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ABSTRACT

The thesis describes the operation of all glass 
directional couplers as chemical sensors. After a review of 
the recent developments in optical chemical sensing the theory 
of the coaxial directional coupler is briefy outlined. The 
sensor responds to refractive index changes in a cladding 
material and can be operated with either broadband or 
monochromatic radiation. A series of experiments designed to 
confirm the behaviour of the device as a sensor are described 
and discussed. This includes evidence of higher order mode 
coupling in the coaxial geometry and a coupling mechanism 
which results from bending the fibre.

Fibre fabrication is described in detail 
emphasising the problems associated with bubble formation and 
phase separation in the glasses used. Proposals to overcome 
these problems are discussed.

For operation as a chemical sensor the cladding 
refractive index must change in response to a specific 
chemical species. The mechanism proposed is to use the 
refractive index change associated with a shift in optical 
absorption of a material. These can be related using the 
Kramers-Kronig relationships. The problems associated with the 
development of a suitable cladding material are discussed in 
the context of a potassium ion sensor using crown ether 
compounds and solvatochromic dyes in a plasticized P.V.C. 
membrane.

The development of a pH sensitive cladding 
material based on sulphophthalein indicator dyes immobilised 
on an ion-exchange resin is then discussed in detail. 
Preparation, characterization and preliminary results for a pH 
sensor combining both cladding and directional coupler are 
presented and discussed in detail.

The thesis concludes with a review of a number of 
alternative fibre geometries including a planar waveguide 
coupler sensor, the theory of which is presented in the 
appendix.
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INTRODUCTION LITERATURE SURVEY.

There has been considerable interest in recent 
years in optical sensing techniques. Many devices have been 
developed and are currently in use, such as gyroscopes, 
hydrophones, and displacement sensors. The field has expanded 
so rapidly that a review of optical sensing in general would 
be difficult though these do exist [Giallorenzi et al 1982]. 
This chapter will begin, therefore, with a review of optical 
waveguide chemical sensing techniques. The sensor proposed in 
this work will then be described and a brief outline of the 
thesis will follow.

3- r 1 ■ The_advantages_ol_Optical Chemical Sensing.

With the advent of semiconductor technology the 
interest in sensors of all types has grown rapidly. At present 
electrochemical devices such as ion-selective electrodes, 
ISFETs and ChemFETs lead the field and are the type of device 
that any new sensor is likely to have to compete with, 
[Nylander 1985] . For any new sensing technique to become 
established it must offer more than is presently available. 
For example, it could be cheaper, more accurate, or measure 
chemical species not possible with existing techniques.

Optical waveguide chemical sensors usually comprise 
of a reagent phase attached to the end of a single fibre or 
fibre bundle, Fig.1.1(a),(b). The state of the reagent is then 
probed using light of an appropriate wavelength. The light



2

scattered, reflected or emitted from the reagent phase passes 
back along the fibre and is then analysed to determine the 
state of the reagent . Alternatively, a portion of the 
waveguide is coated in the reagent phase. On exposure to the 
solution a change takes place that affects the light 
propagating in the waveguide through evanescent coupling. This 
change is then detected at the end of the guide, Fig.1.1(c). 
The advantages of optical sensing in general are well known. 
The particular advantages that an optical chemical sensor of 
the types described above might have over an electrochemical 
one are listed below:
1) Free from electrical interference.
2) No reference 'electrode' required.
3) Sensors can be made to detect chemical species that cannot 
presently be measured using electrochemical means.
4) Multiple wavelengths can be used making it feasible to 
measure a number of species simultaneously by assigning a 
wavelength for each measurement. Multiple wavelength detection 
can also improve the accuracy of measurement and help 
compensate for factors such as temperature, source 
fluctuations and solution ionic strength.
5) Measurements can be made in environments where an 
electrical sensor might be dangerous, for example where 
explosive gases are present.
6) Optical sensors have the potential to be made cheaply.

There are also a number of limitations which must 
be considered. Ambient light must be excluded or the optical 
signal must be coded so that the signal can be resolved from
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(to)

reagent phase

Fig. 1.1. Common approaches to fibre optic chemical sensing.
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the background. The chemical reagents used may have a limited 
lifetime or be subject to photodegradation over a period of 
time. There is usually a mass transfer step from solution to 
the reagent phase which can limit response times. Techniques 
employing reagents such as indicator dyes will have a limited 
measurement range compared to electrochemical devices.

1.2. Review of Optical__Sensing__Technique s...-

Some optical chemical sensing techniques that have 
been employed will now be discussed in more detail. A few 
reviews have appeared in literature, for example Seitz 1984, 
Nylander 1985.

1.2.1. Absorption/Reflection Techniques.

One of the first reversible optical chemical 
sensors to be described in the literature was a pH sensor 
based on the absorption of the indicator dye phenol red 
covalently bound to polyacrylamide beads [Peterson et al 
1980]. The probe is illustrated in Fig.1.2.(a) and consists of 
a 4mm length of cellulose dialysis tubing into one end of 
which two plastic optical fibres, 0.15mm in diameter, are 
inserted. The tube is then packed with the dyed polyacrylamide 
beads and polystyrene microspheres (the latter help to scatter 
light) . Light from a tungsten source is launched into one of 
the fibres to illuminate the reagent. The intensity of the 
light scattered back down the second fibre is then measured at
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two wavelengths: 560nm corresponding to the absorption maximum 
of the alkaline state of the indicator and 600nm which is a 
reference wavelength well removed from the absorption peak. 
The probe measures pH over the range 7.0-7.4 to the nearest
0.01 pH unit and takes about 45 seconds for a 63% response. 
Being only 0.4mm in diameter it has been used for in vivo 
measurement.

A modification to the above sensor has been 
proposed [Goldstein et al 1982] in which a short glass rod is 
inserted into the end of the dialysis tubing to increase the 
amount of reflected light.

The sensor has also been developed to measure pC02 

[Vurek et al 1982] . The dyed polyacrylamide beads are 
suspended in a NaC03/NaCl buffer solution within a 
gas-permeable silicone rubber tube. Light from a tungsten 
source passes through a 570nm interference filter and is 
launched into one of the fibres. Backscattered light is 
returned via the second fibre to a photomultiplier. The 
logarithm of the detected light is linearly proportional to 
log pC02 over the range 20 to 150mm Hg. The response time is 
again of the order of a minute.

An approach similar to the one illustrated in 
Fig.1.1(c) for the reversible detection of ammonia vapour has 
been proposed [Giuliani et al 1983].A  thin glass 
capillary-tube, 90mm x 1.1mm (o.d) x 0.8mm (i.d), was coated 
in an oxazine perchlorate dye. This dye reversibly changes 
colour from blue to red in the presence of ammonia vapour and 
a small amount of water. An L.E.D. emitting at 560nm was used
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to launch light into the glass capillary-tube. Absorption, 
which is dependent upon the dye's state, occurs as a result of 
the evanescent field penetration into the coating. The colour 
change is then detected by measuring the intensity of 
transmitted light at the end of the tube. The capillary-tube 
configuration allows for a significantly greater number of 
optical reflections between the glass-film interface, close to 
the critical angle, than a rod of similar dimensions. Using 
this technique, ammonia vapour concentrations from lOOOppm to 
less than 60ppm were reproducibly detected with a response 
time of about one minute.

This technique is, in effect, a modification of 
attenuated total reflection (A.T.R.) absorption spectroscopy 
[Harrick 1967 ] . The sensitivity is dependent upon the 
evanescent field penetration depth which is a function of 
guide dimensions, refractive indices and measuring wavelength. 
A sensitivity analysis has been carried out for a number of 
guide structures [Saafi-Jazi et al 1985] . An A.T.R. 
immunoassay technique has been described utilizing both planar 
and fibre waveguides [Sutherland et al 1984]. The waveguides 
were coated in a layer of antibody which was then exposed to a 
solution of methotrexate (MTX) which specifically bound to the 
antibody. The reaction was monitored by A.T.R. at 310nm which 
corresponds to an absorption peak of MTX. The limited 
penetration depth of the evanescent field, ~ 90nm, helped to 
exclude any absorption due to MTX remaining in solution. The 
response as a result of surface binding was found to be 
considerably greater than for guides without the antibody
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(a) Fibre optic pH probe based on phenol red immobilised 
on poly(acrylamide) beads [Peterson et al 1980].

source

Fig. 1.2.
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layer.
Fibres have been used for remote absorption 

measurements to estimate gas concentrations. A detection 
system designed to measure the concentration of methane gas 
has been described [Hordvik et al 1983] . Silica fibres are 
used to transmit radiation between 1.6-1.7fim where weak 
absorption due to vibrational overtones of the methane 
molecule can be detected. Concentrations of a few volume 
percent can be measured. This is a technique that is obviously 
attractive for the detection of gases in explosive 
environments.

1 ,2,2. Fluorescence Techniques.

Fluorescent reagents are particularly suited to 
optical sensing. One of their advantages is that the probe and 
detected radiation can be distinguished by wavelength; a 
number of measurement and referencing possibilities then 
arise. Fluorescence techniques are inherently sensitive at low 
fluorophor concentrations where the response to analyte is 
linear. However a number of problems, such as concentration 
quenching and the internal filter effect, may have to be 
considered when working at higher concentrations. Because of 
its suitability to a range of optical techniques, fluorescence 
is probably the most widely used effect in optical chemical 
sensing at present.
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i) Single and Double Wavelength Techniques.

A number of fluorescence optical chemical sensors 
with the configuration illustrated in Fig.1.2(b) have been 
described:
a) A sensor based on the pH dependent fluorescence of 
fluoresceinamine has been described [Saari and Seitz 1982]. 
The dye was covalently bound to porous glass or cellulose 
using cyanuric chloride which was then attached to the end of 
a bifurcated fibre. The reagent was probed by launching 
radiation of the exciting wavelength, 480nm, down one arm of 
the fibre. The intensity of the emitted radiation at 510nm 
returning down the second arm of the fibre was then measured. 
The fluorescence was found to increase significantly from pH 
3.0 to 6.0 and then only slightly above pH 8.0. The response 
time was of the order of 15-30 seconds.
b) Ligand molecules which form strongly fluorescent 
complexes have been used in a fashion similar to the pH sensor 
above to determine metal ion concentrations. For example, 
quinolin-8-ol sulphate which forms strongly fluorescent 
complexes with metal ions such as Al(III), Mg(II), Zn(II) and 
Cd(II) has been used in a metal ion sensor [Zhujun and Seitz 
1985]. The ligand was electrostatically bound to an 
anion-exchange resin. Beads of the resin were then spread over 
cellophane tape which was then attached to the end of a 
bifurcated fibre. Response times of the order of two minutes 
were obtained with a detection limit of 1x10~6M for the metal 
ions studied. The fluorescent dye morin (3,5,7,2,2',4'-
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pentahydroxyflavone) immobilized covalently on cellulose has 
also been used to detect Al(III) in a similar manner [Saari 
and Seitz 1983].

Sensors of the above type are obviously subject to 
interference from other metal ions capable of forming 
complexes with the ligand molecule. Suitable choice of pH 
helps to optimise complex formation for the desired metal ion. 
There can also be interference from chemical species which 
inhibit the fluorescence in some way. Two wavelength 
measurements are proposed to compensate for fluctuations in 
background fluorescence that might occur as a result of this 
type of interference.
c) A pH sensor employing two wavelength measurement 
based on the fluorescence of 8-hydroxy1 -1 ,3,6-pyrene 
trisulphonic acid (HOPSA) electrostatically immobilized on an 
anion-exchange resin has been proposed [Zhujun and Seitz 
1984(a)]. The fibre optic fluorimeter configuration of 
Fig.1.2(b) was once again used. The ratio of the fluorescence

iresultng from excitation at the two wavelengths 470nm and 
405nm, corresponding to the alkaline and acid absorption 
maxima of the molecule respectively, were used to quantify pH 
in the range 6.0 to 9.0. This ratio is unaffected by variables 
such as temperature, ionic strength, source fluctuations, 
quenching, and slow loss of reagent which can affect the 
absolute intensity measurements of the devices described 
previously. As was the case with the absorption based pH 
sensor, this device has also been used as the basis of a 
carbon dioxide sensor [Zhujun and Seitz 1984(b)].
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An alternative to two wavelength measurement is 
excitation at an isobestic point in the fluorescence 
excitation spectrum to measure the total amount of indicator 
present, independent of its form [Lubbers and Opitz 1983]. 
Excitation at a second wavelength, coinciding with the 
absorption maximum of, say, the base form of the indicator 
would then enable a specific measurement of that form to be 
made. The ratio of the intensities is then directly 
proportional to the fraction of the indicator in its basic 
form which can then be related to pH.

A number of two wavelength excitation and detection 
techniques are possible, depending upon the structure of the 
absorption and fluorescence spectra of the indicating 
molecule.

ii) Fluorescence Quenching.

A number of sensors have been proposed based on the 
reduction of reagent phase fluorescence as a result of 
reacting with an analyte. A p02 sensor has been developed from 
the pH probe illustrated in Fig.1.2(a) [Peterson et al 1984]. 
Perylene dibutyrate dye was chosen for its quench sensitivity, 
excitation by visible light, and fade resistance. As inorganic 
adsorbent dye support materials were found to cause the 
fluorescence quenching to be humidity sensitive, organic 
Amberlite XAD4 resin beads were used. The dye-loaded resin was 
packed into hydrophobic, gas permeable, polypropylene tubing 
into which two fibres had been sealed. The reagent was excited
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at 480nm through one of the fibres. The p02 was measured by 
taking the ratio of the intensities of scattered excitation 
and emitted fluorescent radiation returning down the second 
fibre. Correlation to within a few tenths of a Torr over most 
of the range 0-150 Torr was found between the probe and a 
conventional electrode sensor.

A sterilizable oxygen probe using fluorescence 
quenching for use in bio-reactors has been described [Kroneis 
and Marsoner 1983].

A glucose sensor based on an optical p02 sensor has 
also been demonstrated [Lubbers and Opitz 1983] . An enzyme gel 
layer containing glucose oxidase is held in front of a 
pyrenebutyric acid fluorescent p02 indicator layer. Glucose 
diffusing into the enzyme layer is oxidised. A p02 gradient is 
produced across the enzyme layer which can be related to the 
amount of oxidised glucose. When equilibrium is established 
the amount of glucose in the medium determines the p02 within 
the enzyme layer. This principle can be extended to other 
substances, such as alcohol, for which oxidases can be found. 
However, instability of the enzyme can limit the storage 
lifetime of these devices.

iii) Competitive Binding.

A fluorescence based competitive binding sensor 
developed for glucose determination is illustrated in Fig.1.3 
[Schultz et al 1982, Schultz 1982]. Fluorescein labelled 
dextran is weakly bound to the glucose binding reagent
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Fig 1.3. A glucose sensor based on the competitive binding of glucose (G) 
and fluorescently labelled dextran (F*) to concanavalin (ESS).
(a) No glucose present.
(b) In the presence of glucose. [Schultz et al 1982]
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concanavalin-A which itself is immobilized on the inner 
surface of a seraphose tube. An optical fibre is sealed at one 
end of the tube in such a way that, when bound, the 
fluorescein label on the dextran cannot be directly excited. 
When glucose diffuses through the tubing it displaces the 
labelled dextran. Because of its size, the dextran molecule is 
unable to pass through the seraphose membrane but is free to 
diffuse into the central 'cavity' of the probe. The 
fluorescein can now be excited and the emitted fluorescence 
detected.

A number of alternative sensing applications have 
been suggested for the probe configuration described above 
[North 1985]. For example, an immunosensor is proposed 
utilizing highly specific antibody-antigen reactions. A 
labelled antibody is weakly bound by a water soluble linkage 
to the side walls of the probe. Unlabelled antibody is more 
strongly bound to the end face of the probe, 'in view' of the 
fibre end. In aqueous solution the labelled antibody is free 
to bind to the appropriate antigen if present. The combined 
complex diffuses and reacts with the remaining bound antibody 
layer where the fluorescent label can be excited and detected 
as above.

iv) Fluorescent coupling to waveguides.

There has been considerable interest in recent 
years in developing techniques which combine A.T.R., described 
in Sec.1.2.1, and fluorescence techniques. The attraction of
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A.T.R. is that reactions and processes occurring close to the 
surface can be studied in isolation. Fluorescent molecules 
close to the surface of a waveguide can be excited by 
evanescent coupling, making it possible to study reactions of 
fluorescently labelled chemicals. For example, the 
antibody-antigen binding kinetics of rhodamine-labelled 
immunoglobulin (R-IgG) and bovine serum albumin, irreversibly 
adsorbed on fused silica glass, have been studied using this 
technique [Thompson and Axelrod 1983].

A further development has been the realisation that 
the fluorescence emision of molecules excited within a few 
hundred nanometers of a dielectric interface can be coupled 
into the dielectic medium which could be, for example, a 
waveguide or a prism. This has been demonstrated with dye 
molecules in monomolecular layers [Carniglia et al 1972] and 
in dye loaded monodispersed spheres [Lee et al 197 9] .

An immunoassay technique utilizing the above 
technique has been described [Sutherland et al 1984]. A layer 
of antibodies was bound to both glass slide and fibre 
waveguides. These were placed in a liquid flow-cell and used 
to monitor the binding of fluorescein isothiocyanate-labelled 
immunoglobulin (FITC-IgG). The emission from a flash tube was 
filtered to allow light of the excitation wavelength, 495nm, 
to be coupled to the waveguide. The evanescent field excited 
the FITC-IgG within 90nm of the glass/liquid interface. The 
fluorescence radiation coupled back into the guide was then 
measured at 550nm, using a photomultiplier. Addition of the 
FITC-IgG into the flow-cell resulted in a sharp rise in the
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detected signal associated with the molecules coming into the 
region of the exciting evanescent field. This was followed by 
a gradual increase in signal as a result of the surface 
binding, until a plateau was reached as the antibody layer 
became saturated. This occurred after about ten minutes. The 
detection limit for the fluorescence technique was found to be 
about 30nmol/L compared to 300nmol/L for the conventional
A.T.R. experiment described in the same paper. The particular 
advantage of this immunoassay technique is that laborious and 
time consuming separation and washing steps are no longer 
necessary. The limited penetration depth of the excitation 
evanescent field distinguishes between the bound molecules and 
those remaining in solution. Possibilities for increasing this 
differentiation still further are also discussed.

A multimode optical fibre probe employing the above 
coupling technique has been discussed [Newby et al 1984]. 
Approximately 3cm of the cladding of a 600{im silica fibre was 
removed to allow evanescent field interaction with a solution. 
The tip of the fibre was coated in an opaque material to 
prevent bulk excitation of the solution. The evanescent 
excitation and coupling mechanism was confirmed by a linear 
relationship between the intensity of the coupled fluorescence 
and the probe depth in an aqueous rhodamine 6G solution. The 
adsorption of immuno-gamma-globulin labelled with rhodamine B 
isothiocyanate and the Raman scattering due to benzene were
also detected.
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1.2.3. Chemiluminescence.

Chemiluminescence is a technique that has been 
little explored as far as fibre optic sensors are concerned. 
It has the obvious advantage that no exciting light source is 
required. An optical oxygen probe has been demonstrated using 
tetrakis(alkylamino)ethylene (TMAE) as the reagent [Freeman 
and Seitz 1981]. Oxygen diffuses through a teflon membrane 
into a cavity containing the reagent dissolved in hexane. The 
chemiluminescence resulting from the reaction is measured with 
a photomultiplier tube. A detection limit of 02 in the gas 
phase was estimated to be lppm, with a response time of around 
20 seconds. The probe showed a gradual decrease in response 
over a period of twelve hours due to the consumption of the 
reagent which is the major disadvantage of this technique.

1 -1-2 .. 4 , Surface Plasmon Resonance.

A surface plasmon is an electromagnetic wave that 
propagetes along a metal/dielectric interface. The field 
rapidly decays exponentially away from the interface in both 
directions. Surface plasmons can be excited via prism or 
grating coupling. In both cases the excitation of a surface 
plasmon results in a dramatic decrease in the intensity of 
reflected radiation over a narrow range of incident angles, 
* 2* .

The interest in surface plasmons for sensing 
applications arises because of the field distribution. In the
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case of a dielectric waveguides the field is at a maximum in 
the core of the guide with little penetrating into the 
cladding. For surface plasmons, however, the field is a 
maximum at the metal surface and decays rapidly away from the 
interface. This has the effect that small changes in, for 
example, refractive index within a few hundred nanometres of 
the metal surface can have considerable effects on the 
propagation constant of the surface plasmon. This can be 
detected in a number of ways: as a shift in the angle of 
minimum reflectance, by the increased intensity of reflected 
light as a result of moving off resonance at a fixed angle of 
of incidence, or by the change in the resonant wavelength at a 
fixed angle of incidence.

Surface plasmon resonance has been used to measure 
the concentration of the anaesthetic gas halothane over a wide 
concentration range [Nylander et al 1982]. A thin metal film 
was deposited on a prism which was then coated with a 4 3 0 A  

film of a silicone-glycol copolymer. The increase in thickness 
of the polymer film on absorbing the gas was detected by the 
change in reflected intensity from the prism at a fixed angle 
of incidence.

The same principle has been used to detect the 
binding of IgG/anti-IgG on a metal surface. Less than 2(ig/ml 
could readily be detected within a few seconds [Liedberg et al 
1983] . With this technique, it is a change in the effective 
refractive index close to the surface of the metal film that 
is being measured. Conventional 'A.T.R.' techniques are not 
sufficiently sensitive to be able to detect the bound antigen,
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and so approaches usually involving competitive binding with 
fluorescently labelled antigens have to be employed.

Another possibility is to use surface plasmons in 
the excitation and detection of fluorescence at the surface of 
a metal film in a manner similar to that described in 
Sec.1.2.2. Surface plasmon excitation of fluorescent molecules 
and the subsequent re-emission of fluorescent radiation via 
surface plasmon coupling has been demonstrated [Weber and 
Eagen 1979]. A silver film deposited on a high index prism in 
contact with a solution of rhodamine in methanol was used. 
Rhodamine molecules within a few hundred nanometres of the 
metal surface were excited by a surface plasmon of a suitable 
wavelength. The surface plasmon coupled radiation from the 
excited fluorescent molecules produced an intense cone of 
radiation in the prism each frequency component of which 
satisfied the surface plasmon dispersion relation. The angular 
distribution of the emitted radiation from the prism covers a 
narrow range of angles compared to the conventional waveguide 
approach described earlier [Benner et al 1979], making it 
possible to increase the intensity of the detected signal.

1.2.5. Refractive Index Techniques.

A number of optical techniques, such as
interferometry and surface plasmon resonance, are ideally 
suited to measuring refractive index changes in a material. 
There is considerable interest, for example, in the
development of fibre based interferometer sensors [Culshaw
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1984, Giallorenzi et al 1982]. In the simplest configuration 
two monomode fibres are used. Light is launched into one fibre 
and a 3dB directional coupler distributes light between the 
two guides. The cladding of one guide is stripped for a few 
centimetres to allow the evanescent field to interact with the 
environment. A refractive index change in this region will 
induce a phase shift in the mode propagating in the guide. A 
second 3dB coupler recombines the light propagating in the two 
guides and the refractive index change is detected by a shift 
in the resulting interference fringe pattern. A special form 
of fibre interferometer sensor has been used as the basis of a 
chemical sensor for the work described in this thesis.

^ - . - 3 Introduction to the Thesis.

A fibre interferometer of unusual geometry has been 
used in which the two operations of directional coupling and 
sensing take place along the same region of the fibre. Two 
coupler geometries are proposed: the 'coaxial', of Fig.2.1 and 
'slab', of Fig.7.1. Briefly, the couple sensor consists a 
fibre based directional coupler in which the propagation in 
one of two guides is sensitive to refractive index changes in 
a material cladding the fibre. Index changes in the cladding 
alter the distribution of power between the two guides. This 
can then be detected either as a change in the intensity of 
light emitted from one of the guides, or by a shift in the 
wavelength at which coupling occurs. By making the cladding 
refractive index sensitive to the parameter to be measured the
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coupler then becomes a sensor for that parameter. In principle 
the coaxial coupler sensor can be compared with the surface 
plasmon resonance sensor when the latter is operated at a 
fixed angle of incidence. A detailed description of the 
coaxial coupler is given in the next chapter and the slab 
coupler is discussed in the concluding chapter and the 
appendix.

The use of the coaxial directional coupler as the 
basis of a voltage sensor using liquid crystals has been 
described [Busurin et al 1982] . The theory and early 
experimental evaluation of the coaxial coupler has also been 
presented [Cozens et al 1982 (a)& (b), Cozens and Boucouvalas 
1982, Attridge et al 1985].

The aim of the work described here was the 
development of a chemical sensor using the coaxial directional 
coupler. A device of this type can be expected to have a 
number of advantages over many of the chemical sensors 
described previously in this chapter:
a) The response times of most of the sensors described have 
been limited by a mass transfer step into a reagent phase in 
contact with the optical component. Response times are 
typically of the order of one minute or longer. For the 
directional coupler sensor the thickness of sensitive cladding 
material need only be a few microns. Response times should 
therefore be considerably reduced.
b) The light propagates in a guide unaffected by the 
cladding for most of the length of the fibre until a short 
interaction region is reached. Remote sensing should therefore
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present no problem.
c) By using different cladding materials and assigning a 
wavelength to each it should be possible to detect not only 
different chemical species but also other parameters such as 
temperature with the same length of fibre.
d) The sensing fibre is fabricated in lengths of a kilometre 
at a time so in theory the device should be cheap to mass 
produce.

The work was essentially divided into two areas: 
the first was the characterization and understanding of the 
coaxial fibre’s index response, and the second was the 
development of a suitable chemically sensitive cladding 
material. Chapters 2 & 3 describe the theory, design, 
characterization and fabrication of the coaxial fibre. In 
Chapter 4 the options available to achieve refractive index 
changes in a cladding material in response to chemical species 
are reviewed. This is followed in Chapter 5 by a detailed 
description of the specific requirements for, and the 
development of, a pH sensing material using the refractive 
index change associated with the change in absorption of an 
acid/base indicator dye. In Chapter 6 the experimental results 
of a preliminary device are presented and explained. In the 
final chapter the conclusions resulting from the work 
described are discussed along with a number of alternative 
approaches which could be considered for future work.
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2^  COAXIAL DIRECTIONAL__ COUPLER.!___THEORY, DESIGN AND
CHARACTERIZATION.

2.1. The Coaxial Directional Coupler.

The directional coupler used was of an 
unconventional coaxial geometry, Figs.2.1 & 2.2. The fibre is 
constructed in optical glass and comprises a central rod guide 
weakly coupled to a concentric tube guide via an inner 
cladding, the overall diameter of the fibre is of the order of 
20 |lm.

The sensing ability of this configuration arises 
because at any particular wavelength small changes in the 
refractive index of the cladding, n^, can influence the 
propagation constant of the tube guide, pt, while leaving that 
of the rod, pr, virtually unaffected. With suitable care this 
change in pt can be made to move the two guides into and out of 
a phase-matched condition, in which power is able to transfer 
from one guide to the other. Light initially propagating in 
the rod guide is coupled to the tube and lost by scattering or 
deliberate mode-stripping. The power remaining in the rod is 
then a measure of n4 . By making n4 sensitive to the 
environmental parameter one wishes to measure the output power 
then becomes a measure of that parameter. The particular 
advantage of this device in a chemical sensing application 
arises from the fact that the cladding only has to be the 
thickness of the tube guide evanescent field penetration 
depth, « 2̂ ims. One can therefore expect a fast response time
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Fig.2.1. Cut-away section and index profile of coaxial directional 
coupler fibre.
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F ig .2 .2 . Scanning e le c tro n  m icro g rap h  o f cleaved and etched end o f 
coaxial fib r e  (s c a le : lO jim ).
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as diffusion into the cladding will be rapid.
The coaxial coupler can be operated in two ways:

1) Broadband.
The different dispersion characteristics of the two 

guides means that coupling only occurs over a limited range of 
wavelengths close to where the dispersion curves cross. A 
change in n4 causes a shift in the tube guide dispersion curve 
leaving that of the rod unaffected. The crossing point change 
as a result and so the coupled wavelength is shifted. The 
coupled wavelength then becomes a measure of the parameter 
influencing the cladding index. This mode of operation has 
been described theoretically [Cozens et al 1982(a)] and 
experimentally [Webster 1985, Attridge et al 1985] .

2 ) Monochromat i c.
For the chemical sensing application the intention 

is to use indicator dyes to modify the cladding refractive 
index, (see Chapters 4,5 and 6). The use of dyes is likely to 
make the broadband response extremely complex due to the 
wavelength dependence of cladding dispersion and loss, both of 
which will affect the shape of the coupling response. It was 
decided, therefore, to use the simpler monochromatic mode of 
operation outlined above.
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2-L-2.U. Theory.,

The theory of the coaxial directional coupler has 
been dealt with in detail in the literature [Cozens et al 
1982 (a)&(b), Cozens and Boucouvalas 1982, Boucouvalas 1985]. 
Therefore, the discussion will be limited to the detail 
required to discuss the chemical sensing application.

The term 'directional coupler' is somewhat 
misleading in that it implies coupling between two waveguides. 
The correct interpretation is to consider the complete 
structure as a two mode waveguide. Coupling is a result of 
beating between these two modes. The coaxial structure can be 
analysed exactly. It is simpler, however, to consider the 
perturbation on one guide due to the presence of the second 
guide and vice versa.

Coupling between the guides is effected 
predominantly through the transverse fields. Using the weakly 
guiding approximation [Gloge 1971, Marcuse and Mammel 1973, 
Cozens and Boucouvalas 1982] the transverse fields of the tube 
Et in polar coordinates are:

Et = AIv(y1r)exp juG, r < a2

Et = [B1Jv(K2r) + B2YV (K2r) ] exp juG, a2 < r < a3

Et = CKv(y2r)exp jt)0, r > a3

and of the rod Er:

r < aiEr = DĴ l(K1r)exp jp.0
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Er = FK̂ l(y1r)exp jp.0 r > a1
where

K1 ”  <ni2k02 -  p2)1/2

k 2 =  ( n 2 2 k 02 - p2)1/2

Y i =  (P2 - n 2 2 k 02 ) 1/2

y 2 =  (P2 - n 42 k 02 ) 1/2

V , \ l =  0 , 1 , 2

ko =  2 k / X q

The propagation constants, P, are calculated from 
the corresponding characteristic equations for the weakly 
guiding approximation.

The perturbation of the 'Dth mode of the tube guide 
and the |ith mode of the rod guide can be expressed in the form 
of two coupling coefficients [Marcuse 1972] which can be 
written as:

a i  2 K
cx (V r |i) = - CO(e0 |10)1/2 [ f (n12 - n22)Ett)Erll r dr d9 (2.1)

o o oo 2 K

2n J J  Erfl2 dr d0
o o

a 3  27U
c2 = -  CO(£q }10)1/2 [ J  J  (n32 - n22)EtvEr̂  r  d r  d 9  +

oo 2K

_J J  ( n 4 2 -  n 2 2 ) E t „ E r(t r  d r  d 9 ]

a2 o

oo 2K
a3 o

2n J  J  E 2 r dr d0 ( 2 . 2 )
o o

In the ideal structure, coupling is only possible
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between modes with the same symmetry otherwise the coupling 
coefficient is zero. Tube LPQm modes where m >  1 are designed 
to be cut off thus coupling should only be possible between 
the LP01 modes of rod and tube. As will be seen later, however, 
imperfections introduced during fabrication can result in an 
angular dependence which can make the higher order mode 
coupling coefficients non-zero.

Looking just at the fundamental LP01 coupling, a 
combined coupling coefficient is defined as 
c = (c1(0,0) . c 2 ( 0 , 0 ) ) H  The power distribution between the
guides as a function of distance z along the fibre can then be 
determined from the following equation:

Pt = Pr sin2 c (1 + (Ap/2c)2) 1/2 z (2.3)
(1 + (A|3/2c ) 2)

AP = Pr - Pt

If, at z = 0, power is launched into the rod alone 
the subsequent maxima in the tube power will occur when:

z = (2m + 1) n ,m = 0,1,2,..
2 c (1 + (Ap /2c)2) 1/2 (2.4)

The beat length, defined here as the distance 
between a power maximum in the rod and the subsequent maximum 
in the tube, will have its greatest value when Ap = 0. For any 
sensing application it is desirable to define the device 
interaction length to be equal to an odd multiple of this
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maximum beat length because only at these values will complete 
power transfer be possible. This point is illustrated in 
Fig.2.3 where the power transfer equation, Eqn. (2.3), is 
plotted for a number of interaction lengths for a typical 
coaxial fibre. Usually conditions are chosen so that the 
phase-matched beat length is about 1cm long and the 
interaction length is then made equal to this. There are, 
however, some occcasions when an interaction length has to be 
defined which is many multiples of the beat length, one 
example is described in Chapter 7.

For the single beat length device the phase 
mis-match, Ap0, required to return the power in the rod back to 
its maximum value is given by:

AP0 = V12.c = V3.(7C/L), (2.5)
where

L = 7U/2c , (from Eqn. (2.4)) .

Note that as the interaction length is increased, 
equal to the beat length, the required phase mis-match 
decreases. In practical terms this is done by decreasing the 
coupling coefficient which as one can see from Eqns.(2.1) &
(2.2) is achieved by either increasing the guide separation or 
reducing the perturbation by making the guides smaller. For 
relatively weak coupling, c «  pt , Pr , small changes in n4, 
* lxlO-4, may only alter pt a little but can significantly 
affect Ap compared to 2c, hence the coupled power according to 
Eqn. (2.3) . There is also the possibility of designing the



• (a) Normalised Power in Rod 31

(b)

(0

( b )  I.L.= 2B.L. a^: 1.77yjn, a2 : 6.3911m, a3: 8.60jtm
(c) I,L.= 3 B.L. i^: 1.6215, n2 : 1.6158, n3: 1.6215
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coupler so that 2c is significantly larger than A p . In these 
conditions substantial power transfer is still possible even 
though the guides are not phase-matched.

2 , 3 U s s i a n ,

In theory, phase-matching can be achieved for 
any n4 by choosing an appropriate tube thickness. The index 
sensitivity of the coupling response, which can be defined as 
the n4 required to give Ap = Ap0, will, however, considerably 
reduce as the tube thickness increases. This comes about 
because with a thicker tube the proportion of the field field 
penetrating the cladding will be reduced. As a result a larger 
n4 will be needed to produce a given Apt . It is a consideration 
of this field penetration that is the first step in 
determining the design approach.

Once a suitable sensitive cladding material has 
been chosen, glasses are selected according to the criteria 
outlined in Chapter 3.1. Though there are many optical glass 
combinations possible the choice is usually limited by 
availability. This means the glass combination may not be 
ideal and careful fibre design will be required to achieve the 
desired response characteristics.

As mentioned above, it is the cladding evanescent 
field depth that determines the starting point for the design. 
Broadly speaking, two design approaches are available 
depending on the value of (n2 - n4) . If, for the moment, the rod 
diameter is fixed to give a typical V-value of » 2.0, where
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V = (r̂ 2 - n22)1/2, the two approaches are:

i) (n2 - n4) > 3xlCT2.
The tube guide is quite asymmetric and its

thickness will need to be increased to raise the P to
phase-match the rod. This will give a coupler that is
relatively insensitive to index changes due to the weak 
penetration of the tube field into the cladding.

ii) (n2 - n4) < 3xl0-2.
The tube is now reasonably symmetric and will need 

to be thin to phase match the rod giving a fibre with a 
coupling response sensitive to An4.

Once the phase-matching dimensions are determined 
the index sensitivity is controlled by altering the coupling 
coefficient. As can be seen from Eqns.(2.1)&(2.2) the coupling 
coefficients are a function of the overlap of the field of one 
guide with the perturbation introduced by the presence of the 
second guide. Therefore, for a given glass index difference 
the combined coupling coefficient will be dependent upon the 
guide separation and the guide dimensions. The degree to which 
control of the sensitivity can be achieved by varying the 
separation alone will be dictated by the interaction length of 
the device required. This is chosen to be between 0.5 - 1.0cm; 
long enough to define accurately but not so long that index 
and dimensional fluctuations become significant.

For case(i) the sensitivity will probably need to
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be increased. This is achieved by reducing the coupling 
coefficient. Simply increasing the separation of the guides 
will do this but may result in the beat length, hence 
interaction length, exceeding the 1cm value defined. 
Therefore, the second option of reducing the rod and tube 
dimensions may be necessary. By reducing the phase matched p 
in this way Pt will become more sensitive to An4. Therefore, by 
combining these two options it is usually possible to design a 
fibre with the required phase-matching and index response 
characteristics.

In case(ii) the problem is in reverse, the 
sensitivity may need to be reduced. By simply increasing the 
coupling coefficient by reducing the separation the beat 
length may become too small to define accurately. Therefore, 
the rod is designed to have a diameter that is just monomode, 
V * 2.4 at 633nm (the rod becomes multimode when V = 2.408). 
This maximises both the phase matched p and the necessary tube 
thickness for phase matching. The separation is then adjusted 
to give the required index sensitivity. The interaction length 
will then also be maximised for this particular glass/cladding 
combination. The beat length may still prove to be too small 
in which case an alternative glass combination would have to
be considered.
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2., 4,i Coaxial-Fibre characterization.

2.4.1 Experimental Set-Up.

The fabrication of the coaxial fibres is described 
in detail in Chapter 3. The fibre response was characterized 
using the experimental set-up illustrated in Fig.2.4.

He/Ne laser radiation at 633nm passes through an 
attenuator and is focussed onto the cleaved end of the fibre 
by a 45X microscope objective. Light is launched into the 
whole fibre structure. Tube and cladding modes are shed by the 
first high index 'mode-stripper' (M-S) so that on reaching the 
interaction region light is only propagating in the rod guide. 
At this point the fibre is clad in a material, usually a 
suitable immersion oil, whose index is slowly varied by 
heating. Temperature uniformity was found to be important and 
by covering the interaction region the temperature could be 
kept constant to within 0.1 *C over a 5cm length. Any light 
coupled to the tube is subsequently removed by the second 
mode-stripper so that only light emitted from the rod guide is 
incident on the photodetector. The output from the 
photodetector is then recorded as a function of cladding 
temperature using an X-Y plotter.

For a steady launch it was necessary to take 
considerable care over the cleaving and mounting of the fibre 
on a triple axis micropositioner, and the alignment of the 
laser and lens. The fibres were supported for their whole 
length to avoid any bending losses as a result of fibre



Micro-positioner 'Resistance heater

Fig.2.4. Experimental set-up for the study of the fibre refractive 
index response.
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movement. Cleaning of the fibres, in 'Decon', distilled water, 
and acetone, was required after each temperature run in oil to 
obtain reproducible results.

The quality of the fibres was such that samples 
taken from the same drum showed approximately similar response 
characteristics which varied in detail due to small 
fluctuations in diameter, index and most importantly 
imperfections.

2.4.2 Response as a Function of Interaction Length.

The index response for a number of different 
interaction lengths was usually recorded to determine the 
phase-matched beatlength of a particular length of fibre. 
Figs. 2.5, 2.6 & 2.10 show the typical results for three 
different fibres. The theoretical curves of Fig.2.3 were 
determined using the dimensions (measured from fibre sections 
viewed under a scanning electron microscope) and assumed 
indices of the fibre giving the response shown in Fig.2.5. It 
is clear that the behaviour is more complicated than suggested 
by the theoretical curves. Looking at the low index half of 
the response curves, below an index of * 1.600, the behaviour 
is roughly as predicted. The position and width of this 
response agrees well with the theoretical curve. The 
discrepancy will be due to the uncertainty in knowing the 
glass indices which will be significantly different from the 
bulk values because of the heat treatment in fabrication. The
small dimensions of these fibres makes accurate index



Fig.2.5. Experimental index response for ‘F1/F2 1 fibre clad in 
silicone oil. (a^: 1.77|un, & 2 : & • 39|un, * 3 : 8.60|im)
(Theoretical response dotted, see also Fig.2.3.)

(a) M: 0 6cm. (b) l.L: 1-1 cm. (c) l.L: 15cm.



(a) I.L: 0-7 cm. (b) I.L: 1-3 cm. (c) I.L: 1-6 cm.

Fig.2.6. Experimental index response for 'F1/F2' fibre clad in 
silicone oil. (a^: 1.75|un, & 2 : 6-32jim, a 3 i 8.40|un)
(------  : theoretical response)
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measurement by conventional techniques extremely difficult.
Theoretically, the fundamental LP01 mode coupling 

should occur at the lowest cladding index. As the position, 
width and beat length of the low index responses were found to 
agree well with theory for many fibres, it was felt that these 
responses could be assigned to the fundamental mode coupling. 
However, the higher index response required explanation.

2.4.3. Side-scattered Light From the Interaction Region.

Further confirmation of the coupling behaviour of 
the fibre was obtained from observations of side-scattered 
light from within the interaction region as the cladding index 
was scanned. Scattering is believed to occur as a result of 
poor surface and interface quality. So, in the regions where 
the tube power is at a maximum, there should also be a maximum 
in the scattered light observed. Obviously there would be no 
scattering from a fibre free of imperfections and this was 
found to be the case for a few fibres.

A complicated coupling response is shown in 
Fig.2.7(b). The side-scatter images from the interaction 
region corresponding to the points marked on the curve of 
Fig.2.7(b) are shown in Figs.2.8(b)-(j) . A scanning electron 
micrograph of a section of the fibre taken from the 
interaction region is also shown in Fig.2.8(a).

To the high index side of the coupling response 
resonably uniform scattering is observed corresponding to the 
stripping of light scattered into cladding modes of the fibre
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by imperfections, Fig.2.8(b). Within the coupling region the 
intensity and number of scattering maxima varies rapidly with 
cladding index. In this case, two strong scattering maxima 
corresponding to minima in output intensity at points *c* and 
' e' are clearly observed. To the low index side of the second 
minima, Figs.2.8(e)- ( j), the number of scattering maxima 
increases and their intensity reduces until they can no longer 
be distinguished from one another.

Working on the assumption that the low index 
minimum, at n4 ~ 1.506, is due to LPQ1 mode coupling, one can 
estimate a beatlength of approximately 5mm from Fig.2.6(d). 
The interaction length of 14mm in this experiment is, 
therefore, just under three times the phase-matched beat 
length.

The distribution of power as a function of 
interaction length for an ideal coupler with a 5mm 
phase-matched beat length is shown in Fig.2.9. As the guides 
become mis-matched, the beat length decreases and so the 
number of observed scattering maxima should increase. This is 
found to be the case in Figs . 2.8 (e) - (j) . Considering the 
difficulty in accurate measurement introduced by strong 
localised scattering points, the number and beatlength of 
these maxima tie in well with the predicted behaviour, shown 
in the plot Fig.2.7(a).

The scattering loss has caused a reduction in the 
modulation depth of the side lobes of the coupling response. 
This was found to be the case for nearly all fibres. Loss can 
also account for the lack of secondary maxima when a
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Fig.2.7. Response of 'BSC' fibre used in side scatter study, 
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Fig.2.8. (a) SEM image of fibre from interaction region (scale: lOjun). 
(b)-(j) Side scatter images from interaction region.



Normalised Power in Rod

Fig.2.9. Theoretical power distribution in coupler as a function of 
interaction length.
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significant amount of power is transferred to the tube, as in 
Fig.2.8(e). Most of the coupled power will be scattered in the 
first 1cm of the interaction region.

The high index coupling structure above n4 * 1.508, 
gives rise to an extremely complicated side-scatter response, 
the number and intensity of scattering maxima varying rapidly 
as the cladding index is scanned. This behaviour is strong 
evidence that the high index structure observed is due to a 
genuine coupling effect which will be accounted for in the 
next section.

2.4.4 Higher Order Mode Coupling.

It was mentioned earlier that the coupling 
coefficients for higher order mode coupling to the LP^ (0) > 0) 
modes of the tube were zero for an ideal guide structure. For 
coupling to occur there must be a marked asymmetry in the 
coupler. The reproducibility in every detail of the coupling 
response for both heating and cooling cycles ruled out 
temperature effects. No significant asymmetries in the guiding 
structure, such as displacement of the rod relative to the 
tube, were revealed under the S.E.M. However when viewed 
transversely under a phase contrast microscope, marked linear 
defects running parallel to the fibre axis could be seen. When 
sections of these fibres were looked at in more detail in the 
S.E.M., small bubbles at the glass interfaces were found which 
had previously been overlooked, see Figs.2.8(a), 3.2(h) & 
3.4(d) for examples. The bubble dimensions were typically
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> 0.2\im2 x 2cm with size and number being dependent on the 
fabrication technique (see Chapter 3).

Even though the bubble dimensions are small, the 
index difference between the bubble and glass is sufficiently 
large to give a perturbation strong enough to cause the 
coupling coefficients to the higher order modes to be 
non-zero.

The antisymmetry of the integrand of Eqn.(2.2) with 
respect to 0 is broken by the presence of a bubble. The 
coupling constant between the LP^ (X> > 0) tube modes and the 
LP01 rod mode can be estimated from this equation by replacing 
the (n32 - n22) term with (1 - n22) (the index perturbation due 
to the bubble) and assuming that, because the bubble is small, 
Ero,Eti anc* Ero • Eto are approximately equal. This gives:

o(l,0) = c (0,0) (1 - n22) A!,ubble (2.6)

<n32 - n22> Atube

Taking a typical fibre having a tube area of 90|lm2 
the coupling coeficients are equivalent when:

^ vhble - (1.5832 - 1.5772) 90 = 1. lum2
(1 - 1.5772)

The effect of a number of bubbles will be additive. 
This is the case for the bubbles seen at the tube/inner 
cladding interface of the fibre described in the last section, 
Fig.2.8(a). Their presence account for the complex coupling



(c) 20 mm.

Fig.2.10. Predicted position of higher order mode coupling superimposed 
on coupling responses of a ’BSC1 fibre for different 
interaction lengths (a^: 1.55|un, a2.'6.94jun, a3:8.50jun).
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structure observed for this fibre.
The strengths of the coupling coefficients can be 

calculated from the phase-matched beatlengths. These are 
determined by recording the response for different interaction 
lengths. Typically c(l,0) was found to be about half the value 
of c(0,0) but sometimes the two were comparable. This is the 
case for the fibre whose response is shown in Fig.2.5. 
Fabrication techniques which were found to produce fibres with 
more numerous and larger bubbles consistently gave stronger 
higher order mode coupling responses (see Chapter 3).

Quantitative agreement has been obtained for a 
number of fibres by determining the indices at which the 
higher order mode coupling should occur. The results for one 
such calculation are superimposed on a set of experimental 
curves where the interaction length is varied, Fig.2.10. The 
absolute positions show small discrepancies, for the reasons 
outlined earlier, but the predicted separations of the LP21 and 
LP01 match up well while the LPi;l is not sufficiently resolved 
from the LP01 and is, therefore, not observed in its exact 
position. This becomes more apparent as the interaction length 
increases and all the curves merge into one broad response. 
Theoretically the P's of the higher order modes vary more 
rapidly with An4 and should, therefore, be narrower which is 
found to be the case. The half widths are in good agreement 
with theory.

Further confirmation of this explanation came from 
experiments on fibres etched to thin the tube guide. From the 
discussions in the design section one can predict that a
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Fig.2.11. Coupling resoponses of a BSC fibre in silicone oil 
before and after a light etch which removed » 0.4jim 
from the tube thickness. The interaction length for the 
etched fibre was increased to 8mm from 6mm to maintain the 
depth of the coupling response.
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thinning of the tube will raise the phase-match index and 
reduce the coupling coefficient. Higher order mode 
calculations predict that the separation of the coupling 
minima should become smaller and the half widths of the 
coupling responses should narrow. Fig.2.11 shows the coupling 
response of a fibre before and after a light etch which has 
removed approximately 0.4p,m from the tube thickness. It can be 
seen that the response has changed as predicted. 
Phase-matching has shifted to higher indices, the interaction 
length has had to be increased to get a reasonable response 
due to the reduced coupling coefficient increasing the 
phase-matched beatlength. Theory predicts that a reduction in 
tube thickness of « 0 . lfim will halve the mode separation for 
this fibre. This is confirmed by these experimental 
observations. These results also show that etching could be 
used to modify the phase-matching index of the fibre if 
required.

Looking back at the high index coupling responses 
of Figs. 2.5 & 2.6 one can see that, broadly speaking, the 
higher order mode coupling as a function of interaction length 
also agrees well with the type of behaviour predicted for the 
fundamental coupling response in Fig.2.3.

2.4.5. Polymeric cladding.

These last three sections have dealt with 
experiments designed to clarify the behaviour of the coaxial 
coupler. The experiments that follow were aimed at testing the
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fibre for a device application.
For any realistic sensing application one will have 

to consider a solid cladding for the fibre. Temperature 
experiments were conducted for a number of polymeric cladding 
materials:

a) 'Epotek 310' epoxy resin.
The fibres were clad by coating one surface of a

0.5 x 0.5 x 5cm copper bar in a thin layer of the epoxy which 
was allowed to cure. The fibre was then laid over this coat 
and a second layer of epoxy was applied. Once curing was 
complete temperature runs were conducted as above. Fig.2.12 
shows the coupling response as a function of cladding index 
for the same section of fibre clad in both the epoxy and 
silicone oil. The agreement between the two curves is good. 
The refractive index and dn/dt values were taken as quoted by 
the manufacturer.

The theoretical curve, obtained using measured 
fibre dimensions, is significantly narrower than the recorded 
responses . This is almost certainly a result of the 
interaction length being such that the higher order modes have 
merged into the fundamental coupling minimum in a manner 
similar to the longer interaction length plot of Fig.2.10(c). 
The phase-matching indices are in good agreement however.

b) PMMA/PVC polymer blends.
It was felt that some degree of cladding index 

control might be required in a practical device. A number of
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Fig.2.12. Coupling response of 'BSC' fibre in oil and epoxy. 
(4cm interaction length)
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possibilities were investigated. The blending of poly(methyl 
methacrylate) with poly(vinylchloride) was studied in some 
detail. These polymers are compatible over the complete 
compositional range. Index control was investigated by 
preparing films with differing compositions and measuring the 
refractive indices. The films were evaporated from a butanone 
solution containing the required weight ratio of the two 
polymers. In this way the curve shown in Fig.2.13(a) was 
obtained. The measured indices are somewhat lower than might 
be expected from a simple linear compositional relationship. 
This could be a result of non-ideal behaviour in the blends or 
the retention of a small amount of the solvent. Despite this 
the curve could be used to predict film indices to an accuracy 
of ± 4xl0“4.

The fibres were embedded in the polymer blends on 
copper bars as with the epoxy resin. It was necessary to slow 
solvent evaporation down considerably to obtain optically 
clear films. This was achieved by covering the interaction 
region and saturating the atmosphere with solvent vapour. 
Coupling responses were then obtained after the films had been 
allowed to dry out for 48hrs.

Poor agreement was found between the silicone oil 
and polymer cladding results shown in Fig.2.13(b). There could 
be a number of reasons for this. The fibre broke after the oil 
run which meant that a different section was clad in the 
polymer blend. The coupling responses from the two regions 
clad are not likely to have been the same. A lack of higher 
order mode coupling in the polymer clad segement would account



0-3 0-5 0-7 1-504 1-496 1488 1480
Weight Fraction PMMA in PVC Refractive Index

R
ef

ra
ct

iv
e 

In
de

x
—

A.
_

t
u

i
U

1
LT
I

l
H

o
N

>
U

J
1 -
--
--
--
--
--
--
--
-1
--
--
--
--
--
--
--
--

1--
--
--
--
--
--
--
-
T

>
* II

O
u

tp
ut

 
In

te
ns

it
y _

_
(A

rb
.U

n
it

s)



5 5

for the width difference. The dn/dt of the polymer films 
proved difficult to measure on an Abbe Refractometer so an 
inaccuracy is likely to have been introduced here.

Though not ideally suited to a chemical sensing 
application, for reasons that are discussed in Chapter 5, the 
blending technique could be used if some degree of cladding 
index control is required. In this case an index range of 
1.483 - 1.530 should be possible. One such application, for a 
fibre interferometric sensor, is described in Chapter 7.

c) Plasticized PVC.
Fibres were clad in PVC films containing 10wt.% of 

the plasticizer dioctylphthalate, prepared by evaporation from 
tetrahydrofuran solution. A number of coupling responses were 
obtained by heating as before. Because the cladding was not 
characterized the results are not presented here.

2.-.. .4 . $ . Effects of Cladding Loss.

The use of dyes has been considered for two 
applications. The first is to increase dispersion of the 
cladding to reduce the bandwidth of the coupling when using 
the wavelength sensitive mode of operation. This increases the 
number of discernable points within a given wavelength range 
[Attridge et al 1985]. The second application is to use the 
refractive index changes associated with a shift in absorption 
of an indicator dye in a sensing application (described in 
Chapters 4,5 & 6). In both cases cladding loss will be a very



Absorbance

Fig.2.14. Absorption spectrum of 'oracet blue' in silicone 
oil.(8.49x10-4 mol/1, 5mm path length).
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important consideration. For instance, in the sensing 
application it is the sustainable cladding loss that 
determines the maximum attainable index response possible for 
a given dye. A number of experiments were therefore conducted 
to see how loss in the cladding affected the coupling 
response.

The directional coupler sensor can be expected to 
be relatively insensitive to loss as there is little field 
penetration into the cladding. The theoretical effects of 
cladding loss on the coaxial fibre coupling response have been 
discussed previously [Webster 1985]. These can be sumarised as 
follows:
a) Detail in the coupling response is expected to be lost.
b) The half width of the coupling curve should increase.
c) The phase-matched beat length will also increase.

To investigate these effects experimentally the oil 
soluble dye oracet blue was used. The absorption spectrum of 
this dye in silicone oil is shown in Fig.2.14. It can be seen 
that the absorption at 633nm is likely to be large for modest 
dye concentrations making the dye ideal for this study. A 
number of solutions in silicone oil were prepared of differing 
concentrations and temperature runs were conducted in the 
usual manner, the results of which are shown in 
Fig.2.15(a)-(d).

From the results it is clear that the coupler is 
behaving much as predicted above. Any detail shown in the dye 
free coupling curve has completely gone when the cladding loss 
reaches 200dB/cm. The coupling response broadens as the loss



Fig.2.15. Effect of cladding loss on coupling response.
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increases as predicted. The interaction length was kept 
constant for each run so that the the reduction in modulation 
depth can be assumed to be a result of the increased beat 
length no longer being equivalent to the interaction length.

Theory predicts that the 'loss threshold', the 
value of loss at which the coupling response is significantly 
affected, is about lOOdB/cm [Webster 1985]. This figure is 
roughly confirmed by these results. The 'loss threshold' will 
be dependent upon fibre design. However, design considerations 
such as loss, dye concentration, fibre index sensitivity and 
AP0 are all interrelated. A fibre sensitive to An4, having a 
higher proportion of field in the cladding, will also have a 
low loss threshold. A low dye concentration will be required 
to give the necessary index response. The loss will, therefore, 
be low. Similarly an insensitive fibre, though requiring 
higher dye concentrations, will be less sensitive to the loss 
this incurs.

Calculations showed that the dye concentrations 
used were not sufficient to give a significant increase in the 
oil index. This would have been detected by a shift in the 
coupling response to higher temperatures.

2.4.7. Bending Effects.

When investigating problems associated with phase 
separation in the fibres an interesting effect was observed 
when the fibres were bent which could possibly have a bearing 
on the design of any practical device.
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The cleaved ends of fibres were viewed in an 
optical microscope. It was felt that light propagating in the 
rod might have been scattered into cladding modes by 
imperfections in the structure. The hope was that this would 
show itself in a different distribution of light from the end 
of the fibre. When the fibre was bent it was found to be 
possible to significantly reduce the light intensity in the 
rod while increasing that in the tube. This intensity 
distribution could not be accounted for in terms of scattering 
into cladding modes which would be expected to have a uniform 
distribution of intensity across the whole fibre end.

The fibre was fixed on micropositioners so that the 
radius of curvature could be altered in a controlled manner. 
Fig.2.16(a) shows the image with mode-strippers at either end 
of the fibre, with light emerging from the rod guide only. In 
Fig.2.16(b) the second mode stripper was removed but the fibre 
was kept straight. The image is messy and is likely to be a 
result of the expected scattering from the rod into cladding 
modes of the whole structure. In Fig.2.16(c) an S-bend has 
been put in the fibre. The bends have a radius of curvature of 
approximately 1cm and a second mode stripper has been applied 
just before the bends. The intensity of light in the tube can 
be clearly distinguished from that in the rod. The changes in 
intensity distribution were reproducible and only occurred at 
certain radii of curvature. The observed intensity from the 
rod could be reduced to zero with careful adjustment.

Bending the fibre will change the phase 
relationship between the two guides. Using very crude analysis
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.16. Bending effects: power distribution observed at end of 
fibre.
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of a planar geometry a radius of curvature of about 1cm is 
required to give the necessary AP to phase match the guides. 
This is the same as the required bend radius found in 
practice. Obviously the coaxial geometry is more complicated 
than the slab but a result of this order could be expected. 
The asymmetry introduced by the bends could well cause higher 
order mode coupling accounting for a number of rod intensity 
minima observed as the radius of curvature was altered. The 
fibres used for this experiment had thick tube guides which 
theoretically should still be able to support a guided mode 
with a p above n2kQ.

The significance of this effect arises from the 
fact that when the fibre is 'air clad' the AP has a maximum 
value. The smallest radius of curvature will then be required 
to 'phase-match' the guides. Any cladding will have a larger 
index than air decreasing the AP. The 'phase-matching' radius 
of curvature will increase to values that may be difficult to 
design out in the final device construction. The output will 
then be more sensitive to bending. To eliminate this effect it 
may be necessary to clad the fibre in a high index material so 
that the tube is no longer guiding. The rod guide would be 
sufficiently removed from the cladding that loss should not be 
too detrimental to the operation of the device. Any coupling 
would only then be possible within the interaction region.
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2^. OPTICAL FIBRE FABRICATION,.

Two optical fibre coupler geometries are discussed 
in this thesis, the coaxial, Chapter 2, and slab, Chapter 7. 
To date only the coaxial fibre has been fabricated 
successfully, work on the slab coupler being still in its 
early stages. In this chapter the detailed fabrication of the 
coaxial fibre is described concentrating on the problems 
involved in the prevention of interfacial bubbles and phase 
separation. Early work on the production of a slab coupler is 
then discussed as important questions are raised about the 
viability of the technique employed.

3.1. Fabrication of the_Coaxial_Directional Coupler.

The coaxial directional coupler is fabricated by 
pulling from rod-in-tube-in-tube glass preforms. Two 
approaches have been used:

a) 'Single-Puli'
Three preform components are cut from bulk optical 

glasses using diamond core drills. These are: a high index
rod, a low index inner cladding, and an outer tube cut from 
the same glass as the rod. The dimensions are chosen so that 
the components fit together after an HF/H2S04 polishing etch 
with the relative dimensions required by the design. A 
preform, approximately 8cm long by 3cm in diameter, is 
assembled and the fibre is then pulled from this.
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b) 'Double-Puli'.
The method above severely limits the choice of 

designs as the components have to be cut to fit. The quality 
of the cut surfaces is poor and is difficult to improve by 
mechanical or flame polishing without damaging or distorting 
the components.

The double pull method gives more design 
flexibility as well as producing preform components with 
'flame' polished surfaces. The tube drills are chosen to have 
the required ratio of inner to outer diameter. Three 
components are drilled as before. After a light cleaning etch 
the separation tube is pulled down to a diameter of about 5mm. 
The rod and outer tube are then pulled down to fit. A 'post 
preform', typically about 15cm in length and 8mm in diameter, 
is then assembled from suitable lengths of the drawn 
components.

A graphite r.f. furnace is used to heat the glass 
preforms and fibre dimensions are controlled by the ratio of 
preform feed-in to fibre pull-out rates. With fibres of less 
than 20|lm in diameter required, optical measurement and 
control techniques proved to be too inaccurate. Using the 
ratio method an accuracy of ± 0.5|im. in the overall diameter 
can be achieved.

Some care is taken in the choice of glasses. The 
following requirements are satisfied if possible:
a) The glass indices should be no more than 4xl0-2 above the 
required coupling index.
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b) The glass indices should differ by no more than 1x10 2.
c) Softening temperatures, Tg, should differ by less than 
10*C.
d) Glass transition temperatures, Tg, should differ by less 
than 10‘C. (Manufacturers quote an annaeling temperature, Ta, 
which is usually close to the glass transition range).
e) Expansion coefficients are within about Ixl0_6/*C of one 
another.

To meet the last three requirements glasses with 
approximately the same compostions usually have to be chosen. 
Three glass combinations have been used, Table 3A.

Table 3A.

Glass n 633 T■Ls
CC)

T■La

CC)
Exp.Coeff. 
xlO6 (/*C)

BSC 517642 (P) 1.5151 713 554 7.3
BSC 510644 (P) 1.5081 750 559 7.7

FI (S) 1.6225 593 432 8.7
F2 (S) 1.6167 593 432 8.2

DBC 589613 (P) 1.5871 769 632 5.6
SK12 (S) 1.5812 765 633 6.4

P : Pilkington. S : Schott.
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The BSC glasses were chosen before the significance of the 
softening temperature was realised.

3.2. Fabrication Imperfections.

Two types of imperfection have arisen from the
fabrication techniques described; bubbles forming at the 
interfaces between the component glasses, and phase
separation. The latter has led to fibres with very high loss 
making them unusable in some cases.

In the next two sections the causes and possible 
routes to the elimination of these imperfections will be 
discussed.

3,2,1, Bubble Formation.

As described in Chapter 2, the presence of an 
extended bubble at one of the interfaces can be a sufficiently 
strong perturbation to cause higher order mode coupling. 
Considerable effort has been taken to reduce the number of 
bubbles in order to prevent this coupling mechanism. An 
explanation for their formation had to be found, and three 
possibilities were investigated:
a) Dissolved gas was outgassing and nucleating as bubbles at 
surface imperfections.
b) Surface impurities/contaminants were vapourizing to form 
bubbles.
c) Rough preform surfaces caused pockets of air to be trapped
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as the components came together.
The first two possibilities were elliminated by 

outgassing the preforms before pulling and by stringent 
cleaning of the preform components before assembly. With these 
procedures bubbles still formed. Proof of the third mechanism 
came from studying the 'neck' region of a double-pull preform 
remaining after a fibre had been drawn. This was cut 
vertically in half, roughly polished and then lightly etched. 
The stub was then examined in an electron microscope. The 
rod/inner cladding interface of such a post preform is shown 
in Fig.3.1(a). The 'thermal history' of the neck region can be 
traced from the narrow fibre end back to the undistorted 
preform. What was clear was that as necking of the preform 
began the components came into physical contact, Fig.3.1(b),
but the temperature was not yet high enough to cause the
glasses to wet., At this point gaps could be seen at the
interfaces. As the temperature increased the surfaces in
contact began to melt together trapping small air pockets, 
Fig.3.1(c). These expand to form larger bubbles as the glasses 
become softer and the pressure inside the bubble increases, 
Fig.3.1(d) . As a fibre is pulled off the melt zone these 
bubbles are elongated to lengths of up to 5cm with diameters 
of * 0.5|im which can be clearly seen under a phase contrast 
microscope.

The double-pull technique gave fibres with both a 
greater number of bubbles and bubbles with a larger cross 
sectional area than those from a single pull. Compare for 
example, Fig.2.8(a) and Fig.3.2(h) which illustrate single and



68

t i g . 3 . 1 .  P h o t o g r a p h s  o f  v e r t i c a l  s e c t i o n  o f  p r e f o r m  s t u b .



69

double pull fibres respectively. This was surprising as the 
surface finish of the double-pull preform components is much 
superior to the rougher single-pull ones. This might be 
expected to have given rise to fewer bubbles . The size 
difference can be explained by the different pull-down ratios 
of the two fabrication techniques. As mentioned in Chapter 2, 
this difference in bubble size between the two fabrication 
techniques has a bearing on the coupling strength to the 
higher order modes.

The shape of the neck region differed considerably 
for each technique. The single-pull preforms necked much more 
sharply than those of the double-pull. The result appears to 
be that in the former case the glasses are wetting as they 
come into contact, so reducing the chance of trapping air. The 
shape of the neck region will depend on a number of factors; 
the required pull-down ratio, preform dimensions, the actual 
pulling speeds, and the temperature and shape of the furnace.

In an effort to raise the wetting miniscus to the
pull

point where the glasses of the double K preform came into 
contact, the pressure was reduced by about 3cm Hg below 
atmospheric pressure between the components. This, however, 
had the effect of putting a force on the components to come 
together at even lower temperatures, transferring the problem 
higher up the preform.

By reducing the length of the hot zone it was 
possible to raise the temperature of the furnace to mimic 
conditions under which the larger single-pull preforms were 
drawn. This was found to reduce significantly the number of
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bubbles. The furnace shape eventually arrived at is shown in 
Fig.3.4(a).

The cut-away at the top of the furnace allows the 
hot zone to maintain a high temperature while limiting the 
amount of preheating of the glass. The bell-shaped lower half 
was found to be necessary to be able to pull continuously at 
elevated temperatures, otherwise the melt region became 
unstable and the fibre melted through after a few seconds of 
pulling. The ability to pull at high temperatures is seen to 
be important when phase separation is discussed.

With the above approach the number of bubbles has 
been considerably reduced with some pulls showing no evidence 
of bubble formation under the phase contrast and electron 
microscopes.

3.2,2, Phase Separation.

Phase separation has been observed in fibres of all
tthree glass combinations. It has been paricuarly prevalent in 

fibres fabricated by the double-pull technique. Early 
double-pull fibres had very poor propagation characteristics. 
In some cases all the light launched into the fibre scattered 
out within a distance of 5cm. As these fibres showed no sign 
of bubbles under the phase contrast microscope another cause 
for the scattering had to be found.

Gross phase separation was first observed in the 
lead glass F1/F2 combination. A heavy etch, removing up to 4(lm 
from the radius of an 18jlm fibre, revealed hexagonal dendritic
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crystal phases. These were found to be low in silicon and 
potassium compared to the bulk matrix when analysed with an 
X-ray probe, Figs.3.2(a)&(b) . The radial distribution of these 
crystals suggested surface initiated nucleation and growth 
into the bulk of the fibre. There also appears to be a 
platelet hexagonal phase evenly distributed throughout the 
bulk of the glass, Fig.3.2(c). To check that these crystals 
were not artefacts of the etching process, unetched samples 
were examined, Figs.3.2(d)& (e). In Fig.3.2(d) not only is a 
hexagonal phase clearly seen but the matrix appears to have a 
very fine scale texture; there is also a clear difference 
between the glass of the tube guide and that of the inner 
cladding. The fibre in effect looks more like a ceramic than a 
glass.

Having observed phase separation in the F1/F2 
glasses similar poor fibres of the BSC combination were 
heavily etched and studied. No dendritic growth was observed 
but hexagonal platelets such as those in Figs.3.2(f)&(g) were 
found in many samples. Again their unetched fibres showed 
evidence of fine scale phase separation, Fig.3.2(h).

The DBC/SK12 coaxial fibres proved to have 
extremely variable propagation characteristics. Values for 
loss have been measured and vary from as little as 4dB/m to as 
much as 60-70dB/m for those fibres that could be measured. 
This is compared to a bulk glass loss of 1.6 dB/m [Mason 
1985]. The loss was also found to vary between these values in 
lengths as short as half a metre. As the pull rate was about 
3m/s this would suggest that conditions for phase separation
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[Bar scales: lOjun: (a), (e), (f), (g), (h), l|un: (b), (c), (d)]
F i g . 3 . 2 .
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are critical.
Two fibres were studied, one which showed good 

propagation and one very bad. Both etched and unetched samples 
were prepared as before. Figs . 3.3 (c) & (d) show that the good 
quality fibre is free from large scale phase separation. The 
etch has attacked these glasses in a different manner to the 
other two combinations. It appears as though the etch has 
rapidly worked its way down the interfaces producing the 
bevelled edges seen in the photographs. This suggests that the 
regions close to the interfaces are either highly stressed or 
have a different composition from the two constituent glasses. 
This inhomogeneity could give rise to the nucleation of 
secondary phases.

The poor quality fibre shows quite a marked degree 
of phase separation. Even in the unetched fibre, Fig.3.3(a), 
the crystalline phases can be seen protruding from the cleaved 
end. The rod and tube waveguides can also be clearly 
distinguished from the inner cladding as was the case for the 
F1/F2 fibre. Etching reveals the crystalline phases more 
clearly plus fine scale texture in the bulk matrix, 
Fig.3.3(b).

As with the bubbles, a model for the formation of 
phase separation was needed before an approach to eliminate it 
could be developed.

Glass is a material that is in a metastable state; 
thermodynamically the lowest energy state is the crystalline 
form. The kinetics associated with diffusion at temperatures 
below the glass transition range prevent phase separation from
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Ebg,.3.3. (a), (b) Fibre showing poor propagation characteristics.
(c),(d) Good quality fibre.
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occurring, it is this that allows a glass to be formed. The 
rate of nucleation of a secondary phase in an homogeneous 
phase can be expressed by the following classical 
thermodynamic expression [James 1975, Rawson 1980, Uhlmann and 
Kreidl 1983]:

I = A exp(-W*/RT) exp(-AGD/RT)

The expression comprises of a thermodynamic term where W* is 
the work required to form a second phase nucleus of critical 
radius. The latter can be expressed as a balance between the 
reduction of free energy in forming the second phase and the 
increase in surface energy associated with the boundary 
between that phase and the bulk homogeneous phase. AGD is the 
activation energy of the rearrangement process and varies 
relatively slowly with temperature.

The rate of growth of a secondary phase can be 
expressed by:

U = a0 V exp(-AG'/RT)(1-exp(AG/RT)

AG' is the activation energy required for an atom or molecule 
in the liquid phase to attach itself to the surface of the 
growing crystal. AG is the decrease in free energy per mole 
when the liquid crystallises. 1) is the frequency of thermal 
vibrations in the material and a0 is a constant of the order of 
an interatomic distance.

The above expressions though purely theoretical, as
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a.
Graphite furnace used 
for high temperature 
fibre pulling.

Approximate composition of BSC glasses.

Fig.3.4.
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some terms cannnot be measured, have been verified 
experimentally. In normal glass formation the temperature is 
raised well above the liquidus temperature so that a single 
phase is formed. Cooling is then as rapid as possible to 
temperatures where the kinetic terms become dominant. Phase 
separation is avoided as the glass has little time to nucleate 
and grow a crystalline phase.

In Fig.3.4(b) a number of heating cycles used for 
the fabrication of the fibres are shown superimposed on the 
plots of the two expressions above for nucleation and growth. 
The diagram is only meant to be a qualitative model. The 
multicomponent nature of optical glasses, and the complex 
phase behaviour this implies, makes a detailed discussion 
virtually impossible. Also the exact positioning of the curves 
is not possible as an accurate method of measuring furnace 
temperatures has not yet been achieved. Despite this a good 
idea of the likely behaviour of the glasses with different 
heating cycles can be obtained from this argument.

The preforms are gradually heated over two hours or 
so to temperatures around Ts . If a 'post-preform' is to be 
pulled, as in the double-pull fabrication method, the glass 
must remain quite viscous in order for shape to be maintained. 
This implies a low pull temperature close to Ts. If a fibre is 
to be pulled the temperature may be as high as 50 *C above T„

O

[Taite 1985] . In both cases however, the temperature is not 
likely to exceed Tj_, the liquidus temperature, as the glass 
would be be too soft to give a stable neck region. The 
relationship between Ts and T-j_ will of course depend to a large



78

extent on the glass composition. Any secondary phases formed 
in the heating cycle will not have a chance to redissolve 
completely. The cooling rate was initially thought to be so 
rapid that it could be regarded as a quench. The evidence of 
the radial dendritic crystal growth seen in Fig.3.2(a), 
however, would suggest that the cooling rate is not as fast as 
expected. The most plausible explanation for the radial growth 
would be that the crystals are nucleating at a surface or 
interface and are growing down the thermal gradient as the 
fibre cools.

Using the elementary arguments above, it should be 
possible to avoid phase separation by heating the preforms 
rapidly to temperatures as close to T^ as possible. Any 
secondary phase nucleated during heating will then have some 
chance of redissolving. A fast pull-rate will then ensure that 
the fibre cools as rapidly as possible to avoid the subsequent 
growth of any undissolved secondary phases.

As mentioned, nucleation of a secondary phase is 
almost certainly helped by the presence of a surface where 
diffusion is faster as the surface energy can help to overcome 
kinetic barriers. Surface imperfections, localised stress 
induced by micro-cracks, compositional differences at 
interfaces, and the presence of water vapour can all help 
reduce the barriers for secondary phase nucleation. To 
eliminate water vapour, which can increase surface diffusion 
rates, high purity argon was used for the inert furnace 
atmosphere. The post-preform components were handled as little 
as possible and were cleaned rigorously before assembly.
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The evidence of the way the DBC/SK12 fibres etched 
clearly shows that the interfacial regions are behaving 
differently than the bulk glass. The quality of interface when 
two glasses of the same composition were melted together was 
invariably good. This was not necesarily the case when two 
different glasses were melted together. Therefore, it may be 
necessary to consider glass compositions more carefully than 
has been done to date.

The simple analysis above does not tell the whole 
story by any means. It is now accepted that many glass forming 
systems show sub-liquidus immiscibility of two amorphous 
phases [James 1975]. In these regions phase separation by 
spinodal decomposition is possible. In the BSC glass 
combination the composition lies close to one of these 
immiscibility regions, Fig.3.4(c) [Charles 1973]. This 
mechanism requires no nucleation and can be rapid leading to 
small scale phase separation. Though there is no hard evidence 
for this mechanism occurring it should not be ignored.

In the case of the barium silicate glasses, 
compositions with BaO content above 40 mol% are known to 
crystallize readily [MacDowell 1965]. The DBC and SK12 glasses 
have such compositions.

Detailed compositions could not be obtained for the 
lead glasses FI and F2 but one can assume that as both have 
close to 50% PbO content the formation of crystalline phases 
is a distinct possibility.

Having aquired a feeling for the mechanisms likely 
to cause phase separation, changes to the pulling process were
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made. As mentioned in Section 3.2 the furnace shape had to be 
altered to allow pulling at elevated temperatures. The feed in 
and pull out rates had to be increased to their maximum values 
as the glasses would have a lower viscosity at these 
temperatures. This also meant that the preforms would have as 
short a heat treatment as posible and the rapid pull out would 
ensure a swift quench.

For the F1/F2 combination the steps above lead to a 
dramatic improvement in propagation characteristics. But, as 
can been seen from Figs.3.5(a)-(d), phase separation has not 
been eliminated altogether. The gross crystalline phases have 
disappeared but small scale separation remains. In some cases 
it appears as though the small irregular 'precipitates' are on 
the point of becoming faceted, Fig.3.5(b). The unetched face, 
Fig.3.5 (a), though poorly cleaved shows none of the ceramic 
appearance of the earlier fibres . It was found that that 
within a 30cm length of fibre the degree and form of the phase 
separation varied quite markedly, Figs.3.5(c)& (d) . This 
suggests that the pulling conditions are such that the degree 
of phase separation is possibly critically sensitive to small 
fluctuations in pulling speed, furnace temperature, rate of 
argon flow or, more likely, cooling rate. As described 
earlier, the propagation characteristics of the DBC/SK12 
fibres were found to vary considerably over short distances 
possibly confirming the statement above.

The F1/F2 fibres in Fig3.5 (a) - (d) , were used 
successfully in coupling experiments despite the level of 
phase separation. Uniform scattering was observed along the



Fag.3.5. Effect of raising pull temperature on phase separation of F1/F2 
glasses.
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whole length of the fibre used. The index difference between 
the phases may be small reducing the scattering efficiency. 
For good quality fibres such as early single-pull BSC and some 
double-pull DBC/SK12 very little scattering could be observed 
except at a few localised regions where it was strong, 
possibly due to a bubble at the inner interface.

The importance of points raised in this and the 
last section will be further illustrated in the discussion of 
the attempted fabrication of a slab directional coupler.

3 , 3-.. Fabrication of the Slab Coupler.

The reasons for moving towards a slab geometry are 
discussed in Chapter 7. As far as fabrication is concerned the 
larger fibre dimensions possible, size is no longer dictated 
by a maximum tube diameter, make handling easier. Also the 
ability to mechanically polish to an optically flat finish 
reduces the likelihood of bubble formation.

The approach adopted involved the cutting of a six 
component preform, Fig.3.6. The three larger blocks were cut 
to size from low index SK12 glass and facing surfaces were 
polished. The smaller guide and separation blocks were pulled 
down from larger sections which had been cut to the required 
relative dimensions.

The preform once assembled was to be consolidated 
by pulling to a post-preform from which a fibre would then be 
drawn. For pulling, the preform was mounted in a stainless 
steel chuck, molybedenum spacers were placed between all
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3 cm.

Fig.3.6. Exploded viev of slab-coupler preform.
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surfaces, and the pieces were then clamped below this point so 
that pressure was applied to the slabs where they came into 
contact.

Due to the bulk of the preform, heating had to be 
slow in order to assure even temperature distribution. The 
position of the preform was adjusted so the the hot zone of 
the furnace was 1cm above the end of the preform. In the first 
attempt as the glass became soft the weight of glass below the 
hot zone caused the components to begin to neck. Unlike the 
coaxial geometry where necking consolidates the preform 
components, each piece of glass necked down independently as 
the temperature was not yet hot enough for wetting to occur. 
Once a gap had opened up between the slabs it was found to be 
virtually impossible to close it without severely distorting 
the preform. Spring loading of the clamping screws was 
attempted to give a continuous pressure on the slabs as they 
yielded, but due to r.f.coupling to the mounting chuck the 
springs became too hot and yielded themselves. Restricting the 
fall of the preform improved the situation slightly but gaps 
were still able to open up.

Segments of the pulled slabs were analysed and were 
found to have varying degrees of phase separation.

With the slab geometry there are a number of 
conflicting requirements:
a) As with the coaxial geometry conditions should be such 
that the glasses can wet as they come into contact . This 
implies a high furnace temperature and a sharp neck region.
b) The temperature has to be high enough and heating rapid
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enough to avoid phase separation.
c) The temperature has to be close to Ts to maintain 
geometry.
d) The large preform dimensions virtually rules out a 
single-pull approach as the pull-down ratio, a million to one, 
would mean that very little control would be possible. To 
achieve the larger fibre dimensions at least two pulls are 
essential.

As the technique stands the requirements above are 
not compatible. An alternative approach will be needed. 
Modification of the surfaces, either chemically or by adding a 
low melting point flux material, might enable the preform to 
be consolidated before pulling. It may then be possible to 
pull a fibre at a low enough temperature to avoid both phase 
separation and distortion as the flux will have already fused 
the surfaces together.

3.4. Conclusions.

What emerges from this chapter is that apart from a 
few physical surface considerations the choice of glasses is 
critical to the success of the techniques described. As 
fabrication at temperatures above Tj_ is difficult, phase 
separation is always going to be a possibility with optical 
glasses.

Optical glasses being multicomponent materials have 
optical properties that are critically dependent on thermal 
history. The complexity of these materials makes any coherent
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analysis of behaviour prohibitively difficult. Perhaps a move 
towards simpler glass forming systems will allow some choice 
based on available data to be made. The use of silica, for 
example, would be an advantage not only for this reason but 
also because the lower index would be more compatible with 
water saturated cladding materials for chemical sensing.

As far as fabrication is concerned temperatures 
must be kept as high as possible and a rapid quench from these 
temperatures is necessary if the preforms have not been 
consolidated prior to pulling. Double-pull techniques must be 
avoided as the low temperatures required to maintain shape in 
the first pull increases the chances of nucleating phases 
which may subsequently grow in the second heating cycle.

At present the coaxial fibres can be fabricated 
with the required relative dimensions but control of their 
quality remains a problem. This is made more difficult because 
the phase separation appears to be very sensitive to the exact 
pulling conditions. Systematic study has proved difficult 
because of the interrelated nature of various aspects of the 
pulling process, such as temperature, pull rate and preform 
dimensions. It should, however be possible to improve 
techniques sufficiently to perfect the fabrication of the 
coaxial fibre. The prospects for the slab goemetry are less 
clear. The geometry works against the techniques employed so 
far and so it would appear that a different approach, such as 
the one described, is necessary.
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CHEMICAL SENSING USING THE DIRECTIONAL COUPLER 
DISCUSSION.

In Chapter 2 the operation of the coaxial 
directional coupler fibre was discussed in some detail. 
Possible approaches to the development of a chemical sensor 
using this fibre will now be reviewed.

1*1 Options__ for__Obtaining__Chemically Sensitive
i

Refractive Index Changes.

The coaxial directional coupler is sensitive to 
refractive index changes in a cladding material and can be 
made to respond to a large range of index changes. To reduce 
fabrication tolerances and temperature effects one would 
realistically aim for index changes of the order of lxlO-3 in 
the sensitive cladding to bring the guides from a 
phase-matched condition to a completely mis-matched one. What 
then are the options open to achieve this sort of index change 
in response to changes in concentration of a chemical species 
that one wishes to measure? The following are possibilities:

a) Temperature Change:
In a chemical reaction energy is either absorbed or 

released. This can give rise to temperature changes that might 
influence the refractive index of a cladding material through 
the associated change in density. The sensor would have to be 
a throw away device as the cladding would be consumed in the
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reaction unless the cladding can be made to act as a catalyst. 
In this context the use of enzymes might be considered in the 
sensing of compounds of biological interest. It is unlikely, 
however, that many reactions would lend themselves to this 
technique producing the necessary temperature changes to give 
the variation in refractive index required, particuarly in the 
thin cladding envisaged. Despite this, the use of very 
sensitive fibre interferometers has been proposed for 
measuring temperature changes due to chemical reactions, 
[Corke et al 1984 (c), Jackson and Jones 1985] .

b) Density Change:
It might be possible to induce a density change in 

a cladding material by selective binding of the chemical to be 
measured. This is likely to be difficult to achieve and one 
would probably be severely limited in the choice of chemicals 
that would able to be measured using this technique.

c) Specific Binding of Large Molecules:
There is considerable interest at present in the 

use of highly specific antibody-antigen binding mechanisms for 
optical immunoassays [Liedberg et al 1983, Thopmson and 
Axelrod 1983, Sutherland et al 1984, North 1985]. A thin 
layer, only tens of angstroms thick, of an antibody could be 
chemically bound to the surface of the fibre. When immersed in 
a solution containing an appropriately large antigen the 
refractive index of a layer a few hundred angstroms thick 
would change from 1.33 of water to 1.47 or so of a
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protein-like antigen as binding occurred. Due to the highly 
specific nature of the binding process an equilibrium would 
not be established so antigen concentrations would have to be 
measured as a function of the rate of index change unless a 
competitive binding mechanism was employed. The large index 
change involved would be sufficient perturbation to compensate 
for the limited thickness of the antigen layer.

d) Absorption Change.
The Kramers-Kronig relationships can be used to 

relate the absorption of a material to its refractive index. 
If the optical or near U.V. absorption of a material can be 
made to alter in response to the presence of a particular 
chemical species one can expect there to be an associated 
refractive index change at wavelengths suitable for optical 
measurement. This was the approach investigated in this 
research.

Using an absorption change to give the refractive 
index response means that the broadband measurement technique 
outlined in Chapter 2 would probably become too complicated. 
This is because the dye concentrations necessary to give 
measurable index changes are likly to produce losses at some 
wavelengths high enough to severely affect the coupling 
response of the fibre. All work, therefore, has been conducted 
employing the monochromatic mode of operation for which the 
fibre has been well characterized.

To begin with it was necessary to limit the number



90

of chemical species for study, otherwise it was unlikely that 
a clear approach would emerge. The measurement of potassium or 
sodium ion concentrations was initially chosen.

4.2 Cladding__Requirements.

There are two main cladding requirements to be 
considered in a chemical sensing application. These can be 
defined as follows:

a) Selectivity:
The measurement of the desired chemical species 

without interference from others.

b) Sensitivity:
The refractive index change in response to the 

presence of the desired species.

The problems associated with achieving selectivity 
were first investigated as it was felt that this might prove 
to be the more difficult requirement to achieve. Also when 
considering selectivity one is usually dealing with a binding 
interaction which could possibly alter the optical absorption 
of the selective cladding and lead to refractive index 
changes. Would it be possible, therefore, to meet both 
requirements with a single molecule? Or would the separation 
of the two requirements in a double layered cladding be a more 
realistic proposition?
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4.2.I., .Chemical. Selectivity^.

A number of options are open involving specific 
binding of the chemical to be measured to a cladding material. 
Ion-exchange materials come immediately to mind. These, 
however, have very limited specificity for K+ over Na+. The 
presence of ions that bind more strongly to the exchange sites 
would also cause significant interference.

High specificity to K+ over Na+ in ion-selective 
membranes for electrodes has been obtained using macrocyclic 
antibiotics such as valinomycin [Fielder 1977]. The biological 
activity of these compounds is related to their macrocyclic 
structure, a hydrophobic exterior surrounding a hydrophilic 
central cavity ringed by electronegative donor atoms, and 
their ability to assume highly specific conformations in the 
presence of metal ions. Cations can be bound in the central 
cavity thus rendering the ion soluble in non-polar solvents 
and lipid bi-layers [Izatt et al 1971, Stark and Benz 1971, 
McBride et al 1978].

A cheaper alternative to the biological materials 
above are the macrocyclic polyethers or 'crown ethers' 
[Pedersen 1967 ] . These compounds, which are readily 
sythesized, mimic the behaviour of molecules such as 
valinomycin to some extent in that they have a central cavity 
in which cations are bound through an ion-dipole interaction 
between the electronegative oxygen atoms of the cavity and the 
charge on the ion. Fig.4.1 shows such a metal ion/crown 
complex. The selectivity of these compounds is determined by a



Fig.4.1. Dibenzo-18-crown-6 complex with RbNCS. [Truter and Pedersen 1971].
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number of factors [Frensdorff 1971] :
a) The size of the central cavity in relation to the ionic 
radius.
b) The number of oxygen atoms in the ring.
c) The coplanarity of the oxygen atoms in the complex.
d) The symmetry of the arrangement of oxyygen atoms round the 
ion.
e) The basicity of the oxygen atoms.
f) Steric hindrance in the macrocyclic ring.
g) Solvation energy of the ions.
h) Ionic charge.

For small rings, containing four, five and six 
oxygen atoms, the complexed metal ions have been found to lie 
in the centre of the cavities coplanar with the oxygen atoms 
[Pedersen 1967,1970]. For rings with ten or more oxygen atoms 
the molecules wrap round the ion in a conformation similar to 
the seam round a tennis ball. This is much closer to the 
behaviour of the macrocyclic antibiotics.

For the smaller crown compounds, such as 
dicyclohexyl-18-crown-6, selectivity comes about for the 
following reasons. To complex with the crown the ion's 
solvation shell must be replaced by the oxygen atoms of the 
crown ring. A small ion such as Li+ is not large enough to 
interact strongly with all the oxygen atoms of the cavity 
simultaneously, and a doubly charged ion such as Ca2+ has a 
tightly bound solvation shell which is difficult to displace. 
The selectivity for these two ions is, therefore, low. For 
large ions such as Cs+ the coplanar conformation is no longer
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possible as the cavity is not big enough, the interaction 
between ion and dipole is therefore weaker. For crowns 
containing six oxygen atoms the affinity for K+ can be more 
than one hundred times that for Na+ . The former is large 
enough to interact strongly with the atoms of the ring but is 
small enough to still fit in the cavity and attain the 
coplanar conformation. Rings with five oxygens are more 
selective towards Na+ than K+.

Crowns have been incorporated into liquid [Rechnitz 
and Eyal 1972] and solid membranes, such as plasticized 
P.V.C., for use with ion-selective electrodes [Petranek and 
Ryba 1972, Ryba et al 1973, Fielder 1977]. To see what the 
properties of such a membrane would be like a P.V.C. membrane 
using dioctylphthalate as a plasticizer was prepared. 
Complexation of K+ was demonstrated by immersion of the film 
in aqueous potassium permanganate solution. After a few 
minutes the film became strongly coloured as the permanganate 
counter-ion was drawn into the membrane along with the K+. A 
similar film without the crown remained colourless. A 
plasticized membrane, without crown, was also successfully 
used to clad a coaxial fibre in a coupling experiment.

An approach to achieving selectivity is, therefore, 
available. Is it possible to get an index response with these 
compounds as well?

The most selective crown compounds, such as 
dicyclohexyl-18-crown-6, are saturated. The flexibility this 
gives to the molecule allows the coplanar complex conformation 
to be readily attained. Crowns with double bonds in the ring,
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such as dibenzo-18-crown-6, are less flexibile and the oxygen 
atoms of the ring are no longer able to attain the planar 
configuration with the complexed metal ion. This accounts for 
the order of magnitude difference in the stability constants 
of the K+ complexes of dib enzo-18-crown-6 and 
dicyclohexyl-18-crown-6 [Pedersen 1967, Frensdorff 1971].

The absorption of the unsaturated compounds is well 
into the U.V. and complexation has little effect on the 
absorption [Pedersen 1967]. Increasing the polarisability of 
the molecule by introducing more conjugation may bring the 
absorption to longer wavelengths and increase the effect of 
complexation on the absorption spectra. But this would have to 
be done by introducing double bonds into the ring in order for 
the ion-dipole interaction to influence the polarizability of 
the conjugated system and hence the absorption and refractive 
index. In doing so the selectivity of K+ over Na+ would be 
lessened due to the associated reduction in flexibility 
described above. There would also be a reduction in the 
strength of the dipole-moment on the oxygen atoms as 
conjugation is likely to introduce some electron withdrawing 
effects. The interaction with the metal ion would be weaker as 
a result.

Replacement of the oxygens by less electronegative 
atoms such as nitrogen or sulphur could shift the absorption 
to longer wavelengths by raising the energy of the ground 
state but in doing so selectivity is reduced as the 
interaction with the metal ion will be weaker [Frensdorff
1971].
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It appears as though the requirements to achieve 
good selectivity and those for sensitivity are not readily 
compatible. An alternative approach is needed.

.4,2,2, Chemical Sensitivity.

If sensitivity is looked at in isolation one could 
consider a number of approaches. A colour change is required 
in response to the presence of the metal ion. For this to 
occur there must be an interaction between the metal ion and a 
sensitive dye molecule. One could, therefore, consider the 
following:

i) Metal ion complexation.
A number of coloured organic molecules have the 

ability to form complexes with metal ions and in doing so 
change colour. For example, the azo dyes illustrated in 
Figs.4.2(a)&(b) have hydroxyl groups ortho to the azo-linkage 
which enable metal ion complexes to be formed. Two types of 
metal ion complex are possible depending on whether there are 
one or two hydroxyl groups able to bind to the metal 
[Griffiths 1976].

Tetra-coordinate metal ions such as Cu2+, Ni2+ and 
Co2+ form complexes of the form 'a'. Unfilled valencies 
correspond to either another dye molecule or solvent molecules 
that are able to act as ligands. Hexa-coordinate metal ions 
like Cr3+, Fe3+ and Co3+ complex as shown by 'b', again 
unfilled valencies can be taken up by another dye molecule or
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Fig.4.2 (a) Azo-dye complexes with tetra-coordinate metal ions and
(b) Hexa-coordinate ions.
(c) Porphin, the parent compound of the porphyrins.

[Griffiths 1976]
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ligand solvent molecules.
In the above systems the colours arise from a 

K — 71 * transition, involving a shift in the electron 
distribution from the oxygen atoms of the ionized hydroxyl 
group to the nitrogen atoms of the azo-linkage. Complexation 
makes it easier for the lone pair electrons on the oxygen to 
be released into the 7C-electron density distribution of the 
chromogen. In effect, the electron donating ability of the 
oxygen atoms is enhanced making the transition easier and a 
bathochromic shift in the absorption results. This effect 
increases with the electropositive nature of the metal atom 
until the limit of the alkali metals is reached. At this point 
the bond between the oxygen and the metal is essentially ionic 
in nature, the electron donor group being -0“.

The metal is also bound through the atoms of the 
azo-linkage. In this case the electronegativity of the 
nitrogen atoms is increased and this will enhance the 
bathochromic shift of the absorption. Substituents on the two 
aromatic rings will also affect the behaviour of the dye 
molecule. This azo-dye is just one example of a 
'metallochromic indicator'. Many compounds are available that 
behave in a similar manner which could be considered in this 
sensing application.

A special case of the type of complex formation 
described above are the porphyrins. Porphin, the parent 
compound of the porphyrins, is illustrated in Fig.4.2(c). Like 
the crown compounds there is a central cavity with atoms, in 
this case nitrogen, capable of binding to metal ions. But
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unlike the crowns, however, the nitrogen atoms are an integral 
part of an extensive conjugated system which means that 
complex formation can significantly affect the absorption of 
the molecule. Again transition metal ions form this type of 
complex most readily.

The compounds described in this section are not 
very selective. Although complexes with alkali metals are 
formed, those with transition metal ions dominate because the 
well defined electron orbital structure of these metal ions 
will be able to form more stable complexes due to a stronger 
interaction with the ligand atoms of the dye molecule. Complex 
formation can also be pH dependent; in the example of the 
azo-dye the pH needs to be high enough for the proton of the 
hydroxyl groups to dissociate. Because of these problems, and 
the fact that the crown ethers offered the highly specific 
selectivities required, it was felt that an approach using a 
crown ether in conjunction with a dye molecule sensitive to 
the environmental change associated with the metal ion/crown 
complex formation should be followed.

ii) The Solvatochromic Effect.

The most promising compounds with an environmental 
sensitivity of absorption are those that show solvatochromism,
i.e. a solvent dependent colour change. Solvatochromic effects 
are most common in molecules in which the ground and excited 
states differ substantially in polarity. Polar molecular 
states will be stabilized by a polar solvent. This will be
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particularly significant if the ground state is polar, as the 
solvent cage will be able to arrange itself to minimize the 
energy of the system. There will be a smaller effect on the 
excited states as the solvent cage is essentially 'frozen' 
during the course of the transition and may not be arranged in 
a manner that maximizes the stabilization. These stabilization 
effects alter the energy gap of the transition giving the 
absorption shifts observed.

There are a number of classes of compound that 
display solvatochromic effects:

a) Zwitterions.
These are molecules with charge separated ground 

states. The charges are associated with the Jt-electron 
distribution of the molecule. However, no neutral resonance 
structure can be drawn for them. The ground state, therefore, 
is always more polar than the excited state and so the solvent 
interaction is maximized as described above. The 
phenol-betaine of Fig.4.3(a) shows the largest solvent effects 
yet observed; the absorption maximum being 453nm in water and 
810nm in a non-polar solvent such as diphenylether. 
Unfortunately, zwitterionic colour transitions can be quite 
weak which would mean that high dye concentrations might be 
required to have a significant effect on refractive index. 
[Brooker et al 1951, Kowsower and Ramsey 1959, Saxena et al 
1959, Dimroth et al 1963, Sawicki 1970, Griffiths 1976].



101

b) Inter-molecular hydrogen bonding.
For these compounds a non-bonding to K transition 

is affected. Non-bonding lone-pair electrons on the 
hetero-atom are able to form hydrogen bonds with a suitably 
protic solvent. The energy of the ground state of the n - n 
transition will then be lowered by an amount equivalent to the 
energy of the hydrogen bond causing a hypsochromic shift in 
the absorption. It is, however, unlikely that any specificity 
could be introduced into this mechanism.

c) Donor-acceptor chromogens.
Certain members of this large class of dyes show 

significant solvent shifts. A donor-acceptor chromogen 
contains an electron donor group, an atom possessing lone pair 
electrons, directly linked to a conjugated 7C-electron system. 
The visible absorption band corresponds to a migration of 
charge from the donor group to the TC-electron system. 
Sometimes only a discrete part of the n system shows an 
increase in electron density in the first excited state. 
Solvatochromic effects are most noticable in donor acceptor 
molecules having two resonance structures that differ 
significantly in energy. In a simplified analysis these two 
extreme structures interact to produce two new energy levels 
coresponding to the symmetric and antisymmetric combinations 
of the wave functions of the two resonance forms. The ground 
state of the transition corresponds to the lowest energy 
resonance structure. If this is non-polar the solvent 
stabilization will affect the excited state to a greater
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Fig.4.3. (a) Phenol betaine shoving largest measured solvent shift, 
(b) Optical absorption transition of merocyanine dye.
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extent than the ground state producing a bathochromic shift in 
absorption. If the ground state happens to be more polar than 
the excited state the solvent stabilization will result in a 
hypsochromic shift.

d) Merocyanines.
The merocyanine dyes are a particular class of 

donor-acceptor chromogens which have carbonyl acceptor groups 
separated from the donor groups by a conjugated bridge that 
remains more or less unaffected by the transition. The solvent 
effects of these dyes vary according to the strength of the 
donor groups. If weak, the ground state of the visible 
absorption band is neutral and the bathochromic solvent shift 
described above occurs. If a strong donor group is present the 
ground state may well be polar and the stabilization in polar 
solvents will lead to a hypsochromic shift in absorption. For 
dyes with donor groups between these extremes solvent polarity 
can determine the exact behaviour [Hirshberg et al 1955].

An interesting example of the strong donor 
merocyanine is illustrated in Fig.4.3(b). This molecule is 
unusual in retaining the charge separated form in all 
solvents, even non-polar ones [Benson and Murrell 1972]. This 
comes about because the resonance energy gained by the 
formation of two aromatic rings more than compensates for the 
destabilizing effect of charge separation. The stability of 
the charge separated ground state for this merocyanine dye 
gives rise to large solvatochromic effects. The absorption 
maximum shifts by as much as 161nm from 605nm in the non-polar
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solvent pyridine to 444nm in water. Hypsochromic shifts also 
lead to a lowering of the extinction coefficient along with a 
broadening of the absorption peak [Levine et al 1978].

It was originally thought that the solvent 
dielectric constant was the main contributing factor to the 
change in energy levels [Brooker et al 1951] . It has since 
been pointed out that other factors such as the ability to 
hydrogen bond and solvent molecular size may show closer 
correlation to observed effects [Bayliss and McRae 1952]. This 
is also true for the zwitterionic solvent effects [Griffiths 
1976] . For instance, for solvents with similar chemistry such 
as alcohols the following absorption maxima are found:

Methanol 486 nm
Ethanol 513 nm
n-Propanol 526 nm
Iso-Propanol 546 nm

This not only correlates with decreasing dielectric 
constant down the series, which one would expect to provide 
less stabilization of the ground state, but also with 
increasing size which would result in a less dense solvent 
packing round the dye molecule. This would also produce weaker 
stabilization with the same effect on the absorption. Solvents 
such as ethanol, formamide and water produce weak, broad 
absorption at wavelengths shorter than solvents like 
chloroform, pyridine nitrobenzene and acetone. In these
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examples there is little correlation with dielectric constant. 
The first group of solvents, however, are able to form 
hydrogen bonds which will stabilize the ground state whereas 
the second group are not [Bayliss and McRae 1952] .

4.2.3. Attempted Development of a Selective Cladding with a 
Refractive Index Sensitive to^K* Ions.

The merocyanine dye illustrated in fig.4.3(b) was 
chosen for further study. If the dye could be incorporated 
into the K+ selective membrane mentioned earlier it might 
prove possible to get an interaction between the crown and the 
dye. Complex formation with K+ might then produce a shift in 
absorption. For this approach to work the smaller crown 
compounds must be used as there is still the possibility of 
interaction with the ion from either side of the oxygen 
atom-ion plane. If the crown is large enough to wrap round the 
ion the possibility for interaction may be reduced as the 
coordination round the ion is more spherical in nature. The 
conformation of the crown complexes would probably prevent 
effective interaction with a compound such as the azo-dye 
mentioned in Section 4.2.2.

The above approach was investigated to determine 
the problems involved. The merocyanine dye was prepared as 
described by Phillips in 1949 and Brooker et al in 1951. The 
aim was to dissolve the dye along with the crown ether in the 
P.V.C. plasticizer dioctylphthalate and then mix this with a 
P.V.C. solution in tetrahydrofuran to form a membrane by
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solvent evaporation. The dye, however, proved to be only 
sparingly soluble in the chosen plasticizer. Attempts were
made to increase the solubility by lengthening the aliphatic 
chain attached to the nitrogen atom of the picoline ring as 
suggested by Levine et al in 1978. This involved a more 
difficult preparation [Knight and Shaw 1938, Harris et al
1951] as the intermediary alkyl-pyridinium salts proved to be 
difficult to crystallize as did the final dye. Although
solubility increased to some extent it could not be raised to 
the concentrations required for a measurable index change. 
This was probably because the dye and solvent were too 
dissimilar to give the interaction required to aid
dissolution.

Spectra were run on saturated solutions of
plasticizer and dye with the crown ether
dicyclohexyl-18-crown-6 and KC1 subsequently added. The 
results are shown in Fig.4.4.

When the crown is added there is a small 
hypsochromic shift and a reduction in extinction coefficient 
which would seem to confirm that there is an interaction 
between the dye and the crown which is giving a weak 
stabilization of the ground state. This effect was also found 
in a diethylphthalate solution. Complex formation on the 
addition of KC1 also produces a hypsochromic shift and 
extinction coefficient reduction which might indicate further 
stabilization through interaction with the K+ in the crown 
complex. From these spectra a very rough idea of the 
concentrations required to give an index change of lxlO-3 at a
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suitable wavelength of 560nm on complex formation can be made 
using the Kramers-Kronig relationship (see Chapter 5, 
Eqn.5.1). The result indicated that at least a thousand fold 
increase in dye solubility is required. Uncertainty as to the 
dye concentration meant that a more detailed analysis of 
refractive index changes could not be made.

Further work needs to be done with a more soluble 
dye to confirm that the effects above are genuine. The dye 
showed a concentration-dependent absorption in 
diethyl-phthalate being blue in concentrated solution and 
yellow/green at lower concentrations. It was not possible to 
get sufficient concentrations in dioctylphthalate to observe 
these effects without increasing the temperature. It is 
possible that small changes in concentration are causing the 
effects observed.

By this stage it became clear that the technique 
was becoming complicated and prohibitively difficult. Some of 
the problems are discussed in the next section.

4.3. Problems__and__Possible__Fvtvre_Approaches t

The approach to development of a cladding material 
with a chemically sensitive refractive index described in the 
last section has illustrated a number of problems. These are 
discussed below with some possible solutions:

a) It has not been possible to modify the dye in such
a way that its solubility can be raised sufficiently to give
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measurable index changes. The chemical modifictions attempted 
were limited to changes in length of the aliphatic chain 
attached to the picoline ring of the dye. By modifying the dye 
so that it resembles the solvent more closely may make it 
possible to increase solubility further.

b) The problem of solubility in the plasticizer is 
irrelevant if the dye proves to be water soluble as it will 
leach out of the membrane and any index response will be lost. 
A better approach may be to bind the dye to the polymeric 
matrix. The concentration required should not be so high that 
the behaviour of the polymer is severely affected and it may 
still be possible to plasticize as before.

The unsaturated crown dicyclohexyl-18-crown-6 is 
also sparingly soluble in water so it may be necessary to 
immobilize this as well. Examples of binding crowns to a 
number of polymer supports can be found in the literature, 
such as poly(vinylalcohol) [Kimura et al 1983], polystyrene 
[Shinkai et al 1983] and poly(vinylbenzylchloride) [Warshawsky 
and Kahana 1982] . Another posibility would be to use the 
partially saturated dibenzo-18-crown-6 which is insoluble in 
water and is, therefore, unlikely to leach out of the 
membrane. This crown however, does have a lower selectivity 
towards K+ over Na+.

c) The interaction between crown and dye appears to be 
quite weak. It might be necessary to increase the interaction 
by physically bringing the crown and dye closer together. By
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binding the dye to the crown a stronger interaction and 
absorption response may result. Such a 'chromogenic' crown 
ether has been described [Nakamura et al 1982]. The structure 
of a couple of the compounds prepared are illustrated in 
Fig.4.5.

The molecule with structure 'a' had an absorption 
maximum of 518nm uncomplexed, changing to 571nm for Na+ and 
575nm for K+ complexes respectively. The basicity of the 
phenolate ions in the two structures above had an interesting 
bearing on the selectivity of the compounds, effects which 
must be taken into account if this route is to be followed. 
For a given crown ring size the Na /K selectivity is governed 
by the basicity of the phenolate ion of the dye, the more 
basic phenolate favouring Na+ . Therefore, two groups of 
factors determine selectivity. The first are those that 
usually govern the selectivity of the crowns outlined in 
Section 4.2.1. The second are the coordination and ion-pair 
interactions illustrated in Fig.4.6 (a)&(b) respectively.

A localized negative charge (high basicity) would 
favour coordination and the selectivity of lighter alkali 
metal ions such as Na+ . Delocalized negative charges (low 
basicity) favour ion-pair formation and the extraction of 
heavier ions such as K+.

The absorption response of chromogenic crown 
compounds might be improved by binding the merocyanine dye 
described in this chapter in a structure such as is 
illustrated in Fig.4.6 (c) . The absorption of this dye is 
likely to be extremely sensitive to complex formation. The
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Fig.4.6. (a) Coordination interaction and
(b) Ion-pair interaction [Nakamura et al 1982].
(c) Merocyanine based chromogenic crown ether.
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specificity of such a compound may be determined to some 
extent by the solvent as the localization of the charge on the 
phenolate ion will be affected in the ways described above. If 
a suitable preparation could be devised this could be a useful 
tool for chemical sensing.

d) There will need to be careful control of 
concentrations of cladding components in order to maintain 
stable refractive indices and index response. A consistent and 
controllable binding technique for the dye may help to give 
some control to the index response. Attempts to bind the 
merocyanine dye to P.V.C. proved unsuccessful due to the lack 
of reactivity of the chlorine. Binding to P.V.A via ester bond 
formation proved equally unsuccessful, possible alternative 
routes [Morishima et al 1981] were not attempted. The dye was 
successfully bound by an ester bond to 
poly (vinylbenzylchloride) [Kamogawa 1974 ]. Electrostatic 
binding to a sulphonic acid ion-exchange polymer through the 
quaternary ammonium group of the dye also proved successful. 
By this stage, however, alternative approaches to 
demonstrating the viability of the coaxial sensing technique 
were being explored in the context of a pH sensor and this 
work was not carried further.

e) What arises from the previous discussion is that it 
is no easy task to achieve 'selectivity' and 'sensitivity' in 
even a single material let alone a single molecule. A much 
simpler approach would be to develop a two layer cladding as
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mentioned at the beginnning of the chapter. This approach 
would then be similar to the ion-selective electrodes where 
specificity of the electrode response is determined by the 
membrane coating it [Koryta 1972].

The cladding might consist of a two micron layer 
coating the fibre that has limited selectivity, possibly based 
on a metallochromic indicator bound to a polymeric support. 
The sensitive layer need only be the thickness of the depth of 
the evanescent field of the tube waveguide for a response to 
be possible. Covering this layer would be an ion-selective 
membrane that only allows the diffusion of the chemical 
species to be measured. Ion-selective membranes specific to a 
large range of chemical species have been developed [Ma and 
Hassan 1982] . With such an approach it may be possible to 
sense a wide range of chemical species using the same 
sensitive primary cladding. This would greatly simplify the 
device because for each application materials development 
could be kept to a minimum and the coaxial fibre design need 
not be changed.

This chapter has kept discussion limited to a 
review of techniques associated with metal ion sensing. Little 
has been said of specific requirements for refractive index 
changes such as the position of the absorption maximum 
relative to measuring wavelength, dye concentration, and 
absorption changes. This is because the technique could not be 
developed adequately to get clear results. To demonstrate the 
viability of the directional coupler sensing technique a 
simpler approach was desirable. The development of a pH
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sensitive cladding based on a refractive index response 
associated with the absorption changes of a common acid/base 
indicator dye was therefore attempted. The specific 
requirements for refractive index response in this application 
are described in detail in the next chapter.
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5l^ develop ment and characteriza tion of a pH sensitive

CLADDING FOR THE DIRECTIONAL COUPLER SENSOR.

In this chapter some of the aspects of obtaining 
refractive index changes through shifts in optical absorption 
will be discussed in the context of the development of a pH 
sensitive cladding material for the directional coupler. The 
cladding is based on a polymeric matrix on which an acid/base 
indicator is immobilized. The dye requirements for measurable 
refractive index changes will be discussed first, followed by 
those of the polymer support. The preparation of the system 
chosen will then be described and the characteristics of the 
material covered in detail.

5.1. Indicator__Dye__Requirements.

Most common pH indicator dyes are weak acids or 
bases, addition or loss of a proton to such compounds results 
in a rapid and clearly observable colour change over a limited 
range of pH values, usually, only a couple of pH units. Within 
this range the indicator dye molecules reach an equilibrium 
with the solution and will exist in one of two states, one or 
both of which may be strongly coloured, the proportion of each 
being dependent on the pH of the solution. Fig. 5.1 shows the 
absorption spectra of an aqueous solution of the indicator dye 
phenol red in its acid, alkaline, and an intermediate form. 
Changes in the refractive index measured at wavelengths close 
to one of these maxima should then be an indication of changes
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Fig.5.1 pH dependent absorption of phenol red in aqueous solution. 
(5xl0“5 mol/1)
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in pH. A number of points have to be considered when choosing 
a suitable indicator dye:
a) In Fig.5.2(a) the theoretical effect on the refractive 
index of a material due to both a narrow and broad absorption 
peak is shown (the curves are plotted using a Kramers-Kronig 
relationship that assumes Lorentzian absorption peaks, the dye 
concentration and oscillator strengths are the same in each 
case) . Not only does the narrow absorption peak have the 
greater effect on the index, but at wavelengths away from the 
absorption maximum the loss is lower. This is important for 
device design as it means that the dye concentration can be 
raised to increase the index response to a greater extent than 
would be possible with a broader absorpotion peak.

Fig.5.2(b) illustrates how the absorption change of the 
indicator dye phenol red would be used in practice. In this 
case for example, measurement at 633nm can be expected to 
result in an index change of 6xl0-3 for the acid/base 
transition.
b) The position of the absorption peak in relation to the 
measuring wavelength is important when loss is considered. If 
in order to have a measurable index change one has to use a 
wavelength that is within the tail of the absorption peak, 
loss in the cladding will begin to affect the coupling 
response of the fibre, (see Chapter 2) . For design purposes 
one would wish to operate at a wavelength where loss does not 
have this effect.
c) As both the cladding index and the index change are 
determined to a large extent by the dye concentration an
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immobilization mechanism must be available to ensure there is 
no leaching of the dye into solution. The binding mechanism 
chosen should not affect the colour chemistry of the molecule.
d) The dye should respond over a useful range of pH.
e) If in vivo measurements are to be attempted the dye must 
be non-toxic.

The sulphophthtalein class of indicator dyes was 
chosen to meet most of the requirements above. In acidic 
solution the sulphophthaleins have a weak absorption at about 
430nm and are yellow in colour. In alkali there is a strong, 
narrow absorption peak towards the red end of the spectrum, 
depending on structure the dyes are either red, blue or violet 
in colour. The structural changes associated with the pH 
response of the parent compound of this class, phenol red, are 
illustrated in Fig.5.3. Below pH 1.5 the molecule has the 
symmetrical structure I. The dissociation of the first proton 
yields the asymmetrical structure II. The limited extent of 
the conjugation of this form means that the energy of the 
transition is high and absorption occurs at short wavelengths 
giving the yellow colour. The loss of the second proton 
produces the symmetrical bis-phenolate anion III. The 
conjugation is now more extensive and the energy of the 
transition is reduced as a result. The absorption now occurs 
at a longer wavelength, 554nm. Substitutions on the 
chromophore give the other members of this class of dyes . 
These substitutions affect the strength of the 0-H bond of the 
remaining phenol group and hence the pH at which the proton
dissociates.
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OH

I red/orange

ID. red/purple 

( 554nm.)

Fig.5.3. Structural changes associated with index response of 
phenol red [Bishop 1972].
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The narrow intense absorption of the alkaline forms 
of the sulphophthaleins and the position of this absorption 
makes them suitable for a pH sensor through refractive index 
measurement at the He/Ne wavelength of 633nm. The sulphonic 
acid group is also available for binding to the polymer matrix 
without interfering with the colour chemistry of the molecule.

Two sulphophthalein indicator dyes were chosen for
further study, phenol red and thymol blue:

Dye Absorption
Maximum
(acid)

Absorption
Maximum
(alkali)

Transition
Range

Colour
Change

Phenol Red 430nm. 554nm. 6.4-8.2 Yellow-Red

Thymol Blue 430nm. 592nm. 8.0-9.6 Yellow-Blue

When loss was considered, it became clear that 
thymol blue had an alkaline absorption maximum too close to 
the chosen measuring wavelength of 633nm. This problem is 
illustrated theoretically in Fig.5.4. A value of 50dB/cm is 
taken as a reasonable figure for sustainable loss and the 
index change due to the alkaline absorption peak is plotted as 
a function of wavelength. The concentration is determined by 
the value of loss chosen. At 633nm it is clear that the 
concentration of thymol blue is too low to have a significant 
effect on the refractive index. For phenol red, however, the 
measuring wavelength is sufficiently displaced from the 
absorption maximum to allow a high concentration to be used
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Phenol Red

Thymol Blue

600 4 650 700
Wavelength  (nm.)

Fig.5.4. Theoretical maximum attainable index response as a 
function of wavelength for two indicator dyes absorbing 
at d ifferent wavelengths (concentration adjusted to keep 
loss constant at 50dB/cm).
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and so a large index change is possible. Because of this, work 
with thymol blue was discontinued.

5,2,. Polymer Matrix__Requirements.

The choice of a support polymer is critical to the 
operation of the device. A number of important points have to 
be considered:
a) Some degree of water absorption is necessary to obtain a 
response.
b) The refractive index of the material after water 
absorption must be comparable to optical glass indices. There 
are ways to cope with depressed cladding indices, see 
Chapter 7, but it was thought preferable to operate the device 
in the manner described to date. This requirement suggests 
that a high index polymer should be chosen as the matrix.
c) A dye binding mechanism must be available. Unfortunately 
the high index requirements ruled out a number of attractive 
possibilities, for example binding to polyacrylamide [Peterson 
1980] .
d) The material must have good optical properties. If the dye 
concentration is going to be limited by the sustainable loss, 
it is not desirable to have to reduce it further in order to 
compensate for an absorbing or scattering cladding matrix.
e) A suitable coating technique should be available to clad 
the optical fibres to a thickness of a few microns.
f) At a thickness of only a few microns the polymer will need 
to be mechanically stable. This will also ensure that the
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background index remains constant.
g) The polymer itself should not have a pH response. In 
practice any response is likely to be small and can, 
therefore, be made insignificant by designing the fibre to 
respond only to large refractive index changes introduced by 
the dye.

Obviously it would be difficult to design a 
material to meet all the above requirements. The first four 
were considered the most important and of these the binding 
mechanism dictated the final approach. Ideally one would look 
to covalently bind the dye molecule to the matrix [Hatanaka et 
al 1974, Peterson et al 1980]. An involved binding reaction, 
however, limits flexibility and an unambiguous route, which 
did not interfere with the colour chemistry of the indicator, 
was hard to find. Some possibilities for further work are 
discussed at the end of Chapter 6 . A route involving the 
electrostatic binding of the sulphonic acid group on the dye 
to the strongly basic sites of a quaternary ammonium 
ion-exchange membrane was chosen and is illustrated in Fig.5.5 
[Miller 1958, Bishop 1972]. This immobilization technique has 
also been proposed recently for other optical chemical sensors 
[Zhujun and Seitz 1984 (a) , 1985] .

The use of a polystyrene based backbone to the 
ion-exchange resin provides the required high initial index. 
By controlling the number of exchange sites the degree of 
water absorption can be controlled to some extent. The binding 
mechanism has proved to be sufficiently strong to prevent 
leaching of the dye from the material. Even after two months
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Fig. 5.5. Immobilisation of phenol red on a quaternary ammonium 
ion-exchange resin.
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soaking in distilled water no visible sign of leaching had 
occurred on a test film. Though not ideal, as shall be shown, 
the system provided the flexibility required for the 
investigation of the feasiblity of this sensing technique.

.5., 3 , Cladding__Preparation,

Quaternary ammonium ion-exchange resins are readily 
available in cross-linked bead or sheet form. Unfortunately 
they are of poor optical quality and totally unsuitable for 
the coating of optical fibres twenty microns in diameter. A 
preparation had to be devised which would enable the fibres to 
be coated over a well defined length.

The reaction route developed is illustrated in 
Fig.5.6 . The preparation begins with the dissolution of 
poly(vinylbenzylchloride) in tetrahydrofuran. 15% of the 
benzyl chloride groups are converted to quaternary ammonium 
ion-exchange sites by reaction with a tertiary amine. 
Triethylamine was initially used but proved to be too 
unreactive, trimethylamine proved to be better. The degree of 
quaternization was found to be critical. If too low, less than 
1 2 %, the resulting polymer films proved to be non-absorbent. 
If too high, above 20%, the films were soluble in water at 
room temperature.

The solubility at low conversion percentages and 
the fact that dry films proved to be extremely brittle 
suggested that the molecular weight of the poly(vinylbenzyl 
chloride) was low. To improve the mechanical stability, wet
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-f-CH-CH 2 ^-

CH 2 C l

+  N(CHb)3

>

- tC H -C H z j-

+  Cl

CH 2  N(cHb)b 

SO 3

Fig.5.6. Reaction route used to prepare ion-exchange cladding 
material.
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strength, and to reduce any tendency towards dissolution the 
polymer was partially cross-linked to increase the molecular 
weight. This was done in solution rather than after film 
formation as control of the reaction was easier. 
1-6 diaminohexane was used as the cross-linking agent. This 
reagent has two functional groups which produce two more 
ion-exchange sites on reaction. As with quaternization, the 
degree of cross-linking was found to be critical. Too little, 
less than 1 % conversion of the initial number of benzyl 
chloride groups, produced no effect on the brittleness of the 
polymer films. Between 4% and 5% gave strongly coloured 
solutions and above 5% the polymer precipitated from solution. 
A value of 2% was finally chosen.

On completion of the quaternization and
cross-linking steps the dye could be dissolved in the 
solution. Alternatively, it could be introduced into a spun 
film of the polymer by ion-exchange from aqueous solution.

The detailed preparation of a standard polymer 
solution used for all subsequent experiments is as follows:
1) 4g of Poly(vinylbenzylchloride) (Aldrich Chem. Co.) is 
dissolved in 40ml of THF (AnalaR B.D.H.).
2) 6ml of a stock solution of Trimethylamine (B.D.H.) in THF,
0.658 mol/1, is added to give 15% conversion of benzyl 
chloride groups to quaternary ammonium salts.
3) 1.6ml of a stock solution of 1-6 Diaminohexane (B.D.H.) in 
deionized water, 0.164 mol/1, is added while stirring.
4) The solution is allowed to stand overnight to ensure 
complete reaction.



130

5) The viscosity of the solution increases and the solution 
has also becomes slightly opalescent. 4ml of deionized water 
is added and the flask is shaken. The water decreases the 
viscosity to allow thin films to be spun while at the same 
time reducing the solvent volatility so that the spun films 
have a better surface finish. The presence of water in the 
films also reduces the chances of cracking.
6) Phenol red is then added to the solution at this stage if 
required.

The preparation above has proved adequate for thin 
films up to about five microns in thickness. Films thicker 
than this had a tendency to crack when dry. It would appear 
that for thin films the surface adhesion to the glass 
substrate is sufficiently strong to overcome the likely 
stresses induced in the film as a result of the rapid spin 
used in their formation.

A rough calculation indicates that the number of 
ion-exchange sites is about fifty times that required to bind 
the dye in sufficient concentration for the proposed 
refractive index response of 5xl0-3. Dye bound polymer films 
prepared in this manner displayed the characteristic colour 
changes associated with the free dye, the response time being 
only a few seconds.
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5.4. Cladding characterization.

Index characterization of the material was 
performed on thin films of a couple of microns spun onto 
soda-glass microscope slides. It was found to be too difficult 
to measure film refractive indices using an Abbe Refractometer 
due to loss and the thickness of the films. All measurements 
were made on a Rudolph Auto-El II Ellipsometer. The 
consistency of results proved to be sensitive to the surface 
quality of the films. If poor, a large scatter in the measured 
indices resulted. Due to the volatility of THF it was 
difficult at first to spin films with the necessary smooth 
surface; the presence of radial 'orange peel' indicating that 
the films were drying during the spin. The addition of water 
to the polymer solution and a short fast spin produced films 
with a surface quality that gave reasonably consistent 
results. Unfortunately, the accuracy of the ellipsometer 
leaves something to be desired being accurate to only ± 2 xl0-3. 
This meant that in order to achieve unambiguous results, dye 
concentrations had to be somewhat higher than would be 
required for a device.

Spectra were run on both wet and dry films using a 
Varian 2000 Spectrophotometer. Wet spectra were obtained by 
pressing a second glass slide onto the surface of the film 
while immersed in solution; this technique prevented 
evaporation during a reading. Films were then returned to the 
solution until thickness measurements could be made using a 
Talysurf for the evaluation of dye concentration in the films.
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Concentrations were then calculated by reference to an aqueous 
dye solution of known concentration. It is this independent 
estimate of dye concentration that has provided the greatest 
source of experimental error.

5_. 4.1. Spectra of Polymer Films With Immobilised Phenol Red.

Fig.5.7(a) shows a typical absorption spectrum of 
phenol red immobilised on the ion-exchange resin film in acid 
and alkaline solution. There is little line broadening at 
these concentrations so one can reasonably predict that the 
refractive index response will be linear with concentration. 
There is a significant shift of about 27nm to longer 
wavelengths of the alkaline absorption maximum when compared 
to aqueous solution. This can be explained by consideration of 
the likely solvent effects. It is unlikely to be due to the 
binding as the sulphonic acid group is sufficiently removed 
from the chromophore to exert little influence on the energy 
levels of the transitions concerned. The ground states of the 
acid and alkaline forms of phenol red have been shown in 
Fig. 5.3. The acid form is neutral apart from the sulphonic 
acid group which is involved in the binding. The loss of the 
second proton in alkaline solution produces a charged 
chromophore.

When considering solvent effects, the excited 
states of any transition will be stabilized to a lesser degree 
than the ground states. The solvent cage is essentially 
'frozen' during the rapid transition and will not necessarily
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Fig.5.7. Absorption spectra of polymer films containing 
immobilised phenol red.
(a ) 0.012 mol/1, 1.05|un thickness.
(b) 8 .63xl0~3 mol/1, 3.6)un thickness.
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have the configuration which offers maximum stabilization. A 
number of solvent-solute interactions can be considered when 
discussing solvatochromic effects. These include solvent and 
solute polarity, hydrogen bonding, and solvent 'packing'. In 
the above case the partial replacement of the water solvent 
cage with polymer matrix could explain the solvent shift. The 
water molecules would interact strongly with the charged 
ground state of the alkaline form which would help to 
stabilize the ground state. The less polar polymer matrix will 
not interact so strongly with the charged molecule and so one 
would expect a destabilization of the ground state with 
respect to the free dye in aqueous solution. This will reduce 
the transition energy gap and a long wavelength shift in the 
alkaline absorption peak would be expected. The reverse case 
wguld be true for the non-polar acid form and spectra show 
hypsochromic shifts of a few nanometers.

The likely interaction between the bis-phenolate 
anion and excess ion-exchange sites cannot be ignored. It is 
unlikely that this interaction is responsible for the spectral 
shifts because of the reversibility of the colour change. The 
bis-phenolate ion would bind strongly to the quaternary 
ammonium site, a bond which would not be broken by 
re-immersion in a weak acid solution. This secondary binding 
process is important when the long term stability of the index 
response is considered in Section 5.4.6.
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5.4.2. Theoretical Determination Of Refractive Index Chancres 
as a Function of Dye Concentration.

To obtain a theoretical value for the refractive 
index change on transition from the acid to alkaline forms of 
dye, as a function of dye concentration, the following 
Kramers-Kronig expression was evaluated from data obtained 
from absorption spectra [Kucharski 1979]:

o
An = 1 f OK*.') 1 dX’

2712 ° °  1  _  1  X ' 2
X ' 2 X 2

This was done for ten films. By dividing by the 
concentration, a value for the dependence of the maximum 
refractive index change on dye concentration can be made. The 
value obtained was:

Anmax = 0 . 2 0 (± 0 .0 1 ) x concentration (mol/1 )

For comparison, the same calculation was performed 
at the isobestic point, 484nm, to illustrate the importance of 
loss . The isobestic point is often used as a reference 
wavelength in absorption based optical sensors. At this 
wavelength the contributions to the index change from each 
absorption peak should be additive giving a larger value for 
the constant in the expression above. The value obtained was
0.27 x concentration which is indeed larger than the value at
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633nm. Considering a figure of lOOdB/cm as a value of loss 
that the coaxial coupler can sustain without a severe effect 
on the coupling response, one finds that the concentration of 
the dye at 484nm is limited and the resulting maximum possible 
index change is only 3xl0~4. This is over an order of magnitude 
less than is possible at 633nm.

.5-.4.3, Experimental Verification_of ..Theoretical_Refractive
Index Changes.

To see if the value determined for the dependence 
of the refractive index change on dye concentration was born 
out experimentally, a number of films were spun onto glass
slides which had a roughened and blackened back surface to
reduce secondary reflections which might confuse the
ellipsometer. Early results were obtained from films spun from 
a solution with 0.03g (8.45xl0-5 mol) phenol red per gramme of 
poly(vinylbenzylchloride). Because of the blackened back 
surface it was not possible to measure the dye concentrations 
in these films photometrically. It was necessary to see if an 
independent measurement of the concentration could be made on 
another film spun onto clear glass from the same solution and 
at the same time. Solutions with different dye concentrations 
were prepared and three films were spun from each. The
concentrations were then measured photometrically and 
compared. The results are shown below in Table 5.A:
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Table 5.A

Solution Measured Concentration (mol/1)

1 0 . 1 0 1 ± 2 x 1 0 " 3

2 0.1218 ± 7 x 10-4

3 0.088 ± 2 x 1 0 " 3

Considering the problems of concentration 
measurement, these figures show reasonable agreement.

A number of films were then spun onto ground glass 
slides and the full refractive index response on going from 
acid (HC1, pH « 5 ) to alkali (NaOH, pH ~ 10) solutions was 
measured. Consistent index measurements proved difficult to 
obtain due to the variable quality of the films' surfaces. Up 
to ten readings were taken from limited areas on the films and 
in this way results could be obtained to within the accuracy 
of the instrument.

It had been hoped that during the course of a few 
readings the films would retain some water. However, index 
readings taken from the same point over four hours showed 
little change indicating that the films were drying out in a 
matter of minutes. The resulting sensitivity to humidity of 
the films could account for much of the scatter in results. 
These facts were confirmed when results from coated fibres 
were obtained (see Chapter 6) .

The colour change on cycling between acid and 
alkaline solutions was rapid, appearing to be dependent on 
diffusion and the time required to neutralize any acid or
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alkali in the film. This means that one can expect a device to 
have a response time of only a few seconds which would make it 
considerably faster than optical devices so far published 
which take tens of seconds or longer to respond.

Table 5.B

Concentration Index An Measured An Predicted
(mol/1) Change

0.064 1.581 - 1.596 1.5 X 1 0 ' 2 1.3 X 1 0 -2

0.064 1.585 - 1.603 1 . 8 X 10 " 2 1.3 X 1 0 ' 2

0.064 1.585 - 1.600 1.5 X 1 0 “2 1.3 X 1 0 -2

0.064 1.586 - 1.605 1.7 X 10 " 2 1.3 X 1 0 “2

0.037 1.578 - 1.592 1.4 X

CM1OrH 0.7 X 1 0 " 2

0.037 1.577 - 1.586 0.9 X 10 " 2 0.7 X 10 " 2

0.035 1.566 - 1.573 0.7 X 1 0 -2 0 .6 X 1 0 ' 2

0 . 1 2 2 1.556 - 1.586 3.0 X 1 0 “2 2.4 X H* O
l ro

Table 5.B above gives the results for the measured 
full index response compared to the predicted value. The 
predicted values are consistently lower than the measured 
ones. This suggests that there is a consistent error creeping 
in somewhere. The most likely cause is in the measurement of 
concentration. In deriving the dye concentration 
photometrically, by reference to an aqueous solution of known 
concentration, one is assuming that the extinction 
coefficients for the dye absorption are the same in each case.
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This may not be a valid assumption especially as there are 
solvent shifts of the absorpition maxima for the bound dye in 
comparison to an aqueous solution. Despite this, the tie-up 
between theory and experiment is encouraging considering the 
dificulty in obtaining accurate refractive index measurements.

The results of the above experiment show that the 
technique of adding dye to the polymer solution before 
spinning can, if some care is taken, give consistent results. 
Further work is needed to get the required control of the 
absolute refractive index of the films. Films spun from a 
single solution have shown consistent results. From solution 
to solution, however, there is little reproducibility of 
background index. Because small volumes of polymer solution 
were prepared each time, fluctuations in the degree of 
quaternization and cross-linking could account for this 
variation.

5.4,4, Gradual Addition of Dye by Ion-Exchange.

To demonstrate the principle of operation of the 
combination of directional coupler and cladding it was 
necessary to have as flexible an approach as possible. The 
major problem would be tailoring the refractive index of the 
cladding to bring the directional coupler into a 
phase-matching condition. This choice of material offers the 
possiblity of gradually increasing the dye concentration by 
ion-exchange from aqueous solution. Experiments using this 
technique were conducted to see if any control of index could
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be achieved.
A number of dye-free films were spun and their 

refractive indices were measured in acid and alkaline 
solutions. The consistent index readings obtained confirmed 
that the polymer itself was not giving rise to the index 
responses observed.

The refractive index change as a function of 
immersion time in aqueous dye solution was then measured. The 
dye-free films were first soaked in de-ionized water for one 
hour to ensure complete water absorption, and this also aided 
uniform dye absorption. Early attempts to introduce the dye by 
ion-exchange were made using an ethanol/water dye solution. 
The ethanol promoted the dissolution of the phenol red. There 
was evidence however, that the ethanol caused the films to 
shrink and sometimes crack. Fortunately, phenol red is 
sufficiently soluble in water to allow ethanol free solutions 
to be used. A solution of O.Olg in 200 ml of de-ionized water 
(1.411xl0-4 mol/1) was used. Films were immersed in the 
solution for half a minute, washed, and then a reading was 
taken. Fig.5 .8 shows the results for the two films studied. 
Although the absolute index differs, the rate of dye uptake is 
consistent. One can therefore assume that this technique could 
be used with some degree of control to modify the refractive 
index of a polymer film.

The nature of the ion-exchange processs means that 
one could add the required amount of dye to a solution in the 
confidence that it will all be taken up by the film to leave a 
clear solution. This technique was not used because of the
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Time in phenol red solution (min.)

Fig.5.8. Refractive index response of ion-exchange films as a function 
of immersion time in aqueous phenol red solution 
(1.411x10-^01/1).
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problem of knowing the film volume accurately. It could, 
however, be useful in other applications, for example in 
tuning directional couplers.

5_, 4 ,5., Theoretical and Experimental pH Response.

The next step was to determine in more detail the 
pH response of the material. Fig.5.7(b) shows how the 
absorption of a wet film changes as a function of pH. From 
these spectra a theoretical index response was calculated. The 
figures were then corrected so that the total index change 
corresponded to the value of 0 . 2 0 x concentration determined 
in Section 5.4.2. The theoretical index response is shown in 
Table 5.C.

Table 5.C.

PH Refractive Index Change 
f(cone)

5.0 0 . 1 0 0

6 . 0 0.109
6.4 0.134
6 . 8 0.185
7.4 0.268
8 . 0 0.287
9.0 0.300
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Figs.5.9(a)- (c) show the values of refractive index 
measured on the ellipsometer with a theoretical plot 
superimposed. The theoretical curve was fitted to the 
experimental results by choosing a value of concentration 
appropriate to give the measured total refractive index 
change. The fit is encouraging though not perfect. There is a 
slight spread in the values over which the film responds 
compared to aqueous solution. More work would be needed to see 
if this was a genuine effect or just a result of experimental 
error.

The wet film response, Fig.5.9(c), was obtained 
from a film prepared in a slightly different manner from that 
described to date. A one micron film was first spun onto the 
glass substrate, a few drops of the polymer solution were then 
spread over the film and solvent evaporation was slowed by 
covering with a Petri dish. This mimicked as closely as 
possible the technique used to coat the optical fibres (see 
Chapter 6) and this gave a film of about four to five microns 
in thickness. The ellipsometer cannot handle films thicker 
than five microns accurately. To obtain index measurements 
when wet, the film was immersed in the desired solution for 
five minutes and then transferred to a Petri dish which had a 
shallow pool of the solution in the bottom. A lid with two 
holes positioned for the ellipsometer beams was then placed 
over the top to reduce the evaporation rate. Using this 
technique the first few readings gave consistent results 
before the films began to dry out. The technique did not work 
for the thinner films as these still dried out too quickly.
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5.4.6. Long term Index Response»

Films cycled between acid and alkaline solutions, 
with index readings being taken between each immersion, have 
shown the type of response illustrated in Fig. 5.10. For the 
first six cycles or so the index difference between the two 
states remains constant. After this time, which corresponds to 
about an hour and a half, the index of the film increases and 
the index response reduces. Visually there is a reduction in 
the colour saturatuion of the alkaline state, the films 
eventually becoming permanently yellow in colour. The most 
likely explanation for this behaviour is that the secondary 
binding process, briefly mentioned in Section 5.4.1, is 
occurring. The bis-phenolate anion will bond strongly to an 
excess ion exchange site (only iodide ions should be capable 
of displacing it). This bonding will only occur when the dye 
is in its alkaline form as the ground state of the acid form 
is neutral. One can ignore the excited states as the solvent 
cage is 'frozen' during the time of the transition. Once the 
bond is formed the symmetry of the chromophore is broken and 
one would expect the colour to revert to the yellow of the 
acid transition. If the bonding occurs while readings are 
being taken the matrix may well close up as the film dries out 
giving the increase in refractive index observed.

The hypothesis above was tested in a number of 
experiments:
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a) Iodide ions should liberate dye from a film which 
no longer shows an index response. An iodide solution was 
prepared and a film was immersed in it. Immediately the dye 
was seen to leach out of the film.

Iodide ions could also be used to prevent the 
uptake of dye. Immersing a dye-free film in the iodide 
solution considerably reduced the rate of subsequent dye 
absorption.

b) These films should have absorption spectra which 
show the same characteristics as the acid absorption of the 
freely responding bound dye. Two films were spun from the same 
dye/polymer solution containing 0.045g of phenol red per 
gramme of poly(vinylbenzylchloride). The concentration was low 
enough to ensure a large excess of exchange sites. After 
drying, both films were soaked in a buffer solution of pH 9.0 
and the colour changed rapidly to the red/purple colour of the 
alkaline form as expected. One film was then removed and 
allowed to dry. Both were then left for three days. After this 
time both films were yellow in colour. Spectra of the films 
were run in alkaline solution. From Fig. 5.11 (a), it can be 
seen that the alkaline absorption peak has almost disappeared. 
The film that remained in solution shows a poorer response, 
possibly because the wet polymer remains mobile and the 
secondary binding is able to go to completion. The short 
wavelength absorption peak in the alkaline solution shows, as 
predicted, the same characteristics as the acid absorption of 
the free dye.
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c) It should be possible to store the films in their 
acid form to inhibit secondary binding. Two more films were 
prepared from the above polymer/dye solution and were soaked 
in a buffer solution of pH 5.5. As before, one was removed to 
dry out and both were left for three days. Spectra were then 
run, Fig.5.11(b), and both show the expected full pH response. 
This supported previous observations that films left in the 
acid form for over two months showed full and rapid responses.

The binding process described does not necessarily 
have to limit the use of the material. If stored in the acid 
form and measurements are carried out from acid to alkali it 
should be possible to increase the number of cycles 
considerably. The rapid response time should help in this as 
as the time in alkaline solution will be short . Unless a 
method of neutralizing the excess exchange sites can be found, 
possibly by the addition of iodide and dye in the correct 
proportion to occupy all available exchange sites, continuous 
measurement of pH for longer than about one hour will not be 
possible.

The binding mechanism described above possibly 
accounts for the loss in response of the pH sensor described 
by Zhujun and Seitz 1984(a) after a few weeks storage. The 
reagent phase is based on the fluorescent dye HOPSA 
immobilised on an ion-exchange resin. After storage, the dye 
shows only the absorption characteristic of the acid form of
the dye.
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Fig.5.11. Absorption of films used to study longterm index response.
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5-«.,5 — Conclusions .

In this chapter an approach to the development of a 
material with a pH sensitive refractive index has been 
described. The approach adopted demonstrates the feasiblity of 
the technique despite a number of limitations. Further work is 
required to obtain control over the absolute index of the 
material to the precision required, but the index response 
behaves much as expected. A covalent binding technique would 
be preferable to the electrostatic one described as this would 
probably give more reproducible results and the secondary 
binding process should be elliminated.

It was felt that the material was sufficiently well 
characterized to consider the fabrication of a demonstration 
device combining the cladding material with the directional 
coupler. This is described in the next chapter.
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Sl̂  COAXIAL COUPLER pH SENSOR - EXPERIMENTAL RESULTS.

In the last chapter the characterization of the 
cladding material was described in detail. It was felt that 
sufficient work had been done to attempt the construction of a 
device combining the coaxial directional coupler and the 
sensitive cladding. In this chapter the two experimental 
approaches adopted and the fibre design considerations will be 
discussed. Coating of the fibre and the experimental set-up 
will then be covered. This will be followed by the results and 
an explanation of the behaviour observed. The chapter will 
finish with some conclusions and suggestions for future work.

6,1 . Experimental Approach.

Looking at the coupling curves obtained for the 
coaxial fibre in Chapter 2, one can see that the higher order 
mode coupling considerably complicates the response. This can 
be ignored if one aims to operate the device up and down the 
low index slope of the fundamental coupling curve. To do this 
the fibre is designed to phase-match when the cladding is in 
the alkaline, high index, state. Conversion to the acid form 
reduces the cladding index so the power in the rod increases 
as the rod and tube guides become mis-matched.

Because of the uncertainty in the background 
cladding index two experimental devices were designed using 
fibres of F1/F2 and SK12/DBC glass combinations.
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The first experiment was aimed to demonstrate that 
a pH induced colour, hence refractive index change in the 
cladding, could be detected by a variation in the output 
intensity from the rod guide of the coaxial directional 
coupler. For this reason as much flexibility in the 
experimental design was sought.

The fibre was designed in the F1/F2 lead glass 
combination to phase-match at a cladding index of 1.583 
corresponding approximately to the index of the low dye 
concentration films measured on the ellipsometer. It was felt 
that these index values were probably of the dry cladding, but 
this was not confirmed until an experiment using the fibre was 
attempted. Because the indicator dye is responsible for the 
index change, the fibre was designed for quite large index 
changes to minimize the effect of small temperature 
fluctuations, a An = lxlO-2 being required to fully mis-match 
the guides. This whould enable a response to be observed even 
if the phase-matching conditions were not optimized.

Once the relative dimensions of the two guides had 
been chosen for the index response required, the separation 
was adjusted to give a beatlength of about 1 cm; long enough to 
define accurately but not so long that index fluctuations 
might become significant.

By introducing the dye into the cladding by 
ion-exchange it was hoped that some degree of index adjustment 
would be possible.

6 . 1 . 1 .  1F1 /F2  F i b r e '  D e v i c e .
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The second approach was aimed at designing a 
realistic device to operate in solution. The steps for this 
will be covered in more detail.

Attempts were made to measure the water saturated 
index of thicker polymer films using the technique described 
in Chapter 5.4.5. The films were prepared by the same technique 
as would be used to coat the fibre. Fig.6.1 shows the results 
for such a dye-free film. From these results the water 
saturated cladding index was assumed to be about 1.563. This 
low index ruled out the use of the F1/F2 glass combination. 
This is because the index asymmetry of the tube guide requires 
the thickness of this guide to be increased to achieve 
phase-matching with a rod guide of reasonable diameter. The 
field in the tube would, therefore, be well confined with 
little penetrating into the cladding. Excessively large index 
changes would be required to significantly alter the 
propagation constant of the tube to mis-match the two guides. 
The lower index SK12/DBC glass combination was therefore used.

An estimate of the fibre indices was made before a 
fibre design was attempted. The refractive indices of segments 
of a 30|im fibre of the SK12 glass were measured by heating in 
an index matching liquid under a phase contrast microscope. 
Results indicated that the refractive index had lowered from 
the bulk value by approximately 3.6xl0"3. For design purposes, 
as the two glasses are similar in composition, this index 
change was assumed to occur in both glasses. This gives values

- 6 . 1 . 2 ,  ’ SK12/DBC F i b r e '  D e v i c e .
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at 633nm of 1.5775 and 1.5835 for the SK12 and DBC glasses 
respectively.

The glass and cladding indices are now quite close 
which means that careful fibre design is required to keep the 
coupler's index sensitivity low. By choosing a rod diameter 
that is just monomode the tube thickness required for 
phase-matching is maximized which in turn minimizes the index 
sensitivity. A furthur reduction in sensitivity can be 
achieved by reducing the separation but this may present 
problems as the beatlength will decrease and the interaction 
length will be difficult to define accurately. By using a 
combination of these two techniques a fibre with a full index 
response of 4xl0-3 and a beatlength of = 5mm could be designed.

The precise phase-matching index now needs to be 
considered. To achieve a An of 4xl0~3 a concentration of 0.02 
mol/1 is required, (see Chapter 5.4.2) . Assuming that the 
increase in the background index will predominantly be due to 
the acid absorption peak the cladding index will then increase 
by 2xl0-3 to 1.565 (see Chapter 5.4.4.). On conversion to the 
alkaline absorption the index will increase by 4xl0"3, 
therefore the fibre will be required to phase match at an 
index of 1.569. The theoretical coupling response of the 
chosen fibre design is shown in Fig.6.2.

As with the first experiment, phase-matching in the 
high cladding index state was to be achieved by increasing the 
dye concentration through ion-exchange.
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F ig .6.2. Theoretical index response for DBC/SK12 fib re  design.
(a ) Assumed index of dye free film .
(b) Index in  acid form.
(c ) Index in  a lka lin e  form (dye concentration: 0.02 mol/1).
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Once a design had been chosen for the fibres they 
were fabricated using the double pull technique described in 
Chapter 3.1.

In the experiments the fibres were left unclad 
except for liquid mode strippers at either end and the 
interaction region which is illustrated in Fig.6.3. This was 
constructed in the following way:
a) A two micron dye-free polymer film was spun onto a glass 
microscope slide, = 4cm x 2.5cm.
b) The interaction length was defined by scraping excess 
polymer away.
c) Two glass strips were then glued at either edge to support 
a glass slide cover.
d) The fibre was then laid over the slide and a drop of 
polymer solution was spread over it and the interaction 
region. This was quickly covered to slow evaporation. To 
achieve good quality films round the fibre it was necessary to 
add approximately 0.2ml of I.P.A. per ml of the polymer 
solution to slow the evaporation rate still further, otherwise 
cracking of the film could occur as it dried.
e) Once the film was dry a high index thermoplastic was 
melted over either edge of the interaction region to further 
define its length and to secure the fibre.
f) Solutions could then be poured onto the exposed surface of 
the film and be removed with tissue paper by capillary action.

Using the above technique the fibre could be coated

6.2. Device Construction.
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Fig.6.3. Cladding region of experimental pH device.

158



159

with good quality polymer films of a few microns in thickness.

.6-, 3..,.. Results.

Before coating, the fibres' coupling responses were 
characterized by heating in a suitable high index liquid. A 
number of runs on each fibre were necessary to determine the 
beatlength of a fibre and hence the interaction length of the 
device. The responses for the three fibres, for which results 
will be described later, are shown in Fig. 6.4. It can be seen 
that there is still considerable higher order mode coupling 
and that the phase-matched indices do not exactly correspond 
to the design values. This could have occured for a number of 
reasons: the double-pull fabrication method had not proved to 
be as accurate in defining dimensions as the single-pull one, 
the indices of the fibre could not be predicted accurately, 
and because of phase separation, which led to poor propagation 
particuarly the SK12/DBC fibres, the choice of fibre diameter 
was limited.

6.3.1. 1F1/E2 -Fibre' Results

Once coated, the fibre's interaction region was 
soaked in an aqueous phenol red solution for a period of a 
half to one minute. The dye solution was then removed and the 
film was converted to the high index state by soaking in a 
buffer solution of pH 9.0. The cladding was then allowed to 
dry out to see if the index had been raised enough to cause
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Fig,6.4,
Index responses of fibres used in pH 
sensor experiments.

(a) F1/F2 (b) F1/F2 (c) DBC/SK12
al : 1.77|tm 1.90|un 1.90pm
a2: 6.39|un 6.88yjn 5.82pm
a3: 8.60pun 9.26pm 7.49pm
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phase-matching. If not the cycle was repeated. Figs.6.5 shows 
two such series. In Fig.6.5(a), which corresponds to the 
response fibre of Fig.6.4 (a), the modulation depth is 
gradually increasing as expected with dye concentration. In 
Fig.6.5(b), corresponding to the fibre of Fig.6.4(b), the 
indicator concentration has been raised to the extent that the 
whole of the coupling response is now being scanned as the 
film dries. As a result the modulation depth of the dry film 
has decreased. Notice the structure that appears in both the 
'1' and ’4 min. immersion' drying curves. From these results, 
and others not illustrated, it is clear that the dye is 
raising the index of the cladding which is then influencing 
the coupling response of the fibre.

Table 6A.

Cladding State Modulation Depth
on Drying

1. Alkaline 48%
2. Alkaline (repeat) 47%

3. Acid 60%
4 . Acid (repeat) 59%

5. Alkaline 52%

The next step was to determine whether there was 
any pH response. This would show itself as a difference in



Fig.6.6. Limited pH response recorded for F1/F2 fibre of Fig.6.4(a) 
(percentages indicate modulation depth).
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output intensity in the acid and alkaline state once the 
cladding was allowed to dry. This is a difficult experiment to 
perform because, without using a referencing system, a 
constant launch was required for about half an hour while the 
cladding was switched between the two extreme index states and 
allowed to dry in each. Nevertheless, some results such as 
those in Fig.6.6 were obtained. These results however, were 
extremely difficult to repeat but some consistency was 
obtained; one such series of results is shown in Table 6A 
above.

The results show that there is some pH response but 
it is much less than might have been expected. The reasons for 
this, and other points arising from the earlier concentration 
effects, will be discussed in the Section 6.4.

6,3,2, 'SK12/DBC Fibre' Results.

The device was prepared in the manner described 
above. Phase-matching was attempted by increasing the phenol 
red concentration via ion-exchange. This time the film was 
kept wet at all times to prevent any chance of the film 
cracking. Unfortunately all the attempts to achieve 
phase-matching proved unsuccessful. It would appear as though 
it was not the true water saturated film index which was 
measured on the ellipsometer after all. There was also some 
evidence that these thicker films did not have the mechanical 
stability after prolonged soaking of the one micron thick 
films. Possibly the surface adhesion was no longer exerting an
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influence once the films get above a few microns in thickness, 
which allowed the films to absorb more water than would have 
been suggested by the ellipsometer results.

Dye-free films were allowed to dry out to see if 
the index would scan through the coupling region. On drying 
some degree of phase-matching was achieved with all the fibres 
tested. As no dye had been added an estimate of the cladding 
index when dry could be made knowing the coupling response of 
the fibre beforehand. From this the concentration of phenol 
red in the F1/F2 results could be determined. No attempt was 
made to repeat the results of the F1/F2 fibre as it was felt 
that the addition of the required amount of dye to achieve an 
index response would lift the cladding index out of the 
coupling range.

-6 ,2,3 , Dry Cladding Humidity Response.

In both devices a strong humidity sensitivity was 
observed when the cladding was dry. This is illustrated for 
the SK12/DBC fibre in Fig.6.7 and for the F1/F2 fibre of 
Fig.6.4(a) in Fig.6.8. Gentle breathing on the dried film 
produced a significant change in the output intensity from the 
rod. The film even responds to the humidity from a hand 
brought within a centimetre of the interaction region. This 
effect is not a thermal one as a lamp brought close to the 
interaction region has little effect on the output intensity, 
as can be seen in Fig.6.8. If a thin plastic glove is worn and 
the interaction region is covered again there is no effect on
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the output. Neither is the effect due to mode-stripping. Some 
fibres which had a high degree of phase separation had an 
output dependent on the length of the mode stripper. This was 
due to power propagating in the rod being continually 
scattered into cladding modes which were then stripped. One of 
the worst fibres was taken and the intensity drop on adding 
lcm of a high index liquid was measured. The intensity drop 
for this length, similar to the interaction lengths used, was 
less than 4% which could therefore not account for the effects 
observed. Most fibres, however, did not show this type of 
scattering behaviour.

The above results would seem to confirm that the 
effect is a genuine coupling one. Two more observations can be 
added to support this; a change in the scattering from the 
interaction region was clearly observed as the films were 
allowed to dry, and also the drying curves showed similar 
structural features, Fig.6.7, which would not necessarily be 
the case if the effect was due, for example, to mechanical 
displacement.

From Fig. 6.1, the wet to dry index change is at 
least 1.5xl0-2 though, as was shown by the lack of coupling in 
the SK12/DBC device, probably more. This is enough to bring 
the fibre out of the phase-matched condition and give a large 
change in the output intensity. For the SK12/DBC case, where 
no dye is added, a full coupling response is possible as the 
fibre is close to phase-matching. This does not appear to be 
the case for the F1/F2 results where a reduced modulation was 
observed. For the results in Fig.6.7 prolonged exposure to
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moist air would appear to have changed the cladding index 
sufficiently to mis-match the fibre. Whether this coincides 
with the film saturating with water is difficult to determine 
as the exact position on the coupling curve is not known. It 
then takes a few seconds for the film to dry sufficiently for 
the index to affect the coupling once again. The dependence of 
the modulation on the exposure time to moist air is most 
easily explained by a non-uniform film thickness giving rise 
to effectively a different interaction length for each 
exposure.

Considering that this humidity sensitivity has not 
been optimized to any degree the possibility of making a 
device is attractive. The device could be made with a 
beatlength of only one millimeter and it could be made cheaply 
which might make it attractive for a number of applications as 
existing humidity sensors can be bulky and expensive. The 
fabrication problems will be considerably reduced as no dyes 
are required to give the index response. The lack of 
sensitivity required in the fibre response should also 
considerably reduce fabrication tolerances.

6.4. Discussion of Results.

A number of important questions which require 
explanation are raised by these results:
a) Why was the modulation depth not greater for the F1/F2 
devices when phase-matching was achieved?
b) Why was the detail found in the coupling responses of
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Fig.6.4(a)- (b) not repeated for the drying curves, especially 
when the dye concentration was thought to be high enough to 
scan through the coupling index range, as in Fig.6.6(b)?
c) Why, when observed, was the the pH response less than 
expected considering the large index changes that were likely 
to be involved?
d) Why did the SK12/DBC devices show a greater humidity 
response than the F1/F2 ones?

If one leaves aside factors such as having not 
phase-matched the coupler properly, poor cladding preparation, 
possible index non-uniformities and cracking of the cladding 
near the fibre, all of which might have played some part but 
are difficult to quantify, the most likely explanation is high 
cladding loss.

It has been mentioned that the F1/F2 fibres 
phase-matched at indices higher than they had been designed 
for. This has meant that a higher concentration of phenol red 
than desired was required to achieved coupling. An estimate of 
this concentration can be made because the SK12/DBC device 
results give a good idea of what the index of the dye-free 
cladding is when coated round the fibre. Taking an average 
from the results of all the devices which showed a coupling 
response an index difference of 3.6xl0-2 was found between the 
matching indices of the F1/F2 and SK12/DBC devices. If one 
takes the lowest loss case, when the fibre is phase-matched in 
the alkaline state, this index change will be made up of a 
background index increase (=0.1 x concentration, mol/1) plus 
the index response due to the colour change 0.2 x
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concentration, mol/1). This gives a value for the 
concentration of 0.12 mol/1. From the spectra it is found that 
this dye concentration would give a cladding loss at 633nm of 
700dB/cm. This value is well above any for which a coupling 
experiment was attempted. It can therefore be assumed that the 
coupling response of the fibre will be severely affected. The 
beatlength will have increased which means that the 
interaction length initially defined in the experiment is 
incorrect. 100% modulation would not be possible even if the 
coupler was perfectly phase-matched. Only when the interaction 
length is equal to odd multiples of the beatlength will the 
all the power in the rod be coupled to the tube. This might 
explain why the the modulation depth is not as great as 
expected.

The loss will also blurr any fine detail shown in a 
low loss coupling experiment such as the characterization 
curves of Fig.6.4(a)- (b). It would almost certainly merge the 
higher order and fundamental coupling responses as was found 
to happen with the experiments with oracet blue in silicone 
oil. This could be one of the reasons why the drying curves 
did not show the structure of the low loss responses. Another 
reason for this lack of structure could be that the rate of 
drying is fast leading to a rapidly changing and probably 
non-uniform cladding index. In heating coupling experiments, 
where the rate of change of index is at least five times 
slower (* lxl0_3/min.) , structure was lost when the heating was 
too rapid.

The high loss can also account for the lack of pH
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response. The coupling will be significantly less sensitive to 
index changes than when the loss is low. As the fibres are 
already fairly insensitive it would not take much loss to 
reduce the effect of an index change of the order of 2.4xl0-2 
predicted for this dye concentration. This would explain the 
difference in humidity sensitivity between the F1/F2 and 
SK12/DBC devices. With no dye in the cladding of the SK12/DBC 
devices there would be little loss so full modulation is 
possible. This would not be the case for the F1/F2 devices 
where high cladding loss would reduce the index sensitivity 
and lead to a weaker humidity response.

5 ,5. Conclusions .

The experiments to demonstrate the operation of a 
device combining the directional coupler and the sensitive 
cladding have not proved easy. The major problem is that the 
requirements for phase-matching and index response have to be 
met by the same material. This has been achieved to a limited 
extent but extensive work on the cladding material is needed 
before a practical device can be demonstrated.

Phase-matching by increasing the indicator 
concentration through ion-exchange has not given the 
flexibility required. This is because both the background 
index and the index response are governed by the indicator 
concentration. This has to be held within the strict limits 
dictated by the fibre response and the maximum sustainable 
loss of the fibre design. Possibly a second dye insensitive to
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pH and absorbing at a wavelength around 500nm, so that loss is 
not a problem, could be used to modify the index once the 
required amount of indicator dye had been introduced into the 
cladding. Index adjustment would then be possible without 
affecting the pH index response which would remain constant at 
a value dictated by the indicator concentration.

The degree of quaternization may influence the 
refractive index of the final polymer film so greater 
consistency in polymer solution preparation is necessary. A 
method of controlled cross-linking of the polymer film after 
coating the fibre is needed so that the degree of water 
absorption is strictly controlled. With care it should be 
possible to do this by immersion in a reactive solution such 
as described by Jones et al 1961.

The ion-exchange technique as described for these 
devices will almost certainly lead to non-uniform refractive 
indices round the fibres because diffusion is uni-directional. 
Addition of the dye to the polymer solution would help 
uniformity but a great deal of index characterization would be 
necessary to determine the concentrations required to achieve 
a specific index response.

The options described so far can only really be 
considered for experimental work. For a practical device much 
greater control over a material's characteristics would be 
necessary so that tailoring of the refractive index would not 
be required. Ideally, the indcator dye should be covalently 
bound to the polymer support so that secondary binding and 
possible displacement of the dye are no longer possible. A
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number of options are available. The indicator could be 
prepared with side groups capable of polymerization [Hatanaka 
et al 1974]. Indicator dyes with reactive side groups, such as 
the carboxilic acid group on the phthalein indicators, could 
be bound to a number of polymer supports such as 
poly(ethelenimine), poly(vinylalcohol) [Morishima et al 1981] 
and poly(vinylbenzylchloride) [Kamogawa 1974, Yamakita 1980]. 
Care must be taken to ensure that the binding process does not 
destroy or significantly alter the pH response of the dye. The 
mechanism described by Peterson et al in 1980, for example, 
binds phenol red to polyacrylamide by attachment to the rings 
of the chromophore resulting in a shift of the pK of the dye 
from 7.9 to 7.5. In this case the shift may not be significant 
but it is a point that needs to be borne in mind.

Controlling the phase-matching index of the 
coaxial fibre has also proved to be difficult. This is 
predominantly a function of the relationship of the glass to 
cladding indices, with some control of the response being 
possible by a suitable choice of dimensions. Annealing the 
fibres after fabrication should greatly improve the 
consistency of the fibres' response. Fibre annealing has been 
done successfully but can give brittle fibres.

A disadvantage of the coaxial geometry in a device 
is its small diameter and hence fragility. This could be 
overcome by suitable packaging which was not attempted as a 
technique was required that would allow the cladding to be 
stripped and the fibre to be re-used.

The viability of the technique has been



175

demonstrated even if the devices have not performed as 
predicted. Unfortunately it has not been possible to 
demonstrate the fast response of such a device as the only pH 
results were obtained after drying of the cladding. Some idea 
can be obtained, however, by the rapid humidity response. A 
more accurate measurement of the water saturated cladding 
index is required if a practical device is to be constructed. 
However, the major problem of the technique remains the index 
requirements for phase-matching and response. Approaches that 
might relax these requirements and some alternative coupler 
geometries are discussed in the concluding chapter.



CONCLUSIONS AND POSSIBLE FUTURE APPROACHES.L .

? . 1 Conclusions__Arising__from the__H orfc__Described,

The experimental work described in Chapter 2 
represents the best correlation between theory and experiment 
so far obtained for the coaxial coupler:
a) The expected variation in response with interaction length 
has been observed for the first time.
b) Photographs of the side-scattered light from the 
interaction region confirm the expected coupling behaviour.
c) Good agreement has been obtained between the index 
responses for two different, well characterized, cladding 
materials (silicone oil and epoxy resin).
d) A higher order mode coupling response has been observed 
which can be attributed to the presence of bubbles at the 
glass interfaces.
e) The behaviour of the coupler with increasing cladding loss 
has been recorded for the first time. This was found to follow 
broadly the theoretically predicted behaviour.
f) A furthur coupling mechanism resulting from bending the 
coaxial coupler has been observed.

The deviations from theoretical behaviour can 
reasonably be attributed to the uncertainty in glass indices 
as the fabrication techniques have developed to allow control 
of dimensions. The complex thermal behaviour of the glasses 
has caused many problems. It is not altogether clear whether 
annealing the fibres after fabrication will help to any great



177

extent. Theoretical and experimental behaviour of many fibres 
can only be matched by assuming that the glass indices have 
been increased in some cases above bulk values by as much as 
5xl0-3. A move to silica would almost certainly solve many of 
the fabrication problems.

As far as the cladding materials are concerned, the 
crown-dye approach to alkali metal ion sensing proved to be 
too complicated a route to follow. The use of a two layer 
system, where a generally sensitive layer is coated in an ion 
exchange material, appears to be more promising.

A pH sensitive cladding material has been developed 
with an index response close to that predicted theoretically. 
The major problem has been the control and measurement of the 
refractive index of the polymer matrix when saturated with 
water. Despite this, a small pH response was obtained. Much 
materials work is still required to obtain the necessary 
control of the cladding index. Finding a suitable covalent 
binding process for the dye would be preferable to the 
electrostatic one used. The work described shows that the 
technique is a viable one. But one would have to consider 
whether the effort required to make it work properly would be 
worthwhile. For a pH sensor there are a number of simpler 
techniques available, such as those described in the first 
chapter. The following applications might be considered:
a) At present immunoassay techniques are costly, difficult, 
and time consuming. Optical techniques involving selective 
binding to the surface of a waveguide offer a way of 
increasing the speed of measurement. Currently, there is much
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interest in surface plasmon resonance for this purpose. Many 
fabrication problems exist, however, such as the reproducible 
manufacture of metal films 500A thick. The used of dielectric 
waveguides should, therefore, be considered.
b) Measurements requiring response times of the order of 
seconds rather than minutes could make the directional coupler 
sensor an attractive possibility.
c) Where measurement from small volumes is required the 
coupler sensor could be considered. The interaction length 
could be designed to be very short, * 1mm, this combined with 
the small cladding thickness required would result in a small 
volume of sensing reagent. Perturbation of the solution to be 
analysed can therefore be reduced.
d) The humidity response described in the last chapter 
suggests an ideal application for the directional coupler 
sensor. As dyes are not required to give an index response so 
that the fibre can be designed to phase match a suitable 
material with well defined characteristics. The sensor would 
be small and cheap compared to many existing techniques such 
as capacitance devices.

7,2 Pisaflvatages__Ql__the__Coaxial Coupler Geometry.

In the operation of the coaxial fibre described, a 
number of disadvantages have become apparent:
a) The index requirements for phase-matching and pH response 
have to be met by the same cladding material. This imposes a 
number of constraints on the material index which have been
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difficult to overcome.
b) The diameter of the fibre is dictated by the tube 
dimensions required by the design. Because of this the 
diameter is rarely above 20̂ imr making the fibre difficult to 
handle and extremely fragile.
c) The coaxial geometry requires that the sensitive coating 
must be uniform in thickness round the fibre. Continuous even 
coating of the coaxial fibre in silicone elastomer has been 
achieved successfully. However, for the interaction region an 
even coat of only a few microns in thickness and about 1cm in 
length is required. This is much more difficult to achieve. 
There is also the need for the solution to have access to the 
cladding from all directions to ensure index uniformity. The 
interaction region is likely to be vulnerable to damage even 
if the rest of the fibre can be made robust by suitable 
packaging.
d) The fabrication of the coaxial fibre in optical glasses 
has lead to a number of problems such as bubble formation and 
phase separation. These have not been entirely eliminated.
e) Though potentially simple in operation, the directional 
coupler sensor is likely to require some form of referencing 
to compensate for bending losses and variations in launched 
power. The cladding index may also require calibration before 
measurement.

In the sections that follow a number of alternative 
fibre and device designs will be discussed which overcome some 
or many of the points mentioned above.
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For a practical device some form of referencing 
will be required to compensate for launch fluctuations and 
bending losses. The output intensity will also require 
calibration as it is unlikely that the cladding index will be 
so well defined that the position on the coupling curve is 
identical before each measurement.

The launch and bending losses could be adequately 
compensated for by taking a ratio of the output at two 
different wavelengths. The wavelengths would be chosen so that 
only one of the two coupled. Due to the the coupler response 
having a fairly broad bandwidth, of the order of 50nm, the two 
wavelengths used would have to be well separated. Launching 
two wavelengths into the fibre with sufficient intensity is 
likely, therefore, to be difficult.

An alternative, for a device such as the pH sensor, 
would be to take advantage of the fast response. The coupler 
could be designed to have a broad index response covering the 
whole range of likely cladding indices. Calibration could then 
be achieved by measuring the output intensity in weak acid. 
Assuming that the measurement time is short enough so that 
there is no significant change in the launched power, a two 
wavelength measurement might not be required. Bending losses 
could be eliminated by suitable fibre packaging and device 
design.

Another, though less attractive, alternative could 
be to place a second reference fibre alongside the measuring

7,3. Referencing and_Cfriifrrfrtion i



181

fibre. A ratio of the two outputs could then be taken. This 
would compensate for any bending losses but not launch 
variations.

3L, The_Slab_CovpleiL..

The attempted fabrication of a slab coupler has 
been described in Chapter 6. The geometry and index profile of 
the device is illustrated in Fig.7.1.

The slab fibre offers a number of advantages over 
the coaxial coupler geometry:
a) The dimensions of the fibre are no longer restricted by a 
tube guide. Larger fibres which are easier to handle and less 
fragile can be designed.
b) Fabrication would involve the fusing of slabs of glass. 
These can be polished optically flat so reducing the 
likelihood of bubble formation.
c) Should bubbles still form they would not cause coupling to 
any higher order modes; a monomode surface guide does not 
support any asimuthal type modes. The coupling response should 
be much simpler.
d) Only the top surface needs to be coated precisely. This is 
a much easier task than coating the small coaxial fibre. 
Coating techniques such as evaporation and sputtering could 
now be considered.
e) By using a prism or grating the light coupled to the 
surface guide can be measured directly. This could 
considerably help in referencing. Light coupled to the tube
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Fig.7.1. Proposed configuration for the slab coupler sensor.
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guide of the coaxial fibre can not be accessed in this way.
f) The rectangular guides support two orthogonal modes. By 
changing the polarisation of the light launched into the fibre 
a number of interesting referencing and sensing possibilities 
arise. One example could be to design the guides so that one 
polarization is phase matched while the other is not. By 
ratioing the output from the two polarizations simple 
referencing of the sensor would be achieved. The coaxial fibre 
has no polarization sensitivity. Coupling experiments carried 
out at different polarizations have given identical coupling 
responses as expected.
g) With slab geometry integration of the sensor with other 
planar optical components could be considered.
h) A number of different sensor options are possible.

The theory for the slab coupler is dealt with in 
more detail in the Appendix. The coupling coefficients take a 
similar form to the coaxial coupler so the design 
considerations are much the same, the guide separation and 
dimensions being the major influence on the strength of the 
coupling between the guides. The dimensions for 'single mode' 
rectangular guides are typically about 2\im for a glass index 
difference of the order of 5xl0-3. The guide separation is of
the same order.
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7.4.1. Slab Coupler Design Possibilities.

i) The Slab Directional Coupler Sensor.

This device would be as illustrated in Fig.7.1. The 
design and operation is much the same as the conventional 
coaxial coupler. All the problems of phase matching and index 
response would still apply.

Though there are no higher order modes to couple 
to, one needs to consider the likely alternative coupling 
mechanisms that could occur. As has been mentioned, the 
rectangular guides support two modes. Fibre imperfections such 
as bubbles, poor interfaces or phase separation could cause 
light initially launched into the E1;1X mode of the burried 
guide to scatter into the El;Ly mode (see Appendix) . A second 
coupling mechanism would then be possible between the El;Ly 
modes of the two guides. This would occur at a different 
cladding index from the Ei;lx mode coupling and could possibly 
complicate the response in a similar way to the higher order 
modes of the coaxial fibres.

It would be difficult to overcome the problem above 
through fibre design. For instance, if both guides were 
designed to be square in cross section both the modes would 
then have the same (3 and coupling would occur at the same 
value of cladding index. One might expect, therefore, that the 
problem is solved. However, the coupling coefficients for the 
two mechanisms would be different, as the two field 
distributions are not the same. The response would still be
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dependent on the distribution of power between the two modes. 
This does not even take into account the difficulty of 
designing the device with two square guides. For 
phase-matching at a specific cladding index, it is more than 
likely that one guide would have to be thicker than the other.

Probably the best answer would be to design the 
sensor so that the two coupling mechanisms occur at very 
different cladding indices. Conditions could then be arranged 
so that only the launched polarization is likely to couple.

ii) Identical Guides.

In an effort to overcome the phase matching 
difficulties it might be an advantage to design the coupler to 
have identical guides. The easiest way to do this would be to 
position both guides at the surface similar to a conventional 
LiNb04 directional coupler configuraton, Fig.7.2(a). The guides 
would then be phase-matched regardless of the cladding index. 
The problem then arises of how to operate the device as a 
sensor. The attraction of the coaxial geometry is that one 
guide is affected by the change in cladding index while the 
other is not. In this geometry both guides would be affected 
equally. There are, however, a few possibilities which should 
be considered.
a) It might be possible to operate the device with a fixed 
interaction length. Although AP will remain zero the cladding 
index change will alter the values of the p's. This will 
affect the coupling coefficient and hence the beatlength. With
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the interaction length fixed the change in the beatlength 
would give rise to a modulation of the output. It would still 
be necesssary to control the cladding index to optimize the 
evanescent field penetration. This would make the p's 
sensitive to small index changes. In practice, however, this 
type of device is unlikely to have the sensitivity required 
for a sensing application.
b) An alternative geometry is illustrated in Fig.7.2(b). The 
whole fibre is clad in the sensitive material, and one guide 
is then isolated from the solution by embedding half the fibre 
in a second coating to leave the sensitive cladding exposed 
over one of the guides. The main problem concerns the 
thickness of the fibre. This is likely to be less than 10|J.ms 
which would make coating and embedding difficult. If the fibre 
could be fabricated successfully with a large aspect ratio, 
the guide isolation could be achieved by laying the fibre on 
an uncured polymer base which could subsequently be 
cross-linked by heating or exposure to U.V.
c) For the two surface guide geometry, the masking of one 
guide while leaving the other exposed is not at present a 
realistic option. The mask would have to be accurate to within 
a micron over a length of about 1cm. By launching U.V. light 
into one of the guides it might be possible to selectively 
affect the cladding or indicator dye above through evanescent 
coupling to inhibit the pH response. In practice, this is also 
likely to change the refractive index of the cladding so 
mis-matching the guides once again.

Attractive as it might seem, the use of identical
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Fig.7.2. Two configurations for identical guide sensors.
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guides would appear to create as many problems as it solves. 
The next two sections describe approaches which provide some 
degree of flexibility by extending the range of cladding index 
over which a response can be obtained.

.? i-5 , Ths__Multiple Beatlength Mode__&£__Operation__oJL
the Directional Coupler Sensor.

In an effort to relax the constraints on the 
cladding index, mainly due to the difficulty of accurately 
determining the index of the ion-exchange material, a 
different mode of operation of the directional coupler sensor 
was investigated.

The approach discussed to date involves working 
close to the phase-matched condition where AP = 0. It can be 
seen that the denominator of the power transfer equation, 
Eqn.(2.3), becomes close to unity and significant power 
modulation is then possible between the guides for small 
changes in Ap. There is an alternative approach, and that is 
to operate away from the phase-matched region with the coupler 
designed so that 2c is larger than Ap. If this is the case, 
greater than 50% power transfer between the guides is 
possible. As the guides no longer require to be phase-matched 
precisely the restrictions on cladding index can be relaxed to 
some extent.

This behaviour has been discussed [Attridge et al 
1985] in terms of the wavelength dependence of c and Ap. With 
increasing wavelength away from phase-matching, the value of c
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rises more rapidly than that of AP. This gives rise to 
significant changes in the coupled power as the wavelength is 
scanned. This point was considered to account for the long 
wavelength response of the coupler in the broadband mode of 
operation, [Figs.3 & 11, Attridge et al 1985]. With a suitable 
choice of dimensions, similar behaviour can be expected for 
monochromatic operation as the cladding index is scanned.

Away from the phase-matching index both c and A0 
vary more slowly with changes in the cladding index. If in 
this region 2c is larger than Ap greater than 50% power 
modulation is possible over a large range of index. The range 
and modulation depth of the device are determined by this 
relationship of c and A(J. With (1 + (A[5/2c)2) varying quite 
slowly with An4, the index sensitivity of the device is 
determined primarily by the value of the product of the 
interaction length and the coupling coefficient. With the 
coupling coefficient being so large, the beatlength of the 
device is typically less than 1mm. Single beatlength operation 
of the device is unlikely to give the required sensitivity to 
An4. The interaction length, therefore, has to be made equal to 
many multiples of the beatlength to increase sufficiently the 
sensitivity.

The theoretical response of a fibre designed to 
operate in the above manner is illustrated in Fig.7.3. The 
fibre has been designed to operate with the pH cladding 
material. Note that the diameter of the fibre is considerably 
smaller than a conventional coaxial coupler. The smaller 
separation of the guides increases the coupling coefficient,



(c) 2 cm. Interaction length.

Fig.7.3. Coupler sensor designed to operate at multiple beatlengths 
(a^: 1.0}un, a£: 4.7jun, a y  5.9|un, DBC/SK12 glasses).
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while the guide dimensions have been reduced to position the 
response at the required cladding index values. Fig.7.3(a) 
shows the variation of 2c and |Ap| with cladding index, while 
Figs.7.3(b)& (c) illustrate how the sensitivity of the index 
response is determined by the interaction length.

The effects of cladding loss for this type device 
are likely to be of the same order as for the conventional 
coaxial coupler.

Attempts to fabricate a fibre that operates in the 
above manner proved to be unsuccessful. Phase separation made 
scattering losses so high that the fibres were unusable. The 
small overall diameter of the coaxial device would make a slab 
design more attractive.

7,6. Fibre Interferometers with Coaxial or Slab 
Coupler Geometry.

It has already been mentioned that the coaxial 
coupler can be thought of as an interferometer in which the 
two functions of directional coupling and phase modulation 
occur in the same interaction region. The cladding index 
restrictions of this approach have proved difficult to 
overcome. The last section described a method by which 
modulation of the output intensity could be obtained over a 
greater range of cladding index. An attractive alternative 
might be to separate the two functions of the sensor 
completely producing in effect a fibre interferometer of 
unconventional configuration.
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There has been considerable interest in fibre 
interferometers since the advent of monomode fibre technology. 
They have been used to sense parameters such as temperature, 
acoustic waves, hydrogen gas and magnetic fields [Culshaw
1984, Giallorenzi et al 1982, Kashyap and Nayer 1982, Syms
1985, Leonberger 1982, Butler 1984].

Fibre interferometers in their simplest form 
imitate the Mach-Zehnder configuration. Two fibres are used, 
one as a reference and the other as a sensing arm. 3dB 
directional couplers perform the function of the beam 
splitters in the bulk optic device. The cladding of the 
sensing arm must be stripped for about 1cm to allow the 
evanescent field to interact with the environment and so 
produce a phase shift. The interaction region is likely to be 
extremely fragile as the core of a monomode fibre will only be 
a few microns in diameter. Another difficulty with the two 
fibre approach is that the device can be quite bulky, hence 
recent interest in combining the two arms of the device in the 
same fibre, for example [Corke et al 1983, 1984 (a)& (b)].

By using a coaxial or slab coupler fibre it should 
be possible to counter both of the above problems. The two 
arms of the device are combined in the same fibre. For the 
coaxial geometry the tube guide would act as the sensing arm. 
This has at least five times the diameter of the core of a 
monomode fibre. For the slab coupler the surface guide becomes 
the sensing arm and as this is embedded in a much larger fibre 
the problem of fragility is overcome. Fig.7.4 illustrates two 
possible configurations of a fibre interferometer based on the
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Fig.7.4. Two possible fibre interferometer configurations based on 
the slab directional coupler.
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slab coupler.

7.6.1. Design Approach.

The reason for investigating this approach was to 
extend the range of cladding index over which a response could 
be obtained. Therefore, the first step is to determine what 
limits this range. The propagation constant of the sensing 
guide must lie between nxk0 and n2kQ. The guide dimensions will 
therefore determine both the operating range and the 
sensitivity of the propagation constant to cladding index 
changes.

Once the sensing guide dimensions have been 
determined, those of the second guide and the separation can 
be chosen to control the behaviour of the directional 
couplers. The phase matching index must be well removed from 
that of the sensitive cladding or coupling will occur in the 
interaction region. Coupling should be made reasonably index 
insensitive so that the couplers are not too difficult to 
fabricate. The limit here will be determined by the accuracy 
with which the interaction length can be defined. A coupler 
length of between 5-10mm for 3dB splitting should not be too 
difficult to achieve.

The coupler splitting ratio can be controlled by 
adjusting either the cladding index or the interaction length. 
It is likely to be easier to accurately control the 
interaction length rather than the refractive index. Some 
control of the latter will be required to obtain phase
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matching; possibilities for doing so are discussed later in 
the chapter.

7.7.2. Design of a Fibre Interferometer pH Sensor.

The design of an interferometric pH sensor, 
employing the cladding material described in Chapter 5, will 
now be discussed to illustrate many of the points made in the 
last section. Rectangular slab geometry similar to that of 
Fig.7.1 using the DBC/SK12 glass combination will be 
considered. A cladding index change of 5xl0-3 for a full pH 
response is assumed.

The first step is to define the accuracy to which 
the measurement of pH is to be made. A figure of 0.02 of a 
unit has been chosen. For the indicator phenol red this 
implies that 90 points across the pH range 6.4-8.2 will have 
to be resolved. There are two operating options:
a) The device can be designed so that the 5xl0-3 index change 
results in a phase shift of 90tc, with each fringe shift 
corresponding to a pH change of 0.02.
b) The second option is to use the modulation of output 
intensity as a result of operating across one fringe spacing. 
In this case the index response would be required to give a 
phase shift of just n.

The interaction lengths required for each mode of 
operation are determined by the sensitivity of the propagation 
constant of the surface guide to cladding index changes. The 
3p/3nclad is governed by the evanescent field penetration. This
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will decrease as the surface guide thickens or the cladding 
index falls, (see Chapter 2.3) .

A compromise between sensitivity and operating 
range has to be reached. One option is to fix the surface 
guide thickness so that P » n2kQ w^en the cladding index has 
its lowest expected value. This will then maximize 3iJ/3nclad 
for the chosen operating range. A surface guide thickness of 
1.7(lm is required for an operating range of approximately 
1.58-1.52 with the DBC/SK12 glasses. In Fig.7.5(a) the Anclad 
required to give a n phase shift per millimetre interaction 
length across this operating range is shown. One can see from 
this how the sensitivity decreases as the cladding index 
falls.

If the index response to pH of the cladding 
material is assumed to be from 1.545-1.550, the interaction 
lengths required for the two modes of operation described 
above are easily calculated (A0 = Ap.z) . Assuming the 
Mach-Zehnder configuration of Fig.7.4(a):

A 0 Interaction Length

9071 0.5m
K 5.6mm

It is clear that the intensity mode of operation is 
the only practical option. The Michelson configuration of 
Fig.7.4(b) will require only half the interaction lengths 
quoted above to give the same phase change.
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a.

Fig.7.5. Design considerations for the slab interferometer sensor.



198

Having designed the surface guide, the dimensions 
of the buried guide and the separation can be chosen to 
determine the coupler characteristics. The thickness of the 
buried guide will fix the phase-matching index. This is chosen 
to be well removed from the index of the sensitive cladding. 
In this case a buried guide thickness of 1.59n,m gives a 
phase-matched index of 1.575.

The guide separation is then chosen to give a 
coupler length of between 5-10mm. For a separation of 2.17p.m 
the phase-matched beatlength is 10mm. The interaction length 
and cladding index tolerances for the couplers are shown in 
Figs.7.5(a)&(b). From the 10mm plot of Fig.7.5(b) it is clear 
that the splitting ratio is extremely sensitive to the 
cladding index. However, if the interaction length is altered 
to give 3dB coupling with the guides phase matched the 
cladding index does not have to be defined so accurately.

7., 5.3 , Coaxial Interferometer Sensor.

The discussion so far in this section has dealt 
with slab geometry. If, for example, the DBC/SK12 coaxial 
fibre fabricated for the experiments described in Chapter 6 
was used, an interaction length of * 7.4mm for a pH response 
over the same 1.545-1.550 index range would be required. The 
phase-matching index is around 1.570 with a 7mm beatlength. 
This fibre could, therefore, be used to investigate the 
interferometric style of operation.

Two problems might arise using the coaxial fibre.
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The first is the poor propagation characteristics of the tube 
guide due to surface and interfacial scattering. This presents 
little problem when the fibre is operated as a directional 
coupler sensor as light coupled to the tube is stripped out. 
Scattering losses, however, will reduce the fringe definition 
when the fibre is operated as a conventional interferometer. 
The second problem is the fact that the tube guide is not 
monomode. Even though the directional coupler will only be 
able to couple light between the LP01 modes of the two guides, 
within the tube guide imperfections could cause power to be 
distributed between the higher order asimuthal modes. This 
would again result in a reduction of the intensity modulation. 
Coupling between the modes, however, would require a 
perturbation of the correct periodicity and asymmetry so the 
coupling is likely to be weak. By placing the couplers close 
to the interaction region, mode conversion and scattering 
losses will be kept to a minimum.

■L. 6-, 4 Effects of Cladding Loss.

The effect of cladding loss will be similar to that 
of scattering described above. Loss will affect the operation 
of the fibre interferometer in a fundamentally different way 
than for the directional coupler sensor. In the latter case, 
cladding loss was only important if it was high enough to 
affect significantly the coupling response. A value of loss of 
the order of lOOdB/cm could be tolerated.

For the fibre interferometer the effect of cladding
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loss is much more critical. If the device is to be operated by 
following the intensity modulation due to a single fringe 
shift, maximum fringe definition will be required. This will 
not occur if light propagating in the surface guide is 
attenuated with respect to that in the buried guide. For an 
index response of 5xl0-3 the cladding loss can be expected to 
be around lOOdB/cm at 633nm. This would be sufficient to 
reduce considerably the intensity modulation.

There are two approaches which might be considered 
to overcome this:
a) The first would simply be to move to a longer wavelength. 
The dye concentration could be then increased to maintain the 
index response without affecting the loss significantly. For 
the phenol red cladding material, a shift of the measuring 
wavelength of 30nm should be sufficient. This of course 
assumes that a suitable coherent source is available.
b) The second option might be to compensate for the cladding 
loss by altering the ratio of power coupled. This could simply 
be achieved by altering the interaction length of the 
couplers. For the Mach-Zehnder configuration this would mean 
that the two couplers would have to have different splitting 
ratios.

It might be simpler to use the Michelson 
configuration where only one coupler is required. In this case 
the splitting ratio would require careful calculation. Both 
the attenuation and the fact that power is being coupled in 
two directions would have to be taken into account.

The second option is by no means a satifactory
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solution to the problem as the cladding loss will vary as the 
the dye responds to pH changes. Therefore, unless complicated 
signal processing is to be considered, the change in measuring 
wavelength would be preferable.

1 ._6.5., Conclusions ,

In this last section a number of alternative fibre 
designs have been described which go some way to overcome the 
problems of the coaxial directional coupler sensor.

The slab geometry appears to offer a number of 
attractive advantages over the coaxial fibre, such as size, 
ease of handling and coating. The fabrication problems 
described in Chapter 3 will, however, have to be overcome.

As far as approaches which remove the restrictions 
on cladding index are concerned, the fibre interferometer 
would appear to be the most attractive. The increased 
operating range of the device makes it possible to consider 
the use of one fibre design for a number of different sensing 
applications. However, the effects of cladding loss will have 
to be considered carefully with this type of operation. This 
device is likely to be far more sensitive to changes in the 
cladding loss than the directional coupler sensor. If dyes are 
to be used it may be necessary to use high concentrations and 
measure well away from the absorption peak. The availability 
of suitable coherent sources could then be a problem. This, of 
course, is not such a problem for the directional coupler
sensor.
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Single fringe operation had to be considered for 
the interferometric device studied because of the glasses 
chosen. If a closer match between the glass and cladding 
indices could be achieved it would be possible to consider 
operating over many fringes with a reasonable interaction 
length. For indicator dye devices it would not be necessary to 
know the position within the response range, as is often the 
case for interferometric sensors, when operating across many 
fringes. Assuming that the index corresponding to one of the 
indicator's extreme states is known accurately, only index 
differences need be measured.

The fabrication of the directional couplers will 
not be easy. Some degree of index control will still be 
required despite the fact that the splitting ratio will be 
fixed by the interaction length. Now, however, a choice of 
cladding material can be made specifically for the job of 
phase-matching the couplers. A number of possibilities are 
listed below:
a) Probably the simplest way to define a refractive index 
accurately would be to use immmersion oils although this could 
prove a messy solution in practice.
b) Polymer blends, such as the PMMA/PVC combination described 
in Chapter 2, could be considered. With care, the index can be 
defined accurately. PMMA and styrene acrilonitrile copolymer 
have been used, for example, in the fabrication of planar 
waveguides [Ramaswamy 1973]. A number of reviews on polymer 
compatibility are available, for example Krause 1972.
c) U.V. light could be used to modify the refractive index of



203

a cladding material through cross-linking. For example, an 
index change of 3xl0-3 has been demonstrated in PMMA after 
irradiation in U.V. light of 0.325jim [Tomlinson et al 1970].
d) Alternatively, photochromic dyes could be incorporated 
into a support material. Exposure to U.V. would then modify 
the refractive index through an absorption change. Large index 
changes should be possible as the response would be 
concentration dependent as with the pH cladding material 
[Kucharski 1979].
e) The use of a non-polymeric material would be an advantage. 
For example glass could be sputtered onto the slab fibre. With 
care both the index and interaction length could then be 
defined with reasonable accuracy.
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APPENDIX

Slab_CoiiEleg_Theory,

The slab coupler structure proposed is illustrated 
in Fig.A.l. The analysis of the rectangular guides follows 
that of Marcatili 1969 as described by Marcuse 1974. The 
discussion will be limited to those points of relevence to 
determining the behaviour of the slab coupler. The analysis 
will consider coupling between guides supporting only E1:IX 
modes as defined by Marcuse. This assumes that the launched 
light will be polarized predominantly in the x direction. The 
propagation constants of the two guides are determined in this 
approach by combining the TM mode solution of an infinite 
guide confined to the (y,z) plane, with that of the TE mode of 
a second infinite guide in the (x,z) plane.

Unlike guides with circular geometry, the 
propagation constants of rectangular guides cannot be 
calculated exactly. A number of assumptions are made to 
simplify the analysis. The first is to assume that the modes 
are far from cut off. This implies that the fields are well 
confined to the guiding regions with little field penetration 
into the surrounding cladding. In particular, there is very 
little field in the shaded regions of Fig.A.l which is ignored 
completely. Again, for simplicity, the cladding is assumed to 
extend to infinity. In practice the cladding would be 
sufficiently thick to be justified in ignoring the field 
beyond.
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Fig.A.1. Cross-section of slab directional coupler.
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The fields in the various regions are determined in 
the usual manner by solving Maxwell's equations with the the 
boundary conditions applied. These are that tangential field 
components are continuous across the guide boundaries and that 
the fields vanish at an infinite distance from the core of the 
guides.

For simplicity, the ten field expressions required 
to determine the propagation constants of the two guides will 
not be quoted as these are derived directly from the 
expressions in Marcuse 1974. The fields required to determine 
the coupling coefficients, however, are shown below.

For the buried guide, 0 < x < d2:

Eix = (jA1/KiXPi> (nx2 k02 - K1X2) sin Klx(x + £) cos Kly(y + T])

where n^k^ ” Pi2 = Kix2 + Kiy2 (A.l)
For x > 0:

Eix = ” jAx [ (Yi2 + n22k02)/Y2px] cos Klx £ cos Kly(y + Tl)exp(-Y2x)

where n22kQ2 - px2 = Kly2 - Y22

Y22 = (nx2 - n22)k02 - K1X2

For the surface guide, d2 < x < d3:

(jA2/K2xp2) (n12k02 - k2x2) sin K2x(x - d3 + £')cos K2y(y + T|)



207

where n^k^2 “ P22 = K2X2 + K2y2 <A -2>
For x < d2:

E 2x  = 3A2t(Y22 + n22k02)/Y2P2]cosK2x(d2 - d3 + £’)cosK2y(y + Tj).
exp (y2 (x - d2) )

where n22k 02 - P22 = K2y2 - Y22
Y22 = (n,2 - n22)k02 - k 2x2

Values for the amplitude coefficients Ax and A2 are 
obtained by applying the normalization conditions:

+ oo +oo
-1/2 J  J Ex.Hy* dx dy = P J J  |Elx(x,y) |2 dx dy = 1, for A1

— oo 2 CO (I -oo

+ oo +oo
-1/2 J  J Ex.Hy* dx dy = P J  J  |E2X(x,y) |2 dx dy = 1, for A2

— oo 2C0jI -oo

Knowing the fields in all the relevent regions, one 
can derive the eigenvalue equations for the two guides.

To calculate K1X for the buried guide:

tan(Klxd1) == 2 n12n22Klxy2 (A.3)
ic 2n  ̂— v 2Kix n2 r2

(A.3)
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For Kiy(= K2y) :

tan(Klyb1) = 2 Kly y3 (A.4)
K 2 — V 2 *3

where y32 = (n12 - n22)kQ2 - Kly2
And for K2X:

tan (d3-d2) ) = nx2K2x (n32y4 + n22y4) (A. 5)
(n3 n 2 K 2X ~ ^

where y42 = (n^ - n32)kQ2 - k2x2

It can be shown that Eqn.(A.3) corresponds to that 
for the TM modes of a symmetrical infinite slab in the (y, z) 
plane with thickness dx, Eqn.(A.4) describes the TE modes of a 
symmetric infinite slab in the (x,z) plane with thickness blf 
and Eqn. (A. 5) is that for the TM modes of an asymmetrical 
infinite slab again in the (y,z) plane with thickness (d3~ d2) .

Knowing the solutions of the eigenvalue equations 
above, the phase parameters and T| can then be calculated
using the following expressions:

tan Klx £ = -(n22/n12) (*lx/y-\) 
tan K2x £' = -(n22/n12) (K2x/y2) 
tan Kly r\ = - Y3/Kly

The propagation constants p-ĵ and P2 for the buried
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and surface guide respectively, are evaluated from Eqns.(A.l) 
and (A.2).

Two coupling coefficients are derived from the 
field expressions as for the coaxial geometry (see Chapter 2) 
from the following integrals:

0 b
c-l = J  J  (nx2 - n22) [ | EX11 . | Ex2 | ] dx dy 

4k ~di 0

n22) [ | EX11 . | Ex2 1 ] dx dy +
oo bJ J <n32 - n22) [ I EX11 . | Ex2 | ] dx dy

4n d3 0

The above integrals lead to cumbersome expressions 
which are easily evaluated using a computer. The coupling 
coefficient is defined, as before, as the root of the product 
of c1 and c2.

The behaviour of the slab coupler is similar to 
that of the coaxial structure, the power transfer equations 
being the same. It is difficult to compare the sensitivities 
of the two devices because of the difference in geometries. An 
attempt has been made to do this, however, by equating the 
tube thickness of a coaxial design with that of the surface 
guide of a slab coupler. The devices were then designed to 
have identical coupling coefficients and hence beatlengths. 
The interaction length was equated to the phase-matched 
beatlength in each case. Fig.A.2 shows the theoretical output 
from the devices as a function of cladding index. The narrower
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burried guide: 1.5 x 2.0 |ud 
surface guide: 1.676 x 2.0 |ud 
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Normalised Power

Fig.A.2. Comparison of coaxial and slab couplers designed with 
surface guide thicknesses, indices and coupling 
coefficients matched.
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half width of the coaxial response can be attributed to the 
greater sensitivity of the p of the tube guide to cladding 
index changes than that of the surface guide of the slab 
structure. In practice, optimization of the slab design would 
make this difference in sensitivity insignificant.
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Coaxial Fiber Sensors
J. W. ATTRIDGE, J. R. COZENS, K. D. LEAVER, a n d  N. L. WEBSTER

Abstract—A directional coupler, consisting of two coaxial dielectric 
waveguides, has been studied as a possible fiber-optic sensor. The de
pendence of the power distribution between the guides as a function of 
the outer cladding index is considered for monochromatic illumination. 
The additional advantages of using wavelength modulation as opposed 
to intensity modulation are discussed, and the fiber design procedure 
is given in detail. Preliminary experimental results are presented for 
both systems, broadly consistent with theory but showing limitations 
caused by fabrication problems. The requirements for developing a 
practical device are considered.

I. In t r o d u c t io n

INTERFEROMETRIC fiber-optical sensors have been the subject of much study in recent years [1], [2]. The 
sensor structure discussed in this paper is a special kind 

of interferometer, namely, a two-waveguide directional 
coupler of unconventional coaxial geometry (Fig. 1). Al
though this structure has been described before [3]-[5], 
its detailed design and characteristics as a sensor are pre
sented here for the first time. It consists of a single-mode 
rod guide, concentric with a tube guide which completely 
surrounds it, and is weakly coupled to it via an inner clad
ding: all these three layers are constructed in glass. A 
limited length of the fiber is made sensitive to its environ
ment by making the outer cladding medium from a ma
terial whose refractive index n4 changes in response to the 
parameter it is desired to sense. Small changes in n4 in
fluence the propagation constant of the tube guide while 
hardly influencing that of the rod, thus moving the two 
guides into or out of the phase matching condition at any 
one wavelength. Light from the rod thus coupled into the 
tube is lost by scattering or deliberate mode stripping. The 
power remaining in the rod becomes a measure of n4.
The advantages of using the coupler with broad-band 

illumination have been pointed out in an earlier paper [3], 
when the changes in n4 shift the wavelength at which cou
pling occurs. The wavelength range of the band missing 
in the distribution left in the rod guide is then a measure 
of n4. Moreover, several such sensors can be distributed 
along a single continuous fiber [3], multiplexed by allot
ting to each sensor its own restricted band of wavelengths. 
In this paper we discuss the design criteria for this sensor, 
operating both in an intensity-sensitive mode at a single 
wavelength, and in the wavelength-sensitive mode with 
broad-band illumination. Experimental results obtained

Manuscript received November 13, 1984 This work was partially sup
ported by the Aileen S Andrew Foundation
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with simple temperature-sensitive claddings are then com
pared with the predicted behavior, and some of the com
plexities introduced by defects in manufacture are dis
cussed.

II. T h eo r y
A. M on och rom atic  E xcita tion
The description ‘directional coupler’ implies coupling 

between two waveguides. This is perhaps slightly mis
leading since, at a fundamental level, the mechanism, is 
one of beating between two normal modes of the whole, 
structure [6 ]. There is thus no fundamental distinction be
tween a directional coupler and a two-mode waveguide, as 
in [2 ] for example, and we can interpret the device as an 
interferometer with both arms occupying essentially the 
same space. While this description is physically satisfy
ing, the conventional treatment based on two ideal guides 
imposing a slight perturbation on each other lends itself to 
the simpler analysis. This latter approach will, therefore, 
be followed here.Coupling between the guides is effected predominantly 
through the transverse fields. For the geometry of Fig. 1, 
and for weak guiding, we define the transverse fields of 
the tube E„ in r, 0 coordinates as

E, =  A lX l\r ) expyV0, r  <  a 2
E, = [5,yp(K2r) + B2Y¥(x2r)] exp j v d ,  

a 2 <  r < a3

E, =  C K ,(y 2r) exp jvO , r  >  a3 

and of the rod Er as
Er =  D 7M(K,r) expy>0, r < a x
Er — F 7 ,r) expy>0, r > a,

where
*\ =  (« |*0 -  0 2) ,/2

k2 =  (" U o -  &2)m

7 i =  (0 2 - n\ki)m

72 II u 1

. M =  o , i , :2 . . .

kQ = 27r/Xo is the free-space wave vector.
The propagation constants |3 are determined from the

0733-8724/85/1000-1084$ 1.00 ©  1985 IEEE
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Rg. 1. Geometry and index distribution of the co-axial fiber coupler.

fabrication, the terms (n \ — n \) , etc., will, in general, in
troduce an angular dependence which will allow coupling 
between the LP0i rod mode and higher order tube modes.
Concentrating now on coupling to the LP0, tube mode 

alone, we designate c = (ct(0 , 0 ) c2(0 , 0 ))I/2, and the 
power distribution between coupled modes can be ex
pressed [9] in the form

P r sin cl 1 + AS'
2c,

1/2
Z

where Aj3 = /3tube — and it is assumed that the power 
P r is launched into the rod alone at z = 0. The subsequent 
tube power P, varies periodically with z, maxima occur
ring at

corresponding characteristic equations for the weakly 
guiding approximation [4], [7].
The mutual perturbation of the vth mode of the tube 

guide and the /ith mode of the rod guide can be expressed 
in the form of two coupling coefficients [8 ], which can be 
written as

cI ( v ,  fi)
!a i /»2x

o Jo ^  ^  d r  de

2 n ioo <» 2x

„ ]„ E*rdrdS

and
(1)

2m + 1

■ * ' f ) )
7TT72> m = 0 , 1 , 2 ,

The distance between a maximum in one guide and the 
next maximum in the other is called the beat length. When 
the guides are phase matched (Aj3 = 0) the beat length 
has a maximum value, which is dependent on c, and the 
power transfers totally between the guides. As A/3 in
creases, both the beat length and the extent of power 
transfer decrease.If the coupling coefficient c is chosen so that the first 
(m = 0 ) phase-matched maximum in the tube occurs at 
the end of the interaction length /, then the phase mis-

c i ( v ,  n)
tJ(€o/io) , / 2

r j»<J3 /»2x
LJo2 JO ^  “  11̂  ^  Er» r d r  M  + {n\ -  n \) EtrE rvr  d r  dd

2n E f s  d r  dd
(2)

The integrations involved in the expressions for C|, c 2 
are straightforward and lead to cumbersome but simple 
analytical forms which are readily evaluated.
The form of the integrations in the numerators of (1) 

and (2 ) has an important bearing on the angular symme
tries of modes that can couple. If the coaxial structure is 
ideal, then the perturbation in each case is independent of 
the angle Q, and the mode fields must have the same an
gular symmetry in order that cj, c2 should be nonzero. 
Thus if the rod guide is designed to be single mode, i.e., 
LP0, with ft = 0 in (1) and (2), then coupling can only 
occur to LP0<m modes of the tube guide, i.e., v = 0. Nu
merical evaluation of the characteristic equations shows 
that for the LP0i modes to be approximately phase 
matched, the tube guide is generally multimode, but that 
the LP0 tube modes with m >  1, are cut off. Thus guided 
mode coupling can only occur between the LP0, modes, 
in the ideal structure for a single-mode rod. However, if 
some imperfections are created in the structure during

match A(30 required for complete power transfer back to 
the rod is given by

Clearly as / increases, while maintaining equality with 
the beat length, the mismatch required for complete power 
transfer decreases thus increasing the sensitivity of the device.
The variation of rod power with (A (3/2c) for this inter

action length is shown in Fig. 2. Over a narrow range of 
(A/3/2c) a substantial change occurs in the remaining rod 
power. For relatively weak coupling, as considered here, 
c «  (3r, so that small changes (= 1 0 ~4) in the outer
index n4, while making only a relatively small change in 
/3,, can produce a Aj3 comparable to c.
If the strength of coupling is significantly increased, 

many maxima in tube power will occur within the same
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Ftg. 2. Calculated rod guide output power Pr versus A(3/2c for three inter
action lengths L expressed as a multiple of the phase matched beat length 
Lb. L =* La (dashed), L =  1.5 La (dotted), L — 2.0 La (solid).

interaction length /, i.e., m  »  1. In general, the mini
mum phase mismatch required for 1 0 0 -percent modulation 
of the intensity is given by

Aft 14m + 3 Aft).
Hence the sensitivity, for fixed /, decreases with stronger 

coupling. However, the ratio of the phase mismatches re
quired for the modulation depth to berreduced to 50 per
cent is given by

A0; = (2m + 1) Aft)
so that the useful range of the device increases with m.
Thus it is possible to trade sensitivity for range. At large 

m, the output power from the rod exhibits essentially pe
riodic, fringe-like, behavior.
In practice, it may prove difficult to fabricate a device 

precisely one beat length long. The variations of rod power 
with (A/3/2c) for interaction lengths of 1.5 and 2 beat 
lengths are also shown in Fig. 2. Power transfer may never 
be complete, although the guides are phase matched, but 
the sensitivity for change between a neighboring maxi
mum and minimum is not greatly reduced.
B. B ro a d -B a n d  E xcita tion
Since the interacting guides have different dispersion 

characteristics, power transfer may be expected to be sig
nificant only over some range of wavelengths around the 
phase matching condition, where the characteristics cross. 
The range of coupled wavelengths would then be governed 
by the angle between the dispersion characteristics and the 
magnitude of the coupling coefficient c. The calculated 
rod power versus X, is shown in Fig. 3 for the particular 
case of a single beat length of interaction (m = 0 ) (the 
beat length being calculated at the matching wavelength). 
In this example, phase matching occurs at 617 nm. At 
longer wavelengths, subsidiary maxima first die away, but 
subsequently slowly grow, due to the fact that the coupling 
coefficient c increases more rapidly with wavelength than 
the phase mismatch A/3 far from the matching point as 
shown in Fig. 3. For this form of transfer relationship, it 
would seem permissible to define a coupled bandwidth AX,

Fig. 3. Calculated Pr versus wavelength. Interaction length constant and 
equal to one phase matched beat length at 617 nm. Shown also are the 
values of A/3 and 2c.

Fig. 4. Coupled bandwidth AX, and beat length versus separation a2 — a , 
between rod and tube guides.

as the half-width of the dominant lobe, and we can then 
calculate AX for a variety of waveguide designs. AX is 
strongly influenced by the strength of coupling, which in 
turn is mainly dependent on the separation between rod 
and tube. The variation of AX with separation is shown in 
Fig. 4, along with the corresponding beat lengths. Nar
rower bandwidth is inevitably associated with longer beat 
length.
If n4 is changed, then the shift in the tube dispersion 

characteristic moves the center coupling wavelength Xo- 
We may choose to define the minimum detectable change 
in n4 as that change which moves Xq through one band
width. This allows the operation of the device as a sensor 
of any parameter that influences /i4, by the observation of 
the wavelength of a coupled band, observed as an absorp
tion band in the transmitted rod light, rather than simply 
an intensity, as in the monochromatic case.
The sensitivity of the device might be expected to in

crease strongly with decreasing bandwidth [3] but, unfor
tunately, this is not so, as can be understood with the aid 
of Fig. 5. This is a schematic diagram of the dispersion 
characteristics of a rod guide and of two different tube 
guides (one shown dashed) distinguished only by their val-
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Rg. 5. Schematic u-0 diagram for a rod guide and for two tube guides with 
'different n4.

Fig. 6. Calculated Pr versus wavelength for an interaction length of 8 cm
and with phase matched beat length of 3 cm at X =  673. (------- cladding
temperature =  40.00°C; nA =  1.49180.---------------cladding tempera
ture =  40.25°C; n4 =  1.49170.)

ues of n4. It can be seen that changes in the dispersion 
Characteristic required for narrower bandwidth (increas
ing the angle 6 in the figure) inevitably make the shift Aw 
of the crossing point less sensitive to changes in n4. These 
features are approximately compensating. However, 
smaller bandwidths retain the advantage of providing more 
resolvable points within a given wavelength interval.
We must recognize, however, that the interaction length 

will only be equal to the phase matched beat length at one 
wavelength. For example, Fig. 6  shows the rod power ver
sus X for an interaction length of 8 cm, when the phase 
matched beat length is 3 cm at X = 673 nm. The central 
lobe is now somewhat distorted and the curve becomes 
strongly asymmetric. A small change in n4 significantly 
modifies the shape of the main lobe, and also shifts the 
subsidiary maxima.
In general, we may expect a dominant absorption band, 

whose detailed shape will vary with interaction length, but 
whose wavelength range will remain a sensitive function 
of /i4.
C. F iber D esign
The first consideration is that the rod guide should be 

single mode at the wavelength (or wavelength range) of op
eration. A pair of glasses is chosen from available sources, 
whose index difference is in the range 1 0 —2—1Q~3, and 
whose expansion coefficients and softening temperatures 
are comparable. We have used the Chance Pilkington bo- 
rosilicate glasses BSC 517642 and BSC 510644; clearly 
many other possible solutions exist. The glass indices en
able the rod radius a, to be calculated for an appropriate

V value. The choice of the inner radius of the tube guide 
plays a dominant role in determining the device charac
teristics, since it strongly influences the coupling coeffi
cient. For large c we may expect a short device of low 
sensitivity and vice versa. Having selected a2, then a 2, n2t 
n4 are restricted by the requirement for phase matching, 
and by ease of fabrication.

H I. E x p e r im e n t a l
The sensor design principles outlined above have been 

tested using fibers pulled from rod-in-tube-in-tube pre
forms of glasses. The index distribution in the fibers is 
believed to be as in Fig. 1, withn, = 1.5068, n2 = 1.5012 
and n3 = 1.5072 at 633 nm [5]. The radii a x, a 2, a 2 were 
found from scanning electron micrographs of the fiber 
section and were typically about 1.5, 6 , and 7.5 p m , re
spectively. While reproducibility of the experimental re
sults from one fiber specimen to another is limited by 
small local variations in overall diameter of the fiber, it is 
believed that the ratios of the internal dimensions remain 
constant to a much higher precision.
Optical coupling between rod and tube as a function of 

cladding index was investigated with a HeNe laser at 633 
nm, while the wavelength dependence was studied using a 
white light source and monochromator. After launching 
into the fiber, radiation in the tube was shed by a mode- 
stripper before the point where the field entered the tem
perature-controlled cell in which coupling occurs over a 
length between about 3 and 80 mm. A second mode strip
per before the detector ensured that only light propagating 
in the rod guide was detected. The temperature of the 
coupling region was variable and was maintained uniform 
within 0.1 °C over lengths up to 80 mm.
A . M o n o ch ro m a tic  Illum ina tion
When measured at a constant wavelength, the output 

power varies as in Fig. 7 as the index of the cladding me
dium changes with temperature. Results for two cladding 
media (Dow Corning silicone oil and an epoxy resin, Epo- 
tek 310) having different room temperature indices and 
different temperature coefficients are shown, with a the
oretical plot superimposed. The two experimental curves 
agree well, and the position of maximum coupling agrees 
with the predicted value. The width at half height of each 
experimental curve is, however, considerably larger than 
that of the theoretical plot, showing that there is some ad
ditional coupling mechanism, which will be discussed later.
Additional qualitative support for the general applica

bility of the theory comes from photographs of light scat
tered sideways from the fiber as a function of oil temper
ature. Little or no scattering is observed when the rod and 
tube waveguides are far from the phase matching temper
ature, while at temperatures where the optical power in 
the rod falls, significant scattering is observed. This ap
pears to result from either the poorer surface finish on the 
tube waveguide, or possibly from dust at the glass/oil in
terface.
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Fig. 7. Measured P, versus n4, with outer claddings of silicone oil (solid) 
and epoxy resin (dotted) compared with theory (dashed) for an interac
tion length of 5 cm.

At any temperature in the phase .matching region, the 
scattered light varies roughly periodically with axial po
sition, the period increasing as the phase matching con
dition is approached, as in Fig. 8 (a) and (b). After passing 
the phase match temperature the period decreased again 
(Fig. 8 (c)). While qualitatively these results were as pre
dicted, detailed comparisons showed discrepancies which 
could not easily be explained.
In order to elucidate these discrepancies, many experi

ments were performed using oil as the outer cladding, with 
varying lengths of the interaction region, to try to confirm 
theoretical predictions. While some fibers showed very 
complicated behavior, a sufficient number displayed be
havior similar to that in Fig. 9 to confirm the following 
pattern.
At short interaction lengths, one or more marked dips 

in output power occur on the high-index side of the dom
inant coupling point, which in Fig. 9(a) is at n4 = 1.4970.
At longer interaction lengths, these additional dips be

come more accentuated and even merge with the primary 
dip in the plot (Fig. 9(b) and (c)).
Various explanations for these additional dips in output 

power were considered and rejected, including that of 
coupling to the higher order LP„m modes of the tube guide. 
For coupling to occur to, e.g., the LPM mode, there must 
be a strong asymmetry in the guide structure, which was 
not evident in the scanning electron micrographs of the 
fiber ends. But fibers viewed transversely in a phase con
trast microscope were frequently seen to contain marked 
linear defects parallel to the axis but eccentrically placed. 
In cross section in the scanning electron microscope (Fig. 
1 0 ) these proved to be cylindrical voids or ‘bubbles’ at the 
interface between the tube guide and the inner cladding. 
They are elongated during pulling to dimensions of typi
cally 1 cm x 0.5 fxm. As we shall show in the next sec

Fig. 8. Photographs of sideways scattered light from the interaction region, 
with silicone oil cladding: (a) n4 <  matching index, (b) n4 *  matching 
index (c) n4 >  matching index.

tion, these provide sufficiently strong index perturbations 
to produce strong coupling to the higher order tube modes, 
and the complex curves of Figs. 7 and 9(c) most probably 
result from the partial overlap of the coupling curves for 
two or three such modes.
B. Q u a n tita tive  C om parison  w ith  T h eory
Since the index difference between bubble and glass is 

large, the bubble in Fig. 10 constitutes a strong local per
turbation. The coupling constant between the LPrl tube 
mode ( v >  0) and the LP0j rod mode can be estimated 
from (2). The antisymmetry of the integrand with respect 
to 6 is broken by the replacement, within the bubble, of 
(n] — n \) by (1 — n\). Since the bubble is small, and as 
the product ErO differs from ErO E,q merely by the in
terchange of the appropriate Bessel functions, the cou
pling constant becomes approximately:

c(l, 0 ) = c(0 , 0 )0 _____^bubble
(^ 3  ^ 2 )  ^tube

where ̂bubble and A tubc are the cross-sectional areas of bub
ble and tube respectively. An estimate of c(l, 0) shows that 
it becomes comparable to c(0 , 0 ) when the bubble radius 
in section is about 0.5-1 p m . If more than one bubble is 
present, their areas are'additive. Hence the bubbles in Fig. 
1 0 are sufficiently large to produce noticeable coupling to 
the LP|| and LP11 tube modes, while the corresponding
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Fig. 9. Measured Pr versus n4 for a fiber with beat length 6 mm, using 
interaction lengths of 5, 10, and 20 mm. In each case the theoretical 
positions of phase matching to the LP0|, LP,,, and LP2i tube modes are 
indicated respectively by (01), (11), and (21).

coupling lengths would be somewhat longer than that for 
the LP0i tube mode.
Detailed calculations of the index values at which cou

pling should occur to these modes have been carried out 
for several fibers, and the predictions have been super
imposed on Fig. 9. The absolute positions display small 
discrepancies due to tolerances in both indices and dimen
sions, but the predicted separations of LP2j and LP|( ac
cord well with experiment, while the LPI( mode is not 
resolved from the LP0i and is therefore not observed pre
cisely in its expected position. The width at half height of 
the LP0| mode coupling, which alone of the widths can be 
predicted from the fiber dimensions without detailed 
knowledge of the perturbation, is also in close agreement 
with experiment.
Further confirmation of the correctness of this interpre

tation comes from the reduction in mode separation and 
width which results from thinning the tube waveguide 
using an HF/HNO3 etch, and is in accordance with theory. 
For example, the removal of 0.1 pirn from the tube wave

Normalised

Fig. 11. Measured normalized Pr versus wavelength, using broad-band il
lumination, for various cladding oil temperatures. Interaction length is 8 
cm.

guide of the fiber of Fig. 9 approximately halves the mode 
separations.
C. B ro ad -B a n d  E xcita tion
The primary experimental modifications for the broad

band observations were the replacement of the laser source 
with a quartz halogen lamp and the introduction of a 
monochromator, with 25-A resolution, between the fiber 
and a photomultiplier as detector. Launching into the sin
gle-mode rod guide was achieved by butting the end of the 
fiber up to the quartz envelope of the lamp, the mode strip
per removing nonguided light. Launching is simple, and 
insensitive to misalignment but very inefficient.
The rod power emitted from the fiber was measured as 

a function of wavelength for each of several temperatures 
of the silicone oil cladding. The fiber dimensions and the 
interaction length were identical to those with which the 
theoretical graphs in Fig. 6  were calculated. The results 
are shown in Fig. 11, where the output power is expressed 
as a fraction of the power measured when the oil index 
was far from coupling. This eliminates the wavelength de
pendence of both launched power and photomultiplier re
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sponse. There is a distinct broad minimum at each tem
perature, whose position is close to the calculated 
matching wavelength. The wavelength at the minimum 
moves, as expected, to longer wavelengths as the oil tem
perature decreases, at a rate of about 30 nm per degree.
These power versus wavelength curves are noticeably 

devoid of the detail observed in the theoretical curves of 
Figs. 3 and 6 . This is thought to arise from a combination 
of two factors. The first is the limited monochromator res
olution of 25 A . The second is that small fluctuations in 
n4 along the fiber can significantly affect the shape of the 
curve. This is because the beat length changes with wave
length as described in Section II-B so that over most of 
the observed wavelength range the interaction region is 
more than one beat length long. Under these conditions, 
the shape of the coupled power curve is broadened, gen
erally asymmetric, and also quite sensitive in detail to the 
precise value of n4, as illustrated in Fig. 6 . Fluctuations 
in temperature along the fiber of order a tenth of a degree 
will thus cause a considerable smoothing out of the cal
culated fringe-like detail.
The other general feature of the results in Fig. 11 is the 

appearance at all temperatures of a maximum in rod power 
at wavelengths rather longer than the phase match wave
length. Beyond this maximum, the fall off in power in the 
rod implies an increase in coupling. Comparison with the 
theoretical plots of Fig. 3 suggests that, given the limited 
experimental resolution, this corresponds to the rise in 
‘fringe’ amplitude at long wavelengths caused by the cou
pling coefficient increasing relatively faster than the phase 
mismatch Aj3.

IV. D is c u s s io n
We have seen that, when account is taken of the higher 

order modes, standard coupler theory describes the ob
served behavior of the coaxial fiber under monochromatic 
illumination quite well. It is also expected that, when the 
bubbles are removed, the fiber behavior will be close to 
that of the ‘ideal’ theoretical description.
In addition, the preliminary results obtained with broad

band illumination confirm that the principle of using wave
length sensing is practicable, provided that

a) further attention is given to reducing the effects of 
temperature nonuniformities, and

b) the optical bandwidth can be reduced enough to 
increase the number of resolvable index values 
within the usable wavelength range.

The bandwidth could be reduced by increasing the spacing 
between the rod and the tube guides, thus decreasing the 
coupling between rod and tube. This increases the cou
pling length and with it the interaction length, beyond the 
1-2 cm limit chosen above. For example, Fig. 4 shows 
that, to achieve a bandwidth of 4 nm and hence 100 re
solvable points in a spectral range of 400 nm, the inter
action length would have to be increased to more than 2 0

Fig. 12. Optical bandwidth calculated as a function of dnt ld \ .  Fiber di
mensions a, =  1.54 pm, ar =  5.84 pm, a3 =  7.2 pm.

cm. Even if the smallest usable bend radius were about 1- 
2  cm, the device size would be sufficiently large that tem
perature nonuniformity would remain a problem, and fluc
tuations in cladding index due to fabrication tolerances are 
also likely to become a limiting factor.
Another possibility for reducing the optical bandwidth 

is to increase the differential dispersion between the guides 
by introducing additional material dispersion into one or 
other of the fiber layers, most conveniently into the sen
sitive outer cladding medium.
The calculated dependence of bandwidth on dispersion 

of n4 is shown in Fig. 12. Cladding materials which have 
dispersions at about —0.055 f im ~ l as used in our experi
ments are not ideal, and higher dispersion could reduce 
the bandwidth and hence improve the resolution of the 
sensor by a factor of 3 or 4. This must be achieved without 
a substantial increase in the absorption coefficient which 
would restrict the useful interaction length. The use of 
dyes for this purpose is currently under study. Alterna
tively, the wider bandwidth may be tolerated, and its po
sition in the spectrum measured to a higher accuracy. This 
could be achieved by modulating a scanning Fabry Perot 
of narrower bandwidth at a frequency suitable for narrow- 
band electronic detection techniques to be used.
When used without benefit of such signal processing 

techniques, the ultimate resolution of this sensor can best 
be expressed in terms of the minimum resolvable change 
in the index n4, and is about 3 x 10-4. Thus its potential 
areas of application depend upon the availability or devel
opment of materials whose refractive index can change by 
up to, say, 1 0 0 times this value for ‘full scale deflection’, 
in response to a specific environmental parameter.
Thus sensitivity to, e.g., moderate pressure changes is 

ruled out since index changes of this order are not real-
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zable. On the other hand, chemical or biochemical sen
sitivity to quite small changes in concentration should be 
leadily achievable by the use of indicator dyes or similar 
.iiolecules. We are currently developing materials suitable 
for this application.
Rather larger index changes are possible with liquid 

..rystalline materials, and the basis for a voltage sensor 
using a nematic has already been demonstrated [1 0].
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