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§1. Introduction
A consequence of the development of optical fibre technology for communications has been the
application of optical fibres to the sensing of a wide range of physical and chemical parameters. Any
of the properties of fibres that are important for communications are significant for sensing: these
include their small dimensions, their insulating nature and their immunity to high voltage and
electromagnetic noise. These attributes make them particularly attractive for diagnostics of plasmas
and electrical discharges. As insulators, optical fibres create none of the electrical disturbance or
breakdown problems often associated with metal probes, and their small dimensions mean that
distortion of plasma or discharge structure is minimised. With many plasmas and discharges occurring
in environments that are electromagnetically noisy and which involve high voltages, signal transfer
and processing through optical fibres provides significant benefits. The small dimensions of optical
fibres provide good spatial resolution, and their facility for remote sensing can be particularly useful
when working with large-scale systems.

Many of the wide range of physical parameters for which optical fibre sensors have been
developed are relevant for plasma diagnostics, and these include temperature, pressure, gas flow,
electric field and electric current. Furthermore, some of the optical fibre approaches to chemical
sensing are capable of application to plasmas. Optical fibre sensors essentially come in two forms,
intrinsic and extrinsic. In the former, the fibre itself is the sensing element, and in the latter, fibres are
used to transmit light to and from a separate sensing element.

§2. Basic principles of optical fibre sensing

o Source

Fibres Modulation

The basic principle of an optical fibre sensor is
depicted in Fig 1. A source of light - it might be a
white light source, an LED, or a laser- launches
light into a fibre. The light passes through a region
where it is modulated by the quantity to be
measured. The modulated light is transmitted
through a fibre to the detector. In an extrinsic
sensor, the light leaves the input fibre to be
modulated before being collected by a second
output fibre. In an intrinsic sensor, a single fibre
transmits the light from the source to the detector,
and the light is modulated while it is in the fibre.
Characteristics of the light that can be modulated
are intensity, phase, polarisation and wavelength.
Most extrinsic sensors are essentially optical fibre
modifications of established optical diagnostic
techniques. For example, plasma densities have
been measured using optical interferometry with

the light coupled directly to an optical fibre and split into reference and scene beams with a
bidirectional coupler [1]. This paper emphasises intrinsic all-fibre sensors where the light is retained
within the fibre system throughout. These sensors have most potential for diagnostics of plasmas
since they are relatively easy to assemble, have few alignment problems, are immune from
electromagnetic interference and can offer good spatial resolution.

Detector

Fig 1 Basic arrangement of an optical fibre sensor
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§3. Modulation techniques

3.1 Phase modulation
In optical fibre sensors that rely on the modulation of the
phase of the light propagating through the fibre, the phase
modulation is measured interferometrically. Single-mode
optical fibres carry monochromatic light without altering
its coherence characteristics and can therefore be used to
assemble optical interferometers. Fig. 2 shows the
schematic arrangements of three commonly used optical
fibre interferometers. The similarity to unbound-beam
interferometers is apparent given that the 2 x 2 directional
coupler is the optical fibre equivalent of a conventional
50% beam splitter. The Michelson interferometer relies
on the Fresnel reflection at the cleaved ends of the two
fibre arms, generated by the refractive index discontinuity
between silica and air. In the Fabry-Perot case, the
resonant cavity consists of a section of single-mode fibre
that has been carefully cleaved at the two ends to provide

optically flat and smooth surfaces. A review of optical
fibre interferometers and a discussion of their application to precision measurement are given by
Jackson [2]. As an illustration, we shall examine a Mach-Zehnder interferometer fibre sensor for
measuring temperature. One of the fibres between the bidirectional couplers is isolated from external
changes in temperature and pressure, while the second fibre is the sensor arm. A short length of the
second fibre is exposed to the environment where the temperature is to be measured. A change in
temperature T changes the optical path length by changing both the refractive index n of the fibre
material and the length L of the fibre. The sensitivity of the sensor to temperature is given by

\_d</> _2n\n dL dn\

J~f~Y'f + ~f\

laser source

f photodetector

2x2 coupler

antireflective

termination

Fig. 2 Three optical fibre interferometers.

where r JJ is the temperature coefficient of linear expansion, and JJ is the temperature coefficient

of refractive index. For fused silica, the values of these coefficients are 5 x 10"7/°C for expansion and
10 x 10"6/°C for refractive index. That is, the variation of refractive index with temperature is
substantially greater than the variation of fibre length with temperature. Putting in these values
together with the refractive index n value of 1.456 and the wavelength of the red line of the helium-
neon laser 632.8 nm gives

1 d<p
-=z. = 107 rad °C = 17 fringes °C m~

The arrangement can be used to measure any quantity that will cause a change in optical path along
one arm. Such parameters include temperature, pressure, strain, magnetic field and electric field.

3.2 Polarisation modulation
Early work on the application of optical fibres to plasmas concentrated on current measurement. The
concept of the optical fibre current sensor is shown in Fig 3. A length of single-mode fibre is coiled
several times around the plasma and linearly-polarised light from a laser diode is launched into the
fibre coil. The current in the plasma produces a magnetic field with cylindrical field lines that are
parallel to the fibre wrapped around the bar. This means that the linearly-polarised light propagating
through the fibre is acted upon by a longitudinal magnetic field. The light therefore experiences the
Faraday magneto-optic effect where the direction of polarisation of the light in the fibre is rotated by
an amount proportional to the magnetic field, and to the length of path exposed to the magnetic field.
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The total angle of rotation p of the
direction of polarisation is
proportional to the line integral of the
magnetic field around the loop, that

is, p
single-mode fibre

where N is the number of turns of the
coil, H is the magnetic field, L is the
length of a fibre loop and V is the
Verdet constant, which for fused

conductor s j i j c a j s 1.5° m " 'T ' \ Using Ampere's
Fig 3 The principle of the optical fibre current sensor circuital theorem, we can write the

line integral of the magnetic field
around a current-carrying conductor equal to the current. Hence p= NVI where / is the current
measured.

3.3 Fibre Bragg gratings and wavelength modulation
When a silica fibre is exposed to the radiation from a holographic interferometer illuminated with a
coherent ultraviolet source in the wavelength region 244-248 nm, a permanent periodic modulation of
the refractive index of the germanium-doped core is produced to form a set of partially reflecting
planes [3]. When light from a broadband source is transmitted along this fibre, a set of beams is
reflected from the planes and these beams interfere with each other. The interference is destructive
unless each beam is in phase with the others. The wavelength at which the reflected beams are in
phase is given by Bragg's law: XB = 2nA, where n is the core index of refraction and A is the period of
the index modulation. The set of planes, normally of length between 1 and 20 mm, is referred to as an
in-fibre Bragg grating. Perturbation of the grating, for example by a change of temperature, strain or
pressure, results in a shift in the Bragg wavelength. A change of Bragg wavelength with temperature
arises from both a refractive index change and thermal expansion of the fibre. For silica fibre, the
wavelength-temperature sensitivity is a few pm per degree [4,5]. Whereas optical fibre interferometric
sensors are illuminated by highly coherent lasers, fibre Bragg grating sensors generally require a
broadband light source and a high-resolution wavelength-shift detection system. Fibre Bragg grating
sensors have been used to measure strain, temperature, pressure and dynamic magnetic field, although
their application to plasmas has been confined to temperature measurement. A review of fibre Bragg
gratings has been published by Rao [6].

3.4 The evanescent field and intensity modulation
Light travelling through an optical fibre is not confined completely to the core of the fibre. The
evanescent field surrounding the core results in some transmission in the fibre cladding or in the
medium surrounding a naked fibre core. The depth of penetration outside the core is of the order of
one wavelength. The evanescent field of a naked-core fibre can be exploited for sensing. Numerous
chemical, environmental, biochemical and medical sensors have been developed, some of which
involve absorption of the evanescent field and some of which incorporate a dye or fluorescent
material coated onto the fibre core. Evanescent-field sensors have been used to measure gas densities,
levels of solid deposition and pH values [7,8]. Plasma applications of evanescent-wave sensing have
been confined to absorption techniques.

§4. Temperature sensing in plasmas
Intrinsic optical fibre sensing of temperature in plasma environments has been confined to the
discharge and plasma work of our group at the University of New England, and some solid surface
measurements in plasma processing systems at other laboratories. We have exploited interferometric
sensing of temperature in glow discharges, in a planar-coil inductively-coupled RF plasma and in the
Heliac H-l magnetically confined plasma at the Australian National University.
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The glow measurements were made in a DC argon discharge. A glow is a weakly ionised plasma so
that fibre heating is by neutrals, and the fibre reaches equilibrium with the neutral gas so that the gas
temperature is measured. A Fabry-Perot interferometer was chosen for these measurements. An
integrated approach was used, and for any cross-sectional plane of the discharge, the sensing fibre
could be scanned across the discharge. In each measurement the optical fibre sensor measures the
integral of the temperature distribution along a straight-line path within the heated volume of gas.
After collecting a set of such integral measurements for different chords, it is then possible to recover
the entire temperature distribution by means of a deconvolution method. The results of a set of
measurements are displayed in Fig. 4 alongside a diagram of the argon glow structure.
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Fig 4
Temperature distribution in a
1 Torr, 4 mA, argon discharge
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Fig 5 Response of gas temperature in plasma to RF
pulse: (a) Power (b) Fringes (c) Temperature

A Fabry-Perot temperature sensor with a 17 mm fibre
arm, representing essentially a point sensor, has been
installed in a planar coil, inductively-coupled RF
plasma [9]. Like the glow discharge, the dominant
particles in the plasma are neutrals and these are
responsible for heating the fibre. The primary aim of
this work was to demonstrate the efficacy of optical
fibre sensing in an RF plasma, free of RF interference.
The results of two simple experiments were reported.
Firstly, the reactor chamber was filled with argon to a
pressure of 30 mTorr and the RF power switched on for
a short period (26 s) to produce a high electron density
H-mode discharge. The power dissipated in the plasma
(Fig 5a) and the signal from the temperature sensor (Fig
5b) were recorded. The sensor signal displays the
interferometer fringe shift as a series of In fringes, and
these are analysed to provide a temperature-time
distribution (Fig 5c). The gas temperature was then
examined during an E- to H-mode discharge transition.
The temperature was found to rise from close to
ambient in the E-mode to 250°C above ambient in the
H-mode, and the time between the transition and
attainment of the equilibrium H-mode temperature was
measured to be 20 s.

A similar point sensor has also been used to
probe a Heliac helical-axis stellarator - the H-l
Australian National Facility at the Australian National
University in Canberra [10]. In this plasma, it is ions
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that heat the fibre probe, and calculations of fibre temperature based on a knowledge of ion energy
and density and the thermal properties of the fibre agree closely with the temperature values of a few
tens of degrees above ambient measured with the optical fibre probe. The probe has been used to
obtain spatial distributions of ion flux within the plasma, and a screened probe has verified that
positive ions are the major species responsible for heating the fibre. The fibre probes were found to be
robust, with one probe surviving a thousand plasma shots with no noticeable deterioration of
response, although some etching of the cladding surface did occur.

Other plasma applications of optical fibre interferometric sensing of temperature in fusion
plasma systems includes the work of Forman et al [11] in which they developed a 3-element fibre
Bragg grating sensor arrangement for measuring the temperature of the carbon tiles on the Los
Alamos CPRF/ZTH plasma. The three sensors had Bragg wavelengths of 830.1 nm, 833.0 nm and
836.0 ntn, using as a light source a broadband superradiant diode centred on 833 nm. Wavelength
shifts were measured using a grating spectrograph. Wavelength shifts were found to increase linearly
with temperature over the temperature range 25 to 95 °C. This work demonstrates the potential of
fibre Bragg grating sensors for distributed sensing where the variation of a parameter over a wide area
can be monitored using a continuous length of fibre and a single light source and monitoring station.

Another area of plasma physics which is utilising optical fibre temperature sensing is that of
RF plasma sputtering. Here again the small dimensions of fibre sensors and their immunity to
electromagnetic interference provides substantial advantages over more conventional measuring
devices such as thermocouples. Both Fabry-Perot interferometer [12] and fibre Bragg grating [13]
sensors have been used in RF plasma sputtering systems to monitor the substrate temperature.

§5 Current and magnetic field sensing
Chandler and his co-workers at Los Alamos were the first to use the Faraday magneto-optic effect in
an optical fibre to measure plasma current [14,15]. Their measurements were made by looping a
single-mode fibre around the aluminium shell of ZT-40, a reversed-field-pinch that produced toroidal
plasma currents in the range 80 to 400 kA. Around the same time, Lassing et al [16] made optical
fibre sensor measurements of the toroidal plasma current in the high-beta tokamak SPICA II at the
FOM Institute for Plasma Physics in the Netherlands. Both groups reported good agreement between
current measurements made with a Rogowski coil and those made with the optical fibre sensor, and
each found that the fibre sensor displayed much less noise and higher frequency response.

It is significant however that optical fibre sensing of plasma current has not been exploited to
any extent since this pioneer work of the 1980s. This is due to problems associated with birefringence
in single-mode optical fibres. These fibres allow the propagation of two degenerate modes with
orthogonal polarisations. In an ideal fibre with perfect circular symmetry along the fibre length, the
two states are degenerate and the state of polarisation of the guided wave propagates along the fibre
unchanged. In practice, however, perfect circular symmetry along the fibre length does not exist due
to intrinsic and extrinsic birefringence. Intrinsic birefringence is introduced during manufacture in the
form of anisotropy of the refractive index of the core and asymmetry of the core geometry. Extrinsic
birefringence arises when the fibre is perturbed externally by temperature variations or as a result of
being bent, squeezed or stretched. Hence the fibre behaves as a birefringent medium due to a
difference in the effective refractive indices of the two degenerate modes, and the state of polarisation
is maintained over lengths of only a few metres. In the work described above, the birefringence
problem was reduced, but not eliminated, by using fibres that were twisted or spun during
manufacture. This has the effect of creating a high degree of circular birefringence which tends to
average out the linear birefringence to produce a low birefringence fibre. Because of this problem of
fibre birefringence, the development of optical current sensors has concentrated on devices that use
bulk optic materials with high Verdet constant and no birefringence. These are finding commercial
application in the electric power industry but they are not suitable for use on plasmas. However, now
that methods of manufacturing fibres with low inherent birefringence have become available, along
with the development of techniques for removing both inherent and bend-induced birefringence, it is
possible that optical fibre sensing of plasma current will yet prove its worth [17].
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Fig 6 Magnetic field as a function of time in a helium
plasma (15 kV, 1 mbar) (a) magnetic coil (b) optical fibre

A more recent application of optical current
sensing based on the Faraday effect is the
measurement of magnetic field in a z-pinch
discharge [18]. Here the fibre loop was placed
within the plasma chamber and set to different
radii (20-70 mm) for successive pulses in order to
map the magnetic field through the plasma.
Birefringence effects were minimised by using an
ultra-low birefringence fibre (no details given) and
a single loop only. The noise difference between
the magnetic and optical measurements is seen in
Fig 6. Once again, the fibre suffered little damage
following hundreds of discharges.

§6. Chemical sensing
Chemical sensing in plasmas using evanescent-
field processes has been confined to the
measurement of deposition rates in etching
systems and to the monitoring of molecular
dissociation in SF,, glows and coronas. In an SF6

discharge, dissociation of SF6 molecules leads to
the production of gaseous and solid by-products
and hence a reduction in SF6 content. This means
that in any high-voltage system that uses high-
pressure SF6 gas as an insulating medium,
insidious coronas or switching arcs will lead to a
reduction in insulation efficiency.

One consequence of dissociation in an SF6 glow discharge is the production of sulphur and its
deposition on the discharge chamber wall. A measurement of this deposition could thus be used to
monitor the degradation of the insulation. Such a measurement has been made in our laboratory by
examining transmission through a 0.6 mm-diameter silica fibre immersed in an SF6 glow discharge,
maintained at a pressure of 1 Torr and a current of 10 mA over a period of seven hours [19].
Measurements were made with both white-light and He-Ne laser (633 nm) sources. A total fall in
fibre output intensity of around 20% was found to occur over the period of the 7-hr glow discharge.
An electron-microscope analysis of the coated fibre revealed that the deposited material was indeed
sulphur and indicated that the thickness of the sulphur coating after 7 hr was around 600 nm. The
results suggest that optical fibre sensing of sulphur production could be an appropriate technique for
insulation monitoring in SF6-insulated high-voltage systems.

A similar approach has been taken to monitor deposition rates and layer thicknesses on the
walls of integrated-circuit plasma-etching chambers [20] and to monitor the deposition of polypyrrole
thin films by AC plasma polymerisation [21]. Monitoring an etching chamber is useful for developing
efficient cleaning schedules and for reducing down time. The ideal sensor should indicate optimum
conditioning times following clean up, and warn of impending particulate formation so as to prevent
film flakes from the chamber wall depositing on the substrate. Quick et al [20] found that
transmission through unclad multimode quartz fibres inserted into etching plasmas (CHF3 and O2)
decreased with time. This was interpreted as being due to polymer build up on the fibre, causing
scattering of the light impinging on the fibre/plasma boundary, plus irreversible surface roughening of
the fibre. Jose et al [21] also measured rates of transmission loss and hence of thin-film deposition,
and interpreted the transmission loss as being due to evanescent-wave interaction.
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§7. Conclusion
Although the use of optical fibre sensing for measurements in plasmas and electrical discharges has
been limited, the results that have been obtained have been promising, and in some cases the results
have been unavailable from other plasma diagnostic techniques. The versatility of optical fibre
sensors, which allows such a wide range of physical and chemical parameters to be measured, does
provide many opportunities for the development of appropriate plasma fibre probes. Clearly, the
early work of the late 1980s on current sensing of plasmas with optical fibres was not as successful as
had been hoped, mainly because of birefringence problems, and this experience may have sent a
negative message on optical fibre sensing to the plasma community. But developments since that time
in optical fibre design, fibre sensing techniques and optoelectronic components have greatly extended
the possibilities for plasma application. It is hoped that the work described in this paper will generate
new interest in the optical fibre sensing of plasmas, in areas such as gas temperature monitoring,
particle and radiation flux measurement and plasma processing of surfaces. The advantages of optical
fibre probes for plasma study - small size, insulating, immunity to electromagnetic noise, remote
sensing - are well proven.
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