to larger values of m have larger numbers
of radial maxima. HEvm and Eva, however, are angular de-
pendent. v is an indication of their angular dependence and
m again is related to the number of radial maxima. The
transverse clectric field patterns for several guided
modes are shown in Fig. 1.2.

For each mode supported in a fibre, there is a certain
wavélength (cut off wavelength) at which g = w/E;ﬁ;, resulting
in vy = 0 (see Eq. (1.1.20)). The mode will cease to exist
at longer wavelengths since the corresponding B will violate

the condition (1.2.1). A similar argument can be made when



the wavelength is assumed constant and the fibre parameters
(nl, n, and a) vary. Such information on the behaviour of
the modes can be obtained from Fig. 1.3, where mormalized

values of g, (nef),for several modes arc plotted against

the normalized wavelength and fibre parameters (V).nef and
V are defined as
n,e = —5— (1.2.2)
W/HGE o
2lla 2 2
\ < 9 ny n, (1.2.3)

The cut off V value for each mode is obtained from the inter-
section point of the corresponding n e Vs, V curve with the
Noe = 1y, line. As shown in Fig. 1.3, there is only onc mode

t 1in a

sy

(HEll) which has no cut off., It is alsc apparcnt th

fibre of V < 2.405 only the HE mode can propagate. Such

11
a fibre is called a single mode fibre. Fibres having larger
V values can sunport many modes and are callad multimode
fibres. The number of modes which can be supported by a
multimode fibre in principle can be obtained by counting the
acceptable solutions of the characteristic equation of the

fibre. However for fibres of large V values and n, - u,<<l

1 2
(this assumption is further discussed below) a good

estimate of the number of modes has been shown by Gloge

(1971) to be
2

_V
N= 7
Some useful information about the guided modes supported

by a given fibre, such as their number, B values, phase

velocities (w/g) and group velocities (dw/dB), can readily be
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Fig. 1.3. Plots of n_e Vs.V for several guided modes.

Slope =C/n, Slope=C/n,

Cladding line Core line

Fig. 1.4. -8 diagram.
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obtaincd from the w - B diagram of the fibre (Fig. 1.4).
For a fibre of given n,, N, and a values the w-g diagram
is obtained numerically from its characteristic equation
(1.1.25). It is important to note that for a realistic
optical fibre the core and cladding lines (sce Fig. 1.4)

in the w-B diagram are too close to ecach other to permit
precise delineation so that a quantitative study is usually
made from the corresponding numcrical tables.

The exact modal descriptions, presented in the previous
section, are mathematically complex, especially because each
mode has six field components. By assuming ny - n2<<1
(weakly guid ing assumption) (Snyder, 1969), which is valid
for all practical optical fibres, propagation in the fibre
can be described by different modes, the field equations of
which are much simpler. Another important featurc of the
new modes obtained is the fact that their transversal fields
are 1inear1y'polarized (hence each mode has only 4 field
components) and accordingly they are designated vau’
(Marcuse, 1974) where v and p have the same meanings as

the subscripts used for labelling the previously described

modes.

1.3 Radiation modes

Unlike metal waveguides which can only support a finite
number of guided modes, optical fibres in addition support a
continuum of unguided radiation modes. These modes are also
solutions of Maxwell's equations and satisfy the boundary

conditions imposed by the structure of the fibre. Light
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coupled to these modes will be radiated out. This behaviour,
as discussed later in this Chapter, is onc of the important
loss mechanisms present in optical fibres.

The mathematical analysis of radiation modes (Marcuse,
1974) is complicated and outside the scope of this work,

The propagation constants (gs) of radiation modes,

unlike guided modes, provide a continuous spectrum from zero

to wv HoEp - The spectrum, hence, covers the area between
the cladding and the B = 0 lincs on the w-g diagram (see

Fig. 1.4).

1.4 Mode Coupling

Each of the guided modes of an ideal multimode wave-
guide (Fig. 1.1) can be excited individually (Ka pany, 1967).
An excited mode would propagate through the fibre and carry
the total amount of the power launched for long distances if
the fibre was perfect. However no perfect waveguide exists,
and due to the imperfections present, mcdes couple to each
other and exchange power. Owing to this effect, the amplitude
of a mode varies as it travels through the waveguide. The
rate of the change in amplitude with distance (with z) for
the pth mode of a weakly guiding fibre is given by (Marcuse,

1974):

QL;’-L
ral O

=§:{KW c, exp [i (BU-B\))z]} | (1.4.1)
\Y)

where Kuv is the coupling coefficient bectween upth and vth
modes and Cu and Cv are theilr respective amplitudes. 1In
Eq. (1.4.1) the effect of coupling to the modes travelling in

the -~z direction is neglected. Only one subscript is used
& 7



for the identification of each mode, which is a shorthand
notation for the total number of characters necded to label
that mode.

The coupling coefficient (Kuv) depends on the nature
of the departurc of the guide from idcality. For example

when the core-cladding boundary varies as (Fig.1.5):
r(x,y,z) = a + f(z) Cos (mp +yp) (1.4.2)

the coupling cocfficient is given by (Marcusc, 1974):

K= K E(2) (1.4.3)
where
Ly~ (amn)) f Ep - Eyp cOSME+YIdY (1.4.4)
(e}

and éLt and ébt are the transverse electric fields of the
pth and vth mode respectively. 1In arriving at Eq. (1.4.3),
the longitudinal field components of the modes ( 52) are
assumed to be much smaller than the transverse components.

In fact it has been shown-(Marcuse, 1974) that in a weakly

guiding fibre,

= - << 1, (1.4.5)

where n. e is as defined by Eq. (1.2.2). If only the vth
mode was originally excited in the disturbed guide shown in
Fig. 1.5, the pth mode would gradually build up owing to the

coupling. In a weak coupiing case, where C, remains nearly
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constant along the length of the fibre to be considered (L),

the rate of build up follows from Eq. (1.4.1)

dC

7 =Ky €, exp (i, - 8,)z] (1.4.6)

Integrating both sides from zero to L,

L
c, (1) = Cvf Ky (2) exp [i(8, - B8,)z] dz (1.4.7)
(o]

and substituting for Kuv from Eqs. (1.4.3) and (1.4.4) results

in:
c, (L) = C)F (B,- B,)K (1.4.8)
where
L
F(8,-8,) =f £(z) exp [i(8,-8 )z]dz (1.4.9)
(0]

F(Bv_su) is, in fact the Fourier component of f(z) at
Bv-su' It immediately follows from Eq. (1.4.8) that two modes
wiil couple together only if the longitudinal disturbance
(f(z)) has a Fourier component ath—Bu.

For a fibre in which the refractive indices depart
from their ideal values the coupling coefficient is given

by (Marcuse, 1974):

K v f f (n® - n3) &, - €, dxdy (1.4.10)
=00 -0

where n (x, y) and n (x, y, z) are the refractive index
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N2 f(z)

Fig. 1.5. An axial cross-section of a fibre with disturbed

core —cladding boundary; dashed lines show the ideal boundary.
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Fig. 1.6. Graph showing the variation of material dispersion

with wavelength in a silica fibre.
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distributions in the ideal and disturbed guides respectively.
In fact, the departure of core-cladding boundary fvom ideal
conditions, discussed earlier in this section is a special
case of the latter.

Eq. (1.4.1) is also valid for the radiation modes and
only the summation sign must be replaced with an inte-
gration over the continuum of radiation modes.

In a real optical fibre thec existance of random dis-
turbances in and around the fibre is unavoidable. Such
disturbances, which usually have a broad spatial spectrum,
will couple a guided mode both to the other guided modes
and to the radiation modes supported by the fibre. The
coupling of guided médes to each other not only is not harm-
ful (at least for the present conventional applications) but
also decrcases the multimode dispersion (discussed later in
this Chapter) .of the fibre. However, the power coupled to
radiation modes is lost, increasing the total attenuation of

the waveguide,

1.5 Dispersion Mechanisms in Optical Fibres

In travelling through a monomode optical fibre, rays
of different wavelengths travel at slightly different
velocities due to the presence of both waveguide and material
dispersion. Hence, 'pulses of 1light launched into the fibre
broaden as they propagate, where their broadening increases
directly with the spectral width of the light (Dyott and
Stern, 1971). This causes overlap between two necighbouring

pulscs and the detecior at the other end of the fibre can only
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distinguish between them up to a certain levcel of over-
lagang, beyond which the authenticity of the information
detected by the receiver is doubtful. Hence in any optical
communications system pulses of light must have a certain
time distance from each other. This 1limits the number of
pulses per second and hence the amount of digital informa-
tion transmitted by the system. To increase this capacity,
it would scem desirable to decreasc the spectral width of
the 1light source used as much as possible. Although this
idea is basically correct, even a hypothetically '"pure"
monochromatic light source will broaden in spectrum, due to
the occurrence of information side bands, after modulation.
A "mode of 1light" propagating through a medium of
n = n()) (A is the wavelength of 1light in the vacuum) has a

phase veclocity of

(1.5.1)

I
=¥g]

where ¢ is the velocity of light in vacuum and B=8(X) 1is

the propagation constant of the mode. Then

dB _ 1
T = = (n + WIS (1.5.2)

e

and the group velocity (see e.g., Everitt and Anner, 1956)

of the mode follows:

dw c c
vV =32 = = (1.5.3)
g dg dn dn
vy v fgp

where f is the frequency of the light (f = w/2T). -A change



of variable from f to XA = % results in:
C
vV = S (1.5.4)
g -y dn
n )\d)\

Differentiation of Eq. (1.5.4) with respect to X then

2
d“n
Vo o @l L5 s
dX dn, 2 (1.5.5)
(n - )\EIT)

The time lag between A and X + d\ after travelling one

unit length of the medium will be

_ 1 1 _ 1 o1
dt = V +dv_ - "V—' = v (1 av ) (1.5.6)
g g 1+—8
v
g
1 av av
dt = =— (1-1+-8) = —£ (1.5.7)
V v 2
g g Vg
or
v = V2 do (1.5.8)
g g

Substituting Eq. (1.5.8) in Eq. (1.5.5) and using Eq. (1.5.4)

for simplification, results in:

o
o
=

gt
o

T % (1.5.9)

IX=‘()

Eq. (1.5.9) represents the material dispersion of an optical
waveguide and is usually measured in ps/nm/km. Eq.(1.5.9)
could also be used to estimate the waveguide dispersion of

a single mode waveguide 1f n was replaced by n, for the HE11

£
mode of the guide (see Fig. 1.3).



The material dispersion for silica fibres has been
given by Payne and Gambling (1975), and is reproduced here
as Fig. 1.6. This shows that the material dispersion de-
creases towards longer wavelengths, intersccting the zero
line at about 1.3 uym. The waveguide dispersion for the
HEll mode has also a similar behaviour and is equallto Zero
at a wavelength corresponding to the inflection point of
the N g VS. V curve given in Fig. 1.3. Thus it is possible
by working at about 1.3 um and choosing the right V value,
to adjust the conditions so that the two dispersions cancel
each other, enhancing the information capacity of‘the
transmission line. However, with 1light sources presently
used in fibre optic communications (L.E.Ds and solid state
injection lasers (see e.g., K ressel, 1976) ) working at
about 0.8 - 0.9 uym, the information capacity is limited by
material dispersion which is an order of magnitude larger
than the waveguide dispersion. This imposes a limit of

about 2 x 108

b/s/km for the bit rate of a monomode fibre,
when the light source is a GaAs L.E.D. (spectral width of
300 X ). The limit is twenty times higher when a GaAs
laser (spectral width of 15 K ) is used.

In travelling through a multimode fibre, however the
dominant dispersion mechanism is the one which originates
from the difference in the group velocities of the various
modes present. The effect can be best shown by drawing the
w=wy line (wl is the angular frequency of the source used)
in the w-B diagram (Fig. 1.4). The intersection of this

line with each curve represents the operating point of the

corresponding mode. The group velocity of each mode is equal



to the slope of the corresponding curve at the operating
point and obviously varies between one mede and another.
This effect 1limits the bit rate of the commercially
available step-index multimode f(ibres to values of the

ovder of 107

b/s/km. To overcome this shortcoming of
multimode fibres, graded index fibres (Gloge and Marcatili,
1973) were developed. The refractive index of the core in

these fibres changes as
n=n - Ant! (1.5.10)

where-r is the radial distance from the axis of the fibre,
n is the axial refractive index and An and y are positive
constants. Theoretically, y can be adjusted (at abouty = 2)
so that the multimode dispersion decreascs to very low
levels (Olshansky and Keck, 1976). In practice, commercially
available graded index fibres have a multimode dispersion-
limited bit rate of 2.5x108 b/s/km; also laboratory samples
of higher than 109 b/s/km are reported (Hazan and Bernard,
1977). This indicates that,te date, even the information
capacity of the multimode optical fibres (as well as mono-
mode ones) is limited by the material dispersion, when
light sources of spectral widths larger than about 50 X
are used.

Thus it can be concluded that there is a lot to be

gained by utilization of the light sources of narrower

spectral widths and operating at about 1.3 um.
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1.6 Attenuation

Loss mcchanisms present in optical fibres can be
divided into two categories, absorption and scattering.
Absorption occurs primarily due to the presence of impuri-
ties in the glass. Tor example, a concentration of 1 part
in 109 of Fe2+ causcs a peak loss of 1 dB/km in the fibre
(Miller et al., 1973). This indicates the importance of
purification of the starting materials used and the elegance
of fabrication techniques for low loss fibres available today.

Scattering loss generally originates from the minor
departures of the waveguide from its ideal configuration.

This itself is either due to small scale intrinsic inhomo-
geneities of the material (Rayleigh scattering), or imper-
fections in the geometry of the guide. The latter can, in
principle, be reduced to any arbitrary level by refinement
of the preparative art, but the former imposes a lower limit
for the loss which can only be reduced by changing to a
different glass.

Rayleigh scattering (sce for example, Maurer, 1974)
occurs due to the frozeninCOmbe#;'fluctuations present in
the material. Such fluctuations causc density and hence
refractive index variations on a scale which is small compared
to A.

In Fig. 1.7 (after Hariguchi and Osanai, 1976) the
dotted line represents the attenuation caused by Rayleigh
scattering. The amount of scattered light (and thus the loss)
is proportional to 1/>\4 and so rapidly increases towards

shorter wavelengihs. The sollid line in Fig. 1.7 indicates the
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total attenuation of the fibre as a Ffunction of A. Tt is
apparcnt that at wavelengths below 1.0 pm the attenuation
is dominated by the contribution of the Rayleigh scattering
indicating that it can not effectively be reduced below this
level.

The total attenuation plotted in Pig. 1.7 traverses a
minimum of 0.47 dB/km at about 1.3 um. This is the lowest

attenuation reported to-date (Sept. 1977).

1.7 Transmitters

The carrier generator in an optical communication sys-
tem consists of a light source. It is apparent from Figs.
1.6 and 1.7 that the optimum emission wavelength for such a
source is 1.2 - 1.3 ym, which is the wavelength at which
zero dispersion and minimum transmission loss of the glass
fortunately coicide. It is also easy tc conclude from the
content of Section 1.5 that spectral width of a source
imposes an important limitation on its system utility. Other
important tochnicél factors to be considered when choosing a
light source are:

a. Coupling efficiency between the source and the fibre.

b. Modulation technique.

c. Modulation bandwidth.

d. Linearity of the modulation characteristic.

e. Output optical power.

f. Life time.

GaAs -based laser diodes and L.E.Ds are at the moment

g used in optilcal communication systems

the only socurces

sce, e.g. Kressel, 1976). The wavelenoth range of these has
o ¢ (e} o




been limited to 0.75 - 0.9 pym (and 1.0 - 1.1 um), but

: s e et ro Lumin -
recently the operation of qu—x InX Asl_y Py clectrolumin
of 1.1 - 1.3 ym has bheen re-

escent devices in the range
ported (Hsieh, 1977). DBoth of the mentioned sources arc
modulated directly, i.e. by modulation of their injection
currents. Other major factors relcvant to these souvrces are
compared in Table 1.1, which indicates that laser diodes are
preferred. llowever, an important drawback of laser diodes
is their short lifetime. At prcsent laser diodes with life
times of the order of 103 hr. are available and considerable
efforts are being made to increasc this figure. It is be-
lieved that life times of the order of 104 - 10S hr. are
realistic goals (Taylor, 1977).

As a potential light source for optical communication
systems, major specifications of Nd:YAG laser are also quoted
in Table 1.1. These indicate that, especially after demon-
stration of its c.w. operation at room temperature at about
1.3 ym (Burrus et al., 1976),the Nd:YAG laser is the most
suitable device for the purpose mentioned. However this can-
not be internally modulated and a compatible external modula-
tor 1s essential for its utilization. Obvious advantages of
Nd:YAG laser over electroluminescent sources put an emphasis

on the importance of the search for a compatible electro-

optic light modulator.

1.8 Propagation in Crystal Cored Optical Fibres (CCOT)

A CCOF is a step-index optical fibre whose core con-
sists of a single crystal, and its cladding is made of glass.

The core and the cladding are assumed to be intimately attached



TABLE 1.1.

e
[n]

Potential Transmitters for optical communication

systems
Source LED Semiconductor Nd: YAG
laser laser
Pump injection injection LED
current current (A1GaAs)
Qutput optical 5 mW ~10 mW (single ~2 mW (single

power

wavelength

Spectral width

Coupling
efficiency

modulation

modulation
bandwidth

0.75-0.9um

(recently 1.1~
1.3 um)

~300 A°

~n1(nl~n2)
(of the fibre
used)
internal

a few hundred
MHz

mode)

“50 miW (multi-
mode)

0.75-0.9 um

(recently 1.1-
1.3 um)

~15 A°

internal

A few CHz

mode)

5 mW (multi-
mode)

1.06 um

(recently
~1.3 um)

1A°

N

~100%

external

that of the
modulator



to ecach other. The making and potential applications of

such a device 1is discussed in Chapters 3 and 4 respectively.
If the crystal core wereisotropic its propagation characteris-
tics would be similar to those of glass step-index optical
fibres, studied carlier in this Chapter. However, the be-
haviour of light on propagation through fibres of anisctropic
cores would be different.

Unlike the isotropic optical waveguides which have in-
herited a strong background literature from the field of
microwaves, little work has appeared in this field concerning
propagation in anisotropic dielectric waveguides. Propaga-
tion modes of a uniaxial crystal rod were studied by Longaker
and Roberts in 1963 and Rosenbaum in 1965 because of their
interest in anisotropic laser cavities; and the biaxial
case was studied by Cozens (1976) following the recent interest
in CCOF (Stevenson and Dyott, 1974). 1In this Section light
propagation in both uniaxial and biaxial CCOT is briefly
discussed.

For a theoretical study of the problem, it is assumed
that one of the principal dielectric axes of the crystal
(the optic axis in the case of a uniaxial crystal) is aligned
with the fibre axis (z-direction). The two other principal
dielectric directions lying transversely are taken as x and y.

From Maxwell's equations (Eg. 1.1.2) it follows that

2
2 ok
2

V(V.B) -V E=-ue— (1.8.1)
ot

where € is the permittivity tensor



yA | (1.8.2)

Considering sclutions with a time and z dependcnce as

E=C exp [i (wt - B2z)] (1.8.3)

Eq. (1.8.1) leads to

2., 2

€ E & B ‘ oE
X 0 °x 9 'x 2 2 €z, . z
— + + (pew - BTE_ +(1-—)ip=—== 0
€y 82X2 2)},2 0~ X X € 29X
(1.8.4)
2 2 .
9 B e. 9 E €, oE
—L v XL e’ - 8B, r0-D)ig = 0
3X €x a3y Y Y €x Y
(1.8.5)
2 2
3 E 9 E € € JE
z z 2 7z 2 X~ - X_
3X2 e (uoezm - E; B JE, +(1 E_)l Bax - 0
3y Y
(1.8.6)

where B is the propagation constant. In a similar way the

equations leading to magnectic fiecld components are obtained:
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2

D “H. 9 2H. ) e e ol
y 3 " ; ¥ Qld”zct B EE‘BZ)“Y_Of_éjiB§?£ =0
ax ay < y Pi ey P
(1.8.7)
azny 3 24 , e, e, ol
+ + 0w e, - ——8 )H —(1m_413_“_= 0
axz Byz ° z €x Y €x oy
(1.8.8)
€x asz asz 2 2 € o
STt e, m BOH (s -
y 09X 4 Y
(1.8.9)
1.8.1 Uniaxial core
For a uniaxial crystal cored fibre, € 7 ay =€y # €

an exact solution of the above given simultaneous equations

is possible, and by a procedure similar to the one followed

in Section 1.1, field components both inside and outside the
core are obtained (Rosenbaum, 1965). Then applying the boundary

conditions results in the characteristic equation of the

guide:
b iea) } '
<y23 BTN Qw)((elezy 2a T kga)
Ky ]*TTH a) H, Gya)J\ e, Ky I, (kga)
holiad) -, CL oy S25t ’
+ iya H (iya) K2 (1.8.10)
H

where ¢, is the permittivity of the glass cladding,

2 2 2
kH = p eqw - B ' (1.8.11)
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and ,
L .2 )
kE = (ez/al)kH (1.8.12)

Other symbols are as defined in Section 1.1.

Using numerical methods solutions of Eq. (l.SllO) can
be obtained which are the propagation constants of the
respective modes. Also a graphical method of solution has
been described by Kapany and Burk (1972) which illustrates
that a uniaxial CCOF, similarly to isotropic optical fibres,
supports a finite number of guided modes.

When the prescent Chapter was being prepared another
paper concerning propagation in uniaxial crystal cored fibres,
by Rosenbaum and Karus (1977), appeared. In this work
simplified versions of the characteristic equation and field
components (Er’ E¢, EZ, Hr’ H¢ and HZ) are derived based on

weakly guiding (nl—nz/n1<< 1) and weakly anisotropic
(nz—nl/nl <<1) approximations. This in turn has made possible
the calculation of the fraction of the power carried in the
core (pc) compared to that carried in the cladding (pclad.)
for each mode. Various blots of pc/pc+pclad vs. normalized
frequency are then given for different modes in fibres of
different anisotropies (nz—nl/nl). These show that the be-
haviour of a mode in a uniaxial fibre is very much similar
to the behaviour of the corresponding mode in an isotropic
guide with a core index equal to the transverse index of
the uniaxial CCOF. This result was expected, since as
mentioned in Section 1.4, for any guided mode of a weakly
guiding optical fibre the longitudinal component of the

clectric field is much smaller than the transversc one, and



thus the mode would approximately "sce'" the transverse

refractive index of the guide oniy.

1.8.2 Biaxial Core

A biaxial CCOF (ex # ey # ez) can be considered as
a perturbed uniaxial one (Cozens, 1976). Such a perturba-
tion, unlike the one discussed as an example in section 1.4
(see Fig. 1.5) is independent of z. Kogelnik et al.(1975) havecul
culated the change in propagation constants of the modes
when the guide is affected by a z independent small pertur-
bation:

+ Co
2 =2 f re €€, dx dy (1.8.13)
-

where Ae(x, y) 1s the departure ol the permittivity of

the guide from its ideal value, €v is the clectric field
of the mode in the ideal guide and p is the total power
carried by the mode. Considering a uniaxial guide of 2

and e, as the starting ideal configuration, for a biaxial

guide of € ey and e, We have (Cozens, 1976):

21 a
AR = % jf.}f (eyey) &, - & * (ey—el) é}v‘ 5}v rdrdg
o "o

(1.8.14)

where é;v and €yvare the field components of the mode in

the ideal guide and elistM3transversc permittivity of the

uniaxial guide. Eq. (1.8.13) and thus also Eq. (1.8.14)
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r
are valid only for the case of small pertubations, i.e.

AR << Bv

where Bv is the propagation constant ¢f the mode in the
ideal guide.

Propagation constants and dispersicn characteristics
of the guided modes of a biaxial CCOF can, then, numerically
be calculated from Eq. (1.8.14) knowing the same information
for the corresponding uniaxial one. The choice of the start-
ing uniaxial guide is important for reducing the computational
labour and precision of the recsult. Choosing ei{ex+ey)/2,

Eq. (1.8:14) reduces to

21 a
_ W * _ ) * .
A8 = P ff (ae ng €xv Ab' ébyv éhy\) ) rdrdé
° 0 (1.8.15)
where Ae= € T %1 =l€y - Ell , (it is assumed that
€X>ay).

In the case of even modes (modes corresponding to even
values of v) the symmetry of the transverse field patterns

requires that

2 a d

21 a
Of [ & fr, rdrdd = of éf Eyy Eyy TATAD

and hence A= O. Thus the propagation constants of even modes

in a biaxial CCOF arc equal to the corresponding modes of a



uniaxial CCOT of €y =(€Y + 89/2 and the same €_ as the CCO¥
in question.

The transverse elecctric field of the HE mode 1in

‘11
a weakly guiding fibre is almost linearly polarised (see
Fig. 1.2.). 1In order to calculate thc B valuec for HEll
mode of a biaxial CCOF of € o Ey and £, assuming that the
polarization direction is x, the starting uniaxial CCOF

can be chosen so that €y = E - Thus in Eq. (1.8.14),

E. T €1 vanishes. Also, as mentioned above, €yv . g;v: 0]
and it follows that AB= O. If the mode considered was
polarised in the y direction, for the equivalent uniaxial

fibre 81 = €y'

There is no short cut for calculation of the pro-
pagation constants of the odd modes (modes corresponding to
odd values of v, excluding v = 1) and Eq. (1.8.14) must be
numerically solved for this purpose.

Thus it can be concluded that a biaxial CCOF guide
is, in fact, equivalent to a uniaxial CCOF of the same €,
where its € is a weighted average of €y and sy. The weighting
factor is related to the field strength in the x and y
directions. A qualitative w-B diagram, based on the informa-
tion presented in this Section, is given in Fig. 1.8.
However, quantitative data are of prime impo:tance for the
design of fibre optic devices utilising crystal cored optical
fibres. Such intformation has not yet been reported in the

literature.
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CHAPTER 2

NON-LINEAR OPTICS

2.1 Introduction

The reaction of an optically linear medium to an

applicd electromagnetic wave of E(t) = Eém) cos wt 1s

described by its polarization:
P(t) = SOXE(t) (2.1.1)

where x is the linear suceptibility of the medium, which is

also related to its refractive index through
n =g\/§— = /T + ¥ (2.1:2)
o)

Lorentz showed that polarization in a medium can
be attributed to the oscillating dipoles present (Longhurst,
1957). In its simplest form, the model consists of a single
atom with a single polarizable electron. The potential

energy of the electron is given by

V(x) = Ju_ x | (2.1.3)
where
m = the electronic mass,
w_ = the natural (resonance or absorption) frequency
of the dipole, and
x = the electron's displaccment from its equilibrium

position.
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2
The equation of motion (fr = mnm ﬂ_% ) for such an electron
dt

has the form of

dx(t) . 2 e ()

2
d™x(t) , 4 ol x(t) —— Cos wt  (2.1.4)

dtz dt

. . dx{t) . : ..
where e is the electronic charge and mo dE ) 1s the frictional

force prescnt. This results in
x(t) = dq Cos wt (2.1.5)

where

-ek

(w)/m

q . =
1 (wg - wz) + iwo

The polarization of the medium is related to the displacement

of electrons by:-
P(t) = Nex(t) (2.1.6)

where N is the electron dcnsity. Substituting for x(t) from

Eq. (2.1.5) results in

Nez/m

P(t) = ng) Cos wt (2.1.7)

(w,> - )+ duo

and comparing with Eq. (2.1.1), it follows that

Ne2

meo(wg - wZ + iow)

X = (2.1.8)
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Also, using Lq.

(2.1.2), the refractive index of the medium

is given by

2 3
n = [1 N , Ne , ; (2.1.9)
me (w. - w” + iow)
0" 0

which successfuliy predicts the Sellmier dispersion of the

refractive index (see e.g., Born and Wolf, 1975).
The observation of optical harmonic generation in
a quarz crystal by Franken et al. (1961), started an intense
study of the non-linear optical properties of materials.
This was followed by the discovery of related phenomena such
as sum-and-difference-frequency generation. All of these
effects can be described by the nonlinearity of the polariza-
ticn of the medium with respect to the applied field; Their
discovery had been delayed until the advent of the laser
due to the high light intensities necessary for revealing
these non-linear effects. Howevef other effects, which do
not require high light intensities for their obsecrvation,
but are properly classified in the area of non-linear optics,
had long becen known (e.g. the electro-optic or Kerr cffect).
An understanding of the non-linear effects mentioned
and the link between them is afforded by allowing for a
small departure from linearity in the Lorentz model discussed
above. Then the potential energy of theoscillating electron

is generalized by introducing anharmonic terms

2
mo
V(x) = —2 xZ 4 % Dx> + i Bxt o+ ... (2.1.10)
where D and B are constants. In a crystalline medium the

potential energy allocatced tc an electron must rcflecct the



symmetry of the crystal (Neumann's principle; Nye, 1957).

The presence of a centre of symmetry, then, rcquires

Vix) = V(-x)
and as a result, terms containing odd powers of x in V(x)
vanish.

In a non-centrosymmetric crystal, and considering
only the first two terms, the potential ecnergy 1s given by

V(x) = 79 x“ + % Dx" (2.1.11)

The equation of the motion of the electron then obtains the

form:
(w)
2 . ek
I x(t) 4 odXlE) b w2ty + DxP(t) = - —2— Cos wt  (2.1.12)
dt t ° m

which has only an anharmonic term (sz(t)) added to the left
hand side, when compared with Eq. (2.1.4). Its solution results

in:-
x(t) = dq Cos wt + q, Cos 2wt (2.1.13)

with qq as given in Eq. (2.1.5) and

2
—De2 E(w)

q, = .
2 Zm(wé - wz + iwc)z(wg - 4w2 + 21iow)

The polarization of the medium is then obtained by substituting

x(t) from Eq. (2.1.13) in Eq. (2.1.6):
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P(t) = & XEéw) Cos wt + dEém Cos 2wt (2.1.14)

o)
wherc x is given by Eq. (2.1.8) and

DNe3

d =
Zmz(ug - wz * imo)z(wg - 4m2 + 21iwo)

Eq. (2.1.14) shows that for a driving field at w

the medium obtains an additional polarization at 2w:
p(20) vy = pézw) Cos 2wt (2.1.15)
and from Eq. (2.1.14)
(2w) (w)z
p =d . E (2.1.16)
o) o

showing that the non-linear optical coefficient, d, is the
ratio of the induced non-linear polarization to the square
of the fundamental electric field. In reality Eq. (2.1.16)
is a tensorial one, and rclates the second harmonic polariza-
tion of the material in each direction (x, y and z) to the

driving electric field components:

(Zw) _ (0) g (w)
Pl dijk Rj By (2.1.17)
with i1, j and k varying from 1 to 3 (1, 2 and 3 refer to the
x, vy and z directions, respectively); Einstein's convention

is used for omitting the summation sign; this convention is

]

B S A N T T o 4-}‘
ciitougnouce i

<

P o > vy { - -~
iresent Chapter.
1 I

(4%
(0]

employe
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Until now, a single frequency driving field was
assumed. In a more general case two alternative electric.
fields, with angular frequencies B and Y respectively, are
applied. Through a similar procedure it can be shown that
additional polarizations at sum and difference frequencies
occur. Using the nomenclature due to Bloembergen (1965)
the induced polarization at the angular frequence a= B + ¥y

is given by:

p£a) = q(@sB,Y) g(B) £(v) (2.1.18)
ijk j k

Then for second harmonic polarization, where B = w, Yy = w

and o = 2w:

p(20) o 4(2w, w,0) plw) plw) (2.1.19)
i ijk ik

for sum and difference frequency generation where

B = wys Y = th and o = wq + w,
(wytw,) (witw,,wy,0,) (0q) (w,)
P12 - diji AT g g (2.1.20)

and for the electro-optic effect, where B = w, Y =40 and

a = w

(w) (0, w, 0) (w) (o)

= diy N (2.1.21)
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2.2 Second larmonic Ceneration (SHG)

A study of the elcctromagnetic wave propagation

in a non-linear medium shows that due to the induced second
harmonic polarization, a second harmonic electivomagentic

wave will be generatcd. The amplitude of the generated wave
increases as both.waves travel through the medium, indica-
ting that power is gradually transferred from the fundamental
to the second harmonic wave. The rate of this amplitude
build up, in a loss-less medium with a non-lincar polariza-

tion as in Eq. (2.1.16), is given by (sce, e.g. Yariv, 1976)

. (2w) i
dE dj (z) _ _ iw#g_ d[E(w)(Z)]Z 108Kz (2.2.1)

with
z = direction of propagation, and
ak = k(20)_ gy (w) (2.2.2)
where
p@) wn® ) oz PO
C C
n(w) and n(zw) are the refractive indices of the medium at

¢ and 2w, rcspectively. The amplitude of the second harmonic
wave, after travelling a distance equal to f in the médium,
can be obtained by integrating Eq. (2.2.1) from O to {.

This integration 1is particularly casy when the power depietion
of the fundamental wave due to SHG is negligible. In this
case E(w)(z) can be assumed constant; the integration leads

to
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E ('2/_0 ) ('] - “‘iLC"?{/E—-

€

a[e®@y? e =L . (2.2.3)

The intensities (power per unit area) of the
fundamental and second harmonic waves arc related to their

ficld amplitudes by

(2w ) e 2
R 2 LA (2.2.4)
and
(w) 2
(w) _ P _ 1ﬂ€ (w)
(@) o P L Jﬁ' |g @) (2.2.5)

) are the total power

respectively, where POD) and P(
in the fundamental and second harmonic waves rcspectively,
and A is the cross-section of the beam. Using Eqs. (2.2.3-5)

the efficicency of power conversion from w to 2w follows:

(2
») 3/2 wd®A%  sin?(akd/2) o)

= = (M
"SHG p®) (eo) 3 ax £72) 2 A

(2.2.0)
The efficiency of SHG, then, is critically dependent on Ak.
The maximum efficiency corresponds to Ak = 0, and given by

(w)
2d2?2 P
3 A

H13/2 w

€
o n

nSHG,m= 2( (2.2.7)

The SHG coefficient d was considered a scalar above,
but as given by Eq. (2.1.19), it is a third rank tensor

(dZw,w,w) and has 27 elements. In Lq. (2.1.19), d.., is
ijk

ijk
multiplied to E}w) Eém) which is idinsecnsitive to

replacement of the subscripts, and it follows that dijk = dikj’



This rcduceé the number of independent elements to 13.
This number is further rcduccd by taking into account the
symmetry of the crystalline medium. For example there is
only onc independent clement in the SHG tensor of a crystal
belonging to symmetry class iS m.

It immediately follows from (2.2.6 and 7) that
for a given total power of the fundamental wave, the SHG
efficiency can be increasced by concentrating the power
into a smaller area. Conventionally, this is done by optimum
focussing of the fundamental beam within the crystal (sece,
Zernike and Midwinter, 1973), but this cannot be maintained
for long distances and the beam gradually diverges. In
a waveguide, however, it is possible to confine the
condensed beam for very long lengths, which thus constitutes
one of the main advantages of carrying out non-linear
interactions within optical waveguides made of optically non-

linear crystals.

2.2 Phase matching in SHG

It was shown in the previous section that the SHG
efficiency critically depends on Ak, and for an efficient

process Ak must, practically, vanish:

ak = k(20 _ g(@) _ 2o (20 )y <o (2.3.1)
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Then phase matching (Ak = O) would be achieved when

() _ (w) ) 4 (2.3.2)

n
However, as shown before (Eq. 2.1.9), the refractive index
of a medium is a function of w and usually increases with it.
Therefore, in ordinary circumstances the phase matching
condition (Eq. 2.3.2) is not satisfied. This decreases the
maximum effective length of the crystal for SHG, from an
infinite-length in the phase-matched case, to the '"coherence

length" (see, Zernike and Midwinter, 1973):

_ 2 _ A :
ST Sl €7 N O B (2.3.3)

It follows from Eq. (2.2.6) that when the interaction length

in the crystal increases beyondlc/2 the SHG efficiency actually

decreases; 1i.e. beyondX/2 the direction of power conversion

reverses. Coherence lengths of most of the useful non-linear

optical materials are of the order 10 uym. Eq. (2.2.6)

clearly shows that for such interaction lengths no signifi-

cant conversion efficiency can be expected. Also it follows

from the same equation that if by the means of a phase

matching technique the coherence length of a crystal could

be increased to the order of cm, the SHG efficiency would

increase by a factor of 106.
Various phase matching techniques have been dis-

cussed by Zernike and Midwinter (1973). In the most widely

used method, namely the "angular phase matching', the natural

.

birefringence of the crystal is employed to compensate for its

refractive index dispersion. For this, the direction of
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propagation within the crystal is chosen so that the two
interacting waves (fundamental and sccond harmonic) each
propagate as a different type of ray from the other
(ordinary and extraordinary) and '"'see'" equal rclractive
indices. The method is applicable to materials which have
sufficiently strong birefringence to allow for this compen-
sation of dispersion. Unfortunately the most sultable materials
for SHG, are isotropic (e.g. GaAs ) and some other have only
weak birefringence (e.g. benzil; Jerphagnan, 1971) so that
angular phase matching cannot be applied in these cases.
Although only phasc matching for SHG was discussed
here, other non-linear wave interactions, e¢.g. sum-and-
difference-frequency generation, also require the phase
matching condition in order for the intcraction to be effi-
cient. For instance the phase matching condition for the

mentioned example is:

(0, tw,) (wy) (wy)
wqtw, - Wy . w,

Ak = k t ) =0
The phase matching techniques used are similar in principal
to the case for SHG.

It was shown in Chapter 1 that different modes
supported by an optical waveguide have different phase velo-
cities. Therefore in an optical waveguide made of an optically
non-linear material, phase matching of the interacting waves
can be achieved by utilizing the waveguide modal dispersion
to overcome the refractive index dispersion of the material.
(Anderson and Boyd, 1971). Theoretical and experimental work

on thin film waveguides indicate that long coherence lengths

can be achieved in this way (discussed in Chapter 4). By
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making crystal cored optical fibres, it is hoped that
similar work can be carried out in cylindrical geometry,
which would have the main advantage of optical fibre compa-

tibility.

2.4, Electro-Optic Effect

This effect is the result of interaction of a
light wave with a static electric field in a non-linear
medium. The interaction 1s summarized by Eq. (2,1.21).

For a physical understanding of the effect, Kurtz
and Robinson (1967) rcconsidered the electron motion equation

(Eq. 2.1.8) as

a%x(t)

dx(t) 2
"'—d—t—z—’*— + O'—‘at——‘ + (1)0 X(t) + Dx (t)
= e/m [E (w, t) + BE(O)] (2.4.1)

where E (w, t) is the electric field of the light wave with
radian frequency w, E(O) is the external d.c. field and B is
a local field correc£ion factor. The natural oscillation

(resonant of absorption) frequency obtained for the electron

from Eq. (2.4;1) is

w = @ _ +

o} 0

2DeBE (0)
BE(O) (2.4.2)

mw
0o

The refractive index of the medium is related to W through
Eq. (2.1.9). When the static electric field is applied W,
shifts to w'o and this alters the refractive index of the

material "seen’ by the 1ight wave.
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An alternative way to describe the coffect is
through Eq. (2.1.21). This indicates that duc to the
interaction of the light wave at frequency w and the static
electric field, a non-linear polarization at ¢ (in addition
to the linear polarization at w) 13 produced. A study of
the wave propagation in this conditien shows that another
wave at w 1s genorated which is 90° out of phase with recspect
to the fundamental wave. Adding the generated wave to the
fundamental, alters the phase of the output, which can also
be described in terms of a change in the refractive index
of the mcdium. With this comparison the rclationship between

w,w,0

d (Eq. 2.1.21) and rijk (defined below) can be obtained

ijk
(see, Zernike and Midwinter, 1973).
The refractive indcx ellipsoid of a medium referred

to its principal axes (xl, X, and XS) is
n. x. =1 : (2.4.3)

where i varies from 1 to 3. An applied electric field

modifies the ellipsoid to become:

-2 2 -
n.ooxg o+ rijk Xy Xj Ek = 1 (2.4.4)

where Ek is the component of the electric field in kth
direction and Ty is a third rank tensor and has 27 elements,

J
but as in the case of the SHG tensor, we have

- v (2.4.6)

Tijk jik ’
so the following contraction of indices can be adobted,

ij<—em  with:
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1l+—1 22 +—>2 333

b ’

234 13<—5 12 +—6

’ s

This reduces the elector-optic tensor to Tk where m varies

from 1 to 6 and k from 1 to 3, making the number of independent
coefficients equal to 18. Then, by taking into account the
symmetry of the crystal, as in the case of the SHG tensor,

this number is further reduced. The forms of the electro-

otpic tensors for all symmetry classes are given in most

of the relevant text-books (see e.g. Yariv, 1976). As examples,

the electro-optic tensors for the mmZ and 32 classes have the

forms of

0 0 Ty3 rll 0 0

0] 0 rz3 -r11 0 0

0 0 Tz and 0] 0 0 respecti-
vely.

0 r42 0 r41 0 0

0 0 Tcy 0 “Tgq 0]

| O 0 o _.O “Tyq 0 |

The linear electro-optic effect, as for SHG, originates
from the existance of a third power term in the potential
energy of the electrons in the model discussed. If D = O
in Eq. (2.4.1), there would have been no shift in W, (see Eq.
2.4.2), and as a result, no electro-optic effect. Since D = O
for centrosymmetric crystals, the effect only occurs in non-

centrosymmetric structures.



64

2.5 Half-wave voltage

A beam of light passing through a bulk electro-
optic crystal will undergo a retardation due to the change
in the refractive index of the medium when an electric
field is applicd. This phase rctardation, in radians, is

given by
I" - )\ (n! - n) = __)\-—_ An (2.5.1)

where { is the length of the light path through the crystal,
AO is‘wavelength in vacuo and n' is the refractive index

when the electric field is applied. Obviously T' in a given
crystal depends on both directions of light propagation and
polarisation, and also depends on the direction of the applied
field.

In the casc of a crystal of point group mmZ (see
previous Section for its electro-optic tensor), for cxample,
when light is polarised parallel to X1 and the electric
field is applied parallel to Xz, the change in refractive
index is obtained from a comparison between Eqs. (2.4.3) and

(2.4.4):
3
ny
—- 1 — = e
Anl (n 1 nl) 5 rlSES s (2.5.2)
and so
_ e 3
r = X; ny rlSES (2.5.3)

where the beam of light is also crossing the crystal paraliel

to x4, E = V/{, where V is the voltage applied between the two
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parallel electrodes. Then, substitution for E in Lq. (2.5.3)

1CSU.1LS in
)\ 1

The voltage which would result in a phase retardation cqual

to I (the half-wave voltage) is then given by

= - 9
Vi /g = % , (2.5.5)

which is a property of the crystal and can be used for its
«characterization.

However, when the direction of light propagation
differs from the direction of the field applicd, the half-
wave voltage of the device can be different from that of the
material utilized. For instance, for a device comprising a
crystal of 1ength‘f parallel to y (direction of propagation)
and thickness t parallel to z (direction of applied field),
the half-wave voltage would differ from that given by Eq.
(2.5.5) by a factor of t/f. Half-wave voltages of the crystals
used are usually of the 6rder of kilovolts, but production
of such voltages at higher frequencies becomes increasingly
costly and difficult. This indicates the importance of u;ing
optical waveguide modulators in optical communication systems
where modulation bands of the order of 109Hz arc required.
For instance, using a crystal waveguide of t = 20 um and
f =2 cm, the half-wave voltage of the device would be 103
times less than that of the material used.

In the examples considered, the electric field was

assumed to be parallel to z-direction (c-axis of the crystal).
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It is casy to show that virtually no cffect would result
from applying an electric field in the x or y direction in

a crystal of e.g. mm2 class. lence it is essential that the
geometry of the crystal uscd should allow efficient applica-
tion of an electric field in this orientation without dif-
ficulty. Exmaples of particular interest here are crystals
such as meta-nitroanilinc (mNA) and meta-dinitrobenzene
(mDNB) grown within fibres (see next Chapter) for making
CCOF's. The c-axis in these cases aligns with the fibre axis,
making application of the field in this orientation difficult.
Ideally, the c-axis of the crystal should be oriented per-
pendicular'to the fibre axis.

However, it can be concluded from a comparison be-
tween the electro-optic tensor forms for mmZ and 32 symmetry
classes (Section 2.4) that the field should be applicd in the
x-direction (a-axis of the crystal) if a crystal of 32 class
is utilized. Then, if such a crystal grew with its c-axis
parallel with the fibre axis, thc a-axis would be transverse,

facilitating an efficient field application in this orientation.

2.6 Linear Electro-chromic Effect

Eq. (2.4.2) shows that the natural frequency of
the dipoles present in the material changes linearly with
the application of a static electric field. This alters the
absorption coefficient of the crystal in particular at
angular frequencies ncar to O

.Direct evidence of a'linear shift in W with the

electric field applied was found in mNA crystal (Stevenson

et al., 1973). The magnitude of the effect was, however, small.
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At present this effcct is not regarded as being uscful for
device applications unless materials arve discoveved which

show a more intensc cffect.

2.7 Organic Crystals for Electro-optic Light Modulation

It follows from Eq. (2.5.3) that a bcam of light
passing through a bulk electro-optic crystal is phase modu-
lated by the applicd electric field. Amplitude modulation,
which 1s preferred in optical communications, is achieved
by using the difference in electro-optic phase retardation
between two polarisation directions (e.g. x and y) to rotate
the polarisation of the output light. This rotation is then
converted to amplitude variation using a polariser.

Inorganic materials, such as potassium dihydrogen
phosphate (KDP) and its isomorphs, have been used in the
past for eclectro-optic light modulation. However the rela-
tively recent discovery of the useful electro-optic properties
of mNA (Ayers et al., 1972; Stevenson, 1973 II) indicated
the potential of the organic crystals for electro-optic
device applications. This material combines advantages such
as low permittivity, large electro-optic coefficients, easy
growth into iarge single crystals and low cost, a combination
whichmlacking in many competing inorganic crystals. Sub-
sequently another organic crystal, formyl-nitrophenylhydrazine
(FNPH) was found to exhibit an intense electro-optic effcct
(Owen and White, 1977) which, however, presented difficulties
in crystal growth. Many other organic crystals are known
which potentially should exhibit strong electro-optic éffeccts

(Owen and White, 1976) and each may present a different
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combination of preperties, increasing the number of choices
for device enginecring.

Organic crystals, however, suffer from other
problems which stem from their mechanical weakness. Difficul-
ties encountered in handling, cutting and polishing for
optical quality faccs are examples (see, Owen, 1975).
Furthermore the quality of the polished faces gradually
deteriorates in air in some organic crystals. It 1s anti-
cipated that the fabrication of crystal cored fibres (des-
cribed in the next Chapter) will be useful in minimising
most of the disadvantages mentioned.

Exhaustive discussions on the optical properties
of organic crystals and the correlation with molecular and
crystal structure have been made by Stevenson (1973) and
Owen (1975) which texts are recommecnded to the intcrested

reader.
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CHAPTER 3

CRYSTAL GROWTH OF ORGANIC MATERIALS

IN GLASS CAPILLARIES ("FIBRE GROWTH'")

Crystallization of organic optically non-linear
materials within glass capillaries with internal diameters
of the order of 10 uym was proposed by Stevenson and Dyott
(1974) for making crystal cored optical fibres (Section 1.8
and Chapter 4). From another standpoint, this techique of
crystal growth was found useful as a means of evaluating
organic optical materials generally (Chapters 5 and 6).

The following major problems were reported (Steven-
son, 1977) to be encountered in fibre growth using the
original methods. All of these problems had also been ob-
served in our pilot experiments, and are further discussed
later in this Chapter.

(a) The existence of voids lying between the crystal and
the glass wall,

(b) The separations of short segments of crystal within the
fibre,

(c) formation of polycrystalline segments,

(d) a very low yield of acceptable CCOF (even by accepting
some of the voids quoted in (a) this was below 1%),

(e) and unfavourable orientation of the crystal for device
applications.

The results of our investigations for the identifica-
tion of the origins of these defects and for the solution of

the problems, are presented in this Chapter.



3.1 Preliwminary Grewth Experiments 1

The growth of organic materials in glass capillorics
down to c¢. lmm internal diametcr has been used in the past
for the mecasurement of growth rates (the work has been re-
viewed by Strickland-Constuble, 1968), but little information
has becn given concerning the quality of the crystals grown
and the voids present. Thercfore our preliminary experiments
in capillaries of 10 - 100 uym i.d. werc based solely on the
information in the original experiments for preparing CCOT
(Stevenson and Dyott, 1974) gained through private communica-
tions by J.L. Sevenson and R.B. Dyott.

In these éxperiments crystals of meta-nitroaniline
(mNA) had been grown in hollow glass fibres of about 20 um
i.d. using a progressive freczing technique. In order to
repeat these experiments a similar apparatus (with somc modi-
fications) to the one uscd in the original experiments was
made; a schematic diagram of which is shown in Fig. 3.1.
The device consisted of two concentric glass tubes; thec outer
tube had been covered with a thin film of tin oxide which was
divided into two sections which acted as the upper and lower
heaters of the furnace. (This was provided by the Post Office
Research Station, to whom thanks are due.) The inner tube
was closed at one end and connected to a vacuum pump at the
other. Inside this tube a hook had been made from which a
small recservoir containing the organic material (Fig. 3.1.b)
could be suspended.

The hollow fibres used in our experiments were

made (vom pyrex glass and had internal diameicrs in the range
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of 10-100 um. The hollow core in all cases was cir;ular

- or nearly so - but the cxternal geometyry was circular for
some and rectangular for otners (Fig. 3.2). These fibres

were pullced down from Pyrex tubes of a various wall thickness.
For the rectangular scctioned fibres, pyrex capillary tubes
were ground and lapped to give preforms of the desired
external geometry.

The first set of growth experiments were carried
out on mNA. In each experiment a bundle of 10-20 fibres
of about 50 cm length was used. These were inscrted into
the hole at the bottom of the reservoir and cemented there
with Araldite. About 1 g of zone-refined mNA was placed
in the reservoir, and the fibre bundle was suspended frbm
the hook provided within the apparatus. After cvacuation,
upper and lower hcaters werec switched on. Preliminary to
the growth experiments the tcemperature profiles of the fur-
nace for various applied voltages to the heaters had been
measured and the necessary voltages for producing the desired
temperaturcs established. Also the suspension lecngth of the
reservoir had been adjusted so that it was located at the
hottest point of the furnace when suspended from the hook.
The temperature at the bottom ends of the fibres was always
about room temperature.

Equal voltages were applied on the upper and lower
heaters, so that the temperature necar the reservoir was about
10°C above the melting point of the material (112°C for mNA) .
By melting the material, filling of the empty fibres auto-
matically started by capillary attraction and the gravitatiocnal

force presen

t. Completion of £illing preocess could be observed

from a detectable colour change near to the lower ends of the
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fibres (the colour of mNA is orange).

The temperature of the liquid decreased as it
travelled downwards within the fibre, and cventually solidi-
fication was initiated somewhere near to the lower end where
the liquid became supercooled. Solidificaticn then progressed
upwards uptc the point where the temperature of thc.furnace
was equal to the melting point of the material. Such a point
was usually 10-20 cm away from the end of the fibre.

When filling was completed, the voltage on the
lower heater was gradually decreased according to a predeter-
mined program. The program was continued till the lower
furnace was switched off. Then a similar cooling program
used on the upper heater. Growth was completcd when crystalli-
zation progressed from the top of the fibres into the reservoir.
The freezing program was varied from 0.5 to 3 hours in dif-
ferent runs, resulting in different growth rates. After
freezing, the reservoir and fibres were taken out of the
apparatus, and the fibres cut from the bottom of the rcservoir
for examination.

A problem which became apparent even from the first
run was the reaction between the material to be grown and
the glue used for ccmenting the fibres to the reservoir;
even though the rveservoir had been designed to minimise this
contact. Different kinds of commercially available glues and
silicone rubber were tried, with similar results. As a
result of the reaction, bubbles were generated which
travelled through the liquid in thec reservoir, and rapid
darkening of the colour of the melt was observed.

The evacu ation of the furnace during the growth

process caused a relatively rapid evaporation of the mclt in



the reservoir, and also appecared to acceleratce the reaction
between the melt and the glue. Since no detcctable change
in the colour of wmolten mNA was obscrved when the liquid
was Kept in a test tube in air for about half an hour, and
since filling of the fibres took only about thrce minutes,
after a few growth runs it was decided to abandon the evacua-
tion of the furnace and later experiments were carried out
in air.

The fibres produced were examined under a microscope.
Starting from the lower end, there usually was a lcngth of
about 10 cm of polycrystalline material. This was due to
the growth from the highly supercooled liquid in the lower
region of the furnace. Necar to the top end of the polycrystal-
line section the crystals were of larger grain size, indicating
a decrease in the degrce of supercooling, and finally they
became single crystals. Unfortuﬁately this general pattern
was frequently interrupted by different kinds of voids. Some
of the common kinds of these voids are shown in TFig. 3.3.
A long empty section separating two filled parts is shown
in Fig. 3.4a, length of which varied from a few core
diamters to about 10 cm. The matcrial at the top of such
voids was polycrystalline for a long length, indicating that
the liquid in this part became supercooled due to lack of
contact with the solid at the other end of the void. The
existance of this type of void was attributed to discontinuous
filling caused by bubbles present in the liquid or the non-
availability of the liquid due to the gradual melting of the
solid in the reservoir. Some short examples of this type of

void (of the order of a core diamcter, Fig.3.3b) showed
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single-crystalline matcerial at both ends, showing that theve
has been some kind of contact between these two parts which
has prevented the upper part from supercooling. Such a con-
tact was not obseérvable under microscope. Single crystal
sections of the corc were generally separated from the glass
walls by long voids as shown in Fig. 3.3c the radial extent
of which varied from point to point. Many spherical voids
(referred to as bubbles hereafter) of various size were also
present as shown in Fig. 3.3d. The two latter types of voids
were the .subject of further investigations and their formation
mechanisms arec discussed later in this Chapter.

Only short lengths of single crystalline sections
were found which were free from all of the above mentioned
voids. These lengths were longer in fibres of smaller core
diamcter but in none of the cases did they exceed 1 mm for
core diameters in the approximate range of 30-60 ym. However,
accepting thc above mentioned separations (voids) between the
crystal and its glass cladding single crystalline sections of
about 1 cm in length could be selected. The yield of such
sections was low and estimated to be below 1%. This was
higher in fibres of rectangular cross-section compared to
circular sectioned fibres.

Before considering changing the method of growth,
one other material was investigated to ensure that the observed
difficulties werc not specific to mNA. Meta-dinitrobenzene
(mDNB) was chosen for this purpose. Some of the optical and
non-linear optical properties of this material were reported
by Southgate and Hall (1972). The main reasons for the

choice were:
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a. One of its refractive indices (nz) i5 very near to

the refractive index of the glass used and this, as shown

in Section 3.2, would facilitate the detection of the orienta-
tion of the crystal within the (ibre.

b. Southgate and Hall (1972) reported the quality of mDNB
crystals grown from various solutions to be the poofost

of the five materials studied by them. Our attempts to grow
bulk crystals of this material from thc melt using a con-
ventional Bridgman method also failed (it had been intended
to measurc the electro-optic coefficients on bulk crystals).
Also the vapour growth of this material was later found to

be difficult and to result in poor optical quality crystals
(S. Al Shookri, private communication). Finally, one of the
reasons for the interest in the fibre growth tecchnique was to
study the possible advantages it could afford for the growth
of organic materials which are intractable by conventional
growth methods. Thus mDNB was a suitable candidate in this
respect.

Fibre growth experiments were carried out on zone
refined mDNB. This material could supercool down to room
temperature without initiation of crystallisation. Thus it
was necessary to initiate growth by introducing a seed in
some manner. This was achieved by the following procedure:
the heaters were switched off when filling was completed;
after the furnace cooled about 20°C below the melting point
a small piece of solid mDNB was dropped into the reservoir;
the liquid in the veservoir and in the fibres solidified.
Then heaters were switched on again and the growth was carried
out as in the case of mNA. When the temnerature of the

furnace rosc above the melting point of mDNB (920C) the solid
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in the reservoir and in the fibres remelted but a few centi-
meters from the bottom end of the fibres remained unmelted.
This section of solid acted as a seed during the growth
program.

The microscopic examination of the crystals obtained
revealed that the existing voids were very similar to those
for mNA. A significant difference was that, the voids between
mDNB crystal and the glass cladding were, in general, radially
shallower compared with those for mNA. The yield of single-
crystal cored segments was lower in the case of mDNB, since
growth within the fibre, when interrupted with a long void
(Fig. 3.3a), failed to continue further ahead and the rest of
the fibre remained as supercooled liquid. More than 80% of
the fibres were filled with polycrystalline or liquid material
when taken out of the apparatus.

Although the crystals obtained with the method
described were unsatisfactory for the applications in mind,
their examination revealed the main problems involved in the
growth, These, together with the technical difficulties en-
countered in these experiments were the basis for the design
of more refined growth techniques. Furthermore, two signi-
ficant pieces of information were gained from these experi-
ments: (a) The voids between crystal core and the glass
cladding were shallower in the case of mDNB, which encodraged
the investigation of other materials. (b) Neglecting these
voids, a few mm lengths of fibre-grown mDNB crystals could be
separated, which were very clear and evidently of good 6ptical
quality. This indicated that a material such as mDNB which is,
as mentioned above, difficult to grow with conventional

techniques, can be grown as good quality crystals within fibres.
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3.2 Preliminary Growth Experiments II

To obtain a greater degree of contol over the
growth process, the stages of filling and crystallisation
were carried out separately. Also, since none of the possible
applications for the fibre grown crystals required lengths
greater than about one centimeter the fibres used were reduced
to about 10 cm in length compared with 50 cm in the previous
experiments.

To fill the fibfes, a small quantity (about 0.5 g)
of the organic material was placed at the bottom of a glass
test tube and heated in a furnace to about 10°C above the
melting point of the material. When the melting was completed,
several hollow fibres of about 10 cm length were introduced
and vertical filling occured by capillary attraction. After
solidification of the melt, the fibres filled with poly-
crystalline material were removed by breaking the tube.

A diagram of the furnace used for recrystallization
is shown in Fig. 3.4. The furnace had a small cross-sectional
area and was made from a thick-walled glass tube pulled down
at the ends to form a guide for the fibre at the entrance and
exit. The recrystallization process was carried out for only
one filled fibre at a time. The fibre was cemented to thin
wires from both ends, care being taken not to block the upper
end, to ensure free hovement of the liquid within the fibre.
The combination of the wires and the fibre was then threaded
through the furnace.

Effectively growth was achieved by the Bridgman
technique; that is, material within the fibre was first

melted, and then recrystallized progressively. The filled
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fibre was placed in the furnace so that at least a few mm
from its lower end was out of the furnace. This ensured
that some of the crystal remained unmelted to act as seed
for crystallization. The temperatures of the upper and lower
regions of the furnace were raised to about 5°C above and
IQOC below the melting point respectively. The fibre was
pulled downwards through the furnace at rates of 25-50 mmhr
After preliminary experiments it was found that the use of
two heaters was unnecessary; better results were obtained
when two heaters acted as one and the solid-liquid interface
was brought down near to the bottom of the furnace.
Microscopic examination of the samples obtained
with mDNB showed that the voids present were mainly of the
types shown in Figs. 3.3c and d only. Other types of defects
(Fig. 3.3 a & b) were rare. However, the density of the
voids between crystal and its cladding was not much improved.
Accepting the presence of the latter type of void (these
voids in fact were outside the crystal rather than inside,
but as is shown in the following Chapters, they are
detrimental for some of the applications of fibre grown
crystals) good quality crystals of upto 30 mm length were
.obtained in fibres of rectangular cladding. The lengths of
such crystals were limited by the occurence of bubbles
(Fig. 3.3d), which also interefered with the reproducibility
of long crystals. 1In circularly clad fibres, however, the
presence of cracks were the main limiting features, which
reduced the length of acceptable fibres to the order of mm.
In these'experiments fibres with internal diameters of about

40 uym were used.
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The difference between crystals obtained in the
two different types of fibres was attributed to the geometry
of the cladding. .

In the case of a rectangularly clad fibre it was
apparent that, due to the variation in thermal capacity
'of the fibre cladding in various directions, transverse
temperature gradients were set up which helped to determine
the alignment of the crystal in the cross-sectional plane.
In order to enhance the conditions of growth in circular
cross-section fibres which were needed for some applications
(Chapter 6), the furnace was modified to impose a small
transverse'temperature gradient on circular fibres. This
was done by sticking an aluminium Sheet of about 5x8 cm 180°
around the furnace, which acted as heat sink and produced a
temperature difference between the two sides of the furnace.
Using the modified furnace, the number of cracks was reduced
and the length and quality of the single crystals obtained
was increased.

This method of growth was used for two additional
materials: (a), 2-bromo 4-nitroaniline (BNA), which was
also one of the five materials studied by Southgate and Hall
(1972). The material was purified by successive cryétaliza—
tions from ethanol solutions, since zone refining was found
not to be suitable for this material owing to decomposition.
Using the technique described above, results similar to those
for mDNB were obtained. (b) Formyl nitrophynyl hydrazine
(FNPH), which has been studied by Owen and White (1977) who
reported that it was difficult to crystallize by conventional
methods due to its gradual decomposition either in solution

or in melt. The material had been synthesized in our
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laboratories and was available in a purificd form. This
material showed a higher tendency for the formation of
different types of void, especially in the ftorm of bubbles.
It was later observed that the viscosity of the melt in this
material rapidly incrcases with decrcasing temperature, and

it was easily possible to keep the material in a glass-like
state by rapid cooling. It is shown in Section 3.3.1 that
such materials are not suitabie for the growth of void-Ffree
fibres, because of the tendency for bubble formation to in-
crease with the viscosity of the melt.

Samples obtained for all of the above matcrials
showed a total extinction when aligned parallel with the
direction of polarization, viewed under a polarizing micro-
scope with crossed polarizers. This indicated that all of
the three materials studied (mDNB, BNA and FNPH) grew within
the fibres with one of their principal dielcctric axes aligned
with the axis of the fibre. Deviations c¢f upto 5° from this
alignment werc observed occasionally in some samples. In
the case of mDNB the identification of this axis was easily

achieved. Refractive indices of mDNB at X = 589 nm are

n = 1.74, ny = 1.71 and n, 1.49, whercas the refractive
index of the cladding glass at this wavelcngth was measured

by Abbe refractometer to be 1.478. When the direction of
polarization of the illuminating light was parallel to the
c-axis of the crystal the contrast between the corc and
cladding was much lower than with other polarization directions
(Fig. 3.5). Accordingly, the c-axis of the crystal was found
to align with the fibre axis. A similar result had already

. ~ £oman o
been reported for m

(@]

VA by Stevenson and Dyott (1974).
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Fig. 3.5. Photographs of a mDNB-Pyrex fibre when illuminated
by light polarized (a) parallel to the fibre axis, (b)

perpendicular to the fibre axis.

i

Fig. 3.6. Various shapes of the voids occurring between

the crystal core and glass cladding (mDNB).



34

In this section, a method for the fibre growth
was described which solved many of the problems mentioned
in the previous section. As a result, long lengths of good
quality crystals were obtained in materials which were known
to be intractable with conventional methods. However the
two kinds of voids shown in Fig. 3.3c and d remained almost
unaffected compared with the results of the previous method.
Clearly, for any further improvement in growth, the férmation

mechanisms of these voids should be determined. -
3.3 Voids

Separation between the glass cladding and the crystal
core tended to occur in both of the preparation methods
described, and various shapes of the resulting cavities
are shown in Fig. 3.6 a-c. .

In order to study the mechanisms involved in the
formation of these voids a miniature furnace was made which
allowed direct observation of the crystal growth within the
fibre under a microscope. A schematic diagram of the device
is shown in Fig. 3.7. The device itself was made of two
glass slides between which a small heater had been constructed.
The hot and cold regions were separated with a thin sheet.
metal (baffle) which had a small hole (D = 0.3 mm) in the
middle for the fibre to pass through. In order to keep the
fibre in a straight line, support brackets were provided in
both sides of the baffle. A constant pulling ratec was pro-

vided by a micromanipulator geared to a small electric - tor.

Q

By disengaging the motor, pulling could be carricd out

manually by rotation of the micromanipulator. Two diffrcrent
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Fig. 3.7. Schematic diagram of the miniature furnace used

for direct observation of the growth process.

Fig. 3.8. Photograph of the solid-liquid interface observed

using a polarizing microscone with crossed polars.
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versions of this furnace were built, one that could be oferated
under a low magnification steroscopic microscope, and the

other suitable for use with a polarizing microscope.
Photographs of both versions of the furnace are shown in

the Appendix.

The temperature gradient near the baffle was measured
to be about 20°C cm-l. The temperature of the hot region
(measured at the centre) was raised to about 10°C above the
melting point of the material and a fibre, filled in the
manner described in Section 3.2, was pulled axially parallel
to the direction of the temperature gradient. In these
experiments, fibres with internal diameters in the range of
30-100 uym were used;' larger diameter fibres provided better
observation of the process. A well defined solid-liquid
interface was observed (Fig. 3.8), beyond which the crystal
was clear and in intimate contact with the glass cladding;
but the position of the interface was not fixed due to the
sensitivity of the fibre to temperature fluctuations.

However, some distance away from the interface (€ a. 5 mm) the
crystal separated from the glass and the point of separation
propagated towards the inferface, producing an elongated void.
In smaller diameter fibres and for slower pulling rates the
point of void formation was generally further from the inter-
face. ~

Similar effects were observed for mNA, BNA, mDNB,
m-dihydroxybenzene (mDHB) and benzil. The latter materials
have been investigated for their non-linear optical properties
by Southgate and Hall (1972) and Gott (1971) respectively.

mDHB underwent a temperature-sensitive structure change,
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(Robertson, 1936; Robertson and Ubbelohde, 1938) which did
not, however, destructively affcct the resulting crystal.

Having observed that the void formation initiates
some distance away (compared with the diameter of the
cyrstal) from the solid-liquid interface it was logical to
think that the density of the voids would decrease if this
could take place as near to the interface as possible (see
Section 3.9.1). This obviously could be achieved by'the use
cf larger temperature gradients near the solid liquid inter-
face. For this purpose an air flow was established in the
cold region of the device, as shown in Fig. 3.7. The rate of
the flow was controlled and stabilized by using a gas regulator.

A considerable decrease in the void density, compared
with that in the previously grown fibres, was observed. Also
changes in the shape of the voids were noticed, which are
discussed in Section 3.6. Furthermore by increasing the
temperature gradient the instability in the position of the
solid-liquid interface observed previously, disappeared.

It was thought that the application of an air flow might have
enhanced the interface fluctuations but it was observed that
the increased temperature gradient stabilized the position of
the solid-l1iquid inter face.

It was concluded that an apparatus should be de-=
signed for fibre growth which could provide as large a tempe-
rature gradient &as possible near the interface. The design
and construction of such an apparatus is the subject of the
next section.

Other observations of the growth process and'the

study of formation mechanisms for other types of voids were
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carried out using the miniature furnaces. The results
obtained are given in appropriate places in the present

Chapter.

3.4 Preliminary Experiments III

After demonstrating that increasing the tempera-
ture gradient within the furnace decreases the void density,
a Bridgman furnace was designed to obtain larger temperature
gradients. A schematic diagram of the furnace is shown in
Fig. 3.9b. The pitch of the wiring of the upper heater was
higher near the cold region and the two regions were separated
by a metal baffle. The baffle had a long narrow slit at the
middle through which a glass slide could travel. The lower
heater was used only for growth studies in lower tempera-
ture gradients, and was normally shet off during the growth
process.

Several filled fibres were stuck to a glass slide
as shown in Fig. 3.9a and located within the furnace so that
a few mm of the fibres and the slide were within the cold
region. The furnace was then switched on to raise the
temperature of the hot region to about 10°C above the melting
point of the material. The fibres were, then, lowered at a
constant rate throuéh the baffle.

The temperature profile of the apparatus was
measured by pulling a thermocouple along the furnace (Fig.
3.9c). It was found that due to the low melting points of
the materials used (around IOOQC) it was difficult to

o) -1

establish temperature gradients greater than 15°C cm

(the maximum measured value). However, this apparatus
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allowed a study to be made of the void denisty against
temperature gradient in the limited range of 0-15°C cm-l.
This showed, in agreement with previous results, that the
tendency for void formation decreased as the temperature
gradient increased. These experiments were carried out on
mDNB within fibres of 15-10 uym i.d.

As in the previous results (Section 3.2), there
were bubbles present within the crystal products, in addition
to the voids between the crystal and glass cladding. The

occurrence of these bubbles remained virtually unaffected

when the temperature gradient was varied.

3.5 Apparatus and Growth Process

The problem of establishing a large temperature
gradient for the bulk growth of organic crystals by the
Bridgeman technique had already been solved by Guilland et
al. (1970) who used a mercury bath as the cold region in the
apparatus. For fibre growth a simplified version of this ap-
paratus was constructed in which the cold region consisted of
a volume of slowly flowing cold water, the level of which
was defined by holes made in an inner glass jacket (Fig. 3.10).
It was found to be beneficial to stabilize the water level
by inserting short lengths of wire through the holes, which
assisted a smooth, continuous flow. The inner surface of the
water tube was coated with a thin layer of high melting point
wax to minimize the effects of surface tension. The rate of
water flow and the water temperature were kept constant.

In order to measure the temperature profile a

thermocouple was placed in a thin-walled glass tube.and
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lowered through the apparatus at 40 mmhr_l. A schematic
diagram of the apparatus and the temperature profile is shown
in Fig. 3.10. Temperature gradients up to 120°C cm—1 were
measured, but the actual temperature gradient should be larger
owing to the errors caused by heat conduction through the
thermocouple and the glass tube.

In the search for the origin of the bubbles within
the crystals, remelting of the filled fibres (polycrystalline)
was studied under the microscope using the miniature furnace.
It was observed that many micro-bubbles were released from
the polycrystalline core during its remelting. Some of these
bubbles joined together and gave rise to larger bubbles,

‘some as large as the cross-section of the fibre. The small
bubbles tended to disappear gradually when the fibre'was
heated to 30°C above the melting point of the material, but
the larger ones were quite stable. It is not possible, at
present, to clarify the nature of £hese bubbles. It was con-
cluded-that for better results filling and crystallization
should be carried out in one step.

A small amount of material (about 0.5g) was placed
in the bottom of a narrow thin walled test tube which was
tapered at the bottom (Fig. 3.10a) and the outer surface
coated with a thin layer of high melting point wax. It was
placed in the heater and the temperature raised to about 25°¢C
above the melting point. No decomposition was observed
(mDNB and Benzil) at this temperature during the process which
was about 1.5 hr in duration. When the material had melted
any small air bubbles trapped in the melt were eliminated
by gentle shaking for a few minutes. The hollow fibres were

then introduced and filling occurred by capillary attraction.
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For benzil a bundle of about 10 fibres, cemented to each
other by a small epoxy-resin contact near to the top end,

was used. The cemented point was far from the material at
the bottom of the tube. In the case of mDNB, for which a
small transverse gradient relative to the fibre axis was
found to enhance growth, a few separate fibres were introduced.
These adhered to tﬁe wall of the tube by surface tension, and
thus experienced a small transverse gradient due to heat
conduction through theAtube wall. In both cases the tube
containing the filled fibres was lowered through the heater.
When the tube had travelled to the colder region, the heater
was switched off, the tube taken out and the fibres extracted
by breaking the tube.

The hollow fibres used in these experiments had
circular cross-se;tions and various core to cladding ratios.
Some fibres of rectangular external geometry (Fig. 3.2b) were
used for photographic pVUrposes since they allowed better
observation of the core. In the case of circularly-cladded
fibres good visibility into the core was obtained by immer-
sion in a refractive index matching liquid.

Growth exﬁeriments were carried out for mDNB and
benzil. Only one experiment was made with mDHB which re-
sulted in an adequate number of samples for refractive index

measurements (Chapter 6).
3.6 Results

3.6.1 Growth Conditions and Void Formation

Crystallization of both mDNB and benzil was studied

to find the optimum growth conditions. The following factors
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were found to be important in void formation:

(a) The nature of the organic material - void density was
found to depend on some of the physical and chemical pro-
perties of the material under the growth conditions (discussed
in Section 3.9.1). To compare different materials from the
viewpoint of void formation, crystals of mNA, mDNB, BNA, mDHB
and benzil were grown in similar growth conditions, using the
miniature furnace (without air flow). Benzil was found to
give the lowest void content; mDHB and mDNB were second in
rank; BNA was third; and mNA had the highest tendency for
void formation. It was concluded from the results reported
in Section 3.2 that FNPH also produces a high void density,
similar té, if not higher than, mNA. <Eﬁnﬂnge1y enough, the
second harmonic generation reported in the literature for
these materials varies in the same order! (see, Gott (1971),

Southgate and Hall.(1972), and Owen and White (1976) ).

(b) The temperafure gradient near to the solid-liquid
interface: The void density decreased with increasing
temperature gradient. The shapes of the voids also changed;
for very small gradients fhe voids were wide in circumfer-
ential spread and ran for long distances along the fibre
without interruption (Fig. 3.6 a & b). By increasing the
gradient the voids appeared as isolated, long wedge shaped
cavities with the thicker end of the wedge pointing towards
growth direction (Fig. 3.6 c). By a further increase, their
number and length decreased (Fig. 3.11), and finally the
number decreased to such a level that long lengths of voidless
fibres could be obtained. In the case of benzil, however,
by increasing.the gradient, the voids appeared as long and

narrow grooves (Fig. 3.12) parallel with the fibre axes,
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Fig. 3.11. Photograph of a typical void occuring in

crystals grown using large temperature gradients.

Fig. 3.12. A photograph of the voids observed in

benzil crystals.

IR B Photograph of the microvoids, forming a
"cloud" around the crystal (mDNB).
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and on further increase in gradient their depth, length
and number decreased and finally were eliminated. In
some rare cases two grooves parallel with each other were

observed.

(c) Fibre cross-section:- Growth in fibres of large
internal diameter resulted in a high level of voids (com-
pared with growth in small fibres under similar conditions),
and a correspondingly larger interface temperature gradient
was needed to eliminate them. However there was a maximum
internal diameter for each material beyond which no totally

voidleés sample could be produced in the apparatus employed.

(d) Pulling rate:- The effect of pulling rate on voids
was difficult to establish, since their occurrence was not
reproducible. However a general view was obtained from the
examination of many samples grown at different pulling rates
by the apparatus described in Section 3.4 and 5, and also

by direct observation of the growth process, using the minia-
ture furnace with manual pulling. In general, the puliing
rate was found to influence the shape and number of voids.
For high pulling rates (> 10 cmhfdj there was a tendency

for voids to spread circumferentially giving a crescent
shaped cross-section extending up to half way round the
fibre. At low pulling rates (1 cm hr_l), and particularly
for mDNB in large sectioned fibres ( >60 uym i.d.), the voids
tended to occur as a cloud of very small shallow voids around

the crystal-glass interface (Fig. 3.13).
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In general the void density seemed to be smaller
for lower pulling rates. Also subsequent light propagation
studies (see Chapter 4) revealed that the continuous
scattering of light from the guide is considerable in fibres
grown using very high pulling rates. This was attributed to
a residual stress in these fibres.

The study of factors (a), (b) and (c) was carried
out using a pulling rate of 4 cm hr-l. Using the apparatus
described in Section 3.5 void-free crystals of lengths upto
4.5 cm (the limit for the apparatus) were produced in fibres
of upto 50 and 35 ym i.d. for benzil and mDNB, respectively.
The re?roducibility of void-free growth in such length was
limited by the occurrence of a short length of void (Fig.3.11),
or by the formation of voids of a different type, which are
described below. For larger diameter fibres some voids ap-
peared, but shorter lengths of void-free fibres were obtainable.

The second type of void observed was of a totally dif-
ferent shape (Fig. 3.14). These occurred in a regular row
along a limited length of the sample,ended in some cases by
the occurrence of a bubble within the crystal, and were much
deeper but shorter than the voids already described. Direct
observation of their formation during growth (using the min-
iature furnace) showed that they originated from bubbles
present initially in the liquid, which became trapped at the
solid-liquid interface. The bubble moved with the interface
and at intervals formed a '"tail" which became isolated from
the main bubble by progress of the interface. The process
continued until the bubble was completely consumed. For
smaller fibres ( <20 uym) such bubbles completely blocked the
core, dividing the crystal into two separate regiomns, as

illustrated in Fig. 3.3b.
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Fig. 3.14. Photograph of bubble-derived voids.

Table 3.1.- Refractive indices at 633 nm
benzil mDNB mDHB

n_ 1.651 1.738 1.574

ny 1.651 1.707 1.619

n 1.674 1.485 1.621
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The number of voids of this second type was much
higher in samples produced by the method of separate filling
since many small bubbles were produced during remelting, as
described in Section 3.5. By combining these stages of the
process in the apparatus described in section 3.5 and taking
precautions to prevent the introduction of bubbles into the
fibre during filling, the number of bubbles was drastically
decreased. However, at high pulling rates, and particularly
for small diameter fibres ( <20 um) bubbles could be generated
in the liquid adjacent to the interface during growth. This
occurs due to the decrease in the volume of the material
on solidification which is to be compensated for by the flow
of liquid towards the interface. If such a flow is not of
a sufficient rate, the volume decrease is compensated for by
bubble generation.

Although bubbles and bubble-derived voids were rare
in large diameter fibres, they caused a serious problem for
fibres of <15um i.d., presenting a lower size limit for the

preparation of the defect-free filled fibres.

3.6.2 Optical Exéminatibn

The obtained crystals were examined under a micro-
scope at various magnifications. Void-free crystals obtained
were totally clear and no optical defects were detected either
within the crystal or at the crystal-glass interface. (The
maximum magnification used in these examinations was x 300.)

The optical quality of the crystal cores was also
assessed by examining the continuity of their birefringence

fringes (mDNB), or the continuity of the interference colours
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when illuminated by white light (benzil) (see, e.g. Bloss,
1961). The birefringence of mDNB is high (Table 3.1) and
many fringes were apparent even for the smallest diameter
fibres studied. On the other hand benzil is weakly bire-
fringent (Table 3.1) and shoﬂed low-order colours in the
fibre size range studied, but did not show sufficient fringes
to allow assessment. Fig. 3.15 a and b show the fringes in

a specimen of mDNB at X = 548 nm and interference colours in
a specimen of benzil, respectively.

The fibres were also assessed by observation of
light scattering from voids or defects, either within the
crystal or at the crystal-glass interface, using a He-Ne
laser beam launched into the core. Good quality void-free
single crystal filled fibres allowed transmission with no

major scattering points (Chapter 4).

3.6.3 X-Ray Examination

Crystal cored fibres of both mDNB and benzil were
examined by X-ray diffraction in a Weissenberg camera (see,
e.g. Stout and Jensen, 1968). Suitable lengths of fibres
were cut and mounted, using a high core to cladding ratio
to reduce absorption and diffuse scattering by the glass.
The scattering intensity is proportional to the volume of

material and

vV . .2 2
glass - a —zb - (%)2 -1

Vcrystal b

where a and b arc the cuter and inner diameters rcspectively.
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b

Fig. 3.15. (a) Photograph of birefringence fringes of
mDNB at A=548nm. (b) Benzil crystal observed between

crossed polars, illuminated by white light.
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b/a = 0.65 and 0.50 for mDNB and benzil samples used

respectivelf, and hence the respective V /V ratios

glass’ "crystal

were 1.3 and 3.0.

Initially the mDNB fibre was aligned with the
camera axis and it was found that the crystal orientation was
inclined about 1° from the fibre axis. The oscillation photo-
graph for the corrected orientation is shown in Fig. 3.16.
This enabled the crystal axis aligned with the camera axis
to be identified as the c-axis. The diffuse bands near the
centre result from the glass cladding.

The diameter of the X-ray beam was about 1 mm which
was nearly 20 times larger than the diameter of the crystal.
Hence the éharpness of the spots on the scattering pattern
is also an indication of the good quality of the crystals.

A similar examination was carried out on a specimen
of benzil in which the preferred growth orientation (c-axis)
was inclined about 30° from the fibre axis. The purpose of
the experiment was to reveal possible stresses in the crystal
due to the unusual growth orientation. The diameter of the
crystal was 40 um; it had been grown by the apparatus
described in Section 3.5 using a pulling rate of 40 mm hr™1
and the fibre appeared totally void-less under the microscope.
The diffraction spots of the X-ray pattern were even sharper
than those in Fig..3:16. Indicating that the crystal was free

from major stresses.

3.7 Orientation of Fibre Grown Crystals

Using a polarizing microscope, it was possible to

establish that one of the principal dielectric axes of fibre
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Fig. 3.16. X-ray, oscillation photograph obtained for a

mDNB-Pyrex fibre.
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Fig. 3.17. Schematic illustration of the relation between

crystal nrientations and temperature gradient.
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grown crystals was aligned with the fibre axis. In the

case of mDNB the axis aligned with the fibre axis was
identified as z (c-axis) by both optical and X-ray examina-
tions of the fibres. In benzil and mDHB also the c-axis

of the crystal was found to be aligned with the fibre axis
by the measurement of the refractive index of the crystal

in this direction using the method described in Chapter 6.

A similar result had also been reported for mNA by Stevenson
and Dyott (1974). For FNPH and BNA the alignment remained
unidentified. .

The orientation of nearly 100 samples of fibre
grown ﬁDNB was determined. The c-axis was usually parallel
to the fibre axis to within 5°. Deviations of about 159 were
rare and only observed in a few specimens of < 20 um diameter.
No deterioration in the quality of these unusually oriented
specimens was apparent from microécopic examination.

Conversely, the orientation of benzil specimens
was not so consistent and although in the majority of the
samples the z axes (also the optic axis of the crystal) was
parallel to the fibre axis, or nearly so, deviations of upto 30°
were observed in mény samples.

The orientations of the two other principal dielec-
tric axes lying in the cross-sectional plane were not deter-
mined. However, it has been reported by Stevenson (1977)
that x and y axes of mNA have always a ccnstant alignment on
the cross-sectional plane of a rectangularly clad fibre. It
was also demonstrated that a tﬁermal asymmetry in the furnace
or in the fibre cladding enhanced the conditions for the
growth of good quality crystals (Section 3.2).

The above experimental results on the aufoalignment

of the crystals within the fibres could be explained with the
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following model: 1In growth from the melt there is a problem
of transferring the liberated latent heat from the solid-
liquid interface. Heat-transfer would be enhanced if the
crystal grew so that its maximum thermal conductivity direc-
tion were aligned with the direction of the temperature
gradient present. The preference for such an orientation,
would be more pronounced in the case of a material with a
marked anisotropy in thermal conductivity. If spontaneous
nucleation is used to initiate the growth then the orienta-
tion of the crystal formed is usually in this preferred
direction.

Since both the permittivity and the thermal con-
ductivity can be-described by second rank tensors, for crystals
of orthorohmbic symmetry system (all materials studied
in this work with the exception of benzil belong to this class)
one of the principal dielectric axes of the cfystal will co-
incide with the direction of the highest thermal conductivity.
Hence the material will crystallize with one of its principal
dielectric axes aligned with the temperature gradient
(fibre axis).

It can similarly be argued that if there is a small
component of the temperature gradient perpendicular to the
fibre axis it will assist the alignment of the two other
crystal axes on the cross-sectional plane.

Although the model explains the previous experimental
results, it is not in agreement with the result of a further
experiment described in Section 3.8.1. Furthermore, con-
sidering that the thermal conductivity of the glass is higher
than that for most of the organic materials, heat-transfer

from the interface, in a capillary of the diameter range
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studied, is most likely to be through the cladding rather
than the cryétal, and hence anisotropy in crystal thermal
conductivity is not likely to have a dominant role in
determining the crystal orientation.

| It is shown in Chapters 2 and 4 that the natural
alignment of the crystals within the fibres is unfavourable
for electro-optic device applications, owing to the difficul-
ties involved in the establishing an electric field along
the fibre axis. To overcome this problem two approaches were
made: |
(a) To search for a material whose form of électro—optic tensor
permité application of an electric field in a direction other
than the z-axis. The material chosen in this respect was
benzil which belongs to 32 symmetry class and it can be seen
from the related electro-cptic tensor that the favourable
electric field direction is parallel to the x-axis of the
crystal (Chaptér 2). The fibre growth of this material was
studied, the results of which were presented earlier in
this Chapter. Apart from the orientational advantage, benzil
was found to be the most suitable material of those studied
for the preparation‘of defect-free crystal fibres. However,
although the electro-optic coefficients of this material
have not yet been megsured, it can be inferred from the published
second harmonic generation coefficients (Gott, 1971) that the
electro-optic effect in benzil would be considerably weaker
than that in mNA (Ayers et al., 1972) or FNPH (Owen and White,
1977).

(b) To control and alter the alignment of crystals such as
mDNB during the growth process. The results are presented in

the following Section.
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3.8 Control of the Crystal Alignment within the Fibres

3.8.1 By temperature gradient orientation

It follows from the above explanation for the
autoalignment of the fibre grown crystals, that by establish-
ing a large tranverse temperature gradient the direction of
the highest thermal conductivity (evidently the z-axis)
should tend to be oriented at an angle to the fibre axis
as shown in Fig. 3.17a.

The first attempt at orientation control was to
cement-ribbons of aluminium foil (1x50 mm) on one side of
mDNB filled fibres and pull them through a longitudinal
temperature gradient provided by the apparatus shown in Fig.
3.9 or Fig. 3.10. A relatively large transverse temperature
gradient was expected to be estabiished due to the high rate
of thermal conduction through the metal sheet. However, the
result was negative, i.e. no rotation of the alignment of the
fibre was detected in the specimens grown.

In another attempt fibres were pulled through the
apparatus shown in fig. 3.9 while the axis of the fibres made
an angle of 45° with the axis of the apparatus. Again no
change in the orientation of the crystal was observed.

These experiments were also repeated for mDHB, since
its optical anisotropy is much lower than that of mDNB and
it was thought to be a more suitable material for change of
orientation. However, the result was negative in this case
too.

Finally, large transverse temperature gradients were
obtained by a further modification of the miniature furnace.

A schematic diagram of the apparatus is shown in Fig. 3.18.



167

Microscope

Fig. 3.18. Schematic diagram of the miniature furnace

modified to produce large transverse temperature gradients.

Fig. 3.19. Photograph of the solid-liquid interface obtained
using the apparatus shown in Fig. 3.18, observed between

crossed polars.
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The heater cpnsisted'of a thin (D = 100 um) tungsten wiré,
located vertically between two glass slides. The fibre

was in contact with the wire from one side of its cross-
section and was pulled horizontally with a pulling apparatus
similar to that shown in Fig. 3.7. By passing an electric
current through the wire, the fibre was heated from one

side and was cooled by a continuous flow of air from the
opposite side (Fig. 3.18). In this experiment, unlike the
previous ones, the direction of the resultant temperature
gradient could be found by observing the shape of the solid-
liquid interface. (Under equilibrium conditions the interface
is perpendicular to the temperature gradient.) A photograph
of the resultant solid-liquid interface is shown in Fig. 3.19.
The shape of the interface was readily adjustable by changing
both the rate of the air flow and the heating current. In
this way the angle between the normal to the interface,

under equilibrium conditions, and the fibre axis, could be
varied in the approximate range of 0-60°.

A mDNB filled fibre was melted a few centimeters
from one end, and recrystallization was carried out under
the conditions described above. It was observed that as
the growth proceeded the z-axis of the crystal gradually
tilted from the axis of the fibre. The gradual change of
orientation in a tyﬁical specimen is schematically shown in
Fig. 3.17b. In this way the orientation of the z-axis of
mDNB was tilted upto 40°. This angle varied with the growth
conditions used, as described below. However, it was found
that the tilting direction was.opposite to that predicted by

the model presented in Section 3.7 (compare Fig.3.17 a and b).
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The experiment was repeatcd about 20 times under differént
conditions and the tilting direction was found to be the
same in all cases.

The pulling rate was found to be the most important
faétor in determining the tilting angle. For a constant
temperature gradient, tilting increased at higher pulling
rates. At very low pulling rates (10 mm hr_l), the rotation
was zero or only a few degrees within the full course of
pulling (= 2cm). Tilting angles of upto 40° were achieved
with manual pulling at an approximate rate of 10 mm min_l.

It was also observed that tilting angle at low pulling rates
was eﬂhanced by a very fast pulling of the fibre for a short
distance (= 1lmm), at the beginning of the process.

The shape of the interface also changed with pulling
rate. As illustrated in Fig. 3.20 a-c, the interface became
more inclined when higher pulling rates were employed.

Siﬁilar experiments were carried out for benzil,
and the results were mainly similar to the case of mDNB.
However it appeared théf a higher average manual pulling
rate was needed for benzil to be tilted in orientation as
much as a mDNB speéimen.' In both cases the effect was much
more pronounced in fibres of larger diameter;
virtually no rotation effect was observed in fibres of
<20 uym i.d.

Thus it was concluded that it is possible to alter
the naturally preferred orientation of a fibre grown crystal
by controlling the direction of the temperature gradient at
the interface. However, since the rotation of the orientation

took place gradually along the specimen, the crystals obtained
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(a) (b) (c)

Fig. 3.20. Illustration of the variation in the shape of

interface with- pulling rate. Pulling rate increases from a-c.

Fig. 3.21. VDPhotograph of a coarse-grain polycrystalline fibre.
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were of poor optical quality owing to the presence of many
micro-cracks. Although little attempt was made to enhance
the optical quality of these crystals (such as designing a
furnace with a longer pulling capability), it follows from
the mechanism presented in Section 3.9.2 that it should be
difficult to obtain crystals of acceptable quality by this

method.

3.8.2 Control of the crystal alignment by seeding

In conventional methods of crystal growth, to
obtain a crystal of desired orientation, the growth is usually
initiated on a seed of the required orientation. A similar
seed introduction in fibre growth is difficult, but benefitting’
from the direct observation of the growth process, this be-
came possible using the following simple technique. It was
mentioned in Section 3.1 that crystallization of a highly
supercooled liquid results in a fine«grain polycrystalline
solid. The size of the grains increase by decreasing the
degree of supercooling, and it was possible to obtain grain
sizes comparable with the internal diameter of the fibre
(Fig. 3.21).

A mDNB fibre crystallised with coarse grains was
placed in the miniature furnace operating on the stage of
a polarizing microscope. The fibre was melted a few cm
from one end and the microscope was focussed on the solid-
liquid interface. The orientation of the grains near to
the interface were examined by checking the extinction
angles by rotation of the stage. In this way, a grain of

the desired orientation could be chosen and the interface
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moved until it was adjacent to this grain. The position

of the interface could be controlled by manual manipulation
of the pulling apparatus. Normal pulling was then started,
and. the crystal adopted the orientation of the chosen '"seed"
grain. With this technique crystals of mDNB with their z-
axis inclined upto 60° with respect to the fibre axis could
be obtained. The growth conditions are described below.

The téchnique was also applied to mNA and mDHB and
the results in both cases were better than that for mDNB.

In fact, the orientation of mDHB could be altered upto 80°
in this way.

The progress of the interface was caréfully studied
during the growth. 1In all of the materials used, the maximum
achievable rate for good quality growth sharply decreased as
the orientation of the c-axis of the crystal differed more
from the fibre axis. This was more pronounced in the case
of mDNB where a decrease from 10 mm min"! to 10 mm h7! was
determined for an orientation difference of about 45°. If a
higher pulling rate was used the interface lagged behind,
and the supercooling of the ad jacent liquid was enough to
allow spontaneous nucleation in a more favourable orientation.
This nucleation always occured on the solid liquid interface,
and the crystal then grew rapidly until the new solid-liquid
interface reached its equilibrium position.

When the orientation of the seed was more than 70°
from the preferred one (mDNB), the cfystal grew only for
a length comparable with the cross-section of the fibre and
then the growth rate dropped, practically, to zero.

The decrease in the permitted growth rate of mDHB

on change of crystal orientation was not so prominent, and
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even for 80° orientation changes growth rates upto about

5 mm hr !

were achievable. Considering also that the growth
rate of mDHB in its preferred direction was evidently lower
than that for mDNB under similar conditions, it can be con-
cluded that the anisotropy of the growth rate in mDHB for a
given supercooling is much smaller than that for.mDNB (so

is its optical anisotropies, see Table 3.1).

Conditions for the growth of a crystal with a non-
preferred orientation were improved by decreasing the internal
diameter of the fibre. For a constant departure from the
preferred orientation, a crystal could be "forced" to grow
at a higher rate in a smaller diameter fibre, without the
occurrence of spontaneous nucleation at the solid-liquid
interface. This can be explained by considering that the
probability of nucleation is proportional to the area of the
interface.

In these experimenfs the temperature gradient was
parallel with the fibre axis or nearly sc. Thus the normal
to the solid-liquid interface was also expected to align with
this direction in all cases. However, this was only true if
the crystal was growing iﬁ its preferred orientation. Other-
wise, the normal to the interface rapidly became tilted and
assumed an angle § with respect to the fibre axis when
pulling was started. The transition of the interface shape is
schematically shown in Fig. 3.22 a-d. The interface could
maintain any of the shapes 3.22 b-d depending on the pulling
rate and the deviation of the crystal from its preferred
orientation. When pulling was stopped the original equilibrium
shape of the interface (Fig. 3.22a) was regained within a
period of time which varied from seconds to more tﬁan half an

hour depending on the orientation of the growing crystal.



114
450 — /

A

Bx10°(C)’ /[

3950

300 |— /mﬁ/ _/@
250 !m//g

1 Ag
200 |- / //
il A © stibene
D
150 // A Tolane
/C’/A £1 Dibenzy!
100 A
[
A N A S (NS N N S
10 20 30 40 50 60 70 80 90
T,°C
Fig. 3.24. Granhs showing the variation of volume expansion

coefficient with temperature in three organic crystals.

- - TG i T

c-axis
S

(a) (b) (c) (d)

Fig. 3.22. 1llustration of the change observed in the inter-
face shape at the start of growth; c¢-axis of crystal

inclined to fibre axis.
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From a qualitative cbmparison between Fig. 3.17b
and Fig. 3.22d it can be concluded that the relative positions
of the z-axis of the crystal, the fibre axis, and the normal
to the interface is the same in both cases. Hence, although
the experiments described in Sections 3.8.1 and 3.8.2 were
essentially different in nature, it seems reasonablé to argue
that the observed phenomena may well be related in origin.
That is to say, in the former set of experiments a rotation
of the interface plane altered the orientation of the crystal

and in the latter, vice versa; in summary:

growth conditions - interface

- shape

crystal orientation

Thus, a single mechanism appears to exist based
on which the above reaction could be explained in both direc-
tions. This is further discussed in the following Section
in connection with anisotfopy of the growth rate of the
crystal.

The main purpose in these experiments was to
study the growth mechanism, and no attempt was made to grow
crystals longer than ~ 1 hm. However it was apparent that
the method could yield good quality crystals of different
orientations. For this purpose the furnace would need to .
be redesigned, and in particular a pulling apparatus

capable of adjustment over a wide speed range provided.
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3.9 ~Discussion

The experimental progress in fibre growth pre-
sented in this Chapter, was mainly based on the observations
carried out using the miniature furnace. In this Section,
attempts are made to explain the observed phenomena in
terms of the various properties of the materials grown,

and the experimental conditions used.

3.9.1 The occurrence of the voids

The observed mechanism of formation for the
separation'between crystal and the glass cladding was
described in Seétion 3.3, and is schematically illustrated
in Fig. 3.23. The fact that these voids occured well beyond
the interface (for small temperature gradients) indicates
that the volume decrease on solidification had no significant
role in their formation. Thus it is more likely that the
volume contraction of the solid from melting point to room
temperature is responsible. However, the thermal expansion
coefficients of the materials used were not large enough to
explain the occurrence of voids as large as those shown in
Fig. 3.6 a-c. For example, the coefficients for mNA are

given as (Ayers et'al., 1972):

_ -6
ay;y = 40x10 '
-6 -1
a,, = 150x10 (°c)
_ -6
dzg = 108x10

Assuming that the thermal expansion coefficients are in-

dependent of temperature, the volume contraction of solid
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mNA from the melting point (1120) to room temperature is,
then about 2.0%. For comparison, the volume density of the
voids reported to be about 10% in mNA filled fibres
(Stevenson, 1977). It can also be deduced from Figs. 3.6 a-c
that the void density is higher than 2% even in mDNB, which
showed a lower tendency to void formation than mNA.

Thermal expansion coefficients of benzil at room
temperature are reported (Winchell, 1954) to be 9.5 and 5 times
of that of platinum in the z- and the x- and y-directions

respectively. That is to say

6 -1

°0)

a 85 x 10~

6

a = 45 x 10~

222 33

The predicted volume decféase from melting point (950) to
room temperature is ~1.3% which is close to that obtained
for mNA and hence does not explain the large difference
observed in the void density between these two materials.

Furthermore, voids occurred when the solid was
not more than 1S°C'belowlthe melting point, and the void
density then did not alter appreciably on further cooling.
Also the shape and irregular distribution of voids along
the fibre (Fig. 3.6 a-c) suggests that they mainly occurred
when the solid had been highly plastic.

It seems that the only explanation of the above
observations is that in the materialé used the volume
expansion coefficient at or near to the melting point is
upto an order of magnitude (mNA) higher than that at room
temperature. Unfortunately, the necessary data were not

available. However, variation of the volume-expansion
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coefficients of stilbene, tolane and dibenzyl (melting points

of 124.2, 63.5 and 52.2°C respectively) have been studied

by Koreshkov (1965). The results given are plotted in

Fig. 3.24, showing that the volume expansion coefficient

of tolane, for example, at its melting point is ~5 times

higher than that at room temperature. Another example is

succinic acid (m.p. = 188°C) whose thermal expansion co-

efficient (all) measured in the temperature range of 20-130°C

is 6 times higher than that measured in the range of

-180-20°C (Amoros et. al., 1965). Furthermore, Fig. 3.24

shows that, although at room temperature the expansion co-

efficient of stilbene is ~2 times higher than that of tolane,

at higher temperatures the situation reverses. Thus the

volume contractions calculated for mNA and benzil cannot

even comparatively represent their tendency for void formation.
The formationfﬁechanism for bubble-derived voids

was described in Section 3.6.1. The bubble itself was

generated at the solid-liquid interface when the liquid

flow towards the interface was insufficient to compensate

for the volume contraction which occurred on solidification.
It can be argued that if all of the volume shrink-

age occurred at the interface no voids would form since

liquid would move towards the interface to compensate for

the volume contraction. In practice, a temperature/distance

step function caunnot be achieved and for small temperature

gradients it is clear that the liquid will increase in

viscosity as the interface is approached, and that the thermal

contractipn in the solid will increase with distance from

the interface (see Fig. 3.23 a & b). Each of these conditions

will lead to the formation of voids of the appropriate types

described above.
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By increasing the temperature gradient at the
interface to as large a value as is practically possible,
the formation of both types of void would be reduced,
since in one case the total viscous drag in the liquid
would be minimized, and in the solid the thickness of the
region where the material is still plastic is also minimized
and the strain caused by thermal contraction is more likely
to be relieved by slip processes.

It was shown that the volume shrinkage substantially
occurs at about the melting point. The matefials used were
found to be very soft in this temperature region; for
example, in two cases movement of large bubbles was observed
within lengths of solid at about 5°C below the melting point
(mDNB), and subsequent examination of these crystals revealed
no sign of optical imperfection due to these incidents.

Hence if the thickness of this region beyond the interface
is short enough, thermal contraction in all orientations is
likely to be compensated for by slip processes.

The stress caused by volume contraction occurring
in the soft region beyond the interface can be relieved
either by separation from the glass wall (void formation)
or by slip processes. When separation occurs, the driving
force for slip vanishes; but, the resisting force against
this separation 1is the adherence of the material to the glass
wall. When the adherence is catastrophically overcome at
a point on the wall, the separation propagates for a long
distance, as described in Section 3.3. The later the
separation occurs, the more time is available for slip
processes to compensate for the volume contraction, and the

smaller the resulting cavity will be. This clearly explains
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the wedge shape of the long voids (Fig. 3.6. c) where the
thicker end of the wedge points towards the growth direction.
By decreasing the temperature (i.e. going further
from the interface) the plasticity of the solid decreased
while the contraction of the solid continuously increased, and
it seems that eventually separation must occur. However if
this was delayed until the solid was hard enough to maintain
its cylindrical shape, the conditions of void formation
would be totally different. The radial depth of the resulting
cavity can easily be calculated by considering two concentric
cylinders of different thermal expansion coefficients. As

an example, in the case of benzil and pyrex glass we have:

Ar = (azz - apyrex)“ AT . D
where
Ar = radial depth of the éavity;
a5, = average thermal expansion coefficient of
benzil in x and y directions, in the temperature
range quoted below;
apyrex = thermal expansion coefficient of pyrex glass;
AT = from 15 -degrees below melting point to room
temperature; \
and D = internal diameter of the fibre.

Assuming, for the sake of argument, that the average value
of the thermal expansion in this temperature range is equal

to that at room temperature, results in:

6 6

Ar = (45 x 10~ - 3.3 x 10 ) 60 x D

Hence for a fibre of 30 uym i.e.

AT = 7.4 x 1072, up
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Such a separation could not be optically detected, and

also could further be minimized by using more suitable glasses
as cladding. Therefore, it seems that the effects caused

by thermal contraction in the temperature range mentioned

will not produce unacceptable alterations in the configura-
tion of the device.

From the above considerations it is concluded that
in favourable growth conditions, the void free '"fibre grown"
crystals are free from any major stresses. This is iﬁ
agreement with the X-ray examination results.

Furthermore, it has been reported by Morris et al.
(1968 ) , that the dislocation density of phenyl-2-
hydroxybenzene (salol) crystal drastically decreases as it
grows aloné capillary tubes with diameters of the order of
1 mm, and it has been explained that dislocations grow out
to the walls as growth proceeds. It can also be deduced
from the given data that the effect should be more pronounced
in smaller diameter fibres. Although the reported growth
conditions are different from the ones employed in the
present work, the much smaller diameter tubes used, suggest
that the fibre grown crystals obtained were of low disloca-
tion density, if not dislocation free.

It should be possible to relate a probability t&
the occurrence of the catastrophic separations (discussed
above) - under each set of conditions; this should relate
to the randomness of the distribution of the voids along the
fibre. It is obvious that this probability will be propor-
tional to fhe area of attachment, just as the probability of

nucleation increases with increasing surface area. Hence

the separation is more likely to occur in larger diameter
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fibres, in which the wall area per unit length is larger;
and furthermore, the resulting cavity should be larger due
to the larger volume/surface ratios.

It follows that the tendency for formation of the
voids originating from thermal contraction of the solid, is
higher in fibres of larger internal diameters. On the other
hand bubble generation at the interface will clearly be en-
hanced in very small capillaries where the viscous drag will
hinder flow towards the interface. Thus, depending on the
the viscosity of the liquid under the'growth conditions used,
on the variation of the thermal expansion coefficient and
plasticity of the solid at temperatures betweeﬂ the melting
point and room temperature, and on the adherence of the solid
to the glass wall and its variation with temperature, there
is likely to be both an upper and lower limit to the size of
the fibyes that can be filled in a void-free condition for
a given temperature distribution along the fibre.

Both processes of void formation are less likely
to occur if the growth is slow and more time is allowed for
viscous flow and plastic deformation to relieve strain con-
ditions arising in the liquid and solid regions. On the
other hand it can be argued that by allowing longer times
(i.e. lower pulling rates), the probability of the initiation
of a solid-glass separation by environmental influences
(e.g. vibration) will increase, resulting in more voids.
Experimentally, a decrease in the tendency for bubble genera-
tion in the liquid by decreasing the pulling rate was apparent,
but no firm idea of the variation of the density of the

crystal-glass separations with pulling rates was obtained.
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3.9.2 Auto-alignment of the fibre grown crystals

At an earlier stage of this work attempts were
made to describe the auto-alignment of the crystal obtained
with regard to the anisotropy in thermal conduction of the
respective materials (Section 3.7). Although the model, at
the time, could explain the experimental observations, it
was later found to be in disagreement with the results of
further experiments (Section 3.8.1).

In this Section an attempt is made to explain the
observed effects by the anisotropy in the growth rate, that
is, by considering the large difference which exists between
the growfh rates for different crystal orientations under
similar growth conditions.

If crystal growth within a fibre was started from
a highly polycrysfalline seed or by spontaneous nucleation,
obviously the orientation adopted by the crystal after a
short length should be that which allows the growth rate to
equal the pulling rate. Otherwise if an orientation of a
lower growth rate formed, the solid liquid interface would
lag behind and the supercooling in front of the interface
would eventually become sufficient to cause nucleation in
a more favourable orientaticn (see Fig. 3.25). This effect
was observed and was reproducible (Section 3.8.2). However
if the orientation adopted was the maximum growth rate direc-
tion of the crystal, no improvement can result from re-
orientation. If the growth rate is too large, supercooling
in front of the interface can still result in polycrystalline

growth.
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Thus, at lower pulling rates there is a chance of
survival for crystals with orientations other than the pre-
ferred one. This would depend on the degree of the growth
rate anisotropy, the pulling rate and the diameter of the
fibre. Using a constant pulling rate, in a material of low
growth rate anisotropy, crystals with a large incliﬁation to
the preferred orientation can be grown. Also in smaller
diameters the chance of survival for a non-preferred orienta-
tion would increase since the probability of renucleation
will be proportional to the area of the interface.

All of these considerations are in agreement with
the experimental results: crystals of mDNB were persié%nt
in adopting their preferred orientation, and large deviations
from this orientation were only observed in very small dia-
meter fibres. The achievable growth rate of this crystal
parallel to its c-axis proved to be very much higher thanthe
two other principal orientations. Benzil on the other hand
showed large deviations from the preferred orientation and
showed a much smaller difference in growth rate between the
various orientafions.

Considering thé experimental results presented in
Section 3.8.2, let a length of fibre grown crystal with an
arbitrary orientation be placed in a furnace where»it ex-.
periences a temperature gradient parallel to its axis. At
zero pulling rate and equilibrium conditions, the normal to
the solid-liquid interface (N) is parallel with the fibre
axis (Fig. 3.22a). On starting to pull, however, the crystal
will tend to grow in its maximum growth rate orientation,
inclined to the fibre axis (Fig. 3.22b and c) and hence

the shape of the interface and the direction of N will
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generally change (Fig. 3.224). Thus’N would be parallel
to the fibre axis only if the c-axis of the crystal is also
aligned with this direction.

Considering the experimental results presented in
Section 3.8.1, let a fibre grown crystal, whose preferred
orientation is aligned with the fibre axis, be exposed to
an inclined temperature gradient as shown in Fig. 3.26 (e.g.
using the hot wire and air flow method). At zero pulling
rate N is parallel with the temperature gradient and hence
inclined to the fibre axis. On starting to pull it was
observed that N further inclines, and this effect increases
with pulling rate (Fig. 3.20). This can readily be explained
considering the mechanism of the apparatus: As the pulling
rate 1s increased the exposure time of each section of fibre
to the heating wire and cooling air flow decreases, and hence
these effects become more localized on the opposite sides of
the fibre. Thus the actual temperature gradient experienced
by the material inside the tube becomes more inclined to the
aixs. This effect would obviously be weaker in fibres of
smaller diametefs, which have smaller thermal capacity.

The transition in the interface shape is shown in
Fig. 3.20 a-c}, also in Fig. 3.26 planes A and B are the
approximate interface shapes before and after the start of
pulling respectively; thus the crystal must grow and fill the
space between A and B during the transition time. It may be
deduced from the earlier discussions, that in filling this
cavity, the maximum growth direction of the crystal will
tend towards the cold wall of the fibre. To clarify the
matter, let the pulling start with a sudden jump; the volumc

between A and B is then filled with supercooled liquid.
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Fig. 3.25. Photograph, showing the change of crystal
orientation to a preferred direction (benzil);

observed between nearly crossed polars.

Pulling

Fig. 3.26. Illustration of the mechanism altering the
growth orientation due to a temperature gradient inclined

to fibre axis.
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Considering the transition of the interface from A to B in
two steps, say from A to A' and from A' to B, it is apparent
that at a point on A', say M (Fig. 3.26) there will be a
tendency for growth towards the colder wall. This tendency
should excite the creation of low angle grain boundaries,
where in the new grain the c-axis is more inclined from the
fibre axis.

It is easy to understand that if this transition
of the interface takes place slowly, i.e. the pulling rate
is increased gradually from zero to its final value, it 1is
unlikely to cause any rotation of the crystal orientation.
At the other extreme, if pulling was done in successive sudden
jerks, at each step the mechanism discussed would operate
and the resulting deviations will be additive. This is in
agreement with the observed results: The maximum deviations
were obtained when the pulling was done by hand and in
discrete jumps. However, although no orientational rotation
is predicted for the case of continuous pulling, small de-
viations were observed experimentally. From the above pro-
posed mechanism, the crystals grown in this way should be
highly stressed; and in fact none of the crystals obtained
with this method were of acceptable optical quality (Section

3.8.1).

3.10 Conclusion

A qualitative study of the fibre growth technique
was presented in this Chapter. It was shown that by optimiza-
tion of the growth conditions, the main problems encountered

with the preparation of defect-free crystal cored. fibres can
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be solved, and the preparation of long lengths (up to 4.5 cm)
of void-free fibres was reported. |

A miniature apparatus was designed which allowed
direct and detailed observation of the growth, and in this
way mechanisms cf void formation were formulated and related
to the conditions of growth and the propertieslof the

materials.
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CHAPTER 4

CRYSTAL CORED OPTICAL FIBRE (CCOF)

4.1 Light Propagation in CCOF

The most important feature of a CCOF is, of course,
light guidance. It is of primary importance for any device
application that a CCOF should provide light transmission
without major scattering and with a low level of attenuation
for lgngths upto 1 cm.

The theoretical study of the light propagation in
a CCOF was presented in Chapter 1. The experimental work in
this respect was carried out with benzil-Pyrex CCOF.
According to Section 1.8.1 and using Table 3.1, for such a
fibre at 633 nm: |

n,=n, =mn; = 1.651,

X Yy
nz = 1.674 and
n2 = 1.471

Conditions for validity of weakly guiding and weakly anisotropic
approximations are (Section 1.8.1) (nl-nz)/n1 <<1 and
(nZ~n1)/n1 <<1, respectively. Substituting the abovementioned

values yields:

n,-n
17 -
= = 0.11 and
1
n -n
z_1_ 0.014
n

Thus according to Section 1.8.1 the propagation characteristic

of such a fibre is approximately similar to that of an isotropic
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Then the V

optical fibre with a core refractive index n, .

value can be calculated from Eq. (1.2.3)

_Ma [Z 7.

where the internal diameter (2a) of the fibre used was ~40 pum.

The number of guided modes which can be supported by the

guide is then (Section 1.2.)

1.1 x 10 -

NI<

and hence the fibre in question is highly multimode.

Regarding the connection of a CCOF to a fibre-optic
system, it is advantageous to design a CCOF so that its V
value is about the same as the optical fibre used. The
difference between core and clad@ing refractive indices in
commercial multimode optical fibres is of the order of 0.01 and
hence their V values (assuming the same core diameter) are
proportionately less than that for benzil-Pyrex CCOF. This
situation can be enhanced by using a glass of higher re-
fractive index for cladding.

For observatioﬁ of 1light propagation in a benzil-
Pyrex CCOF, an ~4 cm length was cut and suitable ends were
prepared (see next Section). The fibre was then placed on a
glass slide of ~ 3 cm length so that ~ 0.5 cm of the fibre
from each end was off the slide; and then immersed in a
liquid of higher refractive index than cladding by spreading
a small amount of the liquid on the slide. This was then
mounted on a three dimensional micromanipulator on an optical

bench where light from a 1 mW Hc-Ne laser could be launched
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into the core from one end of the fibre using a x30
objective lense. A microscope was positioned vertically
on the bench so that it provided a transverse view of the
fibrewith a x50 magnification.

The 1light scattered by the imperfections of the
guide (Section 1.3) was observable through the microscope
when observations were carried out in a dark room. By
examination of different fibres with various kinds of imper-
fections it was concluded that any optically detectable void
causes scattering and hence interferes with propagation.
Other imperfections such as cracks or grain boundaries also
caused scattering. It was observed that the presence of a
point of imperfection not only causes scattering at that point
but also increases the level of scattering for some distance.
(comparable with the diameter of the fibre) beyond this point.
This is very likely to be due to the coupling (Section 1.3)
to the leaky modes (Marcuse, 1974) caused by the presence
of the void. Also, a continuous scattering all along the
fibre was observable which was of a higher level in fibres
grown by faster pulling rates. In void-free fibres grown
by the method described in Section 3.5 using pulling rates

of 4 cm hr 1

, the scattering was minimal so that the core
was hardly observable under the microscope. In Fig. 4.1
propagation in a fibre with a low void density is compared
with that in a void-free fibre.

Attenuation of optical fibres is usually measured
using long lengths of fibre (a few km), which allows cutting
the fibre in steps without disturbing the launching conditions.
With lengths of only upto 4.5 cm, the attenuation of CCOF

could not be measured in this way since on each cutting both

the launching conditions and quality of the end changed.
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Fig. 4.1. Light Propagation in, (a) a low void
density CCOF, (b) a void-free CCOF (benzil-Pyrex)

Fig. 4.2. Benzil crystals used for attenuation

measurements.

153
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However, it was shown above that scattering
losses in a void-free fibre were minimal, thus according
to Section 1.6, the attenuation of the fibre should be nearly
equal to the absorption of the crystal core. In order to
measure the latter, a bulk single crystal of benzil was
grown by Bridgman technique (growth conditions: Tl = 110°C,
T, = 60°C and pulling rate = 2mm hr—l). The crystal obtained
had a diameter of 1 cm and length of ~10 cm. This was
extracted from the container and cut into 4 pieces of dif-
ferent lengths with a wet étring saw. Optical faces for
each sample were PrtPach by conventional techniques. A
photograph of the samples obtained is shown in Fig. 4.2.
Although'it is reported (Chandrasekhar, 1954) that crystals
of benzil grown by Bridgman technique usually are oriented
with their c-axis parallel to the growth direction, unfor-
tunately,in the cfystal grown the c-axis was inclined ~50°
to the growth direction. The c-axis was identified by the
perfect cleavage presented by the crystal perpendicular to
this orientation (Winchell,1954).

The transmission spectrum of the material was
recorded by a spectrophotometer (Perkin Elmer, Model 237)
using a sample of 3.9 mm thickness. The result, in the
wavelength range of interest,is shown in Fig. 4.3, thch
indicates that the minimum attenuation cf the crystal occurs
at 1.2-1.3 um which is, as shown in Chaptcr 1, the optimum
wavelength range for optical communications.

The absolute value of attenuation, however, was

measured at 633 nm only. For this purpose light from a 1 mW

He-Ne laser was passed through 4 samples of different thicknesses
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(1.91, 3.93,10.24 and 13.50 mm respectively) and the transmitted
light was measured by a light meter (Laser Associates Ltd.,
Model 43). Results are given in Fig. 4.4 where the attenua-
tion in dB is plotted against the length of the sample.

From the slope of the line, the value of 0.89 dB em™ ! is
obtained for the attenuation of thé crystal which is to a

good approximation, the attenuation of the related CCOF. It
is clear from Fig. 4.3 that lower values should be obtained
for the range of 12-13 um. This level of attenuation is

well below the attenuation of the waveguides widely used in
integrated optics, for instance that of a LiNbO3 - Li'l"dO3

slab waveguide is *3 dB cm"1 (Kaminow, 1975). This presents

an additional advantage for CCOF over waveguides employed

in the field of integrated optics.

4.2. End Preparation and Jointing to Optical Fibres

One of the obvious difficulties encountered with the
experimental utlization of CCOF stemmed from the fact that no
good quality fibre ends could be prepared by the cutting
methods well known in the fibre optic field. A typical pair
of ends usually obtained for mDNB-cored fibres is schematical-
1y shown in Fig. 4.5a. The situation was somewhat better
in benzil owing to its cleavage in the plane perpendicular
to its c-axis.

Eventually good quality ends were obtained by the
method schematically illustrated in Figs. 4.5 b-d. The
fibre was vertically mounted on the stage of a low magnifica-

tion stereoscopic microscope. A small fragment of material
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(dimensions smaller than the fibre cross-section) was placed
on the top end of the fibre. Then a fine wire (heated by
passage of a large electric current) was introduced from above.
Conditions were carefully controlled, by observation through
the microscope, so that the piece of material and only a
short length of the crystél core were melted. The molten
material filled the empty section at the fibre end, and on
slowly 1lifting the heater, was crystallized assuming the
orientation of the crystal core. The end was then lapped

and polished using a polishing paper wetted by a water-

ethanol mixture. The process was then repeated for the
opposite end of the fibre. Good fibre ends resulted from this
technique. The quality of the ends obtained in the case of
mDNB deteriorated in air within days but no major deterioration
was detected in benzil.

The following method was used for making permanent
connecticns between a glass fibre and a CCOF of the same
diameter. An as-cut CCOF was aligned with a glass fibre on
three pieces of glass slides arranged as shown in Fig. 4.6,
on a microscope stage. A relatively large fragment of the
material (dimensions of ~1 mm) was placed at the joint which
was melted as the heater gradually approached from the glass
fibre side. The melt filled the cavity formed between the
fibres and formed a droplet on the joint. On removing the
heater crystallizatibn was started from the crystal core,
and hence the crystal adopted the orientation of the core.

A single crystal was formed within the cavity between two
fibres, but‘the rest of the droﬁlet polycrystallized. Thus
the joint was surrounded by polycrystalline material, pro-

tecting it from environmental influences. The arrangement
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of three pieces of glass slide shown in Fig. 4.6 was utilized
in order to prevent flow of the liquid on the slide along the
fibre due to surface tension. Both of the methods described
above benefitted from the fact that in the materials used

the melt could be supercooled to room temperature without
spontaneous nucleation.

The method above described is proposed for manu-
facture of permanent dptical fibre - CCOF joints. In this
way the problems involved with organic materials such as
deterioration of faces in the air, and their interaction

with index-matching liquids could be solved.

4.3 Applications of CCOF in Non-linear Optics.

In integrated optics confined propagation of light
in non-linear crystals is achieved by fabrication of slab
waveguides. With the demonstration of light propagation in
CCOF, another means of light guidance in such media 1is
created. Hence it is both logical and important to consider
the use of CCOF for related applications which are already
established in integrated optics.

The advantages of performing non-linear optics in
optical waveguides were estabpiished in Chapter 2. This matter
has been the subject of many theoretical (Boyd 1972) and
experimental investigations (Usugi and Kimura, 1976) and
high interaction efficiencies have been reported.

For performing non-linear optics in a waveguide
different modes of the guide are employed for propagation of
different interacting waves so that the phase matching condition

is satisfied (Section 2.3). Hence theoretically, infinitely
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long coherence lengths should be expected regardless of

the dispersion and birefringence of the material used.
However, in practice this is handicapped by variation of

the parameters of the waveguide (thickness in particular)
which are inherited from the fabrication techniques employed
(Goell, 1974). It has been shown that obtaining coherence
lengths 31 mm (corresponding to a thickness variation of
2%) is difficult (Tien, 1971).

A similar phase matching technique is applicable
for optical fibres. In this case, however, parameters
of the guide can more easily be kept constant and hence
longer coherence lengths can be obtained. Stolen et al.
(1974) reported obtaining a cohefence length of 10 cm
within a silica fibre (diameter variation was 0.3%) -for
three wave mixing using the non-linear properties of the
glass.

In a void-free CCOF the perfection of the fibre
mainly depends on the hollow glass fibres used and this in
turn depends on the precision of the original preform
and of the drawing technique used. Hence, in principle,
preparation of short lengths of void-free CCOF, similar to
glass optical fibres in perfection, should be possible, and
as a result long coherence lengths (i.e. ~1 cm) could then
be expected for non-linear interactions carried out in a CCOF.

Thus, in summary, CCOF has the following advantages
over the thin film waveguides from the view point of non-
linear optics:

(a) Optical fibre compatibility.
(b) Higher efficiency and easier technique of launching,
(c) Lower attenuation. .

(d) Longer coherence length.
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However, for non-linear optic applications, low
moded (V <10; the fibre used by Stolen et al. (1974) had
a V value of ~9) CCOF has to be made, simply bec;use>in a
highly moded fibre it is difficult to maintain the optical
powef as launched in a particular mode only, which is a pre-
liminary to the phase matching technique described. It
follows from Eq. (1.2.3) that this requires decreasing both
the core diameter and the core-cladding index difference.

For a benzil-Pyrex CCOF, V <10 is satisfied if the core dia-
meter is smaller than ~4 ym (atA =1.0 um) buf, according to
the results presented in Chapter 3, preparation of CCOF in

this diametgr range is difficult (at least in the materials
studied). However using a diff erent glass so that nl-n2=0.01,
the core diameter range would be < 18 um, which is easily
obtainable by the method described in Section 3.5.

Regarding fibre-optic communication systems, per-
forming non—lihear optics in CCOF would provide the possibility
for an experimental study of the parametric amplification of
light within fibres. This has been theoretically consideredby
Yariv (1976,11), showing that by having short lengths of a
non-linear crystal within a fibre transmission line both para-
metric amplification and modal phase compensation (compensa-
tion for multimode dispersion, see Section 1.5) can be
achieved. This clearly points to a wider scope for future
studies on CCOF.

Non-linear optics in CCOF clearly could in itself
be the subject of lengthy theoretical and experimental studies.
As a pilot experiment, however, the following observation

was made at an early stage of the work.
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Three csections of mDNB-Pyrex CCOF each with a
length of 1.5 cm were cut and cemented to the edge of a
glass slide as shown in Fig. 4.7. Crystals were of good
quality but some voids between core and cladding were pre-
sent since at that stage, the growth of void-free CCOF had .
not been achieved. For similar reasons the quality of the
fibre ends were poor. The approximate core diameters were
30, 40 & 50 ﬁm, respectively.

Each fibre was positioned at the centre of a 1 MW
(peak power) pulsed Nd-glass laser beam using conventional
techniques. With this arrangement, the power launched into
the core was estimated to be of the order of 100 W. On
pulsing, green light (second harmonic of invisible 1.06 um)
was observed radiating out from the sides of the fibre as
shown in Fig. 4.7. A comparison -between the brilliance of
the green light observed and that obtained from a powder
test of mDNB (see, Kurtz and Perry, 1968) indicated an en-
hancement of the SHG within CCOF. The brilliance increased
with core diameter. The radiation pattern was sharply
peaked in the forward direction so that it was virtually in-
visible when the diréction of observation was perpendicular
to the fibfé axis. Similar behaviour has been reported
(Rawson, 1972) for scattered radiation from optical fibres.
This similarity indicated the importance of the coupling
to radiation modes in the effect observed. More recent
theoretical studies (private communication with B.K. Nayar)
have revealed that the most probable mechanism assisting the
SHG in the conditions of the above experiment is the coupling

of the light generated to the radiation modes of the guide,
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which should be enhénced by the irregularities of the CCOFs
used.

Thus, it appears that no conclusion about the
waveguide phase matching in CCOF can be drawn from the
above observation. For this purpose a CCOF of V< 10
must be employed and one of the parameters of the experiment
be varied (e.g. varying n, by changing the temperature, or
tuning the fundamental frequency) for the phase matching
between certain guided modes to occur (Anderson and Boyd,
1971) . Clearly, further investigation of this aspect is

indicated.

4.4 Optical Fibre Compatible Electro-Optic Phase-Modulator

A schematic diagram of the device proposed for
phase modulation of light is shown in Fig. 4.8. It comprises
a 2 cm.length of mNA filled CCOF with an internal diameter of
201jm, and it is assumed that the c-axis of the crystal is
aligned perpendicular to the fibre axis or nearly so (con-
sidering the results presented in Section 3.8 regarding the
orientation control in mDNB and mDHB, preparation of such a
CCOF no longer seems impractical). The CCOF is connected to
optical fibres using the technique described in Section 4.2,
and electrodes have been painted on the sides of the
cladding (using e.g. silver dag). The 1ight launched ‘into
the CCOF is polarized parallel to the crystal c-axis.

The HE;; mode of the guide according to Section
1.8.2 will "'see'" a core refractive index (nl) equal to n,
of mNA. Also, considering Fig. 1.3, n_ e for a mo@e of the guide

is a function of V, but when V>>Vc (where VC is the cut off V
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Fig. 4.7. Illustration of the observed mode of SHG in
mDNB-Pyrex CCOF.

Painted electrode

..l..

_ C-axis

A

——

Fig; 4.8. Schematic diagram of a phase-modulator

utilizing mNA-Pyrex CCOF.
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value for the mode in question) n_ g =0 Hence in a fibre

of V2 6,ne for the HE mode is practically eqaul to the

f
effective core index.

11

By application of a voltage (v) between the electrodes,
n, would change by nz,where (section 2.5)
3
n. r,,v
- Z ~33

An, = 2d
and d is the distance between electrodes. The change in
optical path, then, is Anz.l, where 1 is the length of the
device. Thus a phase shift of + A/4 (resulting a dynamic
range of A/2 for the modulator) would result on applying
a voltage given by

_ Ad

2nzr331

Both Tz and n, of mNA have been given by Stevenson (1973,II):

reo = 16.7x107 % mv™ and  n_ = 1.675  0.01 at 633 nm
Also from Fig. 4.8:‘ d = 40 ym and 1 = 2 cm. Substituting
the numeriéal values results in v = 8.1 v.

A measured value of 4.6 for €23 of mNA has been
given by Ayers et al. (1972). Assuming a cladding glass
with a permittivity near to this value (e.g. € for Pyrex is
5.7), the input capacity of the device would be
S.SOA

d

(@]
R

where A is the area of the electrodes used. Substituting the
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numerical values results in ¢= 1.1 pF; 1limiting the band
width of the device to-~5.0 GHz (a 50 € connection line is
éssumed).

For detection of a phase-modulated signal, however,
a local oscillator is needed, to allow comparison with the
.received signal. In fibre-optic communication links using
phase-modulation, practically demonstrated by Davies and
Kingsley (1975), a reference fibre is used for this purpose.

In the above discussion only one mode was con-
sidered (single mode propagation was assumed). If for
instance, two modes were present, the amount of phase
shift for them would be different and at the receiver end
the signal could be extracted using the interference between
these modes. By increasing the number of modes, however,
the efficiency would decrease due to the complexity of a
multimode diffraction pattern.

-The practical use of a phase-modulator in optical
communication links has been demonstrated by Davies and Kingsley
(1975). The modulation is achieved by dynamic mechanical stress-
ing of the fibre using a fransducer (Davies & Kingsley, 1974).
This causes a refractive index change in a short length of the
fibre and hence phase-modulates the propagating light. The
modulator used, having an interaction length of 10 cm, needs
a driving voltage of 35 V to provide a /2 phase shift and the
band width of the device is limited to 10-20% of the modula-
tion frequency.

A comparison between the CCOF phase-modulator des-
cribed above and. the latter clearly indicates its advantages for
communication links such as those demonstyated expefimentally by

Davies and Kingsley.
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The electro-optic modulators available for
integrated optics (see e.g. Taylor and Yariv, 1974) are
also basically phase-modulators; intensity modulation is
subsequently achieved by diffraction or interference. The
CCOf phase-modulator described has the clear advantage
of fibre compatibility and lower attenuation.

Direct electro-optic amplitude modulation has
been achieved by utilization of Voitage induced waveguides
in crystal slices (Soref et al., 1976)1 These however
suffef from high atfenuation owing to their ﬁismatch with
optical fibres; recent progress on this aspect has brought
attenuétionilevels down to ~10dB (McMahon and Nelson, 1977).

| For a demonstration of the multimode phase-modu-
lation described, the following experiment was carried out
at an early stage of the work using Kerr liquid filled
fibres. On application of an electric field, the refractive
index of a Ke;r fluid varies, and a beam of light passing
through the liquid undergoes a phase retardation given by
(see e.g. Kruger et al., 1973).

6 = 2IBLEZ (4.4.1)

where B is the Kerr coefficient of the liquid used and L is
the length of the device. Thus assuming a distance d between
the electrodes, the voltage required for a I radian phase

retardation is given by

[N

Vv = , 4.4.2)
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Nitrobenzene (B = 4.5 x 10 1% mv™2, n = 1.548)

was used as the Kerr liquid. A Pyrex fibre of 30 uym i.d.
and 7 cm length was filled and placed between two 5 cm
long electrodes ~0.1 mm apart positioned on a:three dimen-
sional micromanipulator. A He-Ne laser beam polarized
parallel to the electric field was launched into the

fibre from one end and, using the necessary lenses, a
magnified image of the other end was projected on a pin
hole attached to a photomultiplier by a bundle of optical
fibres. By defocussing the image, the multimode radiation
pattern of the fibre could be produced; different multi-
mode pattefns could be obtained by altering the launching
conditions. The output of the photomultiplier, after
passing through a high-pass filter was monitored on an
oscilloscope. The experiment was'carried out at 200 KHz
to avoid the impurity effects which may decrease the
effective Kerr coefficient of the liquid at low fre-
quencies (see previous reference). A photograph of the
equipment used is given in the Appendix.

The voltage needed for a I radian retardation,
according to Eq. (4.4.2 ) was ~150 V. However due to
high permittivity of the liquid (e=35) the electric |
field in the core was by a factor of ~6 less than that

in the cladding (ePyrex = 5.7) and practically higher

voltages were necessary in order to observe the effect.
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A voltage of 200 Vrms was used in the following experi-
ment (limited by the é%lifier used) .

Intensity variations upto ~5% were measured.
The shape of the recovered signal as explained by
Eq. (4.4.1 ) differed from the modulating wave. The
former was strongly dependent both on the position of
the detector (pin hole) with respect to the diffrac-
tion ﬁattern and on the launching conditions. Larger
signals were detected when the launching conditions
were adjusted to obtain simpler diffraction patterns
(i.e. excitation of lesser number of modes). The
signal level was not stable and varied owing to the
gradual change in the shape of the diffraction pattern
probably arising from mechanical or thermal agita-
tions.

After this, efforts were directed to both
the growth of benzil and alteration of the growth
direction of the other materials, as described in
Section 3.7, in order to repeat this experiment using
a CCOF. However, success was not achieved within the

time available.

A device for direct amplitude modulation of
light utilizing a CCOF has been proposed by Stevenson
(1977). In this device the electro-optic disturbance
of the core index with a spatially periodic field

causes coupling between guided and unguided modes of
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the waveguide, and hence modulates the output power.
Reconsideration of this device, especially after
demonstration of the possibility of crystal orienta-

tion control, is of considerable importance.
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CHAPTER 5

FIBRE GROWTH FOR MATERIALS PREPARATION AND ASSESSMENT

The technique of crystal growth presented in
Chapter 3 has many advantages as a method of evaluation
of organic crystals. For example it is usually necessary
to grow large, high-quality crystals which need to be cut,
lapped and polished in order to produce test specimens.
Furthermore the crystallization of organic materials has not
yet reéched the stage of development of that for inorganic
materials, and a great deal of time-consuming effort is needed
to find the optimum conditions for the growth of each sub-
stance. The "fibre growth'" method can provide long lengths
of good quality crystals within a'matter of 1.5 hr, compared
with days by conventional growth techniques. In each run a
stock of crystals enough for many different experiments can
be obtained, and since each is enclosed in glass cladding,
storage of the crystals is easy and no deterioration is
expected due to hydrolysis, oxidation or sublimation. The
equipment needed for fibre growth is simple, and a lesser
degree of control of the growth conditions is needed compared
with conventional techniques. Also it was found that the
process can usually be carried out in air if the material can
resist oxidation for only ~3 minutes; after this period the
material is enclosed in fibres and has a negligible contact
with the surrounding atmésphere.

Another advantage of the technique stems from the

fact that only a small amount of the material is needed for
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the process. For example, only ~0.5 g of material was
used in each run of the‘growth experiments presented in
Chapter 3, but it would be possible to decrease the amount
needed by an order of magnitude, by minor modifications to
the apparatus. This asﬁect of the method is of importance
when the organic material is expensive or difficult.to
synthesize.

Furthermore, the method proved to be applicable
for materials which had been known to be intractable by
conventional methods; and since the process is fast,
materials with slow decomposition rates at their melting
points can also be grown. In such cases the duration of
the process can be decreased to well below an hour by simple
modifications.

Thus in cases where the assessment can be carried
out in fibre geometry, fibre growth technique is obviously
to be preferred. Under normal growth conditions one of the
principal dielectric axes of the crystal is parallel with
the fibre axis.r However it was shown in Section 3.8 that in
certain conditions it is possible to obtain crystals of
other orientations. This is important for property measure-
ment as a function of orientation.

However, not many of the conventional assessment
techniques are readily applicable to fibre crystals. In
this and the next Chapter examples are given to show that,
not only it is possible to devise methods of evaluation
suitable for fibres, but in some cases this geometry preéents

some advantages.
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5.1 X-Ray Analysis'of Fibre Grown Crystals

The preparation and mounting of small sized
crystals is a necessary preliminary to recording the X-ray
single crystal diffraction pattern. For organic materials,
the crystals are usually grown from solution, and a specimen
of suitable size, depending on the absorption coefficient of
the mateiral (usually of the order of 0.1 mm), is chosen and
properly shaped as a sphere or cylinder. The methods used
for shaping crystals in general involve technical difficulties.
Crystal "spherizer" is used for grinding the crystal specimen
to a nearly spherical shape (Bond, 1951), but this cannot be
successfully used for soft or easily deformable materials.
Cylindrical geometry is obtained by selective dissolution
of the sample using a'solvent lathe" (Paterson et al., 1960).
The preference of the two geometries arises because absorption
errors in the intensity data obtained can easily be corrected
(e.g. see, Stout and Jensen, 1968). 1In fact, intensity data
recorded from perfectly spherical or cylindrical samples do
not need correction in many cases, but it has been shown by
Jeffery and Rose (1964) fhat a considerable error is involved
even in the case of approximate spheres or cylinders obtained
by grinding. When high accuracies are desired corrections are
needed even in the cése of the ideal geometries, especially
when the absorption.coefficient of the material is high, but
the correction factors are readily available (Stout and
Jansen, 1968).

The use of a fibre grown specimen eliminates or

simplifies many of the usual stages for single crystal
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photography. Fibre growth in itself requires less time

than solution growth, the geometry and alignment of the
crystals obtained are suitable for X-ray examination and no
mounting is needed since a segment of the crystal cored
fibre can be positioned on the goniometer head within the
camera, so that the fibre is aligned with the axis of the
camera. In practice the process proved to be so simple that
it could be carried out by an untrained operator.

These are also advantages in cases where the material
is too soft or deteriorates rapidly in air, since the glass
cladding provides protection. Also, the use of a fibre
sample allows X-ray studies to be made at temperatures near
to the mélting point of the material, which simplifies the
study of temperature-sensitive structure changes in organic
materials.

If not faken into account, scattering from the
glass cladding can cause a considerable error in intensity
measurements. This can be avoided to a large extent by
placing an empty glass fibre in the camera and measuring
the diffuse scattering. These values are subtracted from
the corresponding intensity data recorded for the crystal
cored fibre. Even in the conventional method, there is some
diffuse scattering due to the glass fibre and adhesive used
for mounting, which although small, is difficult to estimate
pfecisely.

X-ray examinations were carried out on both mDNB
and benzil filled fibres (Chapter 3). Samples of different
diameters and core to cladding ratios were used without
difficulty. Zero and first lcvel Weissenberg patterns

obtained from a mDNB filled fibre are shown in Fig. 5.1.
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(b)

Fig. 5.1. Zero (a) and first (b) level Weissenberg

photographs of a fibre grown mDKB crystai.
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The diffuse parallel lines near the centre are due to the

glass cladading.

5.2 Evaluation of the Optical Properties

5.2.1 Refractive indices, Electro-optic and Electro-

chromic effects

The measurement of refractive indices of organic
crystals, using fibre samples, is discussed in detail in
the next Chapter. Also, based on the experimental results
obtained, potentially accurate methods for the measurement

of electro-optic and electro-chromic coefficients are proposed.

5.2.2 Absorption spectrum

Many optical materials have low absorption co-
efficients and for accurate determination of the absorption
spectra long lengths of good quality crystals are needed.
Hence long fibre-grown crystals present an advantage in this
respect. The proposed experimental arrangement 1is shown in
Fig. 5.2 where white light is launched into a length of
cryztal cored fibre after passing through a monochromator.
The fibre is embedded in a liquid with a refractive index
higher than that of cladding to eliminate light launched
into the cladding. The intensity of the transmitted light
is then measured as a functibn of wavelength.

‘This arrangement obviously, inherits the problems
encountered with a single beam spectrophotometer, and measures

must be taken to minimize the corresponding errors. If the
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measurement ‘is carried out within a wavelength range where
the cladding glass attenuation is large, this also must be
taken into account, otherwise the effect should be negligible
since CCOFs are usually of large V values (see Section 4.1)
and hence the optical power in the cladding is small.

The measurement of the absolute value of the ab-
sorption coefficient was found to be difficult with this
technique (Section 4.1), since the experiment should be re-
peated for fibres of different lengths and it was difficult

to maintain the same launching conditions in each case.

5.3 Microzone Refining

For conventional purification and crystal growth of
'organic materials, a quantity of ~100 g is usually required.
If only small- amounts of a material are available, as 1is
often the case for materialswhich are difficult to synthesise,
the fibre preparations can also be used for purification.

Zone refining (Pfann, 1968) of orgaﬁic materials within
fibres proved to be simple, quick and effective. This was
carried out for FNPH and BNA both of which were found to be
intractible by conventional zone refining technique since
their decomposition rate exceeded the rate of the process.

The apparatus used for fibre zone melting was a
modified version of the miniature furnace described in
Section 3.3, a schematic diagram of which is shown in Fig.5.3.
A short melted zone was produced by adjusting the electric
current and air flow; the zone was then progressively
moved along the fibre, say from A to B in Fig. 5.3, by

manually controlled pulling at a rate of ~5 mm / min.
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Monochrometer Lens Detector
|
. ' . : Amp,
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light |
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X-Y recorder

Fig. 5.2. Experimental arrangement for recording transmission

spectrum, using a fibre grown crystal.

Air flow

Fig. 5.3. Schematic diagram of the apparatus used for

microzone refining.
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After reaching B, the heater was switched off and the fibre
returned to the <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>