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Abstract

This thesis details the experimental investigation of a fibre Bragg gratings (FBG) as to
its suitability as a point ultrasonic sensor for medical applications, the FBG being
interrogated by a low-coherence psuedo-heterodyne technique. The noise-limited
pressure resolution of the FBG sensor was found to be 4.5kPa/VHz at a frequency of
1.911 MHz. The ability of the FBG sensor to accurately determine the spatial field
profile from a focussed ultrasonic transducer was also investigated and compared with
results obtained from a commercially available piezoelectric hydrophone. Ultrasonic
shielding materials on the bare optical fibre were also experimentally investigated in an
attempt to provide a more localised grating response to the ultrasonic field.

The ultrasonic response of low-finesse Fabry-Perot cavities based around 50um thick
polymer films was also investigated as a potential alternative to the use of fibre Bragg
gratings, the cavity being interrogated by a low-coherence interferometric heterodyne
technique. The noise-limited pressure resolution for a low-finesse Fabry-Perot cavity
based on a 50um thick polyethylene teraphthalate film was found to be 72 Pa/VH:z at
an ultrasonic frequency of 1.911 MHz and // Pa/VHz at 612 kHz. The ability of this
cavity sensor to spatially resolve the ultrasonic field profile was also examined
experimentally.

Finally, the use of in-fibre Er'* FBG based lasers as acoustic sensors in the frequency
range 200Hz- 20 kHz was examined experimentally using a heterodyne interferometric
interrogation method to assess the potential of these devices as highly sensitive acoustic
sensors for military applications. The noise limited pressure resolution of the most
sensitive fibre laser was found to be 4x10° Pa/VHz over a frequency range of 4-6 kHz.
An array of 4 distributed feedback fibre lasers was constructed and two separate
methods of demultiplexing the laser array were compared and contrasted. The limiting

system noise sources were also measured where possible.




Acknowledgements
Many thanks to Dr. Dave Webb for his sound advice and guidance over the course of

this thesis. Thanks also to Dr. Norman Fisher for allowing me to participate in his
research themes and various experiments, as well as the various members of the
Applied Optics group at the University of Kent for their insights and discussions on the
general topic of optical fibre sensing. Also thanks to Aston University Photonics
Research Group for providing the fibre Bragg gratings and some of the erbium fibre

lasers used in this thesis.




CHAPTER 1 INTRODUCTION Page |

Chapter 1

1.1 Introduction

The most familiar type of acoustic sensor is the human ear. The human ear shares some
characteristics with artificial methods of acoustic detection, and hence a brief
discussion of the ear affords a relatively easy introduction to some of the concepts
encountered later when discussing artificial methods of acoustic (and ultrasonic

detection). These concepts can be briefly summarised as follows:-

e frequency range.

e frequency selectivity.

e dynamic range.

e mechanical amplification.
e mechanical resonance.

e directional sensitivity.

In the ear, the acoustic field is transduced into a mechanical displacement by the
eardrum. The small mechanical movements of the eardrum are mechanically amplified
by an interconnected series of bones known as the hammer, anvil and stirrup,
collectively known as the ossicles. The resultant mechanical displacement of the
ossicles is transmitted into the cochlea via another membrane called the oval window,
where hairs in the cochlea connected to electrically sensitive nerve endings provide
both acoustic detection and frequency selective signal processing, the end result being
further interpreted by the brain as, for example, speech, music or noise. A schematic
diagram of a human ear is given in figure 1.1 overleaf. The Eustachian tube provides
pressure equalisation between the inner and outer ear. The semicircular canals provide

the ability to balance and to detect motion.
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Figure 1.1 — Schematic diagram of human ear.

The pinna or outer ear provides some degree of directional sensitivity as well as
capturing more acoustic energy than the outer ear canal alone. The sound waves are
channelled through the outer ear canal and impinge on the eardrum. Mechanical
amplification by the hammer, anvil and stirrup bones takes place as mentioned
previously. Additional amplification takes place by virtue of resonances of the air
column in the closed ear canal (analogous to resonances in an organ pipe). These closed
tube resonances occur at approximately 3.7 and 13kHz, although these figures are
obviously dependent on the size of the ear canal. The larger surface area of the eardrum
compared to the cochlear oval window also provides some degree of mechanical
amplification. The extra mechanical amplification afforded by the combined effect of
the outer ear, inner ear resonances, ossicles and the larger area of the eardrum compared
to the cochlear oval window is approximately a factor of 100, (or 20 decibels). Typical
representative parameters for the human ear, ignoring age related effects (loss of high

frequency sensitivity, for example) are summarised in Table 1.1 overleaf.
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Parameter Range

Frequency range 20Hz — 20 kHz

Dynamic range 2x10° =60 Pa (10" — 10 W/m?)
Threshold sensitivity 2x107 Pa

Frequency selectivity 1 Hz

Amplitude selectivity 1 dB

Frequency of peak sensitivity 3.5-4.0kHz

Table 1.1 — Performance characteristics of the human ear

The frequency range corresponds to the minimum and maximum detectable
frequencies. The dynamic range is defined as the difference between the minimum and
maximum detectable pressures (or intensities) at 1kHz. The minimum detectable
pressure is also known as the threshold of audibility. The maximum detectable pressure
is known as the pain threshold. On a decibel scale, the threshold intensity of audibility
is assigned a value of 0 dB at 1 kHz, the pain threshold being around 130 dB.
Frequency selectivity is the ability to discriminate between closely spaced frequencies.
Amplitude selectivity is the ability to distinguish between sounds of the same frequency
but with different amplitudes. Figure 1.2 shows the ear’s sensitivity as a function of

frequency, as well as other interesting features.

Perception limit
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Figure 1.2. Characteristics of human hearing range.
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Also shown in figure 1.2 is the distinction between sounds too high or low in frequency
to be audible (ultrasound and infrasound). Audible (or acoustic) frequencies are those in
the range 20Hz to 20kHz. The frequency range and intensity of normal speech is also
shown (dotted oval area), as is the dynamic range (the difference between the upper and
lower bounding curves). The dynamic range is obviously frequency dependent. The
concepts outlined in this brief description of the characteristics of the human ear are
directly transferable to a discussion of the required characteristics of artificial means of
acoustic detection. The ideas of frequency and dynamic range, peak frequency
sensitivity, mechanical resonances and threshold of audibility all have direct analogues
when discussing other forms of acoustic detector.

This thesis is concerned with the investigation of optical methods of acoustic and
ultrasonic detection, with a particular emphasis on medical aspects of ultrasonic
sensing. These aspects are discussed more comprehensively in subsequent chapters.
However, the three aims of this thesis are given below and will be expanded on in more

detail in subsequent chapters.

1. The experimental investigation of fibre Bragg gratings as to their suitability as
ultrasonic detectors for therapeutic medical applications of high-intensity

focused ultrasound in the MHz frequency range.

!\)

The experimental investigation of an extrinsic low-finesse Fizeau cavity as to its
suitability as an ultrasonic detector, again for therapeutic medical applications

of high-intensity focused ultrasound in the MHz frequency range.

|U8]

The experimental investigation of an array of erbium fibre lasers with an aim to
construction of a multiplexed array which could be used as a highly sensitive

hydrophone array in the frequency range 200Hz to 20 kHz.

The next sections of this chapter are concerned with an overview of optical fibre
sensors with a particular efnphasis on the types of sensors and interrogation techniques

employed in the experimental work described in subsequent chapters.
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1.2 Fibre-Optic Sensing Concepts

A fibre-optic sensor may be broadly defined as a device in which an optical signal is
modulated in response to a measurand field. Fiber optic sensors are often loosely
grouped into two basic classes referred to as extrinsic (or hybrid fiber optic sensors),
and intrinsic (or all-fiber sensors).

In the case of an extrinsic sensor an optical fiber leads up to a modulating element
which impresses information onto the light beam in response to an environmental
effect. The information could be impressed in terms of modulating the intensity, phase,
frequency, polarization, or spectral content of the light in the fibre. An optical fiber then
carries the light with the environmentally impressed information back to an optical
and/or electronic processor for signal recovery to allow useful information about the
measurand field to be obtained. In some cases the input optical fiber also acts as the
output fiber. The intrinsic or all fiber sensor uses an optical fiber to carry the light beam
and the environmental effect impresses information onto the light beam while it is in
the fiber. Each of these classes of fiber sensor has many subclasses [1] that consist of

large numbers of fiber sensors.

1.2.1 Interferometric Sensors

In an interferometric sensor the effect of the measurand is to modulate the phase of the
electric field, where phase is converted to an intensity change in the interferometer.
The simplest kind of interferometry is an optical arrangement that causes two mutually
coherent beams of light to follow physically distinct paths. One of those paths contains
the sensing fibre and the other path is used as a reference. When the two beams are
combined on a photodetector then they produce a resultant intensity that changes
periodically with the phase difference, with periodicity 2nt. A polarimetric sensor can be
thought of as one in which the two beams occupy essentially the same volume of space
but differ by the orthogonality of their states of polarisation. In order to make the two
orthogonal states interfere on a detector, they must each be resolved to give components
in a common direction. For example, by placing a polariser in the output of a highly

birefringent fibre, the two modes are made to interfere provided that the



CHAPTER 1 INTRODUCTION Page 6

azimuth of the polariser does not coincide with that of just one of the modes. All
practical detectors of optical radiation are non-linear in that they respond to the power
of the radiation rather than its electric field strength, averaged over some time period

which is long in comparison with the period of an individual optical wavelength.

1.2.2 Mach-Zehnder interferometer.

A common form of optical fibre interferometer is the Mach-Zehnder configuration,

with a simple example shown in figure 1.3

Optical
Source S

o} P DI

(@] (@)

P m

Figure 1.3 Fibre Mach-Zehnder interferometric sensor

The source is coupled into a single mode fibre downlead and is amplitude-divided by
coupler C1 into two fibre arms, which can be thought of as representing a signal beam
(S) and a reference beam (R), the measurand modifies the phase of the signal beam,
whereas the reference beam has a constant environment. The two beams then
recombine at a second directional coupler (C2) terminating at photodetectors D1 and
D2 giving an electrical output proportional to the power incident upon them. It can be

shown (see later chapters) that the detector signals are given by equations of the form: -

1, =1,(1+V cos(g, - 4,)) (1.1)
I, =1,(1-V cos(¢, - @) (1.2)

where ¢ and ¢p are the phases for the signal and reference beams, /, is a mean signal
intensity, and V' is the visibility of the interference. The visibility depends on the
relative intensity of the signal and reference beams, their relative states of polarisation,

and their mutual coherence. In the optimum case, the relative intensities and states of
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polarisation are equal and the optical path length difference between the signal and
reference beams is much smaller than the coherence length of the detected light. Under
these optimum conditions, the visibility is unity. In practical circumstances the visibility
can take any value between zero and unity. The two outputs are in antiphase, so that the
sum of the two outputs is constant irrespective of relative phase. Having access to the
two outputs can be used to compensate for the effect of changing source intensity. The
relative intensities of the two beams depend on the coupling coefficients of the
directional couplers used, fixed during manufacture for fused fibre couplers. The
relative state of polarisation depends on the birefringence of the fibres and the couplers.
Whilst it is possible to fabricate the entire interferometer from highly birefringent fibre
and  components, and to work with a fixed polarization eigenstate, most
interferometers are constructed from normal cylindrically symmetric core monomode
optical fibre, as were the interferometers used in the experiments described in this
thesis. Therefore environmental effects cause the recombining states to be unequal.
Under these circumstances, some form of explicit birefringence control is needed to
preserve visibility. One common means is to induce controlled birefringence by
bending the fibre [2]. The coherence length is dominated by the spectral properties of

the source.

1.2.3 Michelson interferometer

Closely related to the Mach-Zehnder interferometer is Michelson’s spectral

interferometer, shown in figure 1.4.

Optical 0 5 g Ml
Source

Cl

pi @ E wm

Figure 1.4 Michelson Interferometer.
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Here the signal and reference beams terminate in reflectors (M1, M2) so that they are
folded back on themselves to recombine at the same coupler (C1) that was used to
divide them. The double-pass of the signal beam effectively doubles the sensitivity of
the interferometer. However, directing one of the interferometer outputs into the source
is disadvantageous as such feedback causes instabilities [3], especially with diode
lasers. In practical situations it is usually necessary to incorporate an optical isolator
between the source and the coupler. The normal choice of isolator is of the Faraday
type: a linearly polarised incident beam passes through an aligned polariser, and then
via a magneto-optic crystal in a permanent magnetic field that rotates the polarisation
azimuth by n/4 radians to be aligned with a polarisation analyser at the output. Thus, a
counter-propagating (feedback) beam passing through the device will have its
polarisation azimuth rotated in the crystal so that it cannot pass through the polariser.
The recombining beams in the output arm of the Michelson interferometer are always
of equal intensity, irrespective of the coupling ratio. However, the highest mean
intensity is achieved for a 50:50 split ratio. Polarisation effects are similar to those in
the Mach-Zehnder interferometer. However, there is an interesting means of ensuring
equality of polarisation states without having to resort to an adjustable polarisation
controller, in which the reflectors at the distal ends of the signal and reference fibres are
replaced by Faraday mirrors. These devices are essentially the same as Faraday optical
isolators from which the polarisers have been removed. Thus, the returning signal and
reference beams are in the states orthogonal to those of the outgoing beams, so that they
return to the coupler in the same states as when they left it, irrespective of any

birefringence en route, thus optimising the visibility.

1.2.4 Sagnac Interferometer

An important two-beam interferometer is the Sagnac interferometer, shown in figure

1.5 overleaf.
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Optical
Source O / \

Sagnac Fibre
Coupler loop
Detector '

Figure 1.5 Fibre Sagnac interferometer.

The fibre Sagnac interferometer has been developed principally as a gyroscope for the
purpose of measuring angular velocity [4]. The signal (S) and reference (R) beams now
occupy the same space and are the clockwise and counter-clockwise beams propagating
in the loop of fibre that forms the interferometer. At first sight it would appear that the
phase difference between the beams would always be zero, as it is for all reciprocal
effects i.e. those where the sign (positive or negative) of the effect is independent of the
direction of travel through the interferometer. However, non-reciprocal effects, such as
angular velocity [5] and magnetic fields [6] all produce a phase shift. Figure 1.5 shows

the simplest possible version of the interferometer.

1.2.5 Multiple beam interferometers

So far only arrangements in which two beams interfere have been considered. However,
multiple beam interferometry is also used in optical sensing. The most familiar form of
multiple-beam interferometer is the Fabry-Perot. This is shown with a fibre optic

arrangement and external reflectors in figure 1.6 overleaf.
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Optical o % ——p Transmitted
Source
M1 M2
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Figure 1.6 Extrinsic Fabry-Perot Interferometer.

The transfer function of the Fabry-Perot is given by the Airy function [7].

; Fe (1.3)

1,
:l+Fsin2(%) (1-R)

where ¢ is the round-trip phase difference between the mirrors M1, M2 and F is the

1

finesse. R is the mirror reflectance and attenuation is neglected. The effect of the
multiple transitions of the signal beam backwards and forwards between the mirrors
that form the cavity is to increase the sensitivity to measurand-induced phase changes.

The finesse and reflectivity are related, as shown in figure 1.7.

A
R=0.05, F=0.22
>
z
£
0 R=0725.F=R8
2
T
[~
R=0.75,F =48
2(m-1n 2mn 2(m+1)n Ll

Figure 1.7 Relationship between reflectivity, finesse and round-trip phase

difference for a Fabry-Perot interferometer.
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A common form of Fabry-Perot uses the natural Fresnel reflection of about 4 % that
takes place at the uncoated fibre-air interface at the cleaved fibre ends. Under those
circumstances, the transfer function is more like the low-finesse case shown in figure
1.7. Alternatively an extrinsic sensor can be fabricated using materials other than silica
optical fibre [8]. In-fibre Bragg gratings have also been used to define the mirrors to
form the interferometer [9]. The extreme limit of low-finesse corresponds to two-beam
interference, in which case the arrangement is more properly called a Fizeau
interferometer. The Fizeau interferometer operated in reflection gives good visibility

provided that the two reflections are of comparable intensity [10].

1.2.6 Polarimetric Sensors

Figure 1.8 shows a simple arrangement for a polarimetric fibre sensor.

Plane of source

polarisation
y

X
Optical source f ?/ @ D Photodetector

Analyser

Birefringent fibre

Figure 1.8 Polarimetric fibre sensor configuration.

A linearly polarised source is used, which couples to the two polarisation eigenmodes
of a fibre with high linear birefringence. The two states of polarisation are now the
equivalents of the signal and reference beams of the interferometer. The states
propagate through the fibre, acquiring a measurand-dependent phase difference as
described previously. Orthogonal states of polarisation do not interfere. Thus a
polarisation analyser is used to resolve the two states into a common azimuth so that
they interfere. As before, the visibility depends on the relative intensities of the

recombining modes. Optimum intensity and visibility are achieved by using a source
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polarised at n/4 radians to the fibre polarisation eigenaxes (x, y on figure 1.8), and an
analyser at 1/4 to the eigenaxes at the output. The simple sensor arrangement shown in
figure 1.8 has successfully been used to construct distributed acoustic sensors, as

demonstrated in [11].

1.3. Low coherence interferometry.

In an interferometer, fringes are visible only when the optical path difference is less
than the source coherence length, where the coherence length, /- is inversely
proportional to the spectral width AX of the source, /- ~ A/AL. When an interferometer
is illuminated with a low-coherence source, it is possible to identify the position of zero
optical path difference (OPD) by looking for the highest visibility fringe [12]. It is
possible to measure the OPD of a remote sensing interferometer using a tandem

interferometer arrangement [13], as shown in figure 1.9 below.

Sensing interferometer, Lg

O

Broadband source

Measurand field

Local receiving

j interferometer, Ly

W  Photodetector

Variable OPD
control

Figure 1.9 Tandem interferometer arrangement for low—coherence

interferometry.
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The sensing interferometer has an OPD (= Lg ) greater than the source coherence length
and no fringes are produced. Consider what happens as the OPD (= Ly ) of the local
receiving interferometer is scanned. When Ly is zero, then interference fringes are
observed. As Ly is increased beyond the source coherence length, the fringes disappear.
As Lp is increased further to approach Ls, then interference is possible. When the
condition ‘LR - LSI < I¢, the source coherence length, then fringes are again observed.
Therefore fringe visibility shows a local maximum when the OPDs of the sensing and
receiving interferometers match. It is then relatively straightforward to measure the
OPD of the sensing interferometer separately in order to recover the measurand. The
exact derivation of the tandem interferometer transfer function can be found in [14]. A

tandem low-coherence interferometer transfer function is given in figure 1.10.

Interference

Intensity

g -Lgl =0 Lr=0 |Lg -Ls| =0
Figure 1.10 Tandem low-coherence interferometer transfer function
Practical schemes differ in the means used to scan the OPD and to analyse the

interferograms produced. Path length scanning can use mechanical translation of the

mirror in one arm of a bulk optic receiving interferometer [14].
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For simple applications, analysis of the data need only be the identification of the
central fringe. Higher performance can be achieved by capturing the complete

interferogram and then using Fourier transform techniques to find the OPD [15]

1.4. Phase Recovery

In the two-beam interferometers discussed previously, the signal recorded by the

detector takes the form of equations 1.4 and 1.5, i.e:

I, =1,(1+V cos(g, - 4,)) (1.4)
I, =1,(1-V cos(g, — ¢, )) (1.5)

where ¢4 and ¢g are the phases of the signal and reference beam. Figure 1.11 shows that
the amplitude of the output intensity change for a given phase change is greatest where

the transfer function is steepest, i.e. at position A rather than position B.

Intensity

ﬁ

P  Phase

Figure 1.11 Quadrature point (A) of two-beam interferometer transfer function.

The position of greatest sensitivity corresponds to the so-called quadrature condition,

where ¢, — ¢, = % + Nz, N being an integer. In a practical interferometer, slowly

varying changes in ¢p are inevitable due to environmental effects, so that the phase

sensitivity of the interferometer continually drifts.
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Homodyne techniques depend on controlling ¢p to maintain the quadrature position.
This technique actively controls the phase in the reference arm of the interferometer by
using a piezoelectric cylinder to stretch the fibre and hence compensate for
environmentally induced phase differences [16]. An electronic servo loop applies a
voltage to the cylinder to maintain the phase at a fixed value. If the bandwidth of the
servo loop is wide enough to encompass the measurand bandwidth, then the voltage
changes applied to the piezo cylinder to maintain the interferometer at quadrature
follow the measurand.

As an alternative to modulating the reference arm optical path length, it is possible
instead to modulate the source wavelength, as ¢, — ¢, =27L/4, where L is the OPD.
This technique has been used with diode laser sources [17], where the wavelength can
be modulated over a limited range by controlling the injection current [18]. Thus an
arrangement can be constructed in which the feedback loop operates on the diode
current rather than on an explicit phase modulator.

Heterodyne schemes represent an alternative to homodyne ones. Here, a frequency shift

is applied to the reference beam to produce a signal of the form

[=1,[1+V cos(¢, — ¢, + ar)] (1.6)

producing a phase modulated carrier, which can be demodulated by a phase-locked loop
or frequency discriminator. To produce the frequency shift, fibre pigtailed optic
components such as acousto-optic Bragg cells can be used. Alternatives involve using
periodic frequency shifts, e.g. using a piezoelectric fibre stretcher or by wavelength
modulation of a diode laser by controlling its current in an unbalanced interferometer
[18]. Integrated optic phase shifters are also suitable. Both acousto-optic Bragg cells
and an integrated optic phase shifter are used in this thesis. The use of a heterodyne

interrogation technique is discussed more extensively in Chapter 3 of this thesis.
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1.5 Fibre Bragg Gratings.

Fibre Bragg Gratings (FBGs) take the form of a periodic refractive index modulation in
the core of an optical fibre. The grating can be written into the fibre core by the
interference pattern formed by coherent intersecting beams from an ultraviolet laser
[24.,25], as a spatial modulation in the fibre refractive index, with a period of A. The

refractive index profile »(z) along the longitudinal (z) axis of the fibre is given by :

n(z)=n,, + 5{1 + cos[szH (1.7)

where n_,, 1is the refractive index of the fibre core, onis the amplitude of the

core

refractive index modulation and A is the perturbation period. The grating peak
wavelength reflectivity A, is given by the Bragg condition, and is A, =2nA. The
periodic refractive index variation in the fibre core gives rise to a highly wavelength
selective structure which can be used as a sensor [26], as environmentally-induced
variations in the grating period (e.g. due to strain, pressure, temperature) shift the
reflectivity peak of the grating. The manufacture and properties of FBGs are described
more fully in chapter 2. For the moment, the essential features of FBGs are that they
can be easily multiplexed onto the same fibre due to their wavelength selectivity. Figure
1.12 below shows a schematic representation of the refractive index variation in the
fibre core and the resultant wavelength response of the grating. R(A) is the grating
reflectivity as a function of wavelength. The depth and period of the refractive index

variation have been exaggerated for sake of clarity.
n(z) R(})
A

! A) ’

WWWWWWW -

» 7 L Y

7\'FBG

Figure 1.12 Fibre core refractive index variation and resultant wavelength

response of fibre Bragg grating.
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1.6. Multiplexing Techniques for optical fibre sensors

In many situations, the decisive reason for using optical sensors is that it is possible to
multiplex a set of sensing elements into a single measurement system. The principal
techniques will be mentioned here and discussed more fully in subsequent chapters

where appropriate.

(i) Time division: The sensing elements are deployed along a single or multiple
fibre-optic downlead such that when they are illuminated by a pulsed optical source, the
returning pulses reach the common detector at distinct times, from which the individual
sensor can be identified and information about the measurand recovered. This technique
was used to demonstrate the feasibility of the first optical fibre hydrophone array [19],

and is discussed in more detail in chapter 6 of this thesis.

(i1) Wavelength division: Each sensor contains a spectrally-selective element, such as a
FBG, so that the signal from each sensor occupies a unique wavelength range. Thus by
wavelength demultiplexing at the detector, the sensors can be identified [27]. This
approach is used in this thesis to interrogate an array of FBG’s and also an array of
erbium-fibre lasers. The fibre lasers are discussed much more extensively in chapter 6

of this thesis.

(i11) Frequency division: Heterodyne processing is employed, where each sensor
uses a different carrier frequency. Thus demodulation is achieved electronically [20] by
having bandpass filters centred around the carrier frequency of each sensor. This
approach is discussed more fully in Chapter 6 of this thesis in a review of multiplexing

techniques for optical fibre hydrophones.

(iv) Coherence division: The sensors are illuminated by a low-coherence source. Each
sensor has a different optical path difference (OPD), where all sensor OPD’s are greater
than the source coherence length, and differ from each other by more than the
coherence length. By using a tandem interferometer arrangement and scanning the
OPD in the receiving interferometer it is possible to derive sequential interferograms

corresponding to each of the sensing interferometers [21].
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(v) Spatial Division: In arrays where the optical sensors are distributed along a single

fibre the possibility exists of a breakage in the fibre which could render the whole
sensor network inoperative. Hence physically separating the sensors onto individual
optical fibres can provide protection against fibre breakage and also makes replacement

of individual sensors simpler [22].

The ability of optical fibre seﬁsors to be readily multiplexed is illustrated by reference
to [22,23]. In [22], a combined time and spatial division multiplexed array of 8 fibre
Bragg gratings was constructed, the gratings operating at 830 nm. This array was used
to measure both static strain as well as temperature. The experimental arrangement
discussed in [22] is complex and will not be reproduced here. Instead results from the
sensor array will be quoted to illustrate the measurement abilities of a multiplexed array

of FBGs. Table 1.2 below gives the results obtained from [22].

Parameter Noise Limited resolution (30Hz Measurement | Range to resolution
measurement bandwidth) range ratio
Strain 1.2 microstrain 1.5 millistrain 1250:1
Temperature 0.12 °C 137°C 1142:1

Table 1.2 Measurement range and resolution for a multiplexed array of FBG

S€nsors.

Table 1.2 is not intended to be a definitive summary of the measurement capabilities of
FBG sensors. Rather the intention is to provide an illustration of the measurement
capabilities of an FBG sensor array by reference to previous research.

Also of interest is the ability to multiplex both interferometric and FBG sensors in the
same sensor network. This is illustrated by reference to [23] , where a network of six
sensors was interrogated using a frequency division multiplexing technique. Again, the
experimental arrangement is complex and will not be reproduced here. Two of the
sensors consisted of FBGs (used to measure static strain); one of the sensors was an all-
fibre Michelson interferometer and the remaining three sensors were Fabry-Perot

cavities. The three F-P cavities and the Michelson interferometer were used to measure
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strain. The experimental aim of [23] was to demonstrate that different types of optical

sensors could be multiplexed in the same optical network. The experimental results

obtained from [23] are summarized in table 1.3 below.

Fabry-Perot Michelson FBG
Interferometer
Stram/filsplacement 0.019 nm 0.019 nm 0.19 pe
resolution
Strain/displacement 30 um 63 um 6.3 me
range
Range to resolution 1.5%10° 3.3x10° 3.3x10*

Table 1.3 Results summary for multiplexed array of FBG and interferometric

Sensors.

As discussed previously, Table 1.3 is not intended to be a definitive summary of the
measurement capabilities of multiplexed sensor arrays. Rather the intention is to
provide an illustration of the measurement capabilities of multiplexed arrays by
reference to previous research. Table 1.3 illustrates that interferometric sensors can
measure very small displacements (and strains) and therefore may be of interest in the

applications discussed later in this thesis.
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1.7 Summary.

The aim of this introductary chapter is to give a brief overview of optical sensing
techniques and acoustic sensing as well as to give a summary of the aims of this thesis.
The concepts introduced here are expanded on more fully in the following chapter
where fibre Bragg gratings and their interaction with an acoustic field are discussed.
Also included in the following chapter is a review of the coupling of acoustic waves to
optical fibres, with a discussion of other devices which rely on acoustic waves in fibre
for their operation. The medical aspects of acoustic sensing are also expanded on, with
a discussion of the uncertainties involved in accurate determinations of ultrasonic field

parameters.
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Chapter 2

Acoustic and Ultrasonic Sensing Techniques.

2.1 Interaction of an acoustic field with an optical fibre.

The periodic pressure and hence strain variation caused by the propagation of acoustic
waves through an optically transparent medium results in changes in the optical
properties of the material. The first and most obvious effect is that due to dimensional
changes. A physical length change will give rise to changes in the optical path length
and hence the optical phase of any light passing through the material will be affected.
Another important effect is the photoelastic effect. Mechanical strains in the optical
medium, silica in the case of an optical fibre, give rise to changes in the refractive
index. This can be expressed mathematically as follows [1], in the compressed notation

for isotropic solids.
l 6

A(n—zj =Y. DyE, 2.1)
i i=

Here n is the refractive index, p, are the photoelastic or Pockels coefficients and ¢,

are the strains in the material. For anisotropic or crystalline materials, the photoelastic
coefficients take the form of a 4" rank tensor with 81 components. For isotropic
materials such as silica, the analysis is considerably simplified, and the 4™ rank tensor
reduces to 2 independent coefficients. A secondary effect of the strain-induced change
in refractive index is to alter the fibre birefringence. At low acoustic frequencies where
the acoustic wavelength is significantly greater than the fibre diameter, the induced
strains in the fibre are uniform across the fibre cross-section, and the birefringence is
unaffected. However, as the acoustic frequency increases and the wavelength
approaches or becomes less than the fibre diameter, the strains induced in the fibre will
become increasingly anisotropic [1]. The anisotropic strain field gives rise to

anisotropic changes in the core refractive index. Hence the two orthogonally polarized
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nearly degenerate HE,; eigenmodes of the fibre experience different phase shifts and
the polarization state of the light travelling down the fibre core is affected. This effect
has been successfully exploited in the construction of a distributed ultrasonic optical
fibre sensor [2,3] for frequencies ranging from a few hundred kHz up to several tens of
MHz, and is also exploited in the construction of acousto-optic fibre frequency shifters,
which are discussed shortly.

A third effect occurs when the material is in the form of a waveguide, the most obvious
example of this being an optical fibre. Changes in the fibre core cross-sectional area

have an effect on the waveguide propagation constant S and hence the phase of the
optical signal. It can be shown [4] that this effect is negligible by comparison with the
dimensional and photoelastic changes and will be ignored in any subsequent analysis.
For a fibre of length /, the optical phase delay ¢ relative to free space propagation is
given by :-
p=wlh (2.2)
where @ is the optical frequency and v is the optical phase velocity in the fibre. When
v and / are changed, the corresponding fractional change in phase along the fibre is
given by :-
(ag)/ ¢ =[(a1)/1]-](av)/v]=&. +(An)/n (2.3)

It can be shown [4] that for a fibre subjected to axial strain ¢_ and radial strain &,
(=¢,=¢,=Ar/r), where r is the fibre radius, the magnitude of the relative optical

phase shift is given by :-

Y

%:83 _%[(pn +p12)8r+p126-'] €A

where p,,, p,, are the Pockel’s coefficients for silica. The analysis given previously is
extended later in this chapter where a description of the interaction of a FBG with a
time-varying pressure field is given. It is also useful to discuss the interaction of other
devices with acoustic fields. One particular type of device that relies on the interaction
of an acoustic wave with.an optical fibre is an acousto-optic fibre frequency shifter and

it it this type of device that is discussed next.
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2.1.1 Acousto-optic frequency shifters.

The main elements of a acousto-optic fibre frequency shifter are an optical fibre which
in its unperturbed state supports two initially orthogonal optical modes and a means of
inducing a travelling perturbation in the fibre in such a way that in the perturbed state
optical power can be efficiently transferred between the modes. The travelling
perturbation is an acoustic wave generated on the free fibre by an ultrasonic transducer
as shown in fig 2.1, taken from [5]. Travelling acoustic waves on a fibre (or rod)
broadly fall into three categories : longitudinal, flexural and torsional. In the case of
figure 2.1, a travelling wave was acoustically induced on the fibre which effectively

gave rise to coupling between the previously orthogonal fibre modes.

Interaction length

< >

i Displacement of silica horn

<«4—— Travelling acoustic wave

o <« Silicahom

] 4—  PZT transducer

e disc

% Aluminium
¢ support

Figure 2.1 — Acoustically induced travelling wave in optical fibre.

The fibre used in the experiment of [5] was a highly birefringent fibre. Acoustic
excitation was provided by a disc composed of the piezoelectric material lead zirconate
titanate (PZT). The acoustic energy from the transducer was transmitted to the fibre by
a silica horn which also served to mechanically increase the acoustic excitation
amplitude. In figure 2.1, the maximum coupling between the orthogonal optical modes
occurs when the spatial period of the acoustically-induced fibre perturbation matches

the beat length between the modes. The net result of the travelling perturbation in the
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fibre is to cause a frequency shift in the light coupled between the modes. This can be
expressed as, from [5]:-

Aw =0, -0, =Qp, - ) | (2.5)

where wl, w2 are the optical frequencies associated with each fibre mode, Q is the

angular frequency of the acoustic perturbation and £, /3 are the fibre mode propagation
constants. Altering the acoustic drive frequency allowed the mode coupling to be
optimised by ensuring that the acoustic wavelength matched the fibre mode-mode beat
length. This was found to occur at approximately 3.2 MHz, hence giving rise to an
optical frequency shift at this frequency. As the acoustically-induced stress distribution
travels along the fibre the phase of the coupled light is advanced or retarded depending
on whether it was initially on the fast or slow axis of the fibre and also depending on
the relative directions of optical and acoustic propagation. The proportion of the initial
optical power that is frequency shifted depends on the interaction length and also on the
acoustic amplitude. An important prerequisite for effective mode-mode coupling due to
the travelling acoustic wave is that there must be some degree of intrinsic fibre
birefringence. If this were not the case then there would be no effective coupling, as
there needs to be birefringence present in the fibre for this effect to occur. This
phenomenon has also been demonstrated in single mode fibre [6]. Here bend-induced
birefringence in ordinary single-mode fibre was induced by coiling the fibre around a
hollow aluminium cylinder, the cylinder being acoustically excited by a piezoelectric
transducer on the top of the cylinder. Linearly polarised light launched into one of the
fibre axes was acoustically coupled into the orthogonal axis and frequency shifted.
These devices can also function as tunable filters, switches and modulators. When they
are used as single-sideband frequency shifters, mode convertors and filters are
necessary to separate the residual carrier from the shifted signal and give a single-mode

output.

The acoustic interaction length of fibre used in the experiment shown in figure 2.1 was
approximately 600 mm stripped of its plastic buffer coating, bounded by lengths of

unstripped fibre. The lengths of unstripped fibre bounding the acoustic interaction

length were found to act as acoustic absorbers. This suggests that any form of




CHAPTER 2 - ACOUSTIC AND ULTRASONIC SENSING TECHNIQUES. Page 28

discontinuity in the fibre or will serve to suppress the travelling acoustic waves and that
simply having some form of coating on the fibre will function as an acoustic absorber.
This observation is of use later in Chapter 4 when suppression of travelling acoustic
waves in the fibre is discussed with regard to using fibre Bragg gratings as acoustic
sensors. As FBGs are investigated in this thesis with an aim towards constructing a
practical ultrasonic sensor it is worth describing their manufacture and properties in

some detail, as well as their interaction with a time-varying pressure field.

2.2 Fibre Bragg Gratings.

Fibre Bragg Gratings (FBGs) take the form of a periodic refractive index modulation in
the core of an optical fibre. The first gratings were formed by the standing-wave
interference pattern generated by an argon-ion laser in the germanosilicate core of a
telecommunications fibre [7]. Permanent, very narrowband Bragg reflection gratings
of around Im in length were formed after several minutes exposure. Although this
excited significant interest at the time, little further research was performed until it was
reported by Meltz ef al. [8] in 1989 that gratings could be written by two-beam
holographic exposure through the side of a standard telecommunications fibre using
UV radiation from a pulsed excimer laser. This had significant advantages over the
previous work in that the writing efficiency was substantially enhanced due to the use
of a shorter wavelength and that the grating reflection wavelength could be chosen by
simply altering the angle between the incident beams. Alternatively a silica phase mask
can be used. These two methods of grating fabrication are described briefly later in this
chapter. However, it is worth noting that not all photosensitive fibres are doped with
germanium oxide. Even though photosensitivity was first observed in germania core
fibres by Hill et al, it has been demonstrated that FBG’s can be successfully fabricated
in, for example, polymer fibres [9] and also phosphosilicate fibres [10], demonstrating
that the presence of germania is not an essential prerequisite for photosensitivity (and
FBG formation). The physical mechanisms of photosensitivity in both germania-doped
and non germania-doped fibres are complex [11,12] and will not be discussed further in
this thesis. However, most models proposed [13] in order to explain fibre
photosensitivity are based on the types of UV absorbing defects which exist in

germanosilicate glass.
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2.2.1 Manufacture and Properties of Fibre Bragg Gratings.

Figure 2.2 depicts the inscription of a FBG into the core of a germanosilicate core fibre
by transverse two-beam interference. The grating is photoinduced as a spatial
modulation in the density and hence refractive index with a period of

A=A, /2sin(@/2). where 8,1 are as shown. The refractive index profile along the

longitudinal (z) axis of the fibre is given by :

n(z)=n,, + 5n[1 & cos( 2/’\22 ﬂ (2.6)

where n_,, 1s the refractive index of the fibre core, dnis the amplitude of the

core

refractive index modulation and Ais the perturbation period. The grating peak

wavelength reflectivity A, is given by the Bragg condition, and is 4, =2nA .

0/2 6/2

Interference
fringes
Optical \K /\ /\\m /kx/ 44— GeO, doped
fibre \V )3 fibre core
4 4 & q
<+

A = Ay 12sin(8/2)

Figure 2.2 — Inscription of a periodic grating in the core of a photosensitive

germanosilicate optical fibre by two interfering UV beams of wavelength Ayy.

The phase mask technique [14] for writing FBGs is shown in figure 2.3. The phase
mask consists of a one-dimensional surface relief pattern of period A,, chemically

etched
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into a fused silica substrate, with the depth of the corrugations being

d=Ay/ 2(’%(11;’) -~ 1), where 7, is the refractive index of the fibre core at 4. . The

grating is written with a period A = A ,,, /2 by the interference between the +1 and —1

diffracted orders of the phase mask. The main disadvantage of this technique is that a
separate phase mask is needed for each of the desired FBG wavelengths. However this
is offset by the high degree of reproducibility of the gratings. Some degree of control
over the grating wavelength is also available by stretching the grating during the
writing process. When the fibre tension is relaxed following exposure, the induced
periodic refractive index variation compresses and alters the peak wavelength. This

concludes the overview of the structure and manufacture of FBGs.

Incident UV
beam
AI'M
Fused silica phase
mask
A
N Y
-1 diffracted Zero order +1 diffracted
order beam order

A N

L

Fibre core 9 |

\

N ) Interference fringe
pattern, spacing A

Figure 2.3 — FBG inscription by UV exposure through a silica phase mask.
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2.2.2 Mathematical Description of a FBG.

In order to usefully describe the wavelength response of a FBG and its subsequent
variation as a function of external factors some degree of mathematical modelling is
called for. The most commonly used technique for modelling the grating response is
based on coupled mode theory. This model uses a pair of first—order differential
equations to describe the amplitudes of the incident and reflected travelling modes in
the fibre core. The FBG provides a coupling mechanism between the two modes so that
energy can be transferred from the incident to the reflected mode. The full solution of
these equations is well documented elsewhere [15,16] and will not be attempted here as
it is not strictly relevant to the aims of this thesis. Instead, important derivations will be
quoted and referenced in order to elucidate points of interest and relevance to the
experimental results. The following important results arise from the solution to the

coupled-mode equations. The grating reflectance R(L,/i) as a function of grating

length and wavelength is given by :

x? sinh?(SL) . )
R = for k2 >8> 2.
A} 5B sinh?(SL)+ S* cosh?(SL) or K7 >9p el
R(L,2)= — 50" (OL) for x? <&p’ 2.8)

OB + Kk’ cos’ (QL)

where L is the grating length, xis the mode coupling coefficient, f=n, /1 is the
mode propagation constant, n, is the effective refractive index, Jf = B—(m/A),
S = (K2 —5ﬂ2)”2 and Q:(5,B2 —Kz)l/z =iS. The maximum grating reflectivity is
given when 88 =/—(m/A)=0, ie when the Bragg condition is met, namely

pA=2n,A=4,, where p=1 for the fundamental Bragg order. In this case, equation

2.2 is considerably simplified and the peak reflectivity R _, is given by :

max

R, =tanh® (kL) (2.9)

max



CHAPTER 2 - ACOUSTIC AND ULTRASONIC SENSING TECHNIQUES. Page 32

Equation 2.9 gives R, ~58% for kL =1, 93% for xL =2 and 99% for xL =3. An

approximate expression for the Full Width Half Maximum (FWHM) bandwidth is
given by: ‘

1
on ’ AV
A i zile[Zn J +(z) :' (2.10)

where s=~1 for strong gratings with near 100% reflectivity, and s~ 0.5 for weak

gratings. The coupling constant x is proportional to the depth of the refractive index

modulation, and is given by :

on
K=" 2.11
7 n (2.11)

where 7 is the fraction of the fibre mode power contained within the fibre core.

Assuming that the grating is uniformly written throughout the core, 7 can be

approximated by 7 ~1-V ", where V is the V' value of the fibre and for a single mode
fibre is given by the first zero of the first-order Bessel function, approximately equal to

2.405. The following section describes the response of a FBG to an external pressure

field, for both static and time-varying pressures.

2.2.3 Wavelength response of a FBG to external factors.

2.2.3.1 FBG wavelength-pressure response.

As one of the aims of this thesis is to explore the response of a FBG to a time varying
pressure field some analysis of the FBG is required. This analysis is based on the
methods of [4]. A pressure change AP on the fibre will give rise to a refractive index
change via the photoelastic effect and both axial and radial dimensional changes. This

can be expressed as follows for a FBG of peak wavelength reflectivity A,,; and

periodicity A in a fibre core of refractive index » subject to an isotropic pressure field

P:

(2.12)

Ay AnA) { 1oA 1 @_} -
nA

A “|AoP nopP

IFBG
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Given a strain ¢ and a corresponding stress o, it is useful to first calculate the pressure
sensitivity of a bare optical fibre length L, core diameter D, refractive index n,
Young’s modulus £ and Poisson’s ratio 4 in an isotropic pressure field P. As the field
is isotropic there are no shear components and the stress o and strain £ can be written as

three component vectors.

-~ p e | [-P(-2u)/E
oc=|-P e=|¢g, |=|-P(-2u)/E (2.13)
=P e.| |-P(-2u)/E

Assume that light with a free-space propagation constant k, is propagating through the
fibre as a single mode with a propagation constant 3. The phase of the light after going

through the fibre section length L is therefore ¢ = AL . Straining the fibre will cause the

phase at the fibre output to shift by:

Ag = BAL + LAB (2.14)

The first term in equation 2.14 above represents the effects of the physical length

change. This can be written as :

PAL = Be,L =-p(1-2u)LP/E (2.15)

The second term in 2.14 effectively has two separate components. The first is the
strain-optic effect whereby the strain changes the refractive index of the fibre core. The
second component is due to the change in the fibre diameter due to the applied strain.

This can be expressed as follows:

LAﬂ=L%An+Li’b:AD (2.16)
P oD

n

The value of £ can be written as n. ko, where the effective refractive index ns lies
between the core and clad refractive indices. Since these indices differ by of the order

of 1% a good approximation is 8 = n,;k, . Therefore:

a8 on =, (2.17)
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The strain-optic effect appears as a change in the optical indicatrix i.e.

1 6
A(—Zj = D€, (2.18)
n ), 4 »

With no shear strain ¢, = &, =&, = 0. Hence only the i,j=1,2.3 elements of the strain-

optic tensor for a homogeneous isotropic material need be considered. Hence:

Pun Pn Pn
PU =P Pn Pn (2.19)
P P Pi

The change in the optical indicatrix is therefore given by:

A(L,j =-p,PA-2u)/E-2p,PQ1-2u)/ E (2.20)
n_ X,V,Z
= —(P/E)(l—z,u)(p” +2p),)

Light propagating in the z-direction along the fibre axis sees a change in index of :

1,5

An=—5n~(P/E)(1-2y)(2p,2+p,,) (2.21)

The last term in equation 2.16 represents the change in the waveguide mode
propagation constant due to a change in fibre diameter. The derivation of the magnitude
of this effect is lengthy and can be found in [4]. However, this effect is negligible by
comparison with the length changes and the changes due to the photoelastic effect and
can be neglected. Combining the previous derivations gives the following results for

the changes in physical length and the refractive index.

% <

N
N
[§9]
~

AL __(1-2p)P
L

7=nzf“(l“2ﬂ)(2plz +pn) (2.23)
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As aresult of AL/L = AA/A, the terms for the periodicity-pressure and index-pressure

variation can be written as:

1on_ (1-24) (2.24)

A @P E
and

lon n

——=—1-2u)2p, + 2.25

1 oP ZE( ,u)( P Pn) (2.25)
Hence the wavelength-pressure sensitivity for the FBG is given by :

(1-24) n
Ady =Ag _T+E(l_2/‘)(2p12 +P11) AP (2.26)

For time-varying pressures where the acoustic wavelength is significantly greater than
the fibre diameter the FBG response will be given by (2.26) multiplied by a time-

dependent term of the form sin(w ), where @, is the acoustic frequency. The acoustic

wavelength is important in that for large wavelengths the acoustic pressure gradient
across the fibre diameter is small and the fibre can be assumed to be subjected to a
uniform hydrostatic pressure field. When the acoustic wavelength is comparable to the
fibre diameter significant pressure gradients will exist across the fibre diameter which
can significantly affect the fibre response [1]. In this thesis the maximum acoustic
frequency examined was 1.911 MHz, corresponding to an acoustic wavelength of 0.75
mm (in water). Hence the acoustic wavelength is still significantly greater than the fibre
diameter. The inertial behaviour of the fibre is also important. At lower frequencies, the
fibre behaves in an unconstrained manner and both the length and pressure-induced
photoelastic changes are significant. However, as the acoustic frequency increases
towards the MHz region, the fibre inertial response becomes increasingly constrained,
as the inertia of the fibre itself prevents the fibre from undergoing longitudinal changes
at the acoustic excitation frequency. Hence the term given by equation (2.22) becomes

less significant with increasing frequency and the photoelastic term given in equation
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(2.23) becomes predominant. Therefore for high (~MHz) excitation frequencies the

FBG wavelength response will be approximated by equation (2.27).

2
n .
Ad, = AB{E(I —2u)2p,, + Py )}APsm(a)At) (2.27)
2.2.3.2 FBG wavelength-strain response.
The wavelength shift A4, for an applied longitudinal strain A is given by :
Ay = 25(1- p, )Ae (2.28)

where p, is the photoelastic coefficient of the fibre, derived previously in the

wavelength-pressure analysis for a FBG.

2.2.3.3 FBG wavelength-temperature response.

For atemperature change of AT, the wavelength shift A4,, is given by :

Ady = A, (1+ E)AT (2.29)

where & is the fibre thermo-optic coefficient. Table 2.1 below summarises the strain,

temperature and pressure sensitivities of FBGs with different wavelengths [17].

FBG Wavelength Strain Sensitivity, Temp. sensitivity, | Pressure sensitivity,
(nm) pm/pe pm/°C nm/Pa
830 ~0.64 ~6.8 -1.93x10”
1300 ~1.00 ~10 -3.02x10°
1550 ~1.20 ~13 -3.60x10”

Table 2.1 Strain, temperature and pressure sensitivity of FBG sensors with

different wavelengths.

This concludes the discussion of the properties of FBGs. The next section provides a

summary of currently available medical ultrasonic detectors.
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2.3 Medical Aspects of Ultrasonic Sensing.

Determination of the FBG response and sensitivity to the periodic strain induced by an
ultrasonic field potentially provides an effective in-vivo means of assessing the acoustic
field strength (and temperature) during certain therapeutic applications of ultrasound.
These applications take several forms; one important technique involves the
application of a high-power (several watts or tens of watts) of focussed ultrasonic
energy to the treatment of surgically intractable tumours. The high intensity of the
focussed beam gives rise to heating effects and can kill malignant tissue if the heating
is sufficiently prolonged. Pulsed ultrasonic beams from a lithotripter [18] can be used
to shatter kidney and bladder stones without the need for potentially invasive surgical
techniques and their associated risks. Areas of uncertainty in the above therapies are the
exact acoustic pressure exerted by the action of the ultrasonic field on both the diseased
and surrounding healthy tissues, as well as the tissue temperatures. Often the spatial
distribution of the ultrasonic field in the body is based on theoretical models of some
complexity, which coupled with the heterogeneous nature of tissues may give rise to
significant uncertainties in the efficacy of the treatment as well as its safety [19].
Reliable in-vivo determination of the beam profile is important from the obvious point
of view of focussing the beam exclusively on diseased instead of healthy tissue.
Measurement of the transducer efficiency is required for determination of the
ultrasound exposure rate and hence the induced tissue temperature rise [19]. Accurate
beam profile measurements are needed to enable correct focussing of the ultrasonic
beam. Current measurement techniques are electrical in nature, involving the use of
either piezoelectric polymers or ceramics [20] to give useful information about the
acoustic field strength. Alternatively, thermistors coated with acoustically absorbing
materials have been used to measure both temperature and the acoustic field strength
using the rate of temperature rise [21]. The disadvantages of electrically based
measurement techniques are the inherent susceptibility to damage by the high acoustic
pressures generated at the focal point, as well as lack of immunity to electrical pickup
from the transducer driver. The smallest element size available in PVDF hydrophones
is around 0.5 mm for a needle hydrophone [20], which may limit the ability of the

sensor to resolve highly focussed beams. A number of fibre-optic hydrophones have
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been constructed for medical applications. These are discussed later in this chapter
where results for the pressure sensitivity are given and compared with that of a typical

piezoelectric PVDF hydrophone.

2.3.1 Sensors currently used in Medical Applications.

Sensors currently used in therapeutic medical applications consist of piezoelectric
materials, either in the form of a ceramic such as lead zirconate titanate (PZT), or more
commonly in the form of a piezoelectric polymer such as polyvinylidene difluoride
(PVDF), the latter offering a superior acoustic impedance match to water (biological
tissues being ~70% water, except for bone) and hence an increased sensitivity.
However, calibrated sensors based on these materials suffer from a number of
disadvantages. Being composed of either a polymer or a ceramic they are therefore
susceptible to mechanical damage in a high power ultrasonic beam, as well as having
dimensions comparable to or greater than the acoustic wavelength. The sensor size is
important in terms of minimising the perturbation of the beam and the measurement
uncertainties arising from this. A large sensor can also give rise to heating effects
caused by acoustic absorbtion in the sensor itself, which can obviously invalidate any
temperature readings. Also, being electrically based, it is difficult to shield the sensor
from spurious pickup, which again creates measurement uncertainties. The magnitude
of these uncertainties is illustrated in [22], where different measurements of the same
ultrasonic transducer were performed by separate research groups using different forms

of ultrasonic detector. A discussion of this study is given overleaf.
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Knowledge of the acoustic output parameters of medical diagnostic ultrasound
equipment is of basic importance for the safety of the patient. Over the years, an
appropriate and generally accepted basis has been developed for common acoustic
output measurements. Such measurements are performed in water, and PVDF
hydrophones are mainly used as the basic measurement tools. The quantities generally

considered to be most important are:-

e The time-averaged ultrasonic power,

e The time-averaged ultrasonic intensity, which is the power divided by the beam
cross-sectional area.

e The positive and negative peak value of the acoustic pressure in the ultrasonic

field.

Reference [22] gives details of an inter-comparison between measurements obtained
using different types of hydrophone to illustrate that even for a fixed hydrophone
output power there are still significant differences between different ultrasonic
measurement techniques. The results of this comparison study are summarized here to
illustrate the degree of variability that exists even in widely accepted methods of
measuring the parameters of ultrasonic transducers. Measurements were performed by
different investigators at different laboratories with the same ultrasonic transducer but
with different measuring devices, consisting mainly of PVDF film hydrophones.
Details of the measurement instruments are given below. Measurement 2 is of interest
as this was performed with a fibre-optic probe hydrophone which will be discussed

later in this chapter.

Measurement 1.

The hydrophone measurements alternately involved two PVDF hydrophones of 25 mm
foil thickness; a membrane-type (GEC-Marconi coplanar Y-33-7603) and a needle-type

hydrophone, both 0.5 mm in diameter.

Measurement 2.

All quantities were measured using the fiberoptic probe hydrophone developed in [23].
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Measurement 3.

The hydrophone was a 0.6 mm diameter, 28 um film thickness PVDF needle type.

Measurement 4.
All quantities were measured using a bilaminar GEC-Marconi membrane hydrophone

of type Y-34-3598, (as used in experimental measurements in later chapters). This

hydrophone has a 25 um PVDF film thickness and 0.5 mm diameter sensitive area.

Measurement 5.

All quantities were measured using a PVDF needle-type hydrophone 0.4 mm in

diameter with a 9-um film thickness.

Measurement 6.

The hydrophone measurements alternately involved two needle-type hydrophones, the
first 0.6 mm in diameter and with 28-um PVDF film thickness, the second being 0.15

mm in diameter and with 9-um PVDF thickness.

Measurement 7.
Measurements were carried out using a 0.2-mm square spot, 25-um thickness PVDF
hydrophone. The output beam area was determined with a needle hydrophone 0.6 mm

in diameter, 28-um PVDF film thickness.

Measurement 8.
The hydrophone consisted of a PVDF element with a thickness of 6 um and a diameter
of 0.5 mm. The active element was glued on a brass backing and mounted in the center

of a cone made of epoxy.

The results from these separate measurements are tabulated overleaf in table 2.2.
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Pressarc Average Average Peak Measured
Measurement | Power (mW) (Mpa) Intensity Intensity Frequency
(mW/cm2 (mW/cm2) (MHz)
1 59103 1.69 £ 0.20 7.8+1.6 79+ 16 330 0.1
2 9.0+2.5 220+ 0.15 12.5£4.5 125 +20 330+ 0.1
3 Sa+1.3 1.50 + 0.20 73£1.7 74 £ 10 3.27 % 0.06
4 53+1.0 1.78 £ 0.18 84+1.8 90 + 14 3.29+ 0.03
5 38+14 1.53+ 0.27 7.6+ 3.4 12.E27 3.31 % 0.3
6 6.0+0.5 1.68 £ 0.19 7.6+1.6 92 +26 3.33 £ 0.07
7 57+04 1.94+ 0.10 11.3 % 1.0 93+8 3.30£ 0.1
8 59+0.2 2.86+ 0.48 13.2+£1.9 176 + 60 327+ 0.2
Mean 5.84 1.84 9.61 92.5 3.30

Table 2.2 Results of comparison study for separate measurements on the same
ultrasonic transducer.

Eight separate and independent measurements were obtained by different investigators
of the main parameters of interest of a 3.5-MHz diagnostic imaging medical ultrasonic
transducer in water at room temperature. The majority of results turned out to agree
with one another within the estimated measurement uncertainties, which were roughly
of the order of £ 10% to £ 30% from [22]. The intercomparison study demonstrates that
correct ultrasonic measurements are subject to a high degree of variability even when
measuring the same ultrasonic transducer. In addition, it should be noted that a
relatively low-intensity field in the low megahertz range was involved here and that
high-frequency or strongly shocked (such as from a lithotripter) fields can be much

more difficult to measure accurately.

2.4 Potential advantages of a FBG ultrasonic sensor.

The development of a small, flexible, quasi-distributed sensor based purely on optical
techniques could potentially allow a more accurate determination of therapeutic
parameters of interest, namely ultrasonic field intensity, and temperature, which
currently available hydrophones are unable to measure. A sensor based on FBG’s

would have the following advantages:-
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e The sensor dimensions could, with suitable engineering, be less than the
acoustic wavelength. The importance of this is discussed in [24], where it is
shown that probes with a diameter comparable to the acoustic wavelength cause
significant distortions of the ultrasonic field and hence give rise to measurement
errors. A small sensor would also be minimally invasive in terms of being

introduced into the body, hence minimising the risk of any surgical trauma.

o The purely optical nature of the sensor would avoid any problems of electrical
pickup and interference, giving more accurate measurements and hence

maximising the therapeutic effectiveness.

e The wavelength selectivity of a FBG allows several sensors to be integrated on
the same length of optical fibre, allowing a quasi-distributed sensor array to be
constructed using wavelength division multiplexing (WDM) techniques [25]
This would allow more accurate determination of the field profile. Multiplexing
an array of electrically based sensors creates problems of sensor cross-talk and

also gives a bigger sensor.

e The effects of temperature and the ultrasonic field on the FBG occupy different
frequency regimes; temperature effects of the order of a few Hz, dynamic
ultrasonically-induced strains of the order of several MHz. Hence the two
effects can, in principle, be measured simultaneously by the same sensor or

Sensor array.

Chapter 4 of this thesis is devoted to exploring the potential of in-fibre Bragg gratings
as ultrasonic sensors. As described previously, the FBG consists of a periodic variation
of the core refractive index, giving rise to a narrow bandwidth reflective device.
Ultrasonically (or temperature) induced strains in the FBG are transduced into a
wavelength shift as the period of the refractive index variation is changed. This
encoding of the measurand into a wavelength shift allows absolute strain measurements
to be performed using low-coherence interrogation techniques. The length of the FBG
can be from several cm down to submillimetre size, ideally a few mm or less for a

minimally invasive sensor. The FBG wavelength selectivity has obvious implications
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for constructing a quasi-distributed sensor array using wavelength-division
multiplexing techniques. This approach is examined in chapter 4 in an attempt to

construct a quasi-distributed sensor for in-vivo medical sensing.

2.5 Other optically-based medical ultrasound sensors.
2.5.1 Low-Finesse Optical Cavities.

The applicability of low-finesse optical cavities as acoustic sensors is also investigated
in this thesis. Cavities based on the interaction of a thin (~50 pm) polymer film with an
ultrasonic field provide a promising route towards constructing a sensitive point
acoustic sensor with a number of potential medical and engineering applications [26].
The acoustic field causes changes in the cavity length and hence the cavity transfer
function is affected. This change in transfer function can then be examined
interferometrically to determine the acoustic field parameters. Careful consideration of
the materials used in constructing the cavity can give rise to significant enhancement in
acoustic detection sensitivity for extrinsic (external to the fibre) cavity sensors. As with
the FBG based sensor, interrogation of these sensors can be based on low-coherence
interferometric techniques. Previous research into the use of a low-finesse optical
cavity is discussed more extensively in Chapter 5, where experimental results from the
low-coherence interrogation of a low finesse cavity are compared and contrasted with
the results of a previous study as well as with the results of the FBG investigations of
chapter 4. The results from this previous study of low-finesse cavities as ultrasound
sensors is summarised in table 2.3, along with the results from fibre-tip based optical

hydrophones which are discussed next.




CHAPTER 2 - ACOUSTIC AND ULTRASONIC SENSING TECHNIQUES. Page 44

2.5.2 Fibre tip based optical hydrophones.

In this approach the hydrophone consists of a cleaved fibre tip which is coated with one
or several hard dielectric optical layers of alternating refractive indexes. If an ultrasonic
wave is incident on the fibre tip the coating is deformed and the thickness and the
refractive index of the optical layers is changed by the photoelastic effect, resulting in a
modification to the backreflected intensity from the dielectric layers. A secondary
effect arises from the change in reflectivity at the fluid/sensor interface, where the
ultrasonic pressure changes the refractive index of the fluid in front of the sensor. This
approach of using a bare uncoated fibre tip has been investigated in [23, 27]. Here the
sensor relies for its operation purely on the change in reflectivity at the fluid/sensor
interface, where the ultrasonic pressure changes the refractive index of the fluid in front
of the sensor. The construction of a multilayer sensor [28] is illustrated below in figure

2.4, and is an extension of the simple uncoated fibre tip approach described in [23,27].

Backreflected signal
from dielectric layers
Dielectric layers

Optical input e 123 ... N

from laser

— -

/

Monomode optical fibre

Figure 2.4 Dielectric fibre-tip medical ultrasonic sensor.

This approach has been investigated in [28], where 15 alternating layers of Nb,Os
(refractive index » = 2.3) and SiO; (n = 1.48) were sputtered onto the end of a cleaved
optical fibre. The sensor was interrogated simply by using a HeNe laser of ~12mW
optical power. The backreflected intensity from the dielectric layers was incident on a
photodetector and the resultant ultrasonically induced changes in optical intensity were
measured. The experimental aims of [28] were to investigate the ability of a multilayer

dielectric sensor to measure the high-intensity shock waves generated by a lithotripter.
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A lithotripter is a device designed to produce an ultrasonic shock wave of the order of
several 10’s of Mpa. No attempt was made in [28] to assess the feasibility of using the
multilayer hydrophone to determine the acoustic field parameters of a typical medical
ultrasonic transducer. This is because the sensor has a relatively low pressure detection
sensitivity, with a minimum detectable ultrasonic pressure of the order of 10kPa. This
low sensitivity is due to the high Young’s modulus of the dielectric layers, which
makes the dielectric film layer resistant to any pressure-induced changes in their optical
properties. However, the results of [23] suggest that a fibre tip hydrophone is able to
provide useful measurements of ultrasonic field parameters. Table 2.3 below
summarises the characteristics of both low-finesse and fibre-tip approaches towards
constructing an ultrasonic sensor. Also included for comparison purposes are the

characteristics of a typical PVDF hydrophone.

Medical ultrasound optical sensor Minimum detectable pressure
type Pa/VHz

Extrinsic polymer film cavity ~2Pa (f =0to25MHz).

[Ref 26 ]

Uncoated fibre tip hydrophone ~1 MPa (f =0to 10 MHz).

[Ref 23,27]

Multilayer fibre tip hydrophone | ~10 kPa (f =0to 10 MHz).

Ref 28]

0.5mm diameter PVDF bilaminar ~1.3Pa (f=1911 MHz)

membrane. Model Y-34-3698.

(From Chapters 4,5 of this thesis)

Table 2.3 Summary of pressure sensitivities for other types of optically-based
medical ultrasound sensors.

2.5.3 Medical ultrasonic sensors based on optical fibre birefringence changes.

Medical sensors based on fibre birefringence changes have not been developed to the
same extent as the fibre-tip and low-finesse sensors discussed previously. Some
research [29,30,31] has examined the feasibility of constructing a broad-band fibre
ultrasonic sensor. The studies of [29,30,31] were concerned only with comparing the
theoretically calculated birefringence changes with those observed experimentally. No
attempt or discussion was undertaken towards any potential medical applications.

However, one particular study [32] has demonstrated the feasibility of constructing a
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sensor based on ultrasonically induced fibre birefringence changes, for measuring the
output parameters of a focussed ultrasonic transducer. The length of sensing fibre used
n [32] (~5cm) precludes its use as an in-vivo point sensor. Again, the study of [32]
was not concerned with the construction of an in-vivo medical sensor. The aim instead
was to measure the spatial beam profile of a focussed ultrasonic transducer. The sensor
of [32] was found to give some indication of the beam profile but its large size
compared to other forms of optical sensor discussed previously precluded its use for

any point measurements.
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2.6 Optical Acoustic Hydrophones

Optical acoustic hydrophones differ from the medical sensors discussed previously in
that the frequency range of interest is of fhe order of 20Hz — 20kHz i.e. audible
frequencies. The development of optical fibre hydrophone technology has been driven
primarily by military applications, namely sonar systems for ship and submarine
detection. The basic principle involved is to incorporate a sensing length of optical
fibre into one arm of an interferometer [33], as shown in figure 2.5. The Nd:YAG laser
provides a high power (several 10’s of milliwatts) and long coherence length (~few
km) source. The sensitivity can be enhanced by having several tens or even hundreds of
meters of fibre in the sensing coil, depending on the source coherence length. A path

imbalance exceeding the source coherence length will not give rise to interference.

Nd:YAG Laser source

*

50:50 fibre couplers

‘/

<

P WA

t
— @ Photodetector
t

Sensor coil

Acoustic field

Figure 2.5 — Optical hydrophone based around a Mach-Zehnder interferometer

Acoustic fields incident on the sensing fibre coil give rise to phase changes in the
optical signal as discussed previously in this chapter. The relative phase difference
between the sensing and the reference arm of the interferometer manifests itself as an
intensity change at the interferometer output, readily detectable by a suitable
photodetector. Mandrel based optical fibre interferometric hydrophones [33] can give
acoustic detection sensitivities far in excess of those achievable with conventional

piezoelectric devices, but have an upper frequency response of kHz or a few tens of
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kHz at best. This upper frequency response as well as the size of the sensor coil
(several cm) obviously precludes their use in medical applications where small size
(preferably submillimetre) and high frequency response (upwards of hundreds of kHz)
are necessary. The figure of merit used in characterizing interferometric hydrophone
systems is the sensitivity relative to Deep Sea State Zero (DSSO). This is the noise
floor experienced in the quietest parts of the deep ocean, and in terms of acoustic
pressure is —80 dB relative to 1 Pascal /VHz @ 1kHz, or 10* Nm™ @ 1 kHz. The type
of system outlined in figure 2.5 can easily achieve an acoustic detection sensitivity
equal to or even in excess of DSSO. These types of hydrophone systems are discussed
more extensively in Chapter 6 of this thesis, where the results from previous research
are compared with a multiplexed array of in-fibre erbium lasers. A recent and exciting
development in the field of optical sensing involves the use of single-mode in-fibre
grating based erbium laser cavities. The narrow linewidth of single-mode lasers lends
itself to interferometric interrogation techniques [34] that can potentially provide
acoustic detection sensitivities approaching or even exceeding the DSSO figure of
merit. An array of FBG lasers is interrogated interferometrically to convert the strain-
induced frequency shift in the laser to a phase and hence intensity change in the
interferometer output. This technique is examined experimentally in some detail in
Chapter 6 of this thesis, with particular emphasis on identifying the primary noise
sources in the system and various techniques for minimising these sources where
possible. A more detailed discussion of optical hydrophones is also given in chapter 6,
with comparisons of the detection sensitivities of different types of optical acoustic

hydrophones.
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2.7  Summary.

The brief overview given in this chapter illustrates that optical fibres can be used to
construct ultrasonic and acoustic sensors based on a number of construction and
interrogation techniques. Some of the ideas discussed here will be expanded more fully
in following chapters where FBGs, single-mode Er’" FBG lasers and low-finesse, low
coherence interferometric cavities are examined both theoretically and experimentally

to determine their applicability as :-

1. Ultrasonic sensors in the case of the FBGs and low-finesse cavities with a view
to potential medical applications.

2. A multiplexed array of acoustic sensors in the case of the erbium fibre lasers.
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Chapter 3

Interferometric Interrogation of the FBG.

3.1 Introduction.

The field of optical sensing has seen a marked increase in recent years in the use of
FBG’s to sense a wide range of parameters such as strain, pressure, temperature,
acoustic field strength and (with suitable coatings) magnetic fields [1,2]. As the
measurand of interest is encoded as a wavelength shift in the FBG peak reflectivity it
seems obvious that some form of wavelength-dependent interrogation method is called
for. The primary advantage of having the measurand encoded as a wavelength change
instead of an amplitude change is that it is far easier to make absolute measurements
of wavelength than it is of amplitude, amplitude-based measurements being subject to
the effects of noise, equipment calibration uncertainties and drift. For quasi-static
measurands such as temperature, strain and pressure a commercially available tunable
optical filter such as a fibre Fabry-Perot can be used to scan over the wavelength range
of interest. For dynamic measurands such as sonic and ultrasonically-induced strains
the scanning rate (~100Hz maximum) of commercially available filters is too low to
allow the FBG response to be measured. As interferometers are devices whose optical
outputs are functions of wavelength it seems sensible to investigate the feasibility of
using an interferometer as a means of interrogating the FBG for the measurement of

dynamic strains at high frequencies.

3.2 Two—-Beam Interferometer Transfer Function

The output amplitude of a two beam interferometers is given by the sum of the
amplitudes of the two separate beams in the interferometer arms, possibly with some
degree of phase shift between the arms. Typical interferometers of this type are Mach-
Zehnder and Michelson interferometers; a fibre-based Mach-Zehnder interferometer is

shown in figure 3.1.
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Source Arm A

50:50 fibre couplers

A/

. Photodetector

Arm B

Figure 3.1 — Fibre-based Mach-Zehnder interferometer.

Expressing the electric field amplitudes of the optical signal in each arm of the
interferometer in complex notation gives, assuming that the incident electric field is

split evenly between the two arms:

E, = ﬂexp[i(wz —kz+¢,+D)] (3.1)

V2

E
E, = Tgexp[i(a)t —kz+¢,)] (3.2)

Where E, is the incident electric field amplitude, @ is the angular frequency of the
optical wave of wavevector & propagating in the z direction. ¢,, ¢, are slowly varying
environmentally-induced phase shifts in arms A,B of the interferometer and @ is the
static phase difference between the arms. The environmental phase shifts can be due to
mechanical movements from vibration, or from temperature changes, for example. The

electric field amplitude E) at the photodetector is given by :

E,=—A(E, +E,) (3.3)

V2

Hence the optical intensity /p at the photodetector is proportional to the time-average of

the square of the incident electric field intensity i.e

Iy (B +E,)(E,+E,) ) (3.4)

where * denotes complex conjugation and < > denotes time-averaging.
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Expanding equation (3.4) gives :-
l * *
I, oc5<Ej +E,E, +E} +E,E, ) (3.5)

where £, E; denote the complex conjugates of E,, E,. Assuming a 50:50 coupling

ratio gives E =E, = E; /2. Expanding E ,E,, E',E, in terms of complex exponentials

gives the following expressions :-

(&)
2

expli(or —kz + ¢, + ®)—i(ct —kz + ¢, )| = expli(g, — ¢, + ©))(3.6)

(&)

(£.53)-

0

< 2>exp[i(a)l—kz+¢3)—i(a)t—kz+¢,, +q3)]=<l;—§>eXP(i(¢B -4,-®)) (3.7
2 2

(EiEy)=

Using the trigonometric identity 2cos(x)= expl(ix)+exp(— ix) with x=(p, — @, +@)

gives, combining (3.6) and (3.7) :-
E,E,+EE, = E;cos(g, - ¢, + D) (3.8)

Substituting from equations (3.1), (3.2) and (3.8) and simplifying gives:
1 ) ) 1/,
I, —[2<E0‘ )+(E; )cos(p, — ¢, + cD)] = 5<15(; )1+ cos(g(r)+ @)] (3.9)

where ¢(t):¢A — @, . Simplifying further and using <E02>=]O gives the final

expression (equation 3.10) for the output intensity /p at the photodetector, assuming no
optical losses and a 50:50 splitting ratio in the couplers:
1
I, = —20—[1 +cos(p(r)+ D)) (3.10)
In situations where the splitting ratio is unequal the transfer function is given by:

I, [1+V cos(g(r)+ )] y = Juar =D (3.11)

1 D
2 Lyay + Loy
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where V' is the interference fringe visibility, /,,,,,/,,, are the maximum and minimum

values of the output intensity. The static phase difference @ is determined by the
optical path difference L (= nLppysic4; ) between the arms of the interferometer, and is

given by (at the FBG peak wavelength):

_ 27

A FBG

D

(3.12)

Of particular interest and relevance to optical sensing is the interferometer response to a
low-coherence source such as a superluminescent diode (SLD). This is shown below in

figure 3.2

I(k) Broadband source

Ipk, Apk intensity envelope
A /

1T —» <4+ 2
Channelled

\N snectrum
» A

Figure 3.2 — Channeled spectrum from a low-coherence source.

From figure 3.2, the source full width half maximum (FWHM) between points 1,2 is
typically 20-25 nm for a source at a peak wavelength Apx of 830 nm, although
obviously there will be some variation between different devices. The spectral profile
of an SLD as a function of frequency v is often approximated by equation 3.13 for ease
of use. However, the spectral profile of an SLD is more accurately represented by a

Voigt function [9].

V)= (V—O_L)] (3.13)

——————exp-— >
(2”)% Av { 2Av°

Avis a measure of the SLD bandwidth (= FWHM) and v, is the centre frequency. The

fringe visibility V(L) of the above intensity profile when the SLD is passed through an

interferometer is given by:
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”LAV)- (3.14)

V(L)=exp- 2( ;

where ¢ is the velocity of light and L is the optical path difference. Optical power into a
single-mode optical fibre can be in excess of 10 mW for more recent devices (see

www.superlum.ru ). The static channelled spectrum shown in figure 3.2 can be

modulated by changing the optical path difference in one of the interferometer arms by
use of a suitable optical device [3]. A discussion of the advantages of this approach

forms the basis of subsequent sections

3.3 Optical Interrogation Techniques:
3.3.1 Periodicity and dynamic range of an interferometric sensor.

The previous analysis for the fibre Mach-Zehnder shows that the interferometer transfer
function varies with a periodicity of 27 radians, equivalent to an optical path length
difference of A. If the interferometer is to be used as a sensor and the output is to be a
unique function of optical path length change then the unambiguous operational range

will be limited to A/2. This is because the phase sensitivity (d!,,,, /d®) is a periodic

function, and will be at a maximum where the gradient of the interferometer transfer
function is a maximum. For a cosine transfer function this will be at ® =tnzr+7/2,
(n=0,1.2). This is known as the quadrature position and over a small range of phase
shifts around this position the phase sensitivity will be approximately linear. For sensor
applications it is obviously useful to have constant linear sensitivity. The phase
difference between the interferometer arms will be arbitrary due to environmental
influences and the difficulty of constructing an interferometer with zero path
imbalance. Hence any displacement measurements made when the system is switched
on are made relative to an unspecified optical path difference. If reproducible
measurements are to be made then the optical path length of at least one of the arms
must be invariant. Even if this could be achieved without difficulty, then some method
of counting both the number of interference fringes and also the direction of the fringe
movement would be needed to ascertain the displacement over a range greater than A/2.

The inherent difficulties and ambiguities of a simple interferometric approach with a



http://www.superlum.ru
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laser source implies that some alternative method of signal processing is required if

unambiguous and accurate measurements are needed.

3.3.2 Heterodyne Techniques for FBG interrogation

If the channelled spectrum described previously is swept across the FBG then the
output from the interferometer will be intensity modulated at a frequency determined
by the spectrum sweep rate and a carrier frequency will be generated. If in turn the
FBG is acoustically modulated the this will have the effect of modulating the carrier
phase, giving rise to heterodyning of the FBG signal with the carrier [4]. This
technique 1is illustrated in the following series of figures for a Mach-Zehnder
interferometer (see figure 3.3) illuminated by a broadband source. Iﬁcluded in one arm
of the interferometer is an optical phase (or frequency modulator) electrically driven at
a frequency ar. The resultant channelled spectrum from the interferometer is incident
on a fibre Bragg grating of peak wavelength Az. The backreflected light from the FBG

is incident on a photodetector. C1, C2 and C3 are 50:50 fibre couplers.

Broadband source

*

FBG
T

Optical modulator T

e

v <«— I

Photodetector

Figure 3.3 — FBG illuminated by output of phase modulated Mach-Zehnder

interferometer connected to a broadband source.

An alternative optical interrogation topology to the one shown in figure 3.3 is where the
positions of the source and photodetector are swapped over. This creates no difference

in the intensity of the backreflected signal from the FBG incident on the photodetector
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and the two topologies are therefore effectively equivalent in terms of detection
sensitivity. This is because in the spectral domain the system can be modelled by
multiplying the source spectrum by the spectral transfer functions of the interferometer

and grating — clearly it does not matter in what order the multiplication is carried out.

Consider now the following series of figures for situations based on figure 3.3 where
both the optical modulator and FBG are unmodulated (figure 3.4); where only the
optical modulator is being driven (figure 3.5) and finally where both the optical
modulator is being electrically driven and the FBG is being dynamically strained at a
frequency wg (figure 3.6). The parameter of interest in all three of these situations is the
time-dependent photodetector output signal V(7). Figure 3.4 shows the static channelled
spectrum from the interferometer incident on the FBG. As neither the channelled
spectrum or the FBG peak wavelength have any time dependence the photodetector
output V(7) is a constant function of time.
1(0) V(v
A

Figure 3.4 Static channelled spectrum incident on unstrained FBG

With the optical modulator sinusoidally driven at a freqﬁency o the channelled
spectrum is swept across the FBG at the same frequency as the modulator driving
frequency. Hence the peaks and troughs of the channelled spectrum will give rise to a
time-dependent illumination of the FBG and the backreflected light from the FBG and
the photodetector output voltage will show the same time dependence. (Fig 3.5)

overleaf.
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IA) Ve

Figure 3.5 Swept channelled spectrum incident on unstrained FBG.

The combination of a swept channelled spectrum and dynamically strained FBG is
shown in figure 3.6. The effect of the dynamic strain on the FBG is to effectively shift
the FBG peak reflectivity at the dynamic strain frequency wg. This adds an extra
frequency modulation to the carrier signal generated by the optical modulator. This
effect is known as heterodyning. The output signal from the photodetector is now a
function of both @ and wp. The magnitude of the dynamic strain induced shift of the
FBG peak wavelength and the resultant form of V(#) shown in figure 3.6 have been

exaggerated for the sake of clarity.

1)) V()

f(octay)

...,

Figure 3.6 Swept channelled spectrum with dynamically strained FBG

A Fourier analysis of the photodetector output signal (Appendix A) demonstrates that
the dynamic strain signal from the FBG is represented by an infinite series of Bessel

functions. This is illustrated schematically in figure 3.7.
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- o +ayg

oc-2wy o +2wg

Figure 3.7 Frequency spectrum of photodetector output voltage for swept

channelled spectrum with dynamically strained FBG.

For sake of clarity only two of the sidebands have been shown on figure 3.7, which is
effectively the frequency spectrum shown on an (electrical) spectrum analyser with the
input signal being the photodetector output voltage. As will be shown shortly, for
small wavelength shifts in the FBG peak only the first two sidebands at ax # wgwill be
measurable, the higher order sidebands being negligible.

Heterodyning is an attractive method of signal recovery for a number of reasons. The
first is that the phase detection sensitivity is constant and does not depend on the
arbitrary environmentally-induced phase shifts discussed previously and the need to
operate the interferometer at quadrature. Also the dynamic range is much larger, as the
signal of interest is encoded as a phase shift on a carrier frequency rather than an
amplitude change in the interferometer output, which is effectively limited to an
unambiguous displacement range of A/2. Either the phase or the frequency of the
optical signal in the fibre can be modulated to generate a carrier. Phase modulation can
be achieved by using a lithium niobate (LiNbOs3) optical phase modulator, or by
warpping a fibre coil around a PZT cylinder. Lithium niobate is an electro-optic
material whose refractive index and hence optical path length is a function of the
applied electric field strength. If the applied voltage to the device is linearly ramped the
optical path length will also change linearly. Obviously the voltage ramp cannot be

continued indefinitely and so the voltage must at some point return to zero.




CHAPTER 3 - INTERFEROMETRIC INTERROGATION OF THE FBG. Page 62

Interferometer
output intensity

Sawtooth driving

voltage with finite
flyback time

> ¢

Figure 3.7  Effect of ramping phase modulator on interferometer output.

Repeating the process gives rise to a sawtooth waveform. The sawtooth voltage is set
so as to give an effective 21 phase change in the modulator and hence theinterferometer
output. This is illustrated in figure 3.7. The finite flyback time of the sawtooth wave
causes discontinuities in the interferometer response. This method of carrier generation
is known as pseudo-heterodyne or sometimes as serrodyne modulation. An alternative
method of carrier generation uses a acousto-optic Bragg cell to provide true heterodyne
modulation without the discontinuities associated with the lithium niobate phase
modulator. Both of these carrier generation techniques effectively give rise to the same
result — a carrier frequency phase modulated by the signal of interest, in this case a

dynamic strain acting on the FBG. This can be expressed as:-

Loy = AL+ V(L) cos(w .t + ¢(t) + @ + 5D sin w1 )] (3.15)

where ..o, the are carrier and signal angular frequencies, 4 is a constant

proportional to the FBG reflectivity, ¢(t),5(D are the amplitudes of the environmental

and measurand-induced phase shifts respectively and @ is the static phase difference.

A periodic strain-induced wavelength change in the grating of 04, gives rise to a phase

modulation in equation 3.15 given by :

S0 sin(w,.1)= %5/13 sin(w,.1) (3.16)

B
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A Fourier analysis of (3.15) (Appendix A) reveals that the spectrum of the phase
modulated carrier can be expressed as the sum of an infinite series of Bessel functions,

as shown below:

I, = A{l +V (L) iJ,, (6D)cos|(w,. +narg ) +¢(r)+ cb]} (3.17)

n=—o

For small modulation amplitudes (6® <<1) the Bessel functions can be approximated

by the following formula [5]

J, (x)zl[i)" +0(x"?) ‘ (3.18)

n!\ 2
where O(x”*z) denotes terms of the order of n+2. The carrier amplitude will therefore

be given by the zeroth-order Bessel function :

L carmipr = 4 V(L)Io (5(1)): AV (L) (3.19)

and the amplitude of the first sideband will be:

I, = AV(L)J,(5D) = Aexp- 2(’“ V) 0 (3.20)
* & Ay

Maximising the above equation (Appendix B) allows the value of optical path
difference L to be found which maximises the first sideband amplitude and hence the

acoustic detection sensitivity. This condition is satisfied when :

| —
27AV

(3.21)

and for a FBG of ~0.2nm FWHM at 820 nm peak reflectivity is approximately equal

to 500 microns.
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3.4 Factors influencing the FBG detection sensitivity.
3.4.1 Optical detectors and detector responsivity.

Optical detectors can be broadly divided into those with and without internal gain
mechanisms independent of any external electronic amplification circuitry. Detectors
without internal gain are those consisting of a p-n or sometimes p-i-n  (p-intrinsic-n)
junction which simply produce a current due to the photovoltaic effect when light is
incident on the semiconductor junction. Active devices are those such as
photomultiplier tubes and avalanche photodiodes (APDs). Photomultipliers were not
used in this thesis due to the ready availability of commercially built Si APD’s. An
APD is essentially a p-n or p-i-n diode operated at a high reverse bias. At such a high
bias, the free carriers (electrons and holes) in the depletion region are accelerated to
high speeds. Such a carrier with high kinetic energy can excite an electron in the
valence band to the conduction band and therefore create an electron and a hole. This
one-carrier -> three-carrier process is called an impact ionization process or avalanche
process. As a result, the initial photocurrent current is amplified; in a Si APD this
amplification factor can be as high as 100-200 in commercially available detectors. The
detector responsivity will be a function of optical wavelength [6]. In this thesis, the
wavelengths of interest are ~820 nm; ~1280 nm and ~1550 nm from the various optical
sources used in the experimental work. The type of material used in the detector will
differ depending on the optical wavelength to be detected. For ~820 nm the material
with the optimum responsivity is Si; for longer wavelengths either Ge or InGaAs based
detectors are used. In this thesis a silicon (APD) was used at 820 nm. For longer
wavelengths PIN InGaAs diodes coupled to a transimpedance (current to voltage)

amplifier were used. The responsivity R(/l) in a given wavelength interval dA can be

defined as [6] :

GeneratedPhotocurrent (A) 3 eAn(A)-dA
IncidentOpticalPower (W) hc
where e is the charge on an electron, n(/l)- dA is the quantum efficiency at wavelength

R(2)-dA = (3.22)

Aand h, ¢ are Planck’s constant and the velocity of light respectively. The generated

photocurrent i,, for an optical power P, over the wavelength interval dA is
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simply given by P, * R(/l)- dA . Typical values of R(/l) at the wavelengths of interest
are ~0.5-0.6 for Si detectors at 820 nm and ~0.9 to 0.95 for InGaAs PIN diodes at 1280

and 1550 nm. For an active photodetector such as a APD where amplification of the
initial photocurrent takes place within the device the value of R(/i) can be significantly

higher.

3.4.2 Photodetector shot noise.

Any optical detector will have associated noise, a particularly important noise source
being the optical shot noise [6] due to the Poisson statistical fluctuation in the number
of photogenerated electrons in the material of the detector. An expression [7] for the

rms value of this noise current in a measurement bandwidth B Hz is given below:

E—\1
s = (i2 Y = (2ei,, B)" (3.23)

where i,, 1s the detector photocurrent as defined previously. For a typical optical

power of 1uW and a measurement bandwidth of 1kHz, the shot noise will be of the
order of 1.3*10™"" A for a detector responsivity of 0.5. The noise spectral density is
flat, hence shot noise is classified as ‘white’ noise. Of particular interest is the variation
of the photocurrent/shot noise ratio as the optical power increases. This can be derived

from (3.23) and is simply proportional to P, . Hence as the optical power increases

the effects of shot noise become less significant and the signal to noise ratio will be
increased, assuming that the detection system is shot-noise limited. In practice this

fundamental limit is difficult to achieve due to the presence of other noise sources.

3.4.3 Thermal (Johnson) noise.

Momentary asymmetries in the charge distribution in a conductor due to the random
thermal movement of electrons will give rise to a fluctuating noise voltage. As there are
a very large number of electrons and their movement is statistically uncorrelated the
central limit theorem [5] demonstrates that the thermal noise voltage has a Gaussian
amplitude distribution with a zero mean value. The frequency distribution is flat, hence

Johnson noise is also classified as ‘white” noise. The open circuit rms value of this
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noise voltage is given by [6,7] as :
—\1
(€, )auss = (63 % = (4kTRB)" (3.24)

where & is Boltzmann’s constant, 7 is the absolute temperature, R is the resistance of
the conductor in ohms and B is the measurement bandwidth in Hz. For a 10 kQ resistor
at room temperature will have an open-circuit rms voltage of around 1.3 pV in a 10
kHz measurement bandwidth, which is a considerable noise voltage. This noise source
is of particular importance in the design of electronic amplifiers used to amplify the
small photocurrents from a photodetector. The resistive part of any impedance in the
amplifier circuit generates Johnson noise which can be amplified in successive stages
of the amplifier. Johnson noise is a fundamental noise source and can be minimised by

careful circuit design.

3.4.4 1/f noise (flicker noise)

In addition to the shot and Johnson noise another noise source must be accounted for at
low frequencies. This is the 1/f noise or ‘flicker’ noise, where the noise amplitude has a
1/f dependence with frequency. At higher frequencies this noise is insignificant by
comparison with other noise sources. However, 1/f noise can be significant for
measurements in the 100°s of Hz range and below. This noise source is a function of
both the material and construction of the device. Carbon based resistors in particular
exhibit a high level of 1/f noise. A typical value of 1/f noise for a carbon-based resistor

1s ~0.1 to ~3.0 pV/Volt [8] measured over one decade of frequency.

3.4.5 Amplifier noise and signal to noise ratio (SNR).

Although not a fundamental noise source the net result of all of the previously
discussed noise sources is an increase in the output noise of the amplifier. In practice
the signal to noise ratio (SNR) will be determined by the values of the above noise
sources and the amplifier construction in general — APD or p-i-n diode based, for
example, or whether the amplifier is a current to voltage (transimpedance) amplifier or
some other type. In terms of the rms signal and noise voltages and powers, the SNR can

be expressed as:
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Ve B
SNR=2010g,0£V—“J (dBV) =101ogm(P—S) (dB) (3.25)

n n

The above expressions for SNR will be bandwidth dependent. This is of particular
importance in the detection of narrow band signals as in the case of the phase-
modulated carrier discussed previously. Here the modulating signal of interest appears
as a narrow sideband. The SNR can be increased in this particular case by the simple

process of reducing the detection system bandwidth.

3.4.6 Fringe Visibility

The ideal fringe visibility will be equal to one only for an interferometer with an equal
optical intensity and polarisation state in each interferometer arm. Where the optical
intensity or polarisation state differs between each arm of the interferometer the fringe
visibility will be less than 1. This will be unavoidable in fibre interferometers where
changes in fibre birefringence due to environmental influences will affect the optical

polarisation states in the interferometer.

3.5 Summary

The use of heterodyne signal processing techniques allows the effects of
environmentally-induced interferometer drift to be accounted for, as the measurand is
encoded as a phase shift on a carrier at a significantly higher frequency (10°s of MHz)
than the slowly varying environmental drifts. The dynamic range is high, as the
measurand of interest is not limited to a A/2 wavelength shift as in the simple
interferometric interrogation scheme discussed previously. In the next chapter, both a
heterodyne and a psuedo-heterodyne scheme are discussed and examined

experimentally as a means of providing FBG interrogation at ultrasonic frequencies.
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Chapter 4

Experimental Results from a FBG acoustic
Sensor

4.1 Experimental Arrangements

4.1.1 Pseudo-heterodyne system.

Two separate systems were investigated as a means of interrogating the FBG. A
psuedo-heterodyne [1] system based around an unbalanced fibre Mach-Zehnder
(courtesy of Dr. N. Fisher, UKC Optics Group) and a lithium niobate phase modulator
was used to interrogate a FBG at a wavelength of 820nm. A second system constructed
by the author of this thesis (fig 4.2), used an acousto-optic Bragg cell to provide true
heterodyne carrier generation by effectively shifting the frequency of the optical signal.
The wavelength here was centred around 1280 nm, again from an SLD. The pseudo-

heterodyne system with an 820 nm SLD is shown below in figure 4.1.

SLD Stretched Fibre Length

' DC
DC PM

PC PC

o

v

Photodetector
R.F. Spectrum
I
analyser Bragg
Grating ——
; ate

DC — direct 50:50 fibre / - rtan
coupler. EERN N
PC - coiled fibre polarization | Acoustic
controller.. Transducer absorber
PM — optical phase modulator.
SLD - superluminescent

diode. 7 //////_W

R.F. Power Amplifier ~ Signal Generator

Figure 4.1 — Psuedo-heterodyne interferometric interrogation system for

ultrasonically modulated FBG
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4.1.2 Equipment details.

The broadband source consisted of a fibre-pigtailed superluminescent diode model
SLD38-HP with an optical power into single-mode fibre of ~5 mW. The diode peak
wavelength was 820 nm with a full-width half maximum of 22nm. The diode was
maintained at a constant temperature by virtue of being mounted on a Peltier solid-state
cooler. This acted to prevent any thermal runaway of the diode and also, more
importantly, provided wavelength stabilisation, as the diode peak wavelength is a
function of the diode operating temperature. This diode was a commercially available
unit. Current control of the diode and of the Peltier cooler was provided by two
laboratory constant-current sources which were able to provide up to 500mA diode
forward current and ~1.5A stabilised Peltier cooler current. The phase modulator was
a lithium niobate device with an insertion loss of < 2dB and an active phase modulator
length of ~5 c¢m, although this figure is at best approximate and was estimated from the
device external dimensions. In practice a detailed measurement of the active lithium
niobate region was unnecessary, as the uncertainty that this introduced into the optical
path difference between the interferometer arms could be compensated for by
stretching one fibre arm of the interferometer with a linear translation stage. The phase
modulator was driven by a sawtooth wave at 10 MHz from a function generator (not
shown in figure 4.1 for sake of clarity), the optimum voltage for a 27 interferometer
phase shift being approximately 2.5 volts. All fibre used in interconnecting the optical
arrangement was single-mode fibre, the fibre being optimised for single-mode
operation at a wavelength of ~820 nm.

The optical path imbalance could be varied to maximise the phase modulation of the
carrier by stretching one arm of the interferometer with a linear translation stage. The
length of fibre between the fixed ends was approximately two metres. As the fibre can
undergo ~10 millistrain before breaking, this allowed a maximum optical path
imbalance of around 2 cm to be obtained, although in practice this was found to be
unnecessary. Of particular importance in building the interferometer was the need to
ensure that all fibre lengths were measured accurately so that the point of zero path
imbalance lay within the range obtainable by stretching one of the fibre arms. The

polarization controllers (PC) were simple coiled birefringence based controllers where
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the coil radius was such that the phase retardation between the polarization eigenstates
was either 90° (a quarter wave plate) or 180° (a half-wave plate). In practice the
controllers consisted of three identical discs, the central disc functioning as a half-wave
plate by the simple expedient of having two turns of fibre. Twisting the discs in a plane
perpendicular to the longitudinal fibre axis created stress-induced birefringence
allowing the polarisation state to be adjusted and the fringe visibility to be maximised.
At the start of each experimental session some adjustment was always found to be
necessary due to environmental effects. The controller before the phase modulator
(PM) enabled the polarisation dependence of the modulator to be accounted for. The
direct couplers (DC) were nominally 50:50 couplers with a flat coupling ratio over the
spectral width of the SLD. The fibre Bragg grating was a 5mm long grating with a
peak reflectivity of ~90% at 820 nm, the FWHM of the grating being ~0.2 nm. This
grating was provided by Aston University. The FBG was mounted on an x-y-z
translation stage (not shown in figure 4.1 for sake of clarity) to allow its position to be
scanned along the spatially varying ultrasonic field. The back-reflected light from the
FBG was incident on a photodetector, which consisted of a commercially available
silicon avalanche photodiode (APD) module from Hamamatsu Electronics with an
integral amplifier stage. The APD output signal was examined on a RF spectrum
analyser to allow the signal characteristics to be determined. To allow acoustic energy
transfer to the FBG and to more accurately simulate the conditions inside the body both
the FBG and ultrasonic transducer were immersed in a tank of water. This was also
necessary to allow correct functioning and cooling of the transducer. To prevent the
formation of any acoustic standing waves in the tank an acoustic absorber consisting of
a section of mineral wool was placed at the back of the tank. This was to prevent any
potential distortion of the ultrasonic field profile. The ultrasonic transducer consisted of
a spherical section concave focussing transducer with a radius of 30 mm and a focal
length of 80 mm intended primarily for medical applications, the resonant frequency of
this transducer being 1.911 MHz, the maximum acoustic output power being ~40 watts.
Transducer excitation was provided by a second signal generator coupled to a RF
power amplifier. The electrical power requirements of the transducer were considerably
greater (~50-100W) than could be provided by the signal generator alone. The

transducer conversion efficiency was ~30%, hence an electrical power to the transducer
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of 10W gave an acoustic output power of ~3W. Accurate measurements of the
ultrasonic pressure were provided by a calibrated polyvinylidene difluoride (PVDF) [2]
hydrophone with an active area of 0.5 mm?, allowing a comparison between the FBG

response and the true acoustic pressure.

4.1.3 Heterodyne system.

A second interrogation system using an acousto-optic Bragg cell and an unbalanced

Mach-Zehnder interferometer was constructed. This system is shown below in figure
4.2.

S Bragg Cell
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C1, C2, C3 =50:50 fibre U Bragg

couplers. S grating.

L1, L2 = collimating /
microscope objectives.

D = InGaAs photodetector. .
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transducer. T

A = Acoustic absorber.

RF Power Signal
Amplifier Generator

Figure 4.2 Heterodyne interrogation system for ultrasonically modulated Bragg

grating.
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In the experimental arrangement of figure 4.2, S is a fibre-pigtailed superluminescent
diode source type SLD56-HP, with a full width half maximum of ~42 nm at an output
power of a maximum of 10 mW into single-mode fibre at a peak wavelength of 1280
nm. C1, C2, C3 are all commercially available fibre taper couplers optimised to have
the correct 50:50 splitting ratio at the system peak operating wavelength of 1280 nm.
The Bragg cell was a commercially available acousto-optic fibre pigtailed frequency
shifter unit (M040-8J-F2S from manufacturers Gooch and Housego) which is able to
provide a high diffraction efficiency at the operating wavelength, giving an insertion
loss of less than 2.4 dB from the manufacturers specifications. The Bragg cell operates
at 80 MHz and for this particular model gives a frequency downshift, although the
direction of the frequency shift provided by the Bragg cell will not affect the
experimental results in any way. L1, L2 are collimating 10x microscope objectives to
allow the light emerging from the bare fibre end to be re-coupled into the other fibre
forming part of the interferometer air gap. Lens L2 was mounted on a linear translation
stage to allow the distance d between the objectives to be changed. This is to
compensate for the unknown optical path length of the Bragg cell and also to allow the
interferometer optical path difference to be optimised to maximise the phase modulated
carrier signal from the grating. The FBG was a 5 mm long grating which had a peak
reflectivity wavelength of 1280 nm with a FWHM of ~0.25 nm. The fibre Bragg
grating sensor is mounted on an X-y-z translation stage (not shown for sake of clarity),
which allowed the sensor to be scanned across the ultrasonic field spatial distribution.
Also included in the water tank behind the sensor was an acoustic absorbing material
(mineral wool) to absorb any power from the ultrasonic transducer to prevent the
formation of standing waves in the water tank, which could potentially interfere with
any experimental results. The ultrasonic transducer, signal generator, RF power
amplifier and spectrum analyser were identical to that of figure 4.1.

The Bragg cell allows for true heterodyning as the optical signal in one of the fibre
arms is continuously frequency modulated to provide the carrier, the modulation
frequency being 80 MHz in this case. As with the psuedo-heterodyne system, a means
of adjusting the optical path difference to maximise the carrier phase modulation was

provided. This consisted of an adjustable air gap in one of the interferometer arms, the
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Optical detection was provided by a commercially available InGaAs p-i-n diode with a
transimpedance amplifier stage, providing high optical detection sensitivity at the SLD
peak wavelength. Polarisation control was again provided by two coiled birefringent
polarization controllers, one before and one after the Bragg cell. The FBG mounting
arrangements were identical to those of the psuedo-heterodyne system, as were the
ultrasonic transducer and calibrated hydrophone mounting arrangements. Signal
demodulation and analysis was again provided by an RF spectrum analyser. In practice
obtaining results from this system proved difficult and time-consuming due to the
unforeseen need to re-align the objective lenses between each experimental session due
to thermal expansion of the steel optical workbench. A system found to be aligned
during one experimental session was found to be completely out of alignment at the
beginning of the next session. As the output from one fibre is being re-focussed onto an
area approximately 5 microns in diameter (the fibre core width of the other fibre in the
air gap ), it is unsurprising that alignment was found to be difficult. Hence the results
quoted in this chapter have been obtained from the psuedo-heterodyne system, which
needed no re-alignment between experimental sessions. However, the effort involved in
building the system was not wasted, as the heterodyne experimental arrangement was
used in a later experiment involving the investigation of low-finesse Fabry-Perot

cavities (chapter 5).




CHAPTER 4 - EXPERIMENTAL RESULTS FROM A FBG ACOUSTIC SENSOR. Page 75

4.2 Properties of a focussed ultrasonic transducer.
4.2.1 Acoustic Intensity and Pressure.

Before describing the characteristics of a focussed ultrasound transducer it is useful to
have some background information relating quantities such as pressure, intensity and
acoustic velocity. For a plane wave in water (or any other fluid) of density py, the

instantaneous pressure p is given by [3]:-

p = povu (4.1)

where u is the particle velocity. The quantity p,v is often called the specific acoustic
impedance, denoted by Z. The acoustic velocity v is a liquid is given by the standard

relationship v = (K/p, )" [3], where K is the bulk modulus of elasticity (2.05*10° Pa

3

for water) and the density p, at 293 K is 0.998x10° kgm™. This gives an acoustic

velocity of 1.433x10° ms™. More useful relationships are those between the acoustic
intensity and the acoustic pressure, the acoustic intensity being defined as the average
rate of energy flow through a unit area normal to the wave propagation direction. For a

plane wave, the intensity 7 in Wm™ is given by [3] :

1=L_-L2 (4.2)

Using the figure for acoustic velocity from above and the resonant frequency of the

transducer (1.911 MHz) gives an acoustic wavelength A in water of 0.75mm.

4.2.2 Acoustic attenuation.

As the acoustic wave propagates through the fluid some energy dissipation will take
place due to viscous forces. From [3], an expression for the pressure attenuation as a

function of distance z is given by :
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2

p(z) = pOexp-2z),  a=-1= 4.3)
2vip,

where 7 is the coefficient of viscosity (1¥10~ Nsm™ for water) and @ is the angular

frequency of the acoustic wave. Calculating the quantity 2az for a frequency of 2 MHz
and a distance of 10 cm in water gives 2az ~0.00136. Hence the ultrasonic attenuation

in water is negligible for the maximum frequency considered in the thesis.
4.2.3 Spatial field profile of a focussed ultrasonic medical transducer.

The spatial dependence of the acoustic field strength of a focussed transducer will
depend on a number of factors. The first and most obvious factor will be the transducer
radius of curvature and hence the focal length. Also important will be the resonant
frequency of the transducer itself, which in turn determines the acoustic wavelength (in
water, in this case). A typical spherical transducer of radius a is shown schematically

below in figure 4.3. (from [3.4])

Acoustic field
intensity

Spherical transducer
surface

Focal plane
7=

Figure 4.3 — Spatial field profile at distance r, z from a focussed spherical

ultrasonic transducer of radius a in the focal plane z=2zy.
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The acoustic field intensity in the focal plane z = z; can be described by the following

mathematical expression [3,4]:-

m* Y[ . (2ma ’
_[ZO}J []mc[ 2z, D (4.4)

where jinc(x)=J,(x)/x, J; being the first order Bessel function. The jinc function is

I(r,zo)
1(0)

analogous to the sinc function which appears in diffraction problems in optics.
Equation (4.4) is effectively that of an Airy diffraction pattern which arises when
imaging a point source with a circular lens. On figure 4.3 shown previously the
sidelobe amplitudes have been exaggerated for the sake of clarity, and in reality are
approximately 18 dB lower than the central peak. Hence most of the acoustic power
(~84%) is concentrated in the central region. For the transducer used in these

experiments, a=30 mm, z,= 80mm, A =0.75mm. Hence, the width of the central peak

is given by the first zero of the first-order Bessel function. Hence, from (4.4) above,

0.61z,4
27a _ 3 830 p ~ 20170
0 a

(4.5)

for the first minimum of the field profile. This gives a central peak width of

approximately 2.5 mm at the focal plane. Also of interest are the positions of the peaks

of the first sidelobes. These will be determined by the maxima of the first-order Bessel
function, and are given by :

821z

R 3 5

-0 a

(4.6)

Hence the peak of the first sidelobe occurs at approximately 1.6 mm from the central
peak. These results will be of importance when comparing experimental FBG-based

measurements of the intensity profile with the theoretical profile.
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4.2.4 Calibration of the focussed transducer.

To allow useful measurements to be obtained the ultrasonic transducer output was
calibrated using a calibrated bilaminar shielded PVDF membrane hydrophone, model

Y-34-3698 from GEC-Marconi. This hydrophone is designed for use in the general
frequency range of 1 to 20 MHz and is shown in figure 4.4. It can be used in tap water
and has excellent noise pickup immunity due to the large earth plane surrounding the
active area, which in this case is 0.5mm’ of the piezoelectric polymer PVDF. The
output voltage is directly proportional to the acoustic pressure incident on the active

area.

Mounting ring and cover 75 mm diameter

Shielding Imm width

75 ohm cable

Earthing pin

Active element 0.5 mm square

Figure 4.4 — Calibrated bilaminar shielded PVDF membrane hydrophone.

Calibration of the hydrophone was performed by the National Physical Laboratory
(NPL) against a standard reference hydrophone over the frequency range 1-20 MHz. A
typical pressure sensitivity for the hydrophone of figure 4.4 is ~48nV/Pa at 2 MHz,
with a pressure measurement uncertainty of + 7% from the calibration certificate. The
frequency dependence of the acoustic sensitivity is minimal (+ 1nV/Pa) over the
frequency range 1-3 MHz. The calibrated hydrophone was used to measure the acoustic
pressure at the focal point of the spherical transducer. This measured pressure was then
compared with a calculation of the expected pressure to give some degree of

confidence
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that the hydrophone was working correctly. From a simple rearrangement of equation

(4.2) , the acoustic pressure as a function of intensity is given by :

p=42p,1v 4.7)

From information supplied by Hammersmith hospital (suppliers of the spherical
transducer), the transducer electrical to acoustic conversion efficiency is approximately
30%. Hence for a known electrical input power (~5.5W in this case), the acoustic
output will be ~1.83W. As ~84% of the acoustic power is in the central peak, the

average intensity over the focal point will be :

4w,
I =~ 0.84[7"2‘j (4.8)

where d is the central peak diameter of ~2.5 mm. Hence the acoustic intensity is
~3.73x10° Wm™. Converting this into a more meaningful pressure value using (4.7)
above gives a pressure of ~1.03x10’ Pa, or approximately 10 atmospheres. With the
active area of the PVDF hydrophone at the focal point, the calculated pressure was
9.9%0.7 atm, taking the calibration uncertainties into account. Hence the theoretical
calculation of pressure is validated by the PVDF hydrophone, giving a high degree of
certainty that any pressure measurements and calculations are accurate. An important
use of the PVDF hydrophone was to calibrate the entire signal generator/RF
amplifier/transducer system. A simple plot of acoustic pressure at the focal point as a
function of the RF signal supplied to the amplifier was taken to allow the noise-limited
pressure resolution of any other form of acoustic sensor to be assessed. The results of
this measurement are shown in figure 4.5. The acoustic pressure at the transducer focus
is a linear function of the applied RF voltage over the range 0-100 mV. Having
calibrated the transducer output, the next step was to determine the ability of an FBG
sensor to spatially resolve the ultrasonic field by scanning the FBG horizontally across
the focal plane of the transducer using the x-y-z translation stages on the FBG mount.
The FBG is positioned with its long axis (along the fibre) normal to the acoustic

propagation direction.
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Pressure (atm) vs RF (mV) for 1.911 MHz focussed transducer
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Figure 4.5 — Focal point pressure as a function of applied RF voltage.

The ultrasonic field profile obtained using the PVDF hydrophone can be seen in figure
4.6. It can be seen by comparison with figure 4.7 that the FBG field resolution is
superior to that of the PVDF hydrophone by virtue of the FBG being significantly

smaller than the active sensing element of the hydrophone.
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Figure 4.6 - Focussed transducer spatial field profile obtained using PVDF
hydrophone
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Unfortunately the PVDF hydrophone, although calibrated, it not strictly suitable for
accurate field profile resolution due to the large surface area (see figure 4.4) of PVDF
that surrounds the active sensing element. This large area of electrically inactive PVDF
will nevertheless provide some degree of acoustic pickup which will in turn be
mechanically transferred to the active sensing area. The theoretical field profile
calculated with the actual transducer parameters is shown in figure 4.8 for comparison
with the FBG response. It can be seen that the field profiles obtained with both the FBG
sensor and the PVDF hydrophone differ markedly from the idealised distribution. This
may be due to a number of factors. One obvious reason is that the transducer may have
an uneven thickness, giving rise to an uneven electrical response over the spherical

surface.
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Figure 4.7 - Focussed transducer spatial field profile obtained using FBG sensor

The theoretical derivation of the idealised profile assumes an even response over the
surface of the transducer for a given applied voltage, the transducer being composed of
an electrically poled piezoelectric material such as lead zirconate titanate. Diffraction
effects due to the circular surround holding the transducer are also a source of deviation

from an idealised spatial profile. Another possible reason for an anomalous spatial field
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resolution from the FBG sensor is a lack of point sensitivity due to propagation of

acoustic signals along the bare length of fibre.
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Figure 4.8 — Comparison of idealised spherical transducer spatial field profile with
FBG response.

This possibility was investigated further by scanning the focal point of the acoustic

transducer longitudinally along the bare length of fibre. The results of this investigation

are given below in figure 4.9 which shows a typical side-band response (normalised to

its carrier) with displacement, following a scan of the focal spot along the FBG/fibre.

Note that the system response extends over a distance that is much greater than the

grating length (5mm) and is periodic.
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Figure 4.9 — Fibre response to longitudinal scan of acoustic focal point.
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A possible explanation for the anomalous acoustic response seen in figure 4.9 is that
acoustic coupling from the ultrasonic field to the optical fibre leads to the formation of
compressional standing waves in the fibre. This may be due to partial back-reflections
at the end of the fibre. The disturbance can extend many centimetres, and is illustrated
diagramatically in figure 4.10. From figure 4.9, the average distance between
successive peaks is ~1.47+0.05 mm, giving an acoustic wavelength of ~2.94+0.1 mm.
It is of some interest to compare this experimentally observed acoustic wavelength with

a calculated value for acoustic waves in fused silica.

Amplitude of compressional waves
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Figure 4.10 — Formation of compressional acoustic standing waves in the fibre

From the standard relationship for the speed of sound in a solid, v =(E/p,)"" [3] .

where £ is the Young’s modulus of elasticity and py is the density. Inserting typical
values for silica of 72GPa and 2.66x10° kgm™ gives an acoustic velocity of 5.202
kms™. For an acoustic excitation frequency of 1.911 MHz this corresponds to an
acoustic wavelength of ~2.72 mm. The reasonably close correspondence of the
measured with the calculated acoustic wavelengths suggests that the compressional
standing wave hypothesis is correct and also that the FBG alone cannot be used as a
point sensor without some form of acoustic shielding of the bare fibre. Another
indication that the compressional standing wave hypothesis is correct comes from the
observation of a strong signal on the spectrum analyser at the acoustic excitation

frequency. An obvious
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source of this signal is electrical pickup from the RF amplifier. This was tested by
switching off the optical source (SLD) while still providing acoustic excitation. This
resulted in a significant decrease (~20dB) in the amplitude of the 1.911 MHz signal,
thus confirming that the bulk of the observed signal was due to the FBG. For a pure
heterodyne system, no such signal should be observed, hence some explanation for the
existence of this apparently anomalous signal is required. One possible source of this
signal would be amplitude modulation of the FBG reflectivity. To ensure that the
response seen was due to the FBG alone, a length of bare fibre was substituted and the

acoustic focal point was scanned along the fibre length. No system response was seen,
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thus confirming that any signals seen stem from the FBG alone.

Figure 4.11 — Typical spectrum analyser trace for Smm FBG modulated at 1.911
MHz.
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To further validate this assumption, the FBG was illuminated directly (via a coupler)
without the interferometer present. A signal at 1.911 MHz (plus additional smaller
harmonics) was still observed. Hence the 1.911 MHz signal observed using the
interferometric scheme stems from an amplitude variation with, in this case, a
measured modulation depth of a few per cent. This amplitude modulation would be
superimposed on the heterodyne signal derived from the phase modulation of the
optical carrier, and would readily give rise to the observed signal distribution, shown in
figure 4.11. This is a typical spectrum analyser trace taken with a Smm FBG being
acoustically excited at 1.911 MHz. The upper and lower sidebands on the 10 MHz
carrier are denoted by SB+ and SB-. Figure 4.11 also shows a significant asymmetry in
the upper and lower sideband amplitudes. This is an expected consequence of
amplitude modulation. This amplitude modulation could be caused by partial
modulation of the grating. As previously stated, the close correspondence between the
observed and calculated values of the standing acoustic wavelengths in the fibre
suggests that the compressional wave hypothesis is correct. With this assumption and
given a grating wavelength of ~Smm, it can be seen that at any given time parts of the
grating will be in nodes of the standing wave distribution and other parts will be in
antinodes and will therefore be subject to modulation by the acoustic field. For regions
of the FBG contained with a node there will obviously be no wavelength shift. The
optical signal from modulated sections of the FBG will pass through the unmodulated
sections, which will act as spectral filters for the back-reflected light from the
modulated regions of the grating. To model the effect of an amplitude modulation on
the interferometric signals, the constant 4 in equation 4.9 below (see Appendix A for a
full derivation of 4.9) may now be replaced (in the simplest case) with

A[(1 =)+ bcos(wr + ¢)] where b is a modulation index and ¢ is a phase term.

Iy = A(l +V(L) i J, (8D)cos|(ew,. +neog ) + plt)+ cp]} (4.9)

n=-x

It can be shown (after some lengthy algebra) that equation 4.9 can be solved for the

upper and lower sideband powers, resulting in the following expression.
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P, =[AVB} {12 +J2 +2J,J, cos 20} +
RAVE -[1-b]-{1-) J2 £bJ,-[J, + J, ]cos o] o

Where P+ are the upper and lower sideband powers respectively. The arguments of the
Bessel functions have been omitted for the sake of clarity, but are the same in equation
4.10 as for equation 4.9. Equation 4.10 shows that the sideband amplitude is symmetric
for zero interferometer path imbalance (terms higher than the zeroth-order Bessel
function are equal to zero for a zero-valued argument). Equation 4.10 is plotted below
in figure 4.12 for a varying path imbalance with a value of b=5% and a Bragg
wavelength shift of ~lpm. A value of ¢ of ~80° was found to give a close

correspondence with experimental measurements, shown in figure 4.13.
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Figure 4.12 Theoretical plot of upper and lower sidebands amplitude as a function
of interferometer path imbalance.
The experimental measurements are shown in figure 4.13 where the optical path
difference of the psuedo-heterodyne system was varied both in a positive and negative
direction. In addition, it is straight-forward to show that for a small b with a linear
dependence on acoustic pressure (as was found) that the side-band magnitudes also
exhibit a linear dependence with acoustic pressure. It is evident from these data that the
FBG exhibits insufficient longitudinal resolution and that the sensitivity of the system
is periodic and highly dependent on the position of the focal spot on the fibre. These

factors thus preclude this FBG (on its own) from being used as an ultrasonic probe. The
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obvious conclusion from these experimental results is that some form of shielding of
the bare fibre is necessary in order to achieve point acoustic detection sensitivity and it

is this aspect of using FBG’s as ultrasonic sensors which is investigated next.
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Figure 4.13 Experimental measurements of sideband amplitudes as a function of

interferometer optical path difference.

4.3 Desensitisation of the bare fibre

The system discussed previously exhibits a linear response with acoustic pressure (from
figure 4.5). However, as discussed earlier, it is clear from figure 4.9 that the FBG on its
own cannot be used as a probe since it exhibits insufficient longitudinal resolution. It is
relevant to discuss previous situations where acoustic waves have been reported in
optical fibres to see if this can provide some indications as to how these waves may be
suppressed. One area where acoustic waves in fibres are actually a desirable part of the
device operation is in acousto-optic frequency shifters and it is these devices which are

described next.
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4.3.1 Acousto-optic frequency shifters.

The main elements of a fibre-optic frequency shifter are an optical fibre which in its
unperturbed state supports two initially orthogonal optical modes and a means of
inducing a travelling perturbation in the fibre in such a way that in the perturbed state
optical power can be efficiently transferred between the modes. The travelling
perturbation is an acoustic wave generated on the free fibre by an ultrasonic transducer
as shown in fig 4.14, taken from [17]. Travelling acoustic waves on a fibre (or rod)
broadly fall into three categories : longitudinal, flexural and torsional. In the case of
figure 4.14, a torsional travelling wave was acoustically induced on the fibre which

effectively gave rise to coupling between the previously orthogonal fibre modes.

Interaction length

< >

i Displacement of silica horn

<«4— Travelling acoustic wave

— Silica horn

&—  PZT transducer

disc

Aluminium

¢ support

Figure 4.14 — Acoustically induced travelling wave in optical fibre.

The acoustic interaction length of fibre used in the experiment shown in figure 4.14
was approximately 600 mm stripped of its plastic buffer coating, bounded by lengths of

unstripped fibre. The lengths of unstripped fibre bounding the acoustic interaction

length were found to act as acoustic absorbers. This suggests that some form of

discontinuity in the fibre or will serve to suppress the acoustic waves and that simply

having some form of coating on the fibre will function as an acoustic absorber.
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The fibre used in the experiment of [17] was a highly birefringent fibre. Acoustic
excitation was provided by a disc composed of the piezoelectric material lead zirconate
titanate (PZT). The acoustic energy from the transducer was transmitted to the fibre by
a silica horn which also served to mechanically increase the acoustic excitation
amplitude. In figure 4.14, the maximum coupling between the orthogonal optical
modes occurs when the spatial period of the acoustically-induced fibre perturbation
matches the beat length between the modes. The net result of the travelling perturbation
in the fibre is to cause a frequency shift in the light coupled between the modes equal to
the frequency. of the acoustic perturbation. Altering the acoustic drive frequency
allowed the mode coupling to be optimised by ensuring that the acoustic wavelength
matched the fibre mode-mode beat length. This was found to occur at approximately
3.2 MHz, hence giving rise to an optical frequency shift at this frequency. As the
acoustically-induced stress distribution travels along the fibre the phase of the coupled
light is advanced or retarded depending on whether it was initially on the fast or slow
axis of the fibre and also depending on the relative directions of optical and acoustic
propagation. The proportion of the initial optical power that is frequency shifted
depends on the interaction length and also on the acoustic amplitude. An important
prerequisite for effective mode-mode coupling due to the travelling acoustic wave is
that there must be some degree of intrinsic fibre birefringence. This phenomenon has
also been demonstrated in single mode fibre [18]. Here bend-induced birefringence in
ordinary single-mode fibre was induced by coiling the fibre around a hollow aluminium
cylinder, the cylinder being acoustically excited by a piezoelectric transducer on the top
of the cylinder. Linearly polarised light launched into one of the fibre axes was
acoustically coupled into the orthogonal axis and frequency shifted. These devices can
also function as tunable filters, switches and modulators. When they are used as single-
sideband frequency shifters, mode convertors and filters are necessary to separate the
residual carrier from the shifted signal and give a single-mode output. Based on this
discussion of acousto-optic frequency shifters, it is apparent that the longitudinal
resolution of our sensor should be improved by an appropriate desensitisation of the
optical fibre to the acoustical field by having some form of coating or sleeving on the
fibre to suppress the acoustically-induced travelling waves. To achieve this, the fibre

was initially coated with acrylic compounds (of diameters < 1mm) and various resins
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(including resin mixed with tungsten powder which is known to attenuate acoustic
fields [5]), but leaving a Imm gap in the vicinity of the FBG. The acrylic resin used
was a UV cured polymer used as a general-purpose laboratory optical adhesive. The
second coating used was a mixture of epoxy and tungsten powder, the ratios of epoxy
to tungsten being approximately 20:80 % by weight. These methods were not entirely
successful. Firstly, it was evident that, although attenuated, the ultrasound could still
significantly penetrate the coating, and secondly, extended periods of time under the
acoustic pressures used here (which are in fact relatively small compared to some
medical applications of ultrasound) resulted in the coatings being "cleaned off" the

fibre.

A more successful approach for desensitisation was to jacket the fibre with PVC
sleeving. Here, sleeving of outer diameter 0.88mm was used in which the internal
spacing between the bare optical fibre and the sleeving was ~50um. A gap in the PVC
allowed ~Imm of FBG to be exposed to the acoustic field. The results of a longitudinal
scan and a lateral scan of the acoustical focal spot are shown in figures 4.15 and 4.16,
respectively. As may be seen, the improvements in spatial resolution are significant. In
addition, by moving the Imm gap in the PVC a few millimetres to one side of the FBG,
the system response fell to near noise level indicating that the acoustic modes in the
fibre were significantly attenuated by the PVC sleeving jacket. This result is
encouraging if a probe containing more than one FBG multiplexed on to the same fibre

1s to be designed.
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Figure 4.15 - Longitudinal scan of acoustic focus
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Figure 4.16 — Lateral scan of acoustic focus

This data compares favourably with the diameter of the main diffraction maximum of

the transducer. Figure 4.17 shows the detected magnitude of one of the side-bands
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(normalised by its corresponding carrier signal) as a function of the acoustical pressure

incident on the grating.
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Figure 4.17 — Shielded FBG Linear response with acoustic pressure

It is evident from 4.17 that the system response is linear and (for this probe) the noise-

limited pressure resolution was ~4.5x107 Atm / VHz, (or 4500 Pa/\NHz)
4.4 Investigation of Imm length Grating

From the previous experimental results, it is apparent that the grating length should be
made smaller than half the acoustic wavelength in fused quartz in order for the grating
to be subject to an approximate uniform strain. To demonstrate this, a standard Smm
long grating had small pieces of the grating removed from one end until approximately
only Imm of grating was remaining. This was achieved, (albeit crudely) by using a
surgical scalpel blade and a steel rule to measure along and then cleave sections from
the initially Smm long grating. As the position of the grating had been marked on the
fibre during manufacture then this was relatively simple to perform accurately. The

initial grating characteristics were a reflectivity of ~ 90% and a FWHM of ~0.2 nm at a
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peak wavelength reflectivity of 820 nm. As each piece was removed the system
response to the ultrasonic field using the shortened grating was recorded. The most
apparent effects were the dramatic decrease in the 1.911 MHz signal (which falls to RF

pickup levels) along with the more symmetric side-band magnitudes. In addition,
despite the expected decrease in the back-reflected light intensity as the grating is
shortened, it was interesting to note that there was an initial significant increase in the
side-band magnitudes. Based on the stationary wave model, it seems likely that in using
long gratings, sections of the grating may well have been modulated in antiphase with
each other. The interference signals originating from these sections would also have
been in antiphase and so a cancelling out effect occurs. As the grating is shortened this

effect lessens, resulting in the observed increase in side-band magnitude.
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4.5 Combined temperature and acoustic pressure measurement

In many applications, FBGs suffer from the problem of discrimination between
temperature and strain induced wavelength shifts. In this application the separation is
possible due to the radically different frequency regimes of the two parameters (MHz
for ultrasound induced strain and ~DC for temperature). The nominal wavelength of
light reflected from an in-fibre grating is directly proportional to temperature. To
measure this wavelength and hence temperature the monochromator/CCD arrangement

shown in figure 4.18 was used.

R.F. Spectrum

analyser
7 DC
Detector lidéx
matching gel
( ) DC - direct 50:50 fibre
coupler.
Monochromator T PC — coiled fibre polarization
CCD array controller.
N R PM - optical phase modulator.
R ) SLD - superluminescent
Digital Oscilloscope _ /\\ Grating diode.
Transducer
Water tank

7

R.F. Amplifier Signal Generator

Figure 4.18 — Simultaneous measurement of temperature and acoustic pressure

The experimental arrangement of figure 4.18 is a simple modification of the initial
experimental arrangement shown in figure 4.1. The pixel voltages obtained from the
CCD array represent the intensity vs. wavelength profile of the FBG convolved with
the intrinsic instrument broadening of the monochromator. A blazed diffraction grating
with 1200 lines mm™ was used, arranged so that light from the sensor grating was
incident at 45°. This configuration gave an intrinsic resolution of 0.3nm, about half the
width of the FBG profile. This is a relatively poor resolution compared with an optical

spectrum analyser but for this application only the shifts in the peak wavelength are




CHAPTER 4 - EXPERIMENTAL RESULTS FROM A FBG ACOUSTIC SENSOR. Page 95

important. The light was focussed onto the CCD with a 50 cm focal length lens giving a
dispersion of approximately 21pm per pixel. The peak wavelength can be determined to
a resolution beyond that of the CCD by employing numerical methods. In this case the
raw data from the CCD was low pass filtered using Fourier techniques to remove the
higher frequency noise, and then interpolated to find the wavelength of maximum
intensity and hence the peak of the FBG. To find the accuracy of this system the FBG
was held at constant temperature and 60 profiles from the CCD were analysed. The
standard deviation of the calculated temperatures thus represents the temperature
resolution and in this case was found to be ~0.2 °C. Figure 4.19 is the peak FBG

wavelength dependence with temperature, clearly showing a linear relationship.
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Figure 4.19 — FBG peak wavelength dependence with temperature

The r.m.s deviation from linearity of the data suggests a measurement error of ~0.4°C.
It should be noted however that at the higher temperatures there was considerable
fluctuation in the temperature of the oven limiting the accuracy of the thermocouple
measurements to several tenths of a degree. The true temperature resolution should
therefore be closer to the value of 0.2°C obtained above for the constant temperature
case. The ability to simultaneously measure both temperature and acoustic pressure is

of primary importance in therapeutic applications of ultrasound [6,8], specifically the
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use of focussed ultrasonic beams in the hyperthermic treatment of solid tumours [7]
where accurate measurements are important if the therapy is to be monitored for its

effectiveness and also so that damage to healthy tissues is avoided.

4.6 Construction of a quasi-distributed ultrasonic sensor.

An obvious extension of the previous experimental results was to attempt to construct
an array of FBGs and to assess the degree of cross-talk between them when the acoustic
focus was scanned longitudinally along the fibre. The demultiplexing and optical

detection system is shown below in figure 4.20.
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Figure 4.20 — FBG array demultiplexing system
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The psuedo-heterodyne system was used to interrogate an array of 3 FBG’s, the bare
fibre between each grating being shielded with short lengths of the PVC tubing used in

previous experiments. The array consisted of 3 separate Smm long FBGs separated by
2 cm. Each FBG had a peak reflectivity of ~90 % at the FBG operating wavelengths of
824, 827.4 and 829 nm respectively with a FWHM of ~0.2 nm. This relatively close
wavelength spacing corresponded reasonably well with the SLD peak intensity of 820
nm, hence the backreflected signals from each FBG were of similar intensities. There
was no need to splice the FBGs together as they had all been written into the same
piece of fibre. As the FBG array with shielding was rather fragile some form of
mounting was required that would not significantly affect the acoustic field distribution
and yet would be strong enough to support the array while the acoustic focus was
scanned longitudinally along the fibre. The mounting arrangement used is shown below

in figure 4.21.

/ Optical fibre

k
/
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Expanded polystyrene sheet

PVC sleeving

~1Imm of FBG exposed

Figure 421- Mounting arrangement for 3 FBG array.
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The array was loosely secured to the polystyrene sheet using small loops of fine wire
(not shown for sake of clarity) and the acoustic focus scanned along the array length.
However, due to untimely and unrepairable failure of the RF amplifier used to drive the
ultrasonic transducer it was not possible to continue this line of experimental
investigation to the desired depth. With some modifications to the acoustic shielding.
the array could potentially be used as a distributed medical sensor in hyperthermic

applications of ultrasound.
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4.7 Conclusions and further experimental work

The use of FBGs to successfully detect MHz ultrasonic fields has been demonstrated
with a noise-limited pressure resolution of 4.5 kPa/NHz. However, experimental results
show conclusively and the previous discussion of travelling acoustic waves in acousto-
optic fibre frequency shifters suggests that point acoustic detection sensitivity cannot be
achieved without some form of acoustic shielding on the bare fibre to avoid the
transmission of acoustic compressional waves from elsewhere in the fibre to the FBG.
The acoustic shielding used in these experiments was relatively crude compared to the
results of previous investigations [11, 12, 13]. In [12], a multilayered coating composed
of a low Young’s modulus silicone polymer (~ few 100 um thickness ) coated with a
layer of nickel was found to be particularly effective in reducing the fibre acoustic
sensitivity. This suggests that a more sophisticated quasi-distributed array could be
constructed as shown below in cross-section in figure 4.22 and longitudinally in figure

4.23

~0.5-0.6 mm

Optical fibre

\polyimide tubing

Nickel coating

Silicone polymer

Figure 4.22 — Cross-section of improved FBG acoustic sensor array.
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Figure 4.23 — Longitudinal arrangement of improved FBG array

The polyimide tubing would provide some degree of mechanical strength to the array
as well as ensuring that the various array components did not come into contact with
any substances which could chemically corrode the array, such as may be found in-
vivo. The high Young’s modulus of the polyimide tubing allows thin (~10-20 pm)
tubing to be used which would not significantly effect the acoustic detection sensitivity
of the array. This assumption was verified by a relatively simple experiment in which a
single FBG was sheathed with a length of the tubing and the FBG response measured
and compared to the unsheathed case. No measurable decrease in acoustic detection
sensitivity was observed. Sterilisation of such an array is obviously important in
medical applications where the sensor may be used on several different patients. The
high melting point (~350-400°C) of the polyimide would allow sterilisation of the
sensor in the steam autoclaves currently used in hospital operating theatres. However,
there may be some difficulties encountered with the use of the silicone polymer as part
of the acoustic shielding — the melting point of this polymer will be considerable lower
than that of the polyimide. Careful choice of a more refractory polymer for the acoustic

shielding would overcome this potential difficulty.




CHAPTER 4 - EXPERIMENTAL RESULTS FROM A FBG ACOUSTIC SENSOR. Page 101

The improvements in the system response using a short grating are significant.
However, several points should be noted. Firstly, by shortening the grating the grating
reflectivity is dramatically reduced (in this case by a factor of well over 100) as well as
increasing the grating bandwidth, hence the noise-limited pressure resolution is

reduced. For applications involving high power ablation where pulsed ultrasound

2
intensities can be several hundreds or even thousands of Wem™, the resolution

obtained is sufficient. For physiotherapy treatments where the acoustic intensities may

2
vary from about 0.2 to 2 Wem , an improvement in the noise limited pressure

resolution may well be necessary.

Secondly, based on the stationary wave model, a limiting factor in the successful
performance of the grating is that its length should be less than half the acoustic
wavelength in fused quartz. This sets an upper limit on the incident acoustic frequency
which can be measured. Fortunately, frequencies of between 500kHz and 4MHz are
generally used in most medical applications of ultrasound which implies that the
grating lengths should be no greater than about 0.5mm for the highest frequency.
Again, such lengths are available. In the case of lithotripsy, multiple frequency
components may be generated.' However, as the acoustic field traverses several cm of
tissue, the higher order modes are in general significantly attenuated. Hence, in certain
cases, acoustic fields of only a few MHz may be of importance.

Thirdly, as previously mentioned, more sophisticated techniques (entailing multiple
coatings) for desensitising optical fibres have been reported. In the experiments
performed here fluctuations in the r.f. power (to the transducer) were observed as the
FBG sensor was moved around in the vicinity of the focal spot. This was especially
evident when the focal spot was incident on the PVC sleeving and is evidence for back-
reflections and scattering of the acoustical field by the sensor. Obviously, reducing the
dimensions of the shielding by using these multiple coatings will greatly minimise this
scattering. In addition, it is worth mentioning again that if the acoustic modes in the
fibre can be significantly attenuated using these coatings (as found using the sleeving)
then in principle it should be possible to multiplex FBGs onto the same fibre with little
or no acoustic cross-talk between them. A further point entails the grating acting as an

acoustic probe in "smart structure" design. Here acoustic emission is monitored and
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gives information about twinning, dislocation motion, cracking etc. in the material. The
response of the grating to multi-frequency bursts needs to be investigated. However,
typical frequency spectra range from about 0.1 to 1.0 MHz and so readily available
gratings of lengths 1 to 2mm may (in principle) be used.
The brief discussion of acousto-optic frequency shifters in this chapter illustrates that in
some instances, the presence of travelling acoustic waves in an optical fibre is required
for the correct operation of the device. The converse is true in the case of using FBGs
as ultrasonic sensors, and some form of acoustic damping is required if point detection
sensitivity is to be obtained. Because the FBG sensor is localised in the fibre, evidence
for this can be seen in the longitudinal scans, which demonstrate that bare fibres
containing an FBG do not display point ultrasonic detection sensitivity. Instead, the
entire unshielded fibre acts to transmit the travelling ultrasonic wave to the FBG. In
some other interferometric and polarimetric schemes, the sensing element is the entire
fibre length [14,15,16]. Sensing is therefore not localised and so in performing
longitudinal scans, evidence for the stationary waves may not be readily observable.
To conclude, it has been demonstrated that a Bragg grating may function effectively as
a point ultrasonic probe with mm resolution if:

(a) The grating length is small (less than half the acoustic wavelength in fused

quartz).
(b) The fibre is appropriately desensitised using some form of acoustically damping
coating. A distinct advantage that FBGs have over other forms of sensor are

their potential to also simultaneously measure temperature.
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Chapter 5

Use of Low-Finesse Interferometric Cavities as
Ultrasonic Sensors

5.1 Introduction

An optical fibre Fabry-Perot sensor is an interferometer where the sensing element is an
optical cavity defined by two reflecting surfaces. The applied measurand, an acoustic
field in this case, modulates the optical path length of the cavity, resulting in a phase
change which is observable as a change in the reflected or transmitted optical power.
Cavity-based sensors may be divided into extrinsic and intrinsic types. In an extrinsic
sensor, the cavity is external to the fibre and may be composed of a range of different
materials. An intrinsic sensor is one where the cavity is formed within the fibre itself by
partially reflective internal mirrors. A common approach to fabricating an intrinsic
cavity sensor is to sputter thin films of titanium dioxide (TiO,) onto the cleaved ends of
a single-mode fibre [1]. The cleaved ends are then fusion spliced with a spacer to form
a cavity, the spacer being composed of a short length of hollow-core fibre. The use of
in-fibre Bragg gratings also provides a means of forming an intrinsic cavity, where the
cavity length can be several tens of cm [2,3]. The use of FBG’s in forming a cavity has
the added advantage of not affecting the mechanical strength of the fibre, which may be
of importance in applications where the sensor is permanently embedded in a structural
member. Sensor strength is important in applications where the fabrication process of
the structural member can lead to mechanical failure of the sensor if the sensor is not
sufficiently robust. Of particular intercst in this chapter is the experimental examination

of low-finesse extrinsic cavities formed in a thin (50 um) polymer film.
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The impetus for this approach comes from previous work [4,5] investigating the
potential of such film-based cavities for the detection of ultrasonic fields. In [4,5], the
detection scheme involved the use of a thin film of polyethylene teraphthalate (PET) as
the acoustic sensing element mounted at the end of a multimode fibre. Before
discussing the approach adopted in this chapter towards constructing an acoustic sensor
based around a low-finesse extrinsic Fabry-Perot cavity it is worth examining previous
approaches to the problem to determine whether there is any scope for improvement in
terms of increased acoustic sensitivity. The most well-developed approach has been
documented in [4,5] and it is this approach which will be examined and the
experimental results reported. This will in turn provide a reference ultrasonic detection

sensitivity for the experimental results quoted in this chapter.

5.2 Interaction of a polymer film cavity with an ultrasonic field.

Figure 5.1 shows a schematic of a Fabry-Perot polymer film ultrasound transducer,
such as the one described in [4,5]. A discrete polymer film such as PET (polyethyene
teraphthalate) is used as the sensing element. The thickness of the polymer film is

typically of the order of 50um.
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Figure 5.1 Fabry-Perot polymer film ultrasound sensor and (b) low finesse Fabry-

Perot interferometer transfer function.
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The “mirrors” of the interferometer can be formed by depositing metallic or dielectric
reflective coatings or left uncoated with the refractive index mismatch between the film
and surrounding media providing the necessary Fresnel reflections. The transduction
mechanism comprises two processes. Firstly, external acoustic pressure is linearly
converted to a change in the optical thickness of the film (figure 5.1(a)). Secondly, the
resulting optical phase shift d@ is converted to an intensity modulation dI. (figure 5.1
(b)) through the intensity-phase transfer function of the interferometer. The latter is not
strictly linear although by setting the bias point of the interferometer to be at

quadrature, both the acoustic detection sensitivity and the linearity will be maximised.

Note also that figure 5.1(b) shows the raised transfer function characteristic of a two
beam interferometer, such as a Mach-Zehnder or Michelson interferometer. In a Fabry-
Perot cavity, this occurs when the reflectivities of the cavity mirrors are small (<10%).
In this case the contribution of multiple reflections to the reflected fringe system can be
neglected and the interferometer becomes one of low finesse, sometimes known as a
Fizeau interferometer [5]. Whilst higher sensitivity can be achieved using high
reflectivity low absorption dielectric mirrors to create a high finesse Fabry-Perot cavity,
there are several important practical advantages to the low finesse configuration. It
offers reasonable detection sensitivity (comparable to PVDF transducers) and a useful
linear phase range with the detection of phase shifts up to 0.8 radians achievable with a
linearity of better than 10% [4]. An optimum fringe visibility close to unity can be

achieved with a relatively wide range of mirror reflectivities.

The use of a thin polymer film as an acoustic sensing element has a number of
advantages over other forms of extrinsic (and intrinsic) acoustic sensor. Because the
polymer film itself is the interferometer and has a short optical path length, it exhibits a
low sensitivity to spurious environmental thermal and pressure fluctuations. The
reflective surface is formed by the Fresnel reflection coefficients arising from the
difference in refractive index between the polymer and the water in which the sensor is
examined. A film thickness of a few tens of microns implies that a long-coherence
length source is not needed and that low-coherence heterodyne interrogation techniques
could be used. Also, the low Young’s modulus (4-5 GPa) of many polymers compared

to that of fused silica (~72 GPa) will give rise to an enhanced acoustic sensitivity
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compared to the type of intrinsic fibre sensors discussed previously. As the acoustic
impedance of many polymers is comparable to that of water, the frequency response of
polymer film sensors should be uniform. As the active area of the sensor is defined by
the core diameter of the fibre, small active areas are possible. This allows a high spatial

resolution and a low directional sensitivity to be achieved.

The following analysis is taken from [4]. The strain due to a normally incident acoustic
field produces a change d! in the thickness / of the polymer film. This thickness change
results in a phase change d®, which gives the following expression relating the
thickness and phase changes :

_4mdl
A

dd (3.1)

where 7 is the refractive index of the polymer film and A is the source wavelength.. The

change in film thickness is given by :

dl = [@-dx (5.2)

Where £ is the Young’s modulus of the polymer. The quantity P, (x,t) represents the
spatial variation of the pressure across the thickness of the sensing film and is the sum
of the component of the incident acoustic wave that is transmitted into the polymer film
and subsequent reflections at the boundaries of the film. These reflections arise as a
result of the differences in acoustic impedance between the polymer and the
surrounding medium. It can be shown [4] that for a rigid-backed sensing film such as

investigated here, the acoustic sensitivity is given by the following expression:-

dd  4n A, [MJ
— =——%sin| — (53)

P, A E |4,
where P is the amplitude of the acoustic field, » is the polymer refractive index, E is
the Young’s modulus of the polymer film and A, A, are the optical and acoustic

wavelengths.
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As the acoustic wavelength here (~750 um) is significantly greater than the film

thickness / (~50 um) the expression given in (5.3) is simplified and reduces to:-

d®, 8ml

~ 5.4
P, AE 64)

Equation (5.4) shows that the acoustic sensitivity can be maximised by having a
material with a low Young’s modulus and is frequency independent for the acoustic

wavelength greater than the film thickness ie A, >>/, where a small angle

approximation can be made for the sin function in equation 5.3. This is a valid

assumption for acoustic wavelengths of ~750 pm, i.e. up to ~2 MHz in frequency.

5.3 Low coherence interrogation of a low-finesse cavity.

The transfer function of a low-finesse cavity illuminated by a low-coherence source can
be readily approximated by an ordinary two-beam transfer function if the reflectivity of
the cavity surfaces is low enough for higher-order reflections to be neglected. In this

case the resultant intensity is given by the following expression:-

I=1+1, +2,I,1, cos® (5.5)

where [, is the resultant intensity from the reflections /,,/, from the two sides of the

film, and ®is the phase difference arising from the optical path length difference
between the two reflections. For a PET film of refractive index n (=1.6), the intensities

I,,1, can be written in terms of the Fresnel reflection coefficients and the incident

intensity /, and are given by:-

L=In, IL,=I1-n)r, (5.6)

rF(”_m) 4=(”"“j (5.7)
n+n, n+n,
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For situations where a PET film is surrounded by water, n, =n, =1.33, and
r, =r, ~0.0085. Hence the assumption that higher-order reflections can be neglected

is justified and the two-beam approximation is valid for this case.

5.4 Previous investigations of a low-finesse polymer film cavity.

In [4,5,6], the sensor was constructed as shown in figure 5.2.

250 microns

T mw HcNe- -~

50 micron core
multimode fibre

50 microns

Figure 5.2 Fabry-Perot acoustic sensor based on thin polymer film

The sensor in figure 5.2 consisted of a 50 um PET film disc 0.25 mm in diameter
bonded to the cleaved end of a multimode fibre using an ultraviolet curable adhesive.
To increase the fringe visibility and hence the acoustic detection sensitivity the polymer
film was aluminised on both sides, one side being 100% reflective (or as close as
achievable) and the other side aluminised to ~ 40% reflectivity. Interrogation of this
sensor to determine the ultrasonic detection sensitivity consisted simply of monitoring
the intensity of the backreflected light from the sensor. This method of interrogation
relies on the interferometer being as close to the quadrature point as possible to
maximise the detection sensitivity and also the sensor linearity. The transfer function

around the quadrature point (figure 5.1(b)) is
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linear within ~10% over a relatively large phase change (~0.8 radians) [5]. In [4,5],
operation at quadrature was determined by trial and error. A number of sensing films
were prepared from different areas of a sheet of PET. The slight manufacturing
variations in thickness over the area of the sheet produced a range of phase biases and
hence a range of sensitivities. The sensor that gave the highest sensitivity was assumed

to have a thickness that resulted in a phase bias closest to quadrature.

5.5 Results from previous investigations.
5.5.1 Noise Limited Pressure Resolution.

From [4.5.6], the measured noise limited acoustic detection sensitivity of the polymer
film hydrophone was 10 kPa in a 25 MHz bandwidth, which equates to a detection
sensitivity of 2 Pa/VHz. This figure is comparable to the sensitivity obtainable from a

commercially available PVDF transducer, as is shown in table 5.1 later in this chapter.

5.5.2 Linearity

The linearity obtained from [6] is shown below in figure 5.3.
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Figure 5.3 Linearity of an intensity-based optical fibre hydrophone employing a
50 pm thick PET sensing film.
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Assuming the elastic limits of the polymer film are not exceeded, the upper limit of
linear acoustic detection is determined by the characteristics of the interferometer
transfer function. At the quadrature point, phase shifts up to 0.5 radians can be resolved
with a linearity of better than ~5%. The dotted vertical lines show the acoustic pressure

at which the sensor non-linearity becomes 5% and 10%.
5.5.3 Frequency Response

Figure 5.4 shows the experimentally measured frequency response of three different
configurations. The first configuration is where the PET sensing film is glued directly
to the multimode optical fibre (glass-backed PET). The second configuration is where
the PET film is backed by water. The third case is where the optical fibre is composed
of polymethyl methacrylate (PMMA). In each case 50 pum thick PET sensing films

were used.
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Figure 5.4 Experimentally measured frequency responses of three different
backing configurations using 50pm thickness PET sensing film.

The continuous lines on figure 5.4 show the theoretically predicted frequency response.
The acoustic frequency range shown in figure 5.4 is significantly greater than the
frequency range provided by the experimental equipment used in the low-coherence

investigations later on.
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The intensity-based interrogation method used in this previous investigation is
unsuitable for readily constructing sensors where the response is independent of
variations in the polymer sheet thickness and the source wavelength. The sensor
response will also be very dependent on the source intensity. A much more satisfactory
interrogation system from the point of view of reproducibility would be the low-
coherence heterodyne or psuedo-heterodyne system described in previous chapters.
Here the acoustic signal would be encoded as a phase modulation of an optical carrier
instead of the intensity modulation seen in the system of [4,5,6]. A heterodyne method
of interrogation was chosen as a means of assessing the sensor response. The primary
aims of this particular investigation were :-
. Assessment of the feasibility of using a heterodyne interrogation method
coupled with low-coherence techniques to see if a workable ultrasonic detector could
be constructed using the same polymer film as in the investigations described
previously. This would avoid the need for the polymer sensing films to be of the correct
thickness to ensure quadrature operation.
. Measurement of the sensor detection sensitivity and linearity and comparison of
these values with :-

(a) Previous investigations of a low-finesse polymer cavity [4,5].

(b) The detection sensitivity of a calibrated polyvinyledine difluoride (PVDF)

hydrophone.

(c) The FBG system discussed in a previous chapter of this thesis.
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5.6 Experimental Arrangement

The heterodyne low-coherence interferometric system [7.8] used to interrogate the

sensor is shown below in figure 5.5.

Bragg Cell
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Figure 5.5 Heterodyne low-coherence interrogation of the polymer film sensor.

In the experimental arrangement of figure 5.5, S is a superluminescent diode source
with a full width half maximum of ~30 nm with an output power of a maximum of 10
mW into single-mode fibre at a peak wavelength of 1310 nm. (This diode is model
SLD-561-HP2). C1, C2 ,C3 are all commercially available fibre taper couplers

optimised to have the correct 50:50 splitting ratio at the system
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peak operating wavelength of 1310 nm. The Bragg cell was a commercially available
acousto-optic fibre pigtailed frequency shifter unit (M040-8J-F2S from manufacturers
Gooch and Housego) which is able to provide a high diffraction efficiency at 1310 nm,
giving an insertion loss of < 2.4 dB. The Bragg cell operates at 40 MHz and for this
particular model gives a fréquency downshift, although the direction of the frequency
shift provided by the Bragg cell will not affect the experimental results in any way. L1,
L2 are collimating microscope objectives, L2 being mounted on a linear translation
stage to allow the distance d between the objectives to be changed. This is to
compensate for the unknown optical path length of the Bragg cell and also to allow the
interferometer to be coherence tuned to the optical sensor. This is achieved by having
the Mach-Zehnder interferometer optical path difference (OPD) equal to the sensor
OPD. The polymer film sensor (P) is mounted on an x-y-z translation stage (not shown
for sake of clarity) which allowed the sensor to be scanned across the ultrasonic field
spatial distribution. This is for the focussed transducer only, as the planar transducer
ultrasonic field has negligible spatial dependence. The backreflected light from the
polymer film sensor in the water tank (T) is incident on an InGaAs p-I-n diode
photodetector (D) coupled to-a transimpedance amplifier (not shown on figure 5.5 )
with a bandwidth of 125 MHz. The output signal from this amplifier is fed into a radio-
frequency spectrum analyser for analysis and measurement. The ultrasonic transducer
(U) is powered by a high frequency sinewave signal generator coupled to a RF power
amplifier, with a maximum RF output power of ~100 W. Two ultrasonic transducers
were used in this investigation, one being the concave focussed 1.911 MHz medical
transducer (from Hammersmith hospital) used previously in the fibre Bragg grating
investigations, the other being a planar transducer at 612 kHz for sonar applications.
Also included in the water tank behind the sensor was an acoustic absorbing material
(A) to absorb any power from the ultrasonic transducer to prevent the formation of
standing waves in the water tank, which could potentially interfere with any

experimental results.
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5.7 Construction of the sensor.

No investigations of a cavity based purely around the Fresnel reflection coefficients
was performed as this would have resulted in a lower acoustic sensitivity than could be
achieved with some form of enhancement of the reflectivity of the polymer surface.
Also, the construction of a minature sensor was of some interest from the point of view
of compactness and also the possibility of using such a sensor in-vivo to detect the
pulsed ultrasonic fields from a lithotripsy machine. With these criteria in mind, the

sensor design chosen was as shown in figure 5.2.

50 micron PET film

Optical fibre
l Epoxy
Polyimide tubing, 0.5 mm diameter /

stainless steel tube, ~1.5 mm diameter

[

Figure 5.6 — Outline construction of polymer film sensor.

Referring to figure 5.6, the sensor consists of a stainless steel tube ~1.5 mm in diameter
with a 250 pm hole through which a cleaved optical fibre is passed. The fibre is butted
against the surface of a disc of PET ~Imm in diameter. The outer surface of the PET
disc is aluminised to ~100% reflectivity, whilst the inner surface in contact with the
steel tube was left uncoated. This design was chosen purely for ease of construction, as
it was found that aluminising the polymer surface to a specified reflectivity value
between 0 and 100% was extremely difficult due to the aged nature of the vacuum
deposition apparatus. This apparatus consisted of a vacuum chamber with a heated
tungsten filament on which small pieces of pure aluminium wire could be suspended.
As the filament was not controlled by a constant current source accurate control of the
deposition rate was not possible and it was found that as the aluminium melted and was

drawn into the windings of the filament the resistance dropped due to the addition of




CHAPTER 5 - USE OF LOW-FINESSE CAVITIES AS ULTRASONIC SENSORS Page 118

the aluminium, resulting in a drop in temperature and a subsequent decrease in the
evaporation rate. Hence it was decided that only one surface of the PET would be
aluminised. However, this does not detract from the validity of the experimental results,
as aluminising the second face to a specified reflectivity would simply result in an
improvement in the acoustic sensitivity. This approach is justified later in this chapter,
where it is shown that useful experimental results can still be obtained using the sensor
design given here. The PET film was bonded to the polished surface of the tube using a
small amount of epoxy. Similarly, the fibre at the other end of the tube was also
anchored in place with epoxy and additional strengthening was provided by a short (~6
cm) of polyimide tubing. Initial alignment of the sensor was performed by clamping the
steel tube/PET film arrangement. The cleaved optical fibre was mounted in a linear
translation stage and carefully butted up to the PET surface. The backreflected optical
power was monitored using an optical powermeter. The cavity spectrum was observed
on an optical spectrum analyser to ensure that interference fringes could be seen.
Having determined that the sensor was giving rise to interference fringes the next step
was to examine the sensor response to an ultrasonic field. Of particular interest were
the sensor linearity, ability to spatially resolve the ultrasonic field profile from a
focussed transducer and the noise limited pressure resolution. The sensor linearity is

given in figure 5.7 as a function of the acoustic field pressure.

F-P cavity sensor 1.911 MHz response.
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Figure 5.7 — Sensor response as a function of acoustic field pressure.
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From figure 5.7, the sensor response is reasonably linear up to ~2.00 atmospheres (~
2x10° Pa), after which significant scatter in the response is apparent. The mechanical
construction of the sensor may contribute to the observed scatter. The diameter of the
sensor is approximately twice the acoustic wavelength. Hence diffraction of the
acoustic field will occur with the subsequent generation of nodes and antinodes of the
acoustic field over the area of the PET film. This will give rise to a modulation of the
film thickness which may vary significantly over the area of the film as the acoustic
pressure is increased. Even though the film is firmly anchored to the steel tubing, the
acoustic pressures generated here may be sufficient to cause the film to be subject to
lifting forces which cause the film-fibre gap (nominally zero) to vary, giving rise to an
unpredictable acoustic response. In short, this sensor may be useful for small acoustic
field pressures, but will show significant scatter in the measurements as the field
pressure is increased. However, it was still thought useful to examine the ability of this
design to spatially resolve the acoustic field profile of a focussed transducer. The

results of this investigation are given in figure 5.8.
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Figure 5.8 — F-P sensor 1.911 MHz spatial field profile resolution
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Even though the sensor dimensions are greater than the acoustic wavelength, figure 5.8
demonstrates that useful resolution of the field profile can still be obtained, the width of
the central maximum corresponding closely with the calculated width of the transducer
profile. The noise limited pressure resolution of this sensor was found to be 7.15x10™

atm/VHz (~72 Pa /YHz ) at 1.911 MHz. The NLPR of the calibrated PVDF hydrophone
was measured and found to be be 1.25x107 atm/VHz (~1.3 Pa/NHz ) at 1.911 MHz.
Hence the acoustic pressure sensitivity of this particular design of sensor is ~60 times
less than that of the PVDF hydrophone at 1.911 MHz. As another ultrasonic transducer
had recently become available, it was of some interest to compare the results obtained
at 1.911 MHz with those obtainable from this second transducer. However, the second
transducer was a planar transducer used primarily for sonar applications. Hence the
acoustic field generated was unfocussed. Therefore only measurements of the sensor
linearity and noise limited pressure resolution could be made. The planar sensor
resonant frequency was 612 kHz, providing a useful lower frequency against which to
compare differences in linearity and noise limited pressure resolution. The acoustic
field pressures obtainable with this second transducer were significantly smaller than
those obtainable with the focussed transducer, for obvious reasons. The results of the

investigation of the sensor linearity at 612 kHz are given in figure 5.9.
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Figure 5.9 F-P sensor linearity at 612 kHz
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Some small degree of scatter in the experimental results can be seen from figure 5.9. As
the acoustic pressures generated by the planar transducer are significantly smaller than
those from the focussed transducer, the sensor response is linear to within ~5% over the
range of pressures examined here. The noise limited pressure resolution at this
frequency was measured and was found to be 1.09x10™ atm/NHz (~11 Pa/VHz)
significantly higher than that at 1.911 MHz. This is an unexpected result as the acoustic
sensitivity should be frequency independent at these relatively low frequencies. The
NLPR at 612 kHz is only an order of magnitude less than the NLPR for the PVDF
hydrophone, which was measured as 1.25x10” atm/YHz. ( ~1.3 Pa /vHz). Considering
the relative simplicity of this sensor design this is an encouraging result from the point
of view of building cheap sensors with a high acoustic sensitivity. In its current form
the sensor could not be used in-vivo, as the sensor diameter is too large to fit into a
medical catheter. Also, consideration would have to be given to the biological
compatibility of the materials used in the sensor design. However, the primary aim of
this investigation was to assess the applicability of this particular method of
constructing and interrogating an ultrasonic detector based around low-coherence
techniques rather than the final construction of a useable medical device. With some
further mechanical development this design could almost certainly be minaturised and

made biologically compatible.

5.8 Summary and Conclusions.

A relatively simple design of interferometric cavity sensor has been implemented and
the sensor acoustic response assessed at two different ultrasonic frequencies. The
experimental results and comparison with the results of [4,5,6] are given in table 5.1
overleaf, which gives the noise limited pressure resolutions in Pa/YHz as well as a
comparison with the sensitivity of the calibrated hydrophone used in these experiments,

and the fibre Bragg grating sensor investigated previously.
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Sensitivity in dB
e relative to Upper range of
Sensor type IT:':;::;:: ;ed(l!)ar;ej;:;re calibrated detection linearity
: ) PVDF (Mpa)
hydrophone.

0.5mm diameter PVDF | ~1.3 (f=1.911 MHz) 0 ~1 MPa
bilaminar membrane.
Model Y-34-3698.
Low-finesse cavity of | ~2 (f =0to25 MHz). 3.7 ~7 MPa (5% )
refs [4,5,6].

~10 MPa (10%)
Heterodyne ~72 (f=1.911 MHz) 35.0 ~0.2 MPa (5%)
interrogated low-
coherence system. ~11 (f=0.612 MHz). 18.5
FBG sensor. ~4500 (f=1.911 MHz) 71.0 ~0.25 MPa

Table 5.1 Summary of experimental results for low-finesse cavity.

Table 5.1 demonstrates that despite the relative simplicity of the sensor and of the
experimental arrangement the results of the investigations detailed in references [4,5,6]
are in some respects superior to those obtained using the low-coherence heterodyne
interrogation technique investigated here in terms of higher acoustic detection
sensitivity and linearity range. However, the use of heterodyne signal processing
techniques coupled with a low-<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>