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ABSTRACT
Optical fibre based sensors are proposed as a potential alternative to the
thermistors traditionally used as temperature

sensors in absorbed dose

calorimetry. The development of optical fibre temperature sensor technology
over the last ten years is reviewed. The potential resolution of various
optical

techniques

is

assessed

with

particular

requirements of absorbed dose calorimetry. Attention
issues

which

would

require

investigation

before

reference

to

the

is drawn to other
the

development

practical optical fibre sensors for this purpose could occur.
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1. INTRODUCTION*
Absorbed dose calorimetry methods are fundamental to dosimetry since
they provide an absolute measure of the energy imparted to matter. They are
thus an important component of primary standards of radiation (Re83). A
typical calorimeter for this purpose consists of a thermistor embedded in
graphite, a moderately tissue-equivalent material

(La66). The measured

absorbed

to

dose

to graphite

is usually

converted

the

corresponding

absorbed dose to water, a more appropriate and useful quantity.

A major problem in absorbed dose calorimetry which is related to the
sensing element itself is the high

sensitivity that is required. The

temperature rise associated with the absorption of radiation in graphite is
1.4 mK Gy"

1

(numerically equivalent to the inver<;e of the specific heat

assuming zero heat defect). Thus a typical measurement of 1 Gy to graphite
with 0.1% uncertainty requires a temperature resolution of at least 1 /iK. A
modern design for a primary standard quality graphite calorimeter has been
described

by

Huntley

(Hu81,

Hu86) . A

temperature

change

induces

a

resistance change in a thermistor which is monitored using a Wheatstone
bridge circuit and a sensitive null voltage detector. Huntley reports a
sensitivity

of

1

5 nV /iK"

if

ccmponent

values

are

selected

to

limit

thermistor self-heating to 10% of the radiation power (Hu81).

Clearly, useful absorbed dose measurements can only be made for quite
large doses, and long exposure times are required at low dose rates. In
contrast, quantities such as exposure and activity can be measured at
levels many orders of magnitude lower (Gr85a). The recent development of
practical water calorimeters and the desirability of their future use as
primary absorbed dose standards (,^69, Do87) accentuates this situation,
since the specific heat of water is approximately six times higher than
that of graphite.

Attempts have been made in other laboratories to develop methods of
temperature measurement in water. Techniques investigated have included the
measurement of the conductivity of water or the refractive index of water
as a function of temperature (Ho78). Domen (Do80, Do82) investigated the
use of thermistors shielded by plastic in a water calorimeter. This is the
most direct method of measurement of absorbed dose to water, and has been
extensively studied over the last decade (Ro88, Do87).

In this report "Gy" is the abbreviation of gray (quantity absorbed
dose) and "rad" is the abbreviation of radian (quantity plane angle).
1
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Two methods of temperature measurement which could have similar or
higher sensitivity than conventional techniques

(thermistors) have been

investigated at the Australian Radiation Laboratory. The first involves the
use of a pyroelectric

polyvinylidene

fluoride film as the temperature

sensor. The initial investigation by Cornelius (Co83a) suggested that this
system

would

have

adequate

sensitivity

for

use

in

absorbed

dose

measurement.

The

second

associated with

method,

involving

the

the use of optical

rapidly

developing

technology

fibres as sensitive detectors for

various measurands, is the subject of this report.

Glass optical fibre waveguides with low loss were first produced in
the late 1960's and early 1970's (Ka70), and were immediately developed
together with other necessary and related optical components for use by the
communicatio is
continues

industry (Sh82, Hu83). Advanced technological development

apace,

spurred

by

applications

of

fibre

optic

systems

in

telecommunications, computing and process control (Fu90).

From around 1977 this rapidly maturing technology has been applied to
the intensive development of sensing devices (Gi82, Cu84, Bu85, Pi85, Da88,
Ar89, Cu89a, Ud91)

. The most advanced work has been done on rotation

detectors, or gyroscopes

(Cu83, Be84),

and on acoustic

field sensors

(Ly83). Sensors have also been developed to detect physical quantities such
as strain and displacement, pressure, temperature, acceleration, magnetic
field, electric current and electric field.

The potential advantages of optically based sensors include excellent
sensitivity, rapid response, compactness, versatility, high accuracy due to
the use of optical measurement techniques, insensitivity to electromagnetic
interference, safety in situations where the use of electricity constitutes
a risk, chemical inertness in corrosive environments, and potential for
multiplexing.

These

advantages have

led

to widespread

development of

physical, biological and chemical measurand optically-based sensors for
commercial and military markets

(Gi86, Cu89a, Ke89, Be91a, Ko91). The

technology is already in use or is expected to significantly contribute in
fields such as medicine, electric power generation, process control, and
the aerospace and marine industries.

2
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Various temperature sensors utilizing optical fibres appear in the
literature, and are described in more detail below. Although some types are
capable of excellent sensitivity, most developmental work has been done on
sensors for use in situations where wide temperature range, avoidance of
electrical methods and ruggedness and reliability in the field have been
paramount cons ide rat ions.

Given a sensor design of adequate sensitivity, the use of optical
fibre as the temperature sensor in absorbed dose calorimetry has a number
of advantages;

optical

fibres

(particularly

monomode

fibres) are physically

small;

the

silica

from

which

they

are

made

is

reasonably

tissue

equivalent;

in use the fibres are not self-heating since there ir no electric
power involved at the point of measurement; and

fibres have low thermal conductivity which minimizes heat losses
from the otherwise isolated absorber.

Thus an optical fibre sensor will minimally perturb the temperature
distribution in the calorimeter absorber. In addition;

the use of optical methods eliminates problems due to electrical
interference;

optical

fibres can also be used to transmit data to remote

acquisition and processing systems; and

the technology of ultra-sensitive optical measurements is highly
advanced.

The

possible

development

of

fibre

optic

temperature

sensors

as

components of an ultra-sensitive calorimetry system is discussed in the
remainder of this report. Published work on optical

fibre temperature

sensors is reviewed in Section 2, and the most promising detectors for the
present puroose are evaluated in Section 3.
3
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2. OPTICAL FIBRE TEMPERATURE SENSORS
Optical

fibre

temperature

sensors can be divided

into two broad

categories (Cu88). 'iixtrinsic' sensors are defined as those in which a
separate element is used to sense the temperature, and optical fibres are
used to process and transmit the signal (Section 2.1);

'intrinsic' sensors

are those in which the optical fibre itself acts as the sensing element, as
well as transmitting the sensed information to a detector (Section 2.2). In
extrinsic sensors light is modified outside the fibre, whereas in intrinsic
sensors the change occurs within the fibre. Figure 1 shows the common
components of any optical fibre sensor. Basic schematic diagrams of various
forms of the sensors are shown in Figures 2 through 4. The many different
and often complex demodulation and processing schemes proposed for these
sensors are not illustrated; details can be obtained from the original
publications.

2.1 Extrinsic optical fibre sensors
Cenerally this type of detector consists of a temperature-sensitive
tip bonded to one or more optical

fibres or an optical

(Figure 2a). Many extrinsic

fibre

optical

fibre bundle

sensors have been developed

(Ja79, Ho81), although not all are described completely in the journal
literature.

Some

of

these,

for

example

the

Luxtron

sensor,

are

in

commercial production (Gr87a, Ky89, Sc89, Be91a). The emphasis has been on
development

of

microwave field

practical

instrumentation,

for

applications

such

as

thermal sensors or "hot spot" detectors in electrical

equipment. A summary of the operating principles and capabilities of the
various instruments is given in Tables 1 and 2. A detailed outline follows.
Readers wishing an overview only should proceed to Section 2.2 on page 8
for a summary description of intrinsic sensors and then to Section 3 on
page 18.

The

cholesteric

liquid

crystal

probe

seems

to

be

the

earliest

extrinsic type of sensor (Ro74). The reflected light intensity from a
liquid crystal surface rises to a peak, then falls, as the temperature is
increased through the material colour centre. A fibre bundle is used to
transmit light from an LED to the encapsulated liquid crystal at the tip of
the probe; a second fibre bundle
phototransistor

to provide

transmits the reflected light to a

a voltage

output. Two

sensitive

operating

temperature regions exist, corresponding to either the rising side (Jo75a,
Jolbb,

Ga/b) or the falling side (De76, De77) of the reflectance curve.
U

The

dielectric

microthermometer

(De76,

De77)

is

based

on

the

reflection of a light beam from a thermodilatable liquid contained in a
small capillary glass tube. The liquid forms a concave reflecting meniscus,
whose position and shape vary with temperature. The sensitivity of the
device is determined by the geometry of the tube and the liquid volume.
Another device, primarily designed as a vibration sensor, is based on the
motion of an elastic cantilever (Br91a). The free end of the cantilever is
illuminated by one optical fibre and th-» scattered light is collected by
another fibre. When the sensor is operated in a region where the response
is a non-linear function of the displacement of the cantilever end, it is
possible

after calibration, to analyse the output intensity modulation and

derive independently and simultaneously both the vibration amplitude and
temperature. A change of state 1-bit

(ON-OFF) sensor

is based on the

optical behaviour of various paraffins in the solid and liquid form (Pe91).
The sensor comprises two aligned multimode

fibres in a paraffin bath.

Transmission through the bath is weak at room temperature but increases by
20 dB at the paraffin melting point. The device was demonstrated as a
component

of

a

dual

bit

digital

temperature

sensor

suitable

for

multiplexing and networking.

At high temperatures, pyrometric techniques with silica fibres become
useful. The fibre is terminated by a sensing shield in thermal equilibrium
with the environment. The shield, which can be any opaque material, such as
1

me*"* film (Da77) or graphite (Ho79a) , emits black body radiation and this
is transmitted

through the fibre to a photodiode. The

temperature is

calculated from the known relationship between the generated photocurrent
and the shield temperature. Higher temperatures still can be measured if
the silica fibre section of the thermometer probe is replaced with suitable
components such as metal-coated single crystal sapphire fibre or rod (Di83,
Di86, Ch89). Accuracies of the order of 0.003% are obtainable, and a device
of this type is used as a temperature standard in the 630 - 1060°C range by
the USA National Institute of Standards and Technology (formerly known as
the

National

infrared

Bureau

transmitting

of

Standards)

fibres made

(Di86, Gr87a).
from

materials

The
such

development
as As-S

of

glass

(Sa85a), zirconium fluoride (Mo87, Mo89) and silver halide (Ka88a, Ka89)
extends the possible measurement range downwards to room temperature (see
Table 2) . With suitable calibration, infrared fibres can be used without
the black body shield as non-contact sensors which directly measure the
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temperature by sampling the radiation emission from the surface of the
material being studied.

The properties of birefringent crystals are utilized in a sensor
developed by Cetas (Ce78). Light from an LED is transmitted through an
optical fibre and polarizer to a lithium tantalate crystal. The light is
reflected

by

a

dielectric

mirror

back

1

analyser/polarizer to a second optica

through

the

crystal

and

fibre which transmits the radiation

to a detector. The indices of refraction along the optical axes of the
crystal differ and this difference

is temperature dependent. Thus the

polarization of the light passing through the crystal is changed and the
magnitude of the change is a measure of the temperature. A similar device
using quartz crystal has been described by Rogers (Ro82). A device using
the optical activity of a cholesteric liquid crystal film was described
even earlier (Sm74, Wi79a).

Two types of sensors are based on luminescence characteristics of
materials, utilizing the temperature dependance of either the intensity or
the lifetime of suitable emission line(s) (Mc81b). The original Luxtron
temperature

sensor

consisted

of

a

europium-activated

lanthanum

or

gadolinium oxysulphide phosphor bonded to the tip of an optical fibre probe
(Wi79b, Wi81, Ch81). The phosphor fluoresces at a number of wavelengths
whose strength is a function of temperature. The ratio of the intensity of
two

suitable

characteristic

lines

then

unambiguously

determines

the

temperature. Only one fibre is needed since the input exciting radiation is
at a different frequency to that of the output fluorescent radiation. Other
sensors of this type are based on the photoluminescence spectral shift in
high quantum efficiency aluminium gallium arsenide semiconductor (Ov84), on
the ratio of the intensity of the R emission lines to the total red
fluorescence

intensity

in pink

ruby

(Gr87b),

or on the ratio of the

intensity of two fluorescence lines in ytterbium-erbium co-doped heavymetal fluoride glass (Be90).

Sholes and Small (Sh80a) describe an optical sensor utilizing the
fluorescent decay of ruby. The time constant of the red R line fluorescence
in pink ruby is about 4 ms, but varies slowly and monotonically with
temperature over a range of 200°C. The ruby sample is irradiated by a
suitable source and the fluorescent decay curve analysed to determine the
temperature. A plastic-clad silica fibre optic configuration of this sensor
using a phase-sensitive detection technique was developed later (Gr88a,
6
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Zh91), and the useful temperature range extended to beyond 500*C by using
metal-coated silica fibres (Gr91). Other systems have been based on the
same principle but use other phosphors, such as barium

chlorofluoride

activated by divalent samarium (Mc8\a), neodymium in glass (Gr85b, Gr87c),
alexandrite crystal (Au87), and europium-activated yttrium, lanthanum or
gadolinium oxysulphides located remotely on the rotor of a high-power
electrical

generator

(Ma87,

MaSl).

Later

temperature

sensor operate by measuring

versions

the decay

of

time

the

Luxtron

of manganese-

activated magnesium fluorogermanate (Wi87), and are claimed to be capable
of

measurements

in

the

millikelvin

range

with

improvement

of

the

instrumentation (Wi90).

The

semiconductor

etalon

temperature

temperature dependance of the refractive

sensor

relies

on

the

high

index of these materials. The

phase difference between the light reflected from the two surfaces of the
etalon then provides a sensitive measure of the temperature. Sensors based
on this Fabry-Perot interferometer principle have been described using
etalons consisting of 18 pm thick SiC optically coupled

to the fibre

(Be86), or 400 to 800 run thick silicon films deposited directly on to the
tip of the fibre (Sc88, Be91b) .

The energy bandgap and hence the frequency of the optical absorption
edge of semiconductors decreases with increasing temperature near room
temperature (Sh79). A sensor can be constructed with a semiconductor chip
in contact with the ends of two fibres (Ky82, Va84, Satf5b). Light from an
LED is guided through the semiconductor (GaAs or CdTe) to a photodetector.
With

material

absorption

selected

edge,

the

so

that

intensity

the
of

radiation

the

light

spectrum
transmitted

overlaps

the

through

the

semiconductor changes with temperature. A second LED with a spectrum that
is unaffected by the absorption edge can be used as a reference to correct
for intensity fluctuations. Kajanto and Friberg (Ka88b) describe a similar
sensor using an indirect semiconductor

(single-crystal silicon) as the

sensing element. The same measurement techniques can be used with long pass
colour glass filters which also have absorption edges which shift to higher
wavelengths

with

an

Increase

in

temperature.

Glasses

with

cut-off

wavelengths of 550 nm (Gr88b), 830 nm (Gr86) and 1000 nm (Sa91) have been
invest!gated.

A thprmochromic solution such as cobalt(II) chloride in alcohol and
water has an optical absorption spectrum which varies with temperature due
7
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to changes in the coordination of the Co(II) ions (Ba86, Sc87, Co89, Ha90).
The temperature is indicated by the intensity of light transmitted through
the thermochromic solution at wavelengths corresponding to a temperature
sensitive absorption band.

Finally,
described

by

a

general

Spillman
a

purpose
(Sp82).

sensing

extrinsic
The

element

sensor

sensor

technique

consists

providing

an

of

has

three

electrical

been
basic

components:

(1)

output

proportional

to the field to be measured; (2) a liquid crystal light

modulator (LCM); and (3) a circuit to interface (1) and (2). Light injected
into a multimode fibre is modulated by the LCM into a second fibre whose
light output is monitored.

2.2 Intrinsic optical fibre sensors
Intrinsic optical fibre sensors are defined as those in which the
fibre itself acts as the sensing element. The amplitude, polarization or
phase of the light being transmitted through the fibre may be affected.
Temperature changes or various other disturbances can be detected by these
means. Alternatively temperature may be sensed through the light generated
within the fibre according to emissivity laws. The various techniques that
have been proposed for temperature sensors and the achieved performance of
these sensors are summarize^ in Tables 3 and 4. A detailed outline of
intrinsic sensors follows. Readers wishing an overview only should proceed
to Section 3 on page 18.

?-2-1 Thermal radiation

sensing

Gottlieb and Brandt (Go81a) developed a simple type of sensor based on
the thermally generated blackbody radiation produced by a hot spot in the
core of the fibre. This sensor does not require an external light source.
Although the glass used in the fibre is highly transparent, it still has a
finite absorption loss and hence emissivity in the intermediate infrared,
where thermal radiation for the temperature range from 100 to 1000°C is
largest. Thermal radiation originates from all parts of the fibre, but
since the total power radiated at ail wavelengths increases rapidly with
temperature, the temperature at a hot spot anywhere along the fibre can be
determined without much ambiguity. More recently a sensor operating in the
room temperature range has beer, described (Zu88). The sensor is formed from
a modified multimode infrared silver halide fibre with deliberately induced
absorption.

The

absorption

parameters

can be

chosen

to optimize

the

sensitivity while ensuring that the emitted radiation power from the fibre
8
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V
is proportional

to the spatially averaged

temperature along the fibre

sensing length.
2.2.2

Amplitude

sensing

Various methods are available to construct temperature sensors based
on modulation of the intensity of the radiation within a fibre (Figure 2b).
The temperature can affect the core and cladding to different extents thus
altering the core/cladding power distribution. The amount of bending in a
fibre can be influenced by temperature and cause losses in transmission.
The attenuation or backscattering of light in a fibre can also be an
indicator of temperature effects.

A simple temperature monitor is based on choosing core and cladding
materials

such

that

the

refractive

indices become

identical

at

some

temperature. If the temperature at any point along the fibre exceeds the
crossover temperature the cladding index becomes larger than the core index
and the core ceases to transmit light (G08O). Alternatively the critical
angLe for light incident to the core-cladding interface can be measured
directly by observing the intensity
critical

angle

is a function

of

of cladding mode propagation. The

temperature

determined

by

the known

temperature dependence of the refractive indices of the core and cladding
materials (Fo83). A fibre with an unclad end which is terminated by a
%*

mirror and immersed in a liquid having temperature sensitive refractive
index forms a sensor where the reflected intensity varies with temperature
so long as the refractive index of the liquid is less than that of the
fibre core and greater than that of the original fibre cladding (Sc84).

A

more

general

sensor

using

similar

principles

relies

on

the

evanescent penetration of light to the fibre cladding. If the cladding is
thin enough the penetration can extend to the interface of the cladding and

"1

the jacket. The fibre materials are selected so that the ratio of the power
distribution between the core and cladding is a sensitive function of the
index difference, which depends on the temperature. If the cladding or
jacket

is made

lossy

then

temperature

changes

transmission of the fibre (Go81b). Kumar et al

'•Is

cause

changes

in the

(Ku86) describe a spnsor

utilizing the high attenuation of metal-clad fibres. Part of the cladding
of a plastic-clad fibre is removed and the unclad portion is partially
immersed in a column of mercury. The length of metal-clad fibre and hence
the transmitted light intensity varies with temperature.

«3
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Another sensor configuration is also based on evanescent penetration
of the light beyond the core (G08O, Me83). If the thickness of the cladding
is sufficiently small the light extends beyond the cladding wall and may
penetrate a nearby fibre where it propagates as a guided mode. The amount
of light that may be coupled to the second fibre depends on the spacing
between the f5bres, the refractive index of the material between them and
the length over which the fibres run parallel.

Radiation losses at bends in the fibre are determined by the corecladding

refractive

index difference

and the bend

radius. The

light

transmitted is sensitively dependent on the bend radius near a cut-off
value

where

suggest

transmission

various

elements

to

sensor

produce

ceases

entirely. Gottlieb

configurations

large

changes

of

in

fibres

bend

and

and

radius

Brandt

(G08O)

thermomechanical
with

changes

of

temperature. Both point and continuous monitors could be implemented. A
microbending-based 1-bit (ON-OFF) sensor can be formed by compressing a
fibre between corrugated plates whose separation is determined by the
thermal expansion of an aluminium block (Pe91). The sensor is designed and
adjusted so that the output power is fully transmitted at room temperature
but decreases sharply at a specified higher temperat ire. The device was
demonstrated
suitable

for

as a component
multiplexing

of a dual bit digital
and

networking.

A

temperature

sensor

based

sensor
on

the

microbending loss caused by the difference in thermal expansion coefficient
between the glass and the coating of a single mode optical fibre has been
shown to operate linearly at cryogenic temperatures (Lu91).

Rare earth doping of fibres gives rise to absorption bands which are
sensitive to temperature. A sensor with insensitive leads can be formed by
butt-jointing a doped fibre sensing element to undoped fibre leads and
5+

measuring the transmitted intensity at suitable wavelengths. Eu- -doped
fluoride glass fibre (Oh86) and neodymium-doped silica fibre (Ad86, Ap90)
sensors have been investigated.

Optical

time-domain reflectometry

(OTDR) techniques use the timing

information of back-scattered radiation intensity within an optical fibre
to

sense

temperature

at

any

point

along

the

fibre

length

(R086)

(Figure 2c). These distributed sensors can be based on anti-Stokes/Stokes
Raman scattering (Ha85a, EW89, Br91b) or Brillouin scattering (Cu89b) in
silica fibres. Other methods require special fibres to obtain adequate
sensitivity, sensors can then be based on Rayleigh scattering in liquid
10
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core fibres (Ha83), or local attenuation in doped silica fibres (Fa86,
Ga87). Raman scattering based techniques are commercially available or
being developed for marketing (EW89, Da90).

2.2.3

Phase

sensing

The phase of light

leaving an optical

waveguide

depends on the

dimensions and the refractive index of the fibre. A change of temperature
can

alter

the

fibre

length

through

thermal

expansion

and

also

the

refractive index through changes in density and electron polarizability of
the

glass

(Co79).

The

resulting

phase

change

can be

detected using

interferometry techniques (Figures 3 and 4 ) . The use of monomode optical
fibre

interferometers

for

precision measurement

has been

reviewed by

Jackson (Ja85). Although of high resolution the interferometer output is a
periodic (2r,) function of phase and this leads to various problems common
to all interferometry techniques. The phase is only uniquely determined
over

a

range

of

A/2, and when

the

interferometer

phase

is mir rad

(ra=0,1,2...) sensitivity is zero and the direction of phase change is
indeterminate
other

(Figure 3c). Hence phase compensation, fringe counting or

techniques are necessary

conventional

interferometric

to increase

sensor

does

the unambiguous range. The
not

provide

absolute

phase

information on initialization, so special techniques are required if the
order of the fringe as well as phase change information is sought.

As well as the possibilities for temperature sensing, thermal effects
in optical fibres are of interest in the determination of environmental and
thermal noise limits to the resolution of other fibre optic interferometric
sensors, such as gyroscopes or hydrophones (Hu80, Sh80b, Da81, Se82, Po84,
Ho88).

Mach-Zehnder '. nterferometer: In the Mach-Zehnder interferometer light from
a source is split and travels through reference and sensing arms (Figures
3a and 4a) . The sensing arm includes an optical fibre which acts as the
temperature

detector.

Light

from

the

two beams

is combined

and

the

resulting interference is a measure of the temperature difference between
the two arms.
,- v

The temperature

induced phase shift

in an optical fibre has been

demonstrated using the Mach-Zehnder interferometer configuration with both
monomode (Ho79b, La81a, Mu82a) and multimode (By84, Ok88) sensing fibres.
Oscillatory phase variations have been observed in an impulsively heated
11
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monoinode fibre (Mu82b). An all-fibre interferometer with reference and
sensing monomode fibres wound on an aluminium mandrel and with an optical
path difference of 30 mm has a resolution of 1.4 mK using a sampled
homodyne half-fringe counting system; higher resolution could be achieved
by interpolating between fringes (Ga91). A multiple interferometer design
for a temperature sensor has been described by Newson et al

(Ne88) . The

sensor consists of a Mach-Zehnder interferometer in tandem with a Michelson
interferometer

and uses a birefringent monomode

fibre

as

the sensing

element. Each fibre polarization mode acts separately as an arm of the
Mach-Zehnder

interferometer

for high resolution measurement, while the

phase difference between the two fibre modes is used as a polarimetric
measure of temperature which increases the unambiguous range. The optical
path difference of the Mach-Zehnder interferometer is much greater than the
coherence length of the light source so that fringes are not observed
unless

the

mechanically-set

imbalance

of

the

Michelson

processing

interferometer matches that of the Mach-Zehnder interferometer (a "whitelight" interferometry technique). In this way the order of the fringe is
determined, and the short coherence source required for the processing
scheme can be used since the effects of source frequency noise and drift
are reduced.

Johnson et al
temperature

(Jo82) describe a waveguide Mach-Zehnder interferometer

sensor

formed by

titanium

diffusion

in LiNb0 .
3

A

device

consisting of two parallel interferometers with path lengths of 0.12 nun and
0.06 nun was tested over a range of 140°C at coarse resolution. It is
claimed

that

judicious

choice

of

the

dimensions

of

the

parallel

interferometers and of the associated opto-electronics would allow the
fabrication of a device with a projected temperature range of 700°C and
3

resolution of 2 x 10" °C. A waveguide interferometer formed by a proton
exchange process in LiNb0
10 mm) and

3

is therefore

permits a much larger path difference (over

capable

of higher

resolution

over a smaller

temperature range (Ha85b) .

Two groups at the US Naval Research Laboratories have been studying
the use of aluminium coated fibres for high speed thermal sensors. The
sensitivity
interferometer

and

frequency

over

response

of

an

all-fibre

Mach-Zehnder

the range from 3 Hz to 10 kHz have been reported

(Pe82), and a minimum detectable temperature of about 1 jiK at 4 kHz has
been claimed for this type of sensor (Ma82).

12

Michelson interferometer: A Michelson interferometer differs from a MachZehnder

interferometer

in that

the

two

interfering beams are retro-

reflected to be combined in the same optic component (whether a bulk optic
beamsplitter or a fibre optic coupler) that was used to divide the original
light

source

beam

(Figures

3b

and

4b). A

fibre

optic

Michelson

interferometer has higher phase sensitivity than a fibre optic Mach-Zehnder
interferometer as the optical path traversed is twice the sensing length of
the fibre.

An all monomode fibre Michelson interferometer temperature sensor has
been described by Corke et al

(Co83b, Co84a). Two fibres with silver coated

cleaved ends form the reference and sensor arms of the interferometer. A
steel probe bonded to the 3 cm sensing portion of one fibre increases the
sensitivity of the device. Instrument response was demonstrated over a
3

ranp.e of 200 K and resolution of about 10" fringe (approximately 1 mK) was
claimed. As described above for the Mach-Zehnder interferometer, a single
birefringent fibre can be used simultaneously as a polarimetric sensor and
as the sensing arm of a Michelson interferometer, with the advantage of
increased operating temperature range with unimpaired resolution (Co85). An
unlimited

phase

compensation

method

using

retardation

plates

and

a

polarizing beamsplitter which maintains the interferometer phase at the
most sensitive operating point provides an alternative solution to the
temperature range problem, and has been demonstrated in a monomode fibre
Michelson interferometer temperature sensor (Ma84). A scheme based on a
multimode fibre Michelson interferometer uses a self-pumped phase-conjugate
mirror to correct the distortion due to intermode scattering in the fibre
(Kw89).

Fabry-Perot interferometer: The Fabry-Perot optical fibre interferometer is
based on multiply reflected beams within a single segment of fibre having
partially
optical

reflective
path

with

ends. There
associated

is no need for a separate reference

beam

splitters

and

combiners,

and

the

alignment of the partial reflectors in a guiding fibre is relatively noncritical (Yo82). The interference of beams emerging from either the input
end ('reflection mode') or the distal end ('transmission mode') of the
fibre can be monitored (Figure 4c) . If the partial mirror reflectance is
low only the first two emerging beams have significant intensity and the
Fabry-Perot

sensor

is essentially

a two-beam

interferometer with high

contrast in the reflection mode, although at least one beam is of low
intensity whatever

the mode. A high-finesse
13

Fabry-Perot

interferometer

operating in transmission mode can be realized with higher reflectance
surfaces. For a small range of phase around the optimal operating point a
high finesse Fabry-Perot interferometer has higher sensitivity than a twobeam interferometer due to the multiple beam passes through the same
section of fibre, although there is P. collateral increase in the coherency
requirement for the light source (Pe81, Da91).

A temperature sensor in reflection mode can be constructed using a
length of monoraode fibre with cleaved ends, since the air-fibre interfaces
have low reflectance (La84, Fa91). An arrangement using high birefringence
'bow-tie'

monomode

fibre

and

suitable

polarization

components

allows

separate measurement of the phase change for each of the two orthogonal
polarization modes of the f'bre. Given a projected phase resolution of
1 mrad and the 70 mm active length of fibre, this sensor would have a
temperature sensitivity of 0.1 mK and a range of 9 K (Ak86a, Jo86). An
input fibre of arbitrary length butt-coupled to the sensing fibre so that
reflection occurs at the interface allows the sensing fibre to be located
remotely

(Ak86b, Ak87). A transmission-mode

low-reflectance

Fabry-Perot

temperature sensor using a phase modulation method of detecting fringe
shift has a resolution of about A/400 which would correspond to 50 /*K for a
1 m sensing fibre (It86).

Fusion splicing of fiber segments of which one fibre end has been
coated with about 100 nm of Ti0

2

enables a reflection-mode Fabry-Perot

sensor to be created in a continuous length of monomode fibre. The sensor
has potential for multiplexing since several pairs of reflectors can be
spliced

into a fibre

length; individual

interferometric

responses are

separated by time analysis following pulsed laser excitation (Le88b). Each
dielectric reflector has a reflectance of 2-3%, and a temperature sensor
with a cavity length of 1.5 mm has an operating range of 1250"C (Le88a).
The theoretical sensitivity limit of this sensor is 0.25 mK assuming an
interferometer
mirror

reflectance of 8%. A Fabry-Perot

separation

graphite-epoxy

of

5 mm has been

composite

tested

interferometer

as an embedded

(Le89a), and one with

with a

sensor in

a mirror separation of

10.8 mm was able to monitor substrate temperature in a rf sputtering system
where

conventional

thermocouple

sensors

failed

due

to electromagnetic

interference (Ye90) . A low coherence source such as an LED can be used
instead of a laser source if two Fabry-Perot interferometers with equal
cavity lengths are formed in series, one for sensing and one which acts as
a reference (Le91).
14
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Yoshino et al (Yo82) describe a transmission-mode device consisting of
a

monomode

fibre

with

polished

and

multilayer-dielectric-coated

60%

reflectance end faces. The effect of temperature change was monitored by
counting fringes; with a two-mode
temperature
determined

change
the

sensor

also

direction

aluminium-mirrored
Perot

could

and

laser light source the direction of
Tseng

et al

(Ts88)

of temperature

change

in

be distinguished.
magnitude

an

(approximately 40% reflectance) optical fibre Fabry-

using

fringe

modulation

of a reference

sensitivity

possibilities

counting
segment

of the

together

of the
true

with

fibre.

triangular

It seems

multiple-beam

phase

that

the

transmission-mode

Fabry-Perot sensor have not been explored as yet, presumably due to the
convenience of the reflection mode device which does not require a separate
return fibre for remote sensor applications.

The fiber-optic

resonant ring interferometer, in which a monomode

fibre loop forms the temperature sensitive element, is closely related to
the Fabry-Perot interferometer (Ja90). A directional coupler is inserted to
partially transfer light directly from the input to the output of the loop.
This reference beam then interferes with the remaining light which has
passed through the full length of the fibre. When a laser source with short
wavelength (488 run) is used the fibre transmits an excited mode as well as
the fundamental mode so that the direction as well as the magnitude of
temperature change can be determined.

Young's white

light interferometer: In the optical fibre version of a

Young's interferometer light is guided through a monomode fibre to an
optical fibre coupler where It is amplitude divided into two output fibres
which constitute the two interferometer arms (Ch91). The outputs of the two
monomode fibres can be treated as point sources and are directed at the
centre

of an electronically scanned

CCD array whose output signal is

equivalent to a spatial scan of the interferometer phase difference. A low
coherence
only

("white-light") source ensures that interference of the beams

occurs

interferometer

where

the

optical

path

difference

closely

matches

the

imbalance so that the total phase difference approaches

zero. Tested as a temperature sensor, a phase resolution of about tr/25 rad
was achieved over a temperature range of 5 to 60°C, the latter limited only
by the temperature controller used.

15
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shift due to a temperature change can also be

observed as the variation in time delay of an optical pulse. This is of
concern

in

optical

communications

network

and

signal

processing

applications (Co79, Ha79, Ta80, Na81, Sh83). A temperature sensor has been
described in which the thermally induced delay in a fibre is measured by an
intensity modulation filtering technique (Wa88).

Polarimetry: In a perfectly symmetrical monomode fibre mutually orthogonal
polarization modes are degenerate and propagate with the same velocity. An
asymmetry in the fibre causes it to become birefringent and is manifested
by a phase difference between the modes. This phase difference may be
temperature dependent and can be detected by polarization analysis.

Eickhoff (Ei81) describes such a one-fibre sensor using a monomode
fibre with high internal lateral stress which supports two non-degenerate
linear polarization modes. The

temperature

of

the

fibre

affects the

internal lateral stress and hence the phase difference between the two
interfering polarization modes. The sensitivity in a specific case is found
to be about 2.5 rad m" * K" *. This is around 50 times less sensitive than
the two fibre interferometers but the sensor has advantages of easier
implementation, greater unambiguous range and less cross-sensitivity to
stress such as pressure . Similar sensors based on 'bow-tie' (St84, Co84b),
elliptically

clad (Ra83) or rectangular clad PANDA (Ok90) polarization

preserving monomode fibres have also been described. Introduction of a
frequency

modulated

source

and

a

carrier

frequency

signal

with

FM

demodulation techniques to the standard polarimetric sensor configuration
enables a non-incremental (absolute value) temperature measurement sensor
to be realized (Ma88). A lead-insensitive device can be formed by splicing
a sensing fibre with a mirrored end-face to an input fibre, with the
polarization

axes of

the two fibres at U5°

to each other. Light is

transmitted to the sensing fibre along one principle axis of the input
fibre and is thus insensitive to temperature effects. The intensity of the
reflected light returning through the orthogonal axis of the input fibre is
then a measure of the birefringence in the sensing fibre (Co84a, Co84b). A
sensor

of

this

type

with

a

frequency-stabilized

laser

source

has a

5

limitation of 5.5 x 10" °C due to uncertainty in the source frequency and

The increased unambiguous range of polarimetric sensors over that
of the higher resolution dual-path intereferometer sensors has led to their
incorporation with such Michelson, Fabry-Perot and Mach-Zehnder sensors.
These combined sensors have been discussed in the appropriate sections
above.
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an overall sensitivity in practice of 0.005°C, limited by the stability of
the constant temperature chamber and electronics used to test the device
(Ts89). Two closely matched but not identical polarimetric sensors increase
the

unambiguous

temperature

range

without

compromising

the

available

resolution (Ch88).

The use of a monomode fibre with controlled degree of twist as a
temperature sensor is iiscussed by Langeac (La82). Twisting causes induced
circular

birefringence

(optical

activity)

in

the

fibre.

For

the

configuration described, the difference between the propagation constants
of the two eigenmodes gives rise to a linear polarization rotation which
depends on temperature.

The

distribution

electromagnetic)

of

along

a

a

field

fibre

(such as

can be

temperature,

measured

by

the

pressure

or

technique

of

polarization optical time domain reflectrometry (POTDR). The technique is
an extension of the OTDR method mentioned earlier. Optical pulses are
launched

into

polarization

the

fibre

analysed

and

to

the

backscattered

determine

the

light

spatial

is

time

distribution

and
of

modifications to the polarization state of light in the fibre (Ro80, R08I).
It is claimed that a temperature sensor consisting of a 100 m fibre with
resolution of 0.1 m and 0.01°C would be readily achievable.

Single fibre multi-mode interferometer: McMillan and Robertson (Mc84) have
demonstrated

the

use

of

a dual-mode

single-fibre

intensity oscillations between the LP , and L P
0

observed

as

a

function

of

M

interferometer.

The

transmission modes are

temperature. Alternatively

the

change

in

chromatic transmission spectrum with temperature can be observed. A sensor
based on L P

01

and L P

02

mode interference has also been proposed (Sp88). As

with the monomode fibre (dual-polarization-mode) sensor described above the
sensitivity of the dual-mode single-fibre sensor is much less than that of
the dual-path sensors, but has similar advantages due to the location of
the two interfering beams within the same fibre. A three mode interference
sensor

requires

more

complex

detection

techniques

but

allows

simultaneous sensing of temperature and longitudinal strain (Sp86).
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3. OPTICAL SENSORS FOR TEMPERATURE MEASUREMENT IN ABSORBED DOSE CALORIMETRY
Section

2

configurations

demonstrates
and

the

processing

variety

techniques

of

sensing

that

are

methods,

available

sensor
for

the

implementation of optical fibre based sensors.

Prototype and production model extrinsic sensors are reported to have
useable operating ranges of from 10 K to 1000 K and resolution down to tens
of millikelvin

(Table 2).

While

this performance

is not adequate for

absorbed dose calorimetry some of the sensors seem capable of further
development given suitable low-noise component
reference Jo75a). It is possible

design (see for example

therefore that a system based on an

extrinsic sensor design will have use as part of a rugged field or transfer
standard calorimetrj instrument.

A similar argument applies to the less sensitive intrinsic optical
fibre temperature sensors. For example, the polarimetric sensor is not as
sensitive

as

the

dual-path

interferometric

implement

and has good noise

sensors,

but

rejection characteristics

is

easy

to

since the same

physical path is used for the reference and sensing beams.

Sensors based on the dual-path interferometric sensing of phase are
expected to be the most sensitive (Jo86, Cu88). Potential sensitivities of
fiK or better have been suggested for this sensor type (G182, P185, Gi86,
Jo86). However in practice the various devices have only been demonstrated
with

resolutions

down

to

approximately

1 mK;

the

systems

have

been

generally limited by environmental perturbations to stabilities of about
10 mK at best and do not approach the theoretical limits of resolution (see
Table 4). This would appear to be due to:

there being no need in most applications

for sensitivity or

accuracy beyond that provided by the extrinsic sensors (Gr87a);

the relatively complicated and sensitive technology required for
interferometric
more

suited

commercial

sensors, which makes the method expensive and

to laboratory

investigations

and industrial applications

than

field work or

(these latter types of

applications providing the main 'push' for development);

18

the problem of initialization, which makes these devices more
suited

to measuring

temperature

change

rather

than absolute

temperature (Ja85), otherwise further complexity in the design of
the instrument is required; and

the complexity of the experimental arrangement required to test
devices to high levels of temperature resolution and stability.

By

way

of

contrast,

temperature

measurement

for

absorbed

dose

calorimetry demands maximum sensitivity, and primary dosimetry standards
work is performed in a laboratory environment. Control of thermal noise and
drift

(which

contributes

to

phase

noise

i:\

an

interferometer)

is

fundamental to already-existing calorimetry techniques. The initialization
problem with interferometric methods is of no consequence here since we are
interested only in changes of temperature. The dual-path interferometer
temperature

sensor

therefore

is

considered

potentially

useful

for

instrument,

the

application in absorbed dose calorimetry.

To

gauge

the

possible

sensitivity

of

such

an

temperature sensitivity of the fibre and the measurement sensitivity for
optical

detection

of the temperature-induced

phase

shift

need

to be

considered. Calculations or measurements for fibres of various compositions
are shown in Table 5, and temperature sensitivities are seen to range from
1

80 to over 400 rad m" K"

1

for existing monomode fibres. The temperature

sensitivity is determined by the structure of the fibre (including fibre
material, jacketing and dimensions), and thus higher sensitivities may be
achievable in specially designed fibres. It is more difficult to estimate
the phase measurement sensitivity. Conventional interferometry techniques
7

can be used to resolve phase shifts of 10" rad or less (Cu81, Co84a). An
estimate of the sensitivity of a dual-path optical fibre interferometer
with slowly changing phase (DC) can be obtained from the state-of-the-art
in related technologies. These are the fibre optic acoustic sensor, where
AC phase shifts due to pressure fluctuations are measured using a MachZehnder interferometer; and the fibre optic gyroscope, where the DC phase
shift di'e to the differing path lengths for clockwise and counter-clockwise
rotating beams is measured using a Sagnac one-fibre interferometer. In both
-e
these cases instrument sensitivity of 10
rad has been achieved, and
ultimate sensitivities are expected to be limited only by quantum optical
and thermal fluctuations

(Ja80, Be81, Da81, Ru82). For the fibre optic

gyroscope long term stability of 3 x 10"

19

8

rad is considered a reasonable

goal

(Le89b)-

The

recent

and

continuing

development

of

fibre

optic

interferometry techniques (such as white light interferometry, which allows
an unbalanced interferometer to operate in a system with zero overall path
length difference)

increases the versatility

of possible solutions to

problems in the development of particular interferometric sensors. Assuming
that the sensitivity already achieved for the fibre optic gyroscope is
feasible for an appropriately designed optical fibre temperature sensor
configuration, it is clear that absorbed dose should be measurable using
interferometry

techniques,

and

with

significantly

higher

measurement

sensitivity than is currently possible using thermistor techniques.

Apart from the attainable temperature resolution, there are other
issues which require

further

investigation before a practical optical

sensor for absorbed dose calorimetry can be developed. Optical fibre can be
coiled to produce a highly sensitive compact detector but the curvature is
limited by bend loss considerations (Ne83). The sensor must be relatively
insensitive to

ther disturbances such as pressure fluctuations. Since the

sensitivity of a fibre depends on a number of properties of its components
which affect phase to different extents and which

in some cases can

mutually cancel, the design of a fibre can be optimized for a particular
application (La81b, La81c, Ka83, La85). The effects of optical fibre use in
an

aqueous

environment

need

to

considered

if

water

calorimetry

is

envisaged.

Radiation damage to glass fibres can produce similar effects to those
induced by

temperature changes

(Be80a, Be80b).

For example, radiation

induced changes in elasticity constants, thermal coefficients, refractive
index or density of fibre components may be significant. These aspects of
the response of fibres to radiation are not well known, particularly at low
and medium doses. The effects of radiation on a fibre designed for maximum
temperature sensitivity are not known at present. Optical fibres can be
radiation hardened to reduce their sensitivity to radiation-induced optical
attenuation; whether such hardening would be possible in a phase sensitive
temperature sensor has not been reported. Such information would also be
useful to those investigating other types of optical sensors.
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4. CONCLUSION
A survey of the literature shows that there is potential for ultra
sensitive

temperature

sensors

using

optical

fibre

technology

to

be

applicable to the measurement of absorbed dose. An interferoaetric phase
sensor is potentially more sensitive than the electrical methods currently
used for precision calorimetry. This conclusion is based on the temperature
sensitivity of existing fibre and the resolution aci.'eved in related but
more developed technologies, such as the optical fibre gyroscope. Some
future work necessary to evaluate the usefulness of optical fibre methods
in this field has been outlined.

Compared

to

conventional

thermistor

methods

of

absorbed

dose

measurement, a calorimeter using an appropriately designed optical fibre
sensor would have advantages of better resolution, lack of self-heating,
better tissue equivalence, smaller perturbing effects of both the device
and

the

leads,

chemical

inertness,

and

immunity

from

electromagnetic

interference. The development of such an optical fibre sensor would be
useful for standards calorimetry, particularly for water calorimetry where
the improved sensitivity is most needed.
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TABLE 1

OPERATIONAL PRINCIPLES OF SOME EXTRINSIC OPTICAL FIBRE TEMPERATURE SENSORS

Sensor material

Temperature dependent property

Liquid crystal

Reflectance near the material colour centre

Thermodilatable liquid

Reflectance from the liquid meniscus

Birefringent crystal

Polarization of the transmitted light

Rare earth phosphor

Intensity of the characteristic radiation

Fluorescent material

Decay constant of the emitted light

Semiconductor

Energy of the optical absorption edge

Semiconductor etalon

Refractive index

Colour glass filter

Energy of the optical absorption edge

Thermochromic solution

Optical absorption spectrum

Opaque material

Intensity of black body radiation
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TABLE 2

CHARACTERISTICS OF SOME EXTRINSIC OPTICAL FIBRE TEMPERATURE SENSORS

Reference

Sensor type

Sensitivity (K)

Ro74,Jo75a
De76,De77

Liquid crystal

0.1-0.5
0.02
0.05

De76,De77

Thermodilatable liquid

0.2P

IP
.

Da77;Ho79a
Di86
Mo89
Ka89

Pyrometer

Ce78
Ro82

Birefringent crystal

Ov84
Wi87
Gr87b

Phosphor

Mc81a
Wi87
Gr88a

Fluorescence decay

0.03P
0.023-0.39
0.5

2

r

r

a

r

s

0.1 /0.5 /l
0.1P

3

a

5
0.lP/0.2
0.04
0.18

a

r

r

Ma91

2

a

Be86

Semiconductor etalon

0.5

Ky82
Ka88b

Semiconductor

l
0.12 /^

Gr86
Gr88b

Colour glass filter

Co89

Thermochromic

a

r

a

a

0.5 /3
0.1lP/0.6

a

r

45 *C
31°C
22 *C

-5 -30 -

10°C
-15 C

a

C

- 1100°C
- 2000°C
- 150°C
70 "C

18 20 -

49 °C
180 °C

0 -100 293 -

200 °C
290°C
433 K

20
-200
155
40
60

200 °C
450°C
160°C
45°C
150'C

-

20 - 1000°C

r

s

10 30 12 -

400
600
30
0

r

0.1

Temperature range

0.1 /0.2

a

10 20 -

300 °C
180°C

60 20 -

200 °C
200'C

20 -

55°C

The numbers in this column are indicative but may not be comparable from
one sensor to anothei since different criteria are used for the
specification. Thus the number may refer to resolution, precision
(repeatability), stability or accuracy, and the literature is not always
clear as to which is meant.
r

a

s

"resolution"; "accuracy"; "stability"; P"precision" or "uncertainty".
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TABLE 3

OPERATING PRINCIPLES OF SOME INTRINSIC OPTICAL FIBRE TEMPERATURE SENSORS

Sensor
material

Temperature dependent effect

Detected quantity
or sensing technique

Optical
fibre

Cladding loss

Transmitted intensity

Fibre-to-fibre coupling
Bend loss
Backscatter

Optical-time-domainreflectrometry (OTDR)

Optical path length (phase)

Mach-Zehnder two-fibre
interferons.er
Fabry-Perot interferometer
Pulse time delay
Polarimetry

Thermally generated black
body radiation
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Spectral

intensity
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TABLE 4
CHARACTERISTICS OF SOME INTRINSIC OPTICAL FIBRE TEMPERATURE SENSORS

Sensor type

Reference

S e n s i t i v i t y * (K)
0.5
l

Temperature range

r

Ch86
Ap90

Spectral absorption

Fo83
Lu91

C r i t i c a l angle
Microbending l o s s

2

Ha83
Fa86

OTDR

0.1
l

La82
Ts39

Twisted SMF
Polarimetric

2^
0.005

OV.88
Ga91

Mach-Zehnder (MMF)
(SMF)

0.003
0.0014 /0 0 3

Co83b
Co84a

Michelson

0.0006 /l0.025

Le88a
Ye90

Fabry-Perot

a

r

a

s

r

s

r

77 20 -

150 K
200°C

20 20 -

190'C
200 K

5 -50 -

110°C
100°C

23 -

120°C

20 5 -

50°C
80°C

30 -

240°C

s

0.05

r

-200 - 1050°C
35 - 240°C

The numbers in t h i s column a r e i n d i c a t i v e b u t may not be comparable from
one s e n s o r to a n o t h e r s i n c e d i f f e r e n t
c r i t e r i a a r e used for
the
specification.
Thus t h e number may r e f e r
to r e s o l u t i o n ,
precision
( r e p e a t a b i l i t y ) , s t a b i l i t y or a c c u r a c y , and t h e l i t e r a t u r e i s n o t always
c l e a r as t o which i s meant.
SMF = s i n g l e mode (monomode) f i b r e ; MMF
r

r

"resolution ;

a

"accuracy";

s

"stability";
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a

multimode f i b r e .
^"linearity".

TABLE 5
STATIC TEMPERATURE SENSITIVITY OF PHASE IN OPTICAL FIoRES
Sensitivities in square brackets [] have been converted by us from the other table entries. The relative phase (0) sensitivity is given
by (1/0) (d0/dT). The absolute phase sensitivity d0/dT is valid for light from a He-Ne laser (wavelength 633 nm) and glass of refractive
index 1.46. Fibre layer outer diameters in micron are given in round brackets (). Hytrel is the trade name for a polyester plastic.
S-silica; HY-Hytrel; DS-doped silica; Al-aluminium; SN-silicone; NY-nylon. SMF-single mode (monomode) fibre; MMF-multimode fibre;
GRIN-grade d index.

REFERENCE

Ho79
Hu80
Ta80

RELATIVE PHASE SENSITIVITY
xlO" K'
Measured
Calculated
5

[0.74]
0.8

tt

(i

La81b
11

Mu82a
Yo82
n

Sc83
it
It

Ok88
Ts88
Ye90

[0.57]

ABSOLUTE PHASE SENSITIVITY
rad m"l K-l
Calculated Measured
107
[120]

0.6
2.4
2.6

tt

Ei81
La81a

1

[0.86]
0.70
1.64
0.13
0.19
3.0
0.80
0.7
2+
1.7

0.68
1.80

[0.87]
2.2
0.79

[3.13]
[1.32]
0.78

83

Core

PHYSICAL CHARACTERISTICS OF THE FIBRE --Cladding Substrate
Cushion
Jacket
Description
/brand

DS

S
S(80)
S(150)
S(125)
S(150)

[90]
[350]
[380]
124
[101]
[238]
[19]
[28]
[430]
[116]
[100]
[290+]
[250]

[99]
[261]

S(4.5)
S(4.5)
Nd laser glass
Bar ium borate glass
126
S(5.2)
[320]
S(4.0)
[114]
S(4.0)
S(4.5)

454
192
[113]

S(60)
S(50)
(5)
DS(8)

DS(30)
DS(30)
DS(30)
DS(30)
S(125)
S(125)
DS(30)
DS(125)
S(125)
S(75)
S(125)

S(85)
S(85)
S(90)
S(90)

S(85)
S(85)

-

Valtec SMC) 5
SMF
SN(350)
SN(300)
SN(300)
SN(220)
SN(190)
SN(190)
SN(400)

SN(250)
SN(400)
"

NY(700)
NY(900)
Birefringent SMF
ITT SMF
HY(450) ITT SMF
Reduced
sensitivity fibre
SMF
NY(900) SMF
SMF
SMF
HY(500) SMF
Al(165)
NY(900) GRIN MMF
NY(215) SMF
Corning SMF
"

f

';
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i

i

i
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Components common to all fibre optic sensors (after reference Da85)
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FIGURE 2

(a) Schematic amplitude (intensity) modulated extrinsic
optical fibre sensor (b) Schematic amplitude (intensity)
modulated intrinsic optical fibre sensor (c) Schematic
OTDR system (after reference Ro86).
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FIGURE 3

( a ) Conventional Mach-Zehnder i n t e r f e r o m e t e r schematic
d i a g r a m ( b ) C o n v e n t i o n a l Michelson
interferometer
schematic diagram (c) I n t e r f e r o m e t e r t r a n s f e r function
showing the maximum s e n s i t i v i t y (quadrature) p o i n t s .
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FIGURE 4

Schematic diagrams of a l l - f i b r e - o p t i c
interferometric
s e n s o r s ( a f t e r r e f e r e n c e Da85) ( a ) Mach-Zehnder
(b) Michelson (c) Fabry-Perot ( r e f l e c t i o n mode).

