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ABSTRACT

A linear systems analysis approach to ultrasonic holography
has brought out the importance of a detector coherent transfer
function defined as the product of a directivity function and a
modulation transfer function and its role in determining the
resolution éf the visualization system. By further application
of the theory, an impulse responmse technique and a sinusoidal
standing wave technique were developed which enable the
coherent transfer function to be obtained quantitatively. These
were used successfully on a range of polarised lead zirconate
titanate ceramic discs. It was considered that these materials
could form the basis of a practical ultrasound hologram
detector. The nature of the results is such that both ceramic
material and temporal frequehcy can be selected to give optimum

performance of a visualization system.
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(i) An arbitrary constant.
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wave techanique.

(iv) Half widgh of rectangular detector aperture

in x-direction.
Pupil function of a detector or imaging system.

Pupil function of a visualized hologram.

(1) An arbitrary constant.
(ii) Thickness of a sample ceramic disc.
(iii) Half width of rectangular detector aperture

in y-direction.

Spatial frequencylbandwidth of an object spectrum.

Phase velocity of a longitudinal ultrasound wave in
water,

Phase velocity of a dilatational wave propagating
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Cross correlation function of two spread functions
which originate from line sources at g and g'.
Electric displacement vector.

Directivity function for a piezoelectric ceramic

detector,.

Electric field‘strength vector.
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Spatial frequency varizbles referred to X or y
rectangular co-ordinates respectively.

An arbitrary time independent scalar potential
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An arbitrary time independent scalar potential
function of Xy and Yoo

Spatial frequency of a plane reconstructing wavefront
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Spatial frequency of a plane reference wavefront
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problem,

Green's function for object space propagation,
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A coherent transfer function characteristic of a

piezoelectric detector. -
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Optical transfer function of a visualized hologram.

The tensor giving the piezoelectric constants of a
material which relate open circuit voltage to a
specified strain.

Optical transfer functionm.

Bessel function of the first kind, order zero.

Bessel function of the first kind, order ome.

Wavenumber 2J{ of longitudinal ultrasound in water.

A

Wavenumber 2T of dilatational wave propagating along
Mg
the Z axis of a piezoelectric ceramic material.
Mean wavenumber for quasi-monochromatic radiationm.
Wavenumber 2JT of longitudinal ultrasound wave in
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a fluid,
Wavenumber 2j{ of - coherent monochromatic light used
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A linear differential operator.
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Modulation transfer function of a piezoelectric
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P Time dependent sound pressure.
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v Electzical potential difference.
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ey B Plane poiar co-ordinates in spatial frequency domain.
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Glossary of Terms

1. Space—invariance

In the context of an image forming system, space invariaace
refers to the property that the conjugate image of a point source

is independent of the position of the source in the object plane.

2. Optical transfer function

The transfer function of an optical system which relates an
intensity spatial frequency spectrum in the object plane to an

intensity spatial frequency spectrum in the image plane.

3. Spatial frequency

A concept used in the description of spatial information
(ie shape and position) which is analogous to temporal frequency

and has dimensions of reciprocal length.

4, Pupil function

The function which describes the amplitude transmission

property of the entrance pupil of an imaging system.

Se Coherent transfer function

The transfer function of an optical system which relates a
- smplex amplitude spatial frequency spectrum in the object plane
. complex amplitude spatial frequency spectrum in the image

plane.

6. Modulation transfer function

The function which describes how contrast is transmitted
through a system and is given by the modulus of the appropriate

coherent transfer function.
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INTRODUCTTION

This thesis is concerned with the limitations on object
resolution which are imposéd'by thé charactéristics of an ultrasound
detector used in a particular type of ultrasound holographic
visualization system. Ultrasound holography is a branch of the
field of ultrasound visualization which has received a great deal of
attention during recent years. Much of the work has, however, been
of a qualitative nature. Although this investigation is orientated
towards one branch of the subject, the results which are obtained can
equally well be applied to the whole field and in particular to the
more conventional system employing discrete imaging elements followed

by visualization of the resulting ultrasound image.

Ultrasound holography in its present form is simply a technique
by which an ultrasound diffraction pattern can be recorded so that
when the record is visualized and illuminated with coherent light an
image of the original ultrasonically irradiated object is obtained.
The technique in its most refined form can simultaneously visualize
and image. Hence moving objects can be observed. Such a system is

indicated schematically in the figure.

' The general behaviour of holographic systems employing one
wavelength to record the hologrém and another to reconstruct, of
which ultrasound holography is an example, has been fully dealt with
in the scientific literature and several excellent text books are
now available. Consequently no attempt has been made to discuss

ultrasound holography other than from the aspect of resolution.
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Initially the motivation for this research was the desire to
produce a high resolution underwater ultrasound imaging system to fill
in the 'range gap' from zero to perhaps 100 m which at the time was
not adequately covered by scanning sonar systems. Absorption of
ultrasound in water restricts the range at high frequencies so it is
necessary to compromise between high resolution at short wavelengths
and short range, and poorer resolution at longer range with longer
wavelengths. Frequencies around 1 MHz would seem to offer the best
compromise between range and resolution. Range is obviously limited
by the ultrasound power which can be beamed in the direction of the
target and the sensitivity of the ultrasound detector. There is an
upper limit to the power which can be radiated continuously by an
underwater transducer, imposed by excessive heating from dielectric
losses. It is, therefore, necessary to use a detector with as high
a sensitivity as possible to obtain the maximum range. Of all the
types of detector which have been studied, only those based on the
piezoelectric effect have sufficient sensitivity for use in the
underwater viewing application and also sufficiently rapid response
time to enable moving objects to be observed. Work with the
ultrasound camera has indicated that in an ultrasound holographic
system using a detector consisting of a plate of piezoelectric
material or an array of such plates, the resolution would be
limited by the piezoelectric material itself. A program of research
was, therefore, initiated to investigate any limitations on the
resolution so imposed. Although claims have been made for the
ultrasound camera of a maximum resolution in the order of the
detector thickness, these are not substantiated by the visual quality

of the images produced.

The linear systems approach, that has been applied so fruitfully

to the elucidation of many problems in optics and optical holography,
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was applied to this problem as describéd fully in Chapter 2. As a
result, two experimental techniques were devised to measure the
coherent transfer function for the piezoelectric ceramic detector.
This transfer function, for a detector which can be considered as a
linear system,-describes how spatial (ie shape and structure)
information is passed, and hence determines the resolution
capabilities in much the same way that the frequency response of an

audio amplifier determines the quality of sound reproduction.

The justification for applying linear systems theory to the
problem is that the behaviour of a piezoelectric ultrasound detector
can in principle be described by a linear wave equation, for small
amplitude waves. In this respect the theory has greater validity
than when applied to a photographic film or plate where non-linear
chemical effects are present. The coherent transfer function, or
spatial frequency response function as it will sometimes be called,
is defined as the Fourier transform of the point spread function for
the system. It is much simpler to compare frequency response
functions than impulse response functions because these are
'smoothed out' in the Fourier transforming process. Hence theoretical.
resolution of a detector at one temporal frequency can be compared
much more easily with that at a second temporal frequency, using the
spatial frequencf response function rather than using the point
spread function. It is, therefore, a relatively easy matter to
determine the temporal frequency at which an ultrasound detector
should be used in a holographic system to produce the best object

resolution.

In order to make this investigation easier to follow, as 1t
embraces several branches of physics, the development of the research

project is outlined in four stages:-
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2)

3)

4)

20

Rationalization of the detector limited resolution problem,
leading to its description in terms of linear systems theory
and the specification of a coherent transfer function for

the detector itself.

Development and use of experimental techniques for
measuring the coherent transfer function of a piezoelectric

plate ultrasound detector.

Investigation of the change in coherent transfer function
with temporal frequency in order to determine the frequency

at which optimum performance of the detector is obtained.

Elucidation of the factors which determine the shape of the
coherent transfer function so that ultimately a detector
having a predictable spatial frequency bandwidth at a

‘selected temporal frequency can be designed.
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CHAPTER I

A Historical Survey of Ultrasound Visualization

1.1 Ultrasound Image Conversion

It would not be appropriate to recount in detail the numerous
ultrasound image conversion systems which have been developed.
Instead it is proposed to discuss improvements which have taken
place since 1967 (see paper in Appendix). This paper contains a
list of detectors for ultrasound imaging systems based on an

earlier review (1).

Much of the research and development work has concentrated on
electrical methods of ultrasound image conversion for these still
possess the highest sensitivity and great potential in specific areas
of non-destructive testing and underwater viewing. In parallel with
this, work has been carried out to assess the usefulness of the
ultrasound camera for routine inspection of flat plates and other
similar objects of a simple geometry. Berger (2) has published a
detailed review of 'Ultrasonic Imaging Systems for Non—destructive
Testing' which includes results obtained with his ultrasound camera
system when used in routine inspection of flat superheater fuel
plates from a nuclear reactor. The Lamb-wave mode of inspection was
employed to improve energy transmission through the plates. Typical
diameters of the piezoelectric detectors employed were 5 cm at 2 MHz,
10 cm at 1 MHz and 2.5 cm at 5 MHz.

Jacobs (3) has taken the interesting step of adapting a

commercially available colour television system to display coloured
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images where the colours are coded to indicate the acoustical
impedance over the image area. The technique is essentially one
of phase sensitive detection. As each 'resolution element' on

the quartz detector is scanned the phase of the signal is compared
with.that of the ultrasound source and the magnitudé of the phase
difference converted into a colour signal,in accordance with the
convention in the N.T.S.C. éystem which is used. The colour
signals are fed to a conventional colour television display tube
and so the resulting display exhibits colours corresponding to the
acoustic impedance of the object along a path between the image
point and the ultrasound source. Fig. 1.1 shows a block diagram
of the system. Impedance changes as small as 1 part in 108 can
be detected and displayed by this technique and it is thought
that there should be many applications in the field of biology.

In an effort to overcome the limitations on performance of
the ultrasound camera resulting from its small aperture, several
solid state switching systems have been developed to carry out
scanning of arrays of small discrete piezoelectric transducing
elements. This development has been stimulated in particular by
underwater viewing applications where a large aperture is necessary
for both high resolution and large field of view. The ultrasound
camera is not suitable because the detector element closes one end
of a vacuum tube. To exclude the possibility of implosion the
diameter is restricted to a few centimetres with only 1 atmosphere
pressure differential across it. Use on t@e sea bed where this
pressure differential could be hundreds of atmospheres is, therefore,
out of the question. Some very encouraging work has been reported
by Green et al (4). Their detector takes the form of a 20 cm long
strip of 2.5 MHz thickness resonant piezoelectric ceramic, the

unexposed side of which is segmented with parallel cuts, into the
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material but not through it, to make 100 collinear detector elements.
The electrical output from eacﬁ of these elements can be successively
switched using either diode or transistor circuitry. A neat way of
separating one element signal from the léakage signals of all the
other elements is employed. A non—linéar switching characteristic

is exploited which, together with a local oscillator, applied to each
element sequentially, results in sum and difference frequency terms
for that element output. These aré then filtered out of the leakage
sigﬁals from the remaining 99 elements. The device has a measured

sensitivity of 7 x 10--11 2

W cm: for a 12 kHz bandwidth. Sensitivity
is defined as the minimum detectable ultrasound intensity. This
limit is imposed by the amplifier noise and so can be increased by
improvements in the electronics to the limit set by the radiation
resistance of each element. The maximum imaée resolution is set at
1.5 mm by the detector elements which are 1.5 mm square. Images are
formed by means of an ultrasound lens and visualized by scanning the
collinear array mechanically across the image plane. Recognisable
images of simple objects imaged by back reflection have been obtained
at ranges up to 4 m in turbid water containing as many as 103 ppm of
ly mean particle diameter diatomaceous earth. Linear systems theory
has also been used to distinguish between the pressure amplitude
distribution in acoustic images of diffusely reflecting and specularly

reflecting objects.

Harrold (5) has also investigated the possibilities of detector
arrays. He has built an image conversion system using a 1" square
3 g Sy 14 q

array of 1 " 1 " contact points on the back of a three inch diameter

10 710
piezoelectric ceramic disc. Signals are taken out from each of the

100 elements by coaxial cables via spring loaded contacts. The array
is scanned electronically and the output displayed on an oscilloscope

screen as an intensity picture. No attempt has been made to
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mechanically isolate one element from its neighbours, consequently

image quality with this technique leaves much to be desired.

A technique which is in a state of development about halfi-way
between that of Harrold and that of Green et al is described by
Suckling and Hendrickson (6). They have used a narrow strip of
pilezoelectric material on which are mounted a line of 64 reversed
biased diodes. An ultrasonic image 1s swept across the strip using
a rotating plane mirror and at the same time the 64 diodes are
sequentially biased on with an appropriate pulse at a rate of
20,000 pulses per second. Hence with an appropriately triggered
oscilloscope an array of dots can be built up which are intensity
modulated with the diode output as the image is swept over the
detector. A picture rate of 5 frames per second is considered, but
as yet only single line scans with a stationary image have been
recorded. One of the main difficulties is distinguishing between
the‘signal from the conducting diode and the leakage signal from the
rest. There does not appear to be any reason why the technique

- employed so neatly by Green et al cannot be used here also.

Prokhorov (7) has put into practice the proposal of Turner (8)
(see also Ref. (1) ) for an ionic displacement potential transducer.
Electrokinetic voltage is developed across the ends of capillaries
in a glass filter plate as a result of the passage of an ultrasound
wave. These are sensed with an array of conductors, each insulated
from its neighbours, which lead through the wall of a camera tube
where the voltage distribution is scanned with an electron beam in
the conventional manner. This transducer is still in its early
development stages but it has a sensitivity of approximately
10_5 W cm._2 and can be constructed to have a large aperture which

justifies continued interest in the technique.
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The surface levitation technique has been subjected to some
careful development work, particularly for its use in real-time
ultrasonic holography, but Gericke and Grubinskas (9) have used it
directly for the visualization of ultrasound diffraction patterns.
This investigation is intended to assess the potentiality of the
technique in non-destructive testing. Results obtained with
CW, FM and pulsed ultrasound are compared and discussed. The general
conclusions are that CW diffraction patterns are capable of indicating
objects of the order of the ultrasonic wavelength but interpretation
is difficult because of the presence of the near field transducer
pattern. FM and pulsed ultrasound give cleaner looking 'shadows' but
do not show such high resolution. No mention is made of difficulties
due to external vibrations as experienced by other workers in this
field so it must be concluded that these were of a sufficiently low

level compared with the required signal so as not to be a problem.

Two new optical techniques for directly measuring the amplitude
distribution across a surface forced by an ultrasonic wave have
recently been described, Massey (10) has demonstrated an optical
heterodyne system and Korpel (11) has successfully used the optical
lever principle, to measure the extremely small surface displacements
involved. Fig. 1.2 is a schematic diagram of Massey's arrangement.
It is a high frequency adaption of an earlier system (12) used to
measure vibration amplitudes at audio frequencies. The system shown
1s a true optical heterodyne as the 'local oscillator' is derived
from the optical carrier wave coherent light source and so has the
same fIrequency. With this system it is apparently possible to
measure surface displacements as small as lO_3 R which corresponds
to a sound intensity of less than lO—ll |84 cm.—2 at 2.6 MHz in glass,
provided all sources of electrical noise can be reduced to their

respective statistical minima. The resolution of the optical
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heterodyne system is determined by the size of the scanning spot,
which can be made very much smaller ﬁhan the ultrasound wavelength
at all frequencies of interest in non-destructive testing.
Consequently the resolution of the ultrasound image converter is
determinred by the mechanical properties of the glass disc on which

the ultrasound image is projected for visualizatiom.

Korpel's technique in contrast uses _spatial filtering and a
photo~detector to produce an éléctrical signal with frequency terms
at the ultrasound frequency plus the doppler frequency shift from the
scanning speed of the light spot. Fig. 1.3 shows the experimental
set~up. The laser scanning system is based on that developed earlier
by Korpel (13) for a laser television display. Light is reflected
from the highly polished surface of the converter and imaged on to
a knife edge which converts thé periodic deflections resulting from
the surface displacement into intensity modulations which in turn
produce an r.f signal from the photo-detector. The technique in fact
responds to surface amplitude, gradients and not directly to normal
displacement components in direct contrast with Massey's technique.
At a frequency of 2 MHz and with a perspex converter the theoretical

8

sensitivity of Korpel's system is 3.7 10 = W cm_z. In practice this

was found to be 10--7 W en 2 which is still comparable with the
sensitivicy of the ultrasound camera. The technique does not have
the same limitations on aperture as the camera and so has great

potential application in ultrasound holography, Korpel (14).

A récent extension of this technique has been described by
Korpel (15) which enables the amplitude and phase of a sound field
to be sampled point~by-point within the bulk of an optically
transparent material. This is achiéved by focussing a laser beam

down to a spot very much smaller than the ultrasound wavelength



2 Dimensional
+ Laser scanning
System

LENS N
KNIFE EDGE X\

HIGHLY REFLECTING
PRRSPEX BLOCK

Liquid filled 4
cavity where objects

to be /viewed are
placed

- o - TRANSDUCER
PEOTO-DETECTOR Nz
&
oo r
]S ‘4 the doppler freguency shift
due to scamnning speed
M 1t i oF i
AMPLIFIER FILTZR SQUARE DISPLAY
LAW
DETECTOR
SYNCHRONISATION

Figure 1.3 An ultrasonic surface deformation visualization

system using the optical lever principle. (After Adler and Korpel).



30

within the field and scanning in the same manner as for the surface
gradient technique described above. The emerging light beam is
refracted at the ultrasonic frequency and an electrical signal whose
amplitude and phase are related to that of the sound field at the
focal point can be obtained by spatial filtering and detection. The
technique will have far reaching consequences in ultrasound holography
particularly vhere maximum resolution is desired. The sound field
may be sampled in a fluid where the spatial frequency transier
function can be expected to have a wide bandwidth, owing to the

absence of any other modes of propagation except a single longitudinal.

Amongst one of the more novel techniques which has been
investigated recently is the use of liquid crystals to visualize
ultrasound diffraction patterns. These, Fergason claims (16), can
be expected to show measurable ontical changes with energy inputs as
small as 10_lO W sec cm.—2 but sensitivities as high as this have not
yvet been achieved in practice. Once the experimental difficulties
associated with the use of these materizls has been overcome, they
should find immediate application in ultrasonic holography. They
combine high sensitivity and resolution capability with the

possibility of real-time operatiom.

1.2 TUltrasonic Holography

There has been substantial progress in ultrasonic holography
since my 1967 review (17). It 1s difficult to separate those steps
which are a result of progress in image converter technology as
described in 1.1 and those which represent steps forward in the
technique of holography. There is also, of course, constant

feed-back from developments in optical holography. The importance
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of this field of study and its wide range of applications has only
recently been accepted by the scientific community outside a small
number of pioneer workers. To illustrate this, part of the last
paragraph of Korpel's excellent review article is reproduced (18).
"Acoustic holography seems more relevant and necessary because, in
the final anzlysis, it may not be just another useful method, But the
only method that will provide a solution to certain well-defined

problems”.

With considerable foresight Metherell organised the
'First Incernational Symposium on Acoustical Holography'at
Douglas Advanced Research Laboratories, California, on 1l4th and
15th December 1967. The proceedings have been published in book
form (19) zlong with an extensive bibliography compiled by Metherell.
Volume 2 of this work is to be published in 1970 and will contain
the proceedings of the 'Second International Symposium on Acoustical
Holography' held on 6th and 7th March 1969. Together these two
volumes comprise the most comprehensive source of information on
acoustical holography which is available. No further useful
contribution can be made by reproducing here all the available

informztion so only the most significant developments in ultrasonic

holography will be discussed.

The cradit for many of the innovations in ultrasound holography
lies with the group at Battelle Memorial Institute, Pacific Northwest
Laboratory. It is here that the techniques of liquid surface
deformation real-time ultrasound holography and mechanically scanned
ultrasound holography have found their greatest refinement. The
results obtained with these two methods and their possible
applications are comparad by Smith and Brenden (20). Fig. 1.4 shows

the basic arrangement used by Brenden (21), (22) for liquid surface
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deformation holography. In order to get good real-time reconstructions
with this technigque the system must be carefully designed. The
conversion cell takes the form of a small tank situated inside a

larger water tank and separatel Zfrom it by an acoustically tramsparent
membrane. This arrangement minimises transient disturbances of the
hologram from movement of the main body of water in the large tank.

0f particular importance is the iliquid within the smaller tank; it is
not water but Brenden declines to state specifically what it is. He

does, however, indicate in general terms its optimum physical

s ]

properties as follows. In order to maximise the sensitivity of the
system the height of the information carrying surface deformations
in the hologram must be as large as possible. Over the range of
frequencies where this technique is used, 3 MHz to 50 MHz, the
deformation amplitude is 1Pve?se1y proportional to the liquid surface
tension. The average sound intensity over the hologram tends to
push the surface oucwards in z uniform menner; this is probably a
major source of imperfection and can oaly be reduced by increasing
the density of the liquid. 7o minimise streaming and resulting
ransient disturbances, pulsed ultrasound is used. Pulse lengths of
80 microseconds with a pulse repetition time of 3 milliseconds is
near the optimum in the frequency range from 3 to 10 MHAz. These
periods are related to the time necessary to form the hologram, the
time the hologram is stable before transients begin to disrupt it,
and the time necessary to restore the undisturbed surface. Viscosity
plays an important role in the surface damping effect, especially if
the liquid is only several ultrasound wavelengths deep. It has been
found that liquids with viscosities in the‘range from 2 to 10 cp give
good results. In view of the conflicting requirements of low surface

ension and high viscosity, Branden implies that he chooses a liquid

ct

o -

having the best viscosity and modifies the surface tension with
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It is not generally necessary to focus an ultrasound image

on to the liquid surface to form a hologram as shown in Fig. 1.4 but
this arrangement gives the best reconstructions. Also, with this
technique, which is analogous to focused image holography in optics,
the coherence requirements for the reconstructing source are much
less stringent. Coherence has only to be maintained over the image
'depth' of a few millimetres. Brenden has found that an unfiltered,
'super—pressure', mercury vapour socurce i mm in diameter gives good
reconstructions. High pass spatiai filtering of the reconstruction
is also employed to remove ény trensient disturbances which remain

after all the above precautions have been taken as these are

usually of a lower spatial frequency than the object information.

One disadventase of the technigue is its relatively low

s . - -2 . .. .
sensitivity (approximately 10 3 W cm 7) which limits its use to

> .

transinsonified objects. This has not, however, prevented its

‘h

possible application in the field of medical diagnosis as an
instrument to detect breast tumors in women. Owing to the real-time ’
nature of che technique and the rapid rate at which holograms are
formed with a pulsed system, it is possible to alternately form
holograms at high and low ultrasonic frequencies or ‘'colours' (23).
These may be harmonics generated from a single pair of transducers
ooerating at the same frequency. The recoastructions are colour
coded by inserting appropriate colour filters in the focal plane of
the high pressure light source. Hence coloured images are obtained

vhere the colours give an indication of differences in acoustical

properties of the object at dif

ferent frequencies.

Refinements in mechanically scanned ultrascund holography have
been somewhat less éramatic but none the less of considerable

importance. In most casorts the systems described have been
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analogues of the configurations used in optical holography in which
the results are entirély predictable from sampling theory and
conventional holographic image equations. However, some scanning
systems have closer tiés with coherent radar than optical holography.
The general problem of simultaneous- source and receiver scanning has
been analysed theoretically by Hildebrand and Haines (24). They

have shown that it is possible to obtain an increase in resolution by
simultaneously scanning source and receiver. In the limit when the
source and. receiver occupy the same position, the resolution is twice
that which would be obtained if either were figed whilst the other
was scanned. The reason for this is that when both source and
receiver are moving with respect to the object, the total path

length to any particular object point is changing at twice the rate
which would occur for fixed illumination. Consequently the rate of
change of phase with position will be twice as great and so the
spatial frequencies recorded in the hologram will be doubled.

Another practical advantage of the technique is that the object is
illuminated more uniformly when the source position is not fixed.
This minimises the effect of 'highlighting' which results from
specular reflection of sound by the object. By utilizing differential
rates of scanning for the source and receiver, it is possible to
obtain undistorted magnification in the reconstructed image. These

theoretical predictions have been verified by Smith and Brenden (20).

A technique for obtaining coloured reconstructions of
acoustic holograms recorded by the mechanical scanning system has
been described by Pisa, Spinak and Metherell (25). Three separate
holograms of the letter R were recorded at 15, 18 and 21 kHz. The
three resulting images’ were superimposed to give a multi-colour

reconstruction.
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Although the mechanical scanning technique has interesting
properties, it does not have a sufficiently rapid frame time to
immediately guarantee its use commercially. As a result the
ultrasound camera has been used to visualize ultrasound holograms
(26), (27), (28). The quality of the recomstructions obtained
from photographs of the ultrasound camera television display is
much worse than that obtained by the mechanical scanning technique.
This is largely due to the resolution limitation imposed by the
converter plate of the ﬁltrasound camera, which is the subject of

the investigations described in the main part of this thesis.

Attempts are being made to couple the ultrasound camera
output to a display system which will enable reconst?uctions to be
obtained in the camera frame time. One possibility using an
electro-optic projection system first designed for television has
been put forward by Boutin and Mueller (29). By means of the
electro-optic effect the electrical signal derived from the ultrasound
camera is converted into an optical phase hologram. This is then
reconstructed by illumination with coherent light as in the surface
deformation technique. A feasibility study of this system has been
undertaken by Goetz (30). He concludes that it is possible,
provided polishing techniques are developed which yield flat
surfaces on deuterated potassium dihydrogen phosphate (KD*P)

crystals sufficiently thin to produce the required resolution.

Computer reconstruction of acoustic holograms has recently
been described by Powers, Wade and Landry (31) and others (19).
Although this technique is capable of removing unwanted noise and
correcting for image distortion, it seems to be a step away from
the elegant simplicity of parallel optical processing of which

optical hologram reconstruction is an example. There are already
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in existance, particularly in the field of underwater acoustics,
successful techniques of signal processing which enable images of

objects to be produced. (See for exaﬁple Tucker's review (32) ).

1.3 Investigations of Detector Limited Resolution

To an acoustician familiar with normal modes of rooms and
vibrating panels, it seems surprising that a continuous plate of
plezoelectric material like that of the ultrasound camera detector
can respond point-by—point over its area to a spatially complicated
sound pressure field. A finite plate can vibrate in many different
modes so he would suggest that the standing stress distribution
across the plate thickness results from the linear superposition
of contributions from every mode which may be driven at that
frequency. He might go further and point out that the resulting
stress pattern could not be expected to bear any spatial
relationship to the incident pressure field. The ultrasound camera
results show unequivocally that this latter statement is not true,
provided that the ultrasound frequency is carefully selected to be
close to the thickness resonant. frequency of the detector plate.
Although the visualized images under these conditions are similar
in general to the pressure image on the detector face, it is still

clear that the detector does limit the resolution.

The most detailed investigation into.the response of quartz
and barium titanate discs for use in ultrasound image converters,
to be found in the literature, has been conducted by Hartwig (33).
He has measured the transverse extent of the voltage distribution

across a sequence of piezoelectric discs, as a function of time

frequency, resulting from a 2 mm diameter sound beam incident normally
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along the Z axis of the barium titanate and the X axis of the quartz.
The frequenciés were in the rangé exténding from 3.9 MHz' to 9.5 MHz,
using discs of diameters from 12 to 26 mm. By measuring the spread
of signal outside the ideal 2 mm diameter region over this frequency
range, he obtained a qualitative idea of the detector resolution and
its frequency dependence. The main conclusion was that the spreading
is a minimum for a frequéncy just below thickness resonance. In the
majority of cases the point spread functions obtained by Hartwig"
were asymmetrical, even with the rotationally symmetric barium
titanate and so it was difficult for him to compare spread functions
at one frequency with those at another. The method he chose was to
compare amplitudes at 2.5 mm either side of the centre of the incident
sound beam. Such a method would only be accurate if the point spread
functions were smooth monotonically decréasing functions of radius
but as they were generally of oscillatory form the comparison is of
necessity éxtrémély qualitative. Unfortunatély Hartwig places a
severe restriction on his experiment by fixing the direction of
propagation of the incident sound field along the plate normal and at
the same time measuring the voltage across the disc thickness. This
automatically removes the angle of incidence as a parameter in the
investigation which is not zero in any imaging or holographic

application.

Several designers of ultrasound cameras have also conducted
experiments to détermine thé resolution limits of the piezoelectric
detector. - Smyth, Poynton and Sayers (34),.using an aperture mask
with small holes in it, concludéd that at normal incidence, when the
mask was against the detector, the resolution limit was approximately

equal to the detector thickness.
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Jacobs (35) also experimentally investigated the resolution of
his ultrasound camera and concluded that the point spread function

under normal incidence was a minimum just below thickness resonance.

A theoretical analysis of the spread of vibration from a forced
to an unforced region of a fréé, infiniée, isofropic plate has been
carried out by Lyon (36). The motivation for this was a desire to
predict thé résolution limit of fhé uitrasound caméra detector and
to choose a frequency of operation wheré the resolution would be a
maximum. In an elégant mannér the characteristic frequency equation
for symmetric and anti-symmetric Lamb waves is calculated. The mode
spectrum is then evaluated numerically for an isotropic material
with a Poisson's ratio of 0.31, the same as that for barium titanate.
Both propagating and evanescent modes are includéd. ‘Using as a
boundary conditiomn a périodic normal stréss applied to a strip across
the infinite plate, contour integration is used to determine the
resulting particle displacemént amplitudé normal to the surface.

This is seen to be the linear superposition of contributions from all
the modes which are drivén at thé chosen frequéncy of the applied
stress. As an example Lyon calculates the normal particle
displacement along a plate of barium titanate. The plate is chosen
to have a thickness résonance of 1 MHz and it is driven over a 1 cm
wide strip at 2.5 MHz.- This frequency is chosen by reference to the
mode spectrum, selecting a point wheré thére are no strong cross-—
resonances (ie a point where the modes are widely spaced in frequency).
Near the fundamental thickness mode (1 MHz) there is a strong
cross-resonance and hence the vibration spreading should be large.

At 2.5 MHz Lyon predicts that the particle displacement will fall

to 1/e of its initial value at a point 0.5 mm outside the strip ‘
boundary, indicating a spread of 10%7. Experimental confirmation of

this result does not seem to have been carried out, possibly because
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of the loss in sensitivity of an ultrasound detector away from

thickness resonance.



CHAPTER 2

Theory

2.1 Fundamental Linear Systems.Theory

The linear systems'approach'to image formation has been developed
over the last few decades from ﬁﬁe marriage of classical physical
optics and electrical'communicaéions theory. There are now several
excellent books on this subject, im particular those of Goodman (37)
and O'Neil (38), so it is only necessary to outline the fundamental
ideas to provide a basis for the later sections of this chapter. The
historical background is given in Section 9.5 of the treatise by
Born and Wolf (39).

Any physically realizable system may be represented by a
differential operatorT;“. If the system is now subjected to a
deterministic forcing function or input, represented in two
dimensions by fl(xl,yl) although the ideas are applicable in any
number of dimensions, then the system response or output fZsz,yZ)

is given by: a

L [fz(xé,yp] = £ Gy 2.1)
a .
Equation (2.1) is a general differential equation; it is often more
convenient in linear systems theory to worK with integral equatioms.
By transposing the operator, (2.1) can be written as an integral
equaFion. For example see Sneddon (40).

[4

£y = Lyt .[f1<x1,y1):| (2.2)
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Little further can be said unless more is known about the system,
ie, some of the properties ofI;q are specified.

When the system ud‘der consideration is linear, particularly
simple relationships between fz(xz,yz) and fl(xl,yl) can be derived.
For a system to be linear the sum of its responses to individual
stimulii must be the same ag the total response from the same
stimulii acting simultaneously.‘ If p(xl,yl) and q(xl,yl) are two
input functions and a and b are two complex constants, then a

system will be linear if:

Lt [ap(xl,yl) + bq(xl,ylil o= aL-l[p(xl.yl)] + bL-l[q(xl,yl)}
3 “ (2.3)

L is a linear differential,operator.
An example of a linearidifferential operator which is fundamental to

. 2
the study of scalar diffraction‘is [:V2 - 13-2—51. This describes
2, 0 c” ot

the propagation of a scalar dlsturbance through a region of space

i

which does not contain sources or sinks. As a consequence of the
linearity property, if*an arbitrary input function can be decomposed
into a series of unit or elemental functlons, these can then be passed
through the system (1e operated on by L ) and the response
synthesised as the sum_ of the elemental responses. This decomposition
can be accomplished by u51ng the so-called sifting property of the
delta function; it enables a function f (x ,yl) to be represented

as a series of welghted and dlsplaced delta functions.
T t

"

-0
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£, (x),5)) = _Sé £ (E,n)8(x; = E,y; = MdEdn (2.4)

Where E,n are variables of; integration in the (xl,yl) plane

or in the (x ) plane when appropriate.

2°¥2
The response of a'linea; system to a delta function imput is called
the impulse response in communications theory, the spread function in
optics and the Green's function in mathematical physics. Here it

will be represented by the function g(xz,yz;E,n) so that
L [g(xz,yz;i,n)] =8(x; = &y, = n) (2.5)

Using (2.1), (2.4) and’.(2.5) in turn the response of a linear system
in terms of the input and the system Green's function is obtained as
a superposition integral.

.’ ) o

£,(9,7,) = gi £, (8 n)g(x,,¥,5€,n)dEdn (2.6)
If the linear system under consideration is an imaging system whose
point spread function depends only on the distances (x2 -£) and

(y2 - n) then it is called space—invariant. Usually a real imaging

system will be space-invariant only for small regions of the object
field, for example, the region close to the principal axis. It is
however possible to divide the.object field into regions such that
the system is space-inyariant in each region individually, with a
corresponding point spread function for each.
; o
For a space—invariant system the superposition integral then

takes the form of a twé dimensional convolution of the object function

o]
'

d

RAY
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with the point spread function of the system.

fz(xz’yz) =££ fl(‘r:,n)g(x2 = &Yy ~ n)d&dn (2.7)

Equation (2.7) will be used frequently and so it is convenient

to write it in a shorthand notation:
fI,.=f.®¢g (2.7a)

Here the symbol ® indicates that the functions on either side are
to be convolved. X .
1 1
Equation (2.7) takes on a particularly simple form after
Fourier transformation,Kof both sides. This operation reveals the
great power of the linear systems approach to optical image formation.
The convolution operation in the spatial domain is replaced by a
simple multiplication in spatial frequency space.
Y I
Let Fz(fx’fy) and Fl(fx’fy> be the output and input spectra
of the linear system. ;Fl(fx,fy) is given by the Fourier transform
Fourier transform of Fi(fx,fy).a Mathematically the Fourier transform

) and conversely fl(x ) is given by the inverse

of fl(xl’yl) is writteg as

c .
?l[fl(xl,yl)] = Flcfx_’fy> = ﬁfl(xl,yl)exp[—j2'n'(fxx1+fyy1):] dxldyl
: v (2.8)
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The inverse Fourier transform of Fl(fx,fy) is written

i

-1 T ' .
t}\ [fl(fx’fy)]- = fl(xl,yl) =\Si‘Fl(fx,fy)expI:JZﬂ(fxgl+fyyl)] dfxdfy
(2.9)

Similarly the spectrum of F2 is given by its Fourier transform.
(thctlons of frequency are represented by capital letters whereas
small letters are used to indicate functions of time or position.)
Mathematically fx and £_are defined as spatial frequency variables
in a wave number space corresponding to the cartesian co—ordinates

x and y. Spatial frequency, therefore, has dimensions of reciprocal
length, A more physicalminterprétation of spatial frequency will be

given later when diffraction is discussed. (Section 2.4).

On taking the Fourjer trangforﬁ of each side of (2.7) it can
be shown that:

Fy(f0f 0 = G(EL,E ). F (£,,E) . (2.10)

where G(fx,fy) =3‘[g(x*2,}’2)] ..

The function G(fx,fy) ig called ‘the transfer function o?vthe system.
Consequently when the spectrum of an input signal to a space
invariant linear system’is known, the spectrum of the system response
is given simply by the multiplication of the input spectrum and the

system transfer function. An inverse Fourier transform of the

product then gives the §ystem response:=—

£,(xy,7,) = F - [c;(fx,fy).Fl(fx,fy)] (2.11)

\
<

s K-
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This integral equation is to be compared with equation (2.7)
which gives the same result. Consequently G(fx’fy) must contain

as much information characteristic of. the system as

g(x2 = £y, = M.

The property of linearity allows the response of a series of
linear systems cascaded together to be calculated from successive
multiplications of the individual transfer functions of the
systems., Thus if Gl(fx’fy)’ Gz(fx’fy)’ G3(fx,fy) «+s., are the

transfer functions of a series of linear systems (1), (2), (3) .....
_erl
1Y) = ‘3\ [gcn(fx,fy).Fl(fx,fy)] (2.12)

The mathematical procelses are ‘shown schematically in Fig. 2.1.

3 i

¢ N ¢)

———————

£, (x559) [ JFl(fx’fy')

|
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-

L]

s

fn+£xn+1yn+1)[tj?] lxcngfx’fy)°F1(fx’fy)

]

Figure 2.1
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2.2 Transfer Functions for Linear Systems

The transfer function is determined for a specified parameter
in which the system is linear. For example an incoherently
illuminated optical imaging system is linear for light intensity
mapping from object point to image point and hence will have an
intensity transfer function. This is usually known as the

optical transfer function (0.T.F.). On the other hand, the same

system coherently illuminated is linear for complex amplitude

mapping and will have a complex amplitude transfer function which

is usually called a coherent transfer function. Consequently an

ultrasonic imaging system which is linear in velocity potential

will have a complex velocity potential transfer function (V.T.F.).

A passive electronic circuit such as a linear filter will
possess a transfer function which relates voltage output, in
amplitude and phase to.the voltage input, in amplitude and phase.
It will, therefore, have a so called filter function which 1s
analogous to the coherent transfer fumction but the independent
variable will be temporal frequency and not spatial frequency. On
many occasions it will-.be useful to draw analogies from electronics
to assist in the description of coherent optical and ultrasonic

systems. . -

If g(xz,yz) represents the:space invariant impulse response
of an optical system, equation (2.7) gives the response of the
system to a complex amplitude fi(xl,yl) and hence G(fx’fj) 1s the

coherent transfer function of the system.

<

With incoherent illumination the system is linear in intensity,

so equation (2.7) may be written
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f2<X2,y2)fz<x2?y2)‘ = ‘5:3{ f1<€’n)fi<€,n) Ig(xz - E:YZ - n Izdgdn

L= 12<x2:y2) (2.13)

where Iz(xz,yz) is the intensity distribution in the respomse and

* indicates a complex conjugate.

X
lg(xz = E’yz - ﬂ)lz = g<x2 - E,yZ - n)g <x2 - g’yz -
(2.133)

Intensity is always non-negative so it is usual to normalize
an incoherent spectrumgﬁith respect to the zero spatial frequencies.
The zero spatial frequéncy term in the spectrum represents the
"d.c." or background iﬁtensity level on which information carrying
intensity fluctuations;are superimposed. The intensity of these
variations relative to that of the constant background determinmes the
contrast in the input or outpuf distributions. “The transfer
function derived from 1g(x - ,y2 - n)l normalized at fx = 0 and

fy 0 is the optical transfer functlonwﬁi(f £ ) Hence
I .

j# ‘{QIS(XZ,YZ)IZGXP[r-jZW(fxe + fyyz)] dxzdyz
(£ £ = ;

o 5

2

The modulus ofiﬁ#(fx,f;) is calied the modulation transfer function

(M.T.F.) and is therefore the function which describes how contrast
is transmitted through an incoherently illuminated system.
c = '

~
o -

| -

1
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It is similarly possible to define a modulation transfer
function which describes how contrast is transmitted through a
coherent systeﬁ. This is of particular importance in holography
where it is usual for the input functions to take the form of a
spatial carrier, amplitude modulated with the object information.
The amplitude of the modulation cannot be greater than the carrier
amplitude otherwise the depth of modulation exceeds unity. Hence
for a modulated coherenf signal we have the same sort of situation as
for an incoherent signal, ie the information is carried by a non-
negative signal. There is, however, no need to use an impulse
response function squared, it is necessary to simply define the
modulation transfer function for a coherent system as the modulus of
the coherent transfer function., Therefore the coherent modulation
transfer function is given by lG(fX,fy)l.

N 1 : .

G(fx’fy) is normally a complex quantity with amplitude

Gm(fx,fy) and phase ¢(fk’fy) written as
C

G(fx,fy) = Gm(fx;fy)exp j¢(fx,fy)
Therefore : :

[6(E, 20| = 6, (5,0 E) (2.15)
Gm(fx,fy) is exactly anflagous to the.gain function of a linear
electrical circuit. < '
G (f o ) is always positive but if the phase ¢ changes by T then
‘G(f £ ) will suffer a change of sign.

An illustrative ex&mple of ‘the signs of G(fx) and Gﬁ(fx) is

shown for an arbitrary function:of G(f#) in Fig. 2.2.
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Figure 2.2

A figure of the form |G(f )| would be recorded if G(f ) were
converted into an electrical analogue signal which was subsequently
passed to a detector giving the-R.M.S. value of the analogue signal,
ie a det?ctor w?ich performed the operation of converting G(fx) into

EE(fX)GN(fxi] 2, 1In general Gm(fx,fy) changes the contrast in
a response function whereas ¢(fx,fy) introduces a lateral shift in

its position relative to the input function.
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2.3 Space Variant Linear Systems

The ability to replace the superposition integral (2.6) by
the convolution integral (2.7) is a special case of the general
theory of space variant linear systems. As the name implies, the
impulse response of a space variant linear system is a function
of the position in the system of the point source. Therefore if
5(X1 - E,yl -n) representé a point source situated at (€,n) then
the point spread function is a function of both (x2 - &) and &

and (y2 - n) and n.
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(xl,yl) defines the spatial plane of the input signal and (xz,yz)
defines the spatial plane of the system response. As the point
source explores the input plane, the corresponding spread function
changes shape, see Fig. 2.3. Therefore if the space variant linear
system was an element of an image forming system, such as the
detector, then the shape of the image would depend on the position
in the object plane, (xl,yl) of the object. This behaviour
contrasts sharply with that of a linear space invariant imaging system -
where the image does not change shape as the lateral position of the
object is changed. At first sight space variance does not seem to

be a useful property of imaging systems, but as Lohmann and Paris (41)
have pointed out, for certain classes of-permissible object a space
variant image forming system can have resolution greater than the
classicalRayleigh limit: One class of permiésible objects consists
of all objects that do not extend outside a given region of the
object plane. Provided that an-error free determination of the
spatial distribution of; image intensity can be carried out, then with
a system whose space variance is known the object distribution can

be determined uniquely.. This is of particular interest in ultrasonic

imaging systems where resolution is usually at a premium and so
the ébility to obtain resolution greater than the classical limit
is very desirable. As the deteétor used in the ultrasound camera
is a space variant linear system (see Chapter 5), the possibility
of utilizing this to adyvantage offers an additional degree of
freedom which has not yet been realised.

The degree of space variance of a linear system can be
defined with reference to the cross—correlation of two line spread
functions. A one dimensional system will be considered for
simplicity. The cross correlation function C(p,&,E"') of two spread

functions which originate from line sources at & and &' is

{
¢ -

.
¢
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defined by the usual integral

C(p,&,&") = S.g(xz +-% - £;£)g*(x2 “% - 5';5')dX2 (2.16)
X
2

The. correlation function C is the integral of the product of the
two line spread functions after one of them has been displaced
by a distance p along the x, axis. The degree of space variance

0(£,8'") is defined as

C(E - £',5,8")
o(E,E") = T (2.17)
:[C(o,e:',g')c(o,e:,g)] 2

2.4 Scalar Diffraction Theory in Optics and Acoustics

The propagation of acoustic waves in fluids is usually
described by means of a scalar p01nt function known as the velocity
potential &, provided that the dlsplacement from equilibrium
position and the velocity of the medium particles are small. In
regions distant from sources @ is a solution of the time dependent

homogeneous wave equation

2

v —%iﬂ% 0 (2.18)

at

where c 1s the phase velocity of the acoustic radiatiom.

The sound presure P is then gifgn by:-~

o 9t ) (2.19)

O

e
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where SR is the density of the medium in equilibrium.

The particle velocity U is given by :-—
U = grad ¢ . (2.20)

If it is assumed that ® is a harmonic function of angular frequency

w, then ¢, P and U become:-
2 = g3

P = pe 39t } (2.21)

_°mt
U= ue 3 J
¢, p and u are thus independent of time and so are functions only
of position.
¢ satisfies the time independent acoustical wave equation,

Helmholtz's equation. .
[vz + k2 ] 5 =0 (2.22)

where k is the wave number related to the free—-field wavelength
)\0 by

= 2m
~ (2.23)
o

1;:

nle

p and u are related to: ¢ by the equations?

J
Il

poc.jk¢ . (2.24)

le
f

grad ¢ (2.25)
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6 is a scalar potential function because the velocity field 1is
considered to be irrotational and hence curl u = 0. The
Helmholtz equation is a linear differential equation and hence
it is expected that linear systems theory can be applied to the
scalar wave diffraction problem. The linear ‘'system' in this

case will be the propagating medium.

The formulation of the scalar wave diffraction problem has
been the subject of discussion for over one hundred and fifty
years, Under carefully prescribed conditions an exact integral
solution of (2.22) can be obtained subject to a given set of
boundary conditions. See for example Baker and Copson (42).
The number of diffraction problems which can be solved exactly

is very small, .

Of particular interest in both the general theory of an
ultrasound holographic system and in the investigation of the
resolution of an ultrasound detector is the relation between an
arbitrary source distribution and the resulting radiation field.
This is important both in the calculation of the holographically
reconstructed image intensity and in the experimental technique
devised to measure the modulus of the coherent transfer function
of the detector. In the case of acoustical diffraction the
velocity potential has already been defined as a solution of the
Helmholtz equation (2.22). -

In optical diffraction the situation is more complicated in
the general case because of the:physical nature of light which
results in intensity being the observable quantity. Intemsity
does not satisfy a wave equation. A measurable quantity-which

satisfies a pair of coupled wave equations and hence can.be used
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to describe the propagation of light is called the mutual coherence
function Plz(r). This.is defined as the complex cross—correlation
of the optical disturbance at two typical field points (xl,yl) and

(Xz,yz) taken over a long time average
‘ *
Mo = Gyt + DEGyHe>  (2.26)

fl and fz describe the light disturbances at (xl,yl) and (xz,yz)
respectively. ' .

T = (t2 - tl) = optical path difference between the two field
points divided by the velocity of light and{ > denotes a time
average.

; )

It can be'shown (43) that in the case of quasi-monochromatic,

coherent light b !

M a

Ly, () = w(xl,yl)w*(xz,yz)eXP j2mv't (2.27)

k4

where Y (x,y) satisfies the Helmholtz equation.

<

<

[vz + k'z_'l’,u_ =0
' i .
v' and k' are the mean’frequency and wave number respectively for
the quasi-monochromatic radiation. Consequently the propagation
problem for quasi—monoéhromatic‘coherent light is solved by a
solution of Helmholtz'% equatio% in a fashion similar to"acoustical

propagation problems.
. .

)

It is, therefore, possible’to discuss the scalar wave
diffraction problem for both the acoustical and optical cases in

5
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terms of a general potential function f and then substituting for
¢ or Y to fit the appropriate acoustical or optical problem.

f must satisfy Helmholtz's equation:
I
‘ [vz + ]f =0 (2.28)
K is a wave number for the géneral propagation problem.

It is next necessary to define a source of potential £
situated at an arbitrary point in space and represented by a

delta function &6(r - r'), which is a three dimensional function
§(x -zx') =8(x-x"N8(y -y)éz-2") (2.29)

An appropriate Green's function g(x,y,z,) is defined as the

solution of (2.28) for a delta function source (2.29). Hence

[v2 + Kz]g = -8 -1" (2.30)
Now if a point Q is defined such that it is completely surrounded
by a closed surface S on which £ is known, by applying Green's

theorem it can be shown, that the potential at Q, F(Q) is given by:

~

F(Q ='%;'é\(g grad £ - £ grad g).n do (2.31)

where n is the unit normal to the surface element dov
3 (. » E
Fig. 2.4 shows a situation commonly encountered in diffraction
problems. A source of f is 51t?ated in the left hand half space and

the valueof f is requlred at a p01nt in the right hand half space

N

1.
A

- ] .
S "y .

>
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when a diffracting obstacle, in this case a screen with an

aperture, i1s placed between the two half spaces.

\
*’gg;;::—;f : \

£ \

: \ Figure 2.4

rr

It cannot be assumed that both f and %% are zero only over the
region of the screen I' facing the right hand half space because
this implies that f is zero over the entire surface & + I'. It

of
is necessary to restrict either £ or == and in additiom choose

on
g so that either g or 35 is zero over the entire surface.
Using (2.31) s
__1_5 : 38
F(Q1 = I ) an) do (2.32)

Let £ be zero over the surface I' outside the region of the

aperture.

Following Sommerfeld's 1mage source method (44), Q1 is the
'image' of Q2 in the left hand half space. A Green's functlon is
then constructed so that g=0 (2 32) which conveniently removes

d
Bi from the equation aSgthlS 1s)not specified. A suitable

i

N
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Green's function has the form:-

jkr jer
g=& 1_e&72 (2.33)
T Ty

which 1s zero when r; =1, (no restriction is placed on r, so this
condition will be generally true). Substituting (2.33) in (2.32) in
the case of small angle diffraction where 2L = cos (r;,x) = 1 and

an

therefore 3% '5% gi %%, it can be shown that:~

JKr
F@Q,) = 21: ff T do ‘ (2.34).

This form of the diffraction integral is used when f can be
specified in the regionzof intetest and not EE. If g is chosen

an
so that

jxr jxr
gt =& FLl, &2 - (2.35)
rlz rzi l

1 p - .
then-%% = zero over all' L and I' when r, = r,, but g' is not zero.

Hence it can be shown on substituting (2.35) in (2.32) that:-

Y

>
rrni'.h Y

1 _1

8%

e
; . | (2.36)

Pt

11
This form of the diffraction integral is used when %% can be

specified in the region of interest but not £f.
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Equation (2.34) fits the conditions of light diffraction
by an aperture containing an arbitrary intensity distribution.
This occurs for example during the reconstruction stage of a

holographic imaging process.

Equation (2.36) is used for example to derive the velocity
potential field »-oduced by a plate vibrating in an infinite

rigid baffle.

7ig. 2.5 illustrates the typical situation found in
diffraction problems. Both rectangular and cylindrical co-ordinates

are illustrated.

X i > xz

2] R///’/yl | - B 72
. 3]

Figure 2.5

Let £ or %% be specified over a region I of the (xl,yl) plane

in accordance with the boundary:conditions used in the derivation
of (2.34) and (2.36). The value of f at Ql in the (xz,yz) plane

is then calculated by applying the appropriate integral.

Co-ordinates in the (xl,yl) plane are related to those in the

(xz,yz) plane via r; )

2 _ _ 2 _ 2 2 .

n
<
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Setting cos(zr,n) = 1 in the derivation of (2.34) and (2.36)
introduces a slight error which amounts to only 5% when the angle
between r and n is 8 degrees and hence is justifiable for small
angle or Fraunhofer diffraction, Under the same criterion little

extra error is introduced by Iapproximat:ing (2.37) to

XXy ¥;¥
R , (2.38)
1 1
1 jKr
Because T is slowly varying compared with e it is also

1

possible to set%— equal to—;- under the small angle approximation.
1 1 .

Then

On making the substitutions

X y
£X=A§,andf‘= 2
- "0l y o1l

o
the equations (2.34) and (2.36) take the forms

jKZl ‘S\ s

] j2n(f x, + £ y.)

= JK x'1 y’l '
F(Qll o LY fe . dxldyl

K

(2.39)
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and

jKZ .
- @) 1 e 1 S o JZ'IT(fxxl + fyyl)dx iy
1% 2 Z1 T on 1771
(2.40)

On comparison with (2.8) it is clear that under the conditions
of Fraunhofer diffraction, equations (2.34) and (2.36) become
Fourier transform relations, multiplied by a constant amplitude and

phase factor. Hence

. dkzy
F(f,,£,) = = %1 '3' [f(xl,yl)] (2.39a)
and
jlcz1
1 e of

f_and fy are the sPatfai frequency variables defined in (2.8).

Their physical significance in diffraction is seen by their relation

to the diffraction angle. Taking fx as an example

o can be considered as the angle at which a plane wave is diffracted
on passing through a cosinusoidal diffraction grating of period %—.

Using this model the diffraction process can be considered to x
produce an angular.spectrum of plane waves each associated with a

(hypothetical) diffraction grating in the object. It is easy to see
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that waves diffracted through large angles are associated with
small perodicity (ie fine detail) in the object and could be
easily lost by a 'low pass spatial filter' in the form of a

detector having a finite aperture.

For diffraction problems having circular symmetry it is
more convenient to work in cylindrical co~ordinates. These are

defined in the (x;,y7) plane so that

]
]

1 R cos 6

y; =R sin 6

and in the (fx,fy) plane so that

Hh
]

p cos B

Fh
i

p sin B

and
f(xl,yl) becomes f£(R) and F(fx,fy) becomes F(p).
Por a circularly symmetrical source distribution the Fourier

traneform is replaced by a one~dimensional Hankel transformation
(40) Page 6% . Equations (2.39) and (2.40) then become

JKZl
F(p) = jK'% S\f(RiJo(Zan)RdR (2.39b)
o1 R :
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and ?

KZ; .
F'(p) = VA j; (R) I, (27Rp)RdR (2.40b)

J (27Rp) is a Bessel Function of the first kind of zero order.
Note that J (2mRp) is real and even so that if £(R) and-—— (R) are

real and even, then their Hankel transforms are real and even.

Equation (2.38) is a first order approximation to
equation (2.37). The second order approximation retains quadratic
terms in the binomial expansion of ry and is used to define the
conditions under which so called Fresnel diffraction is applicable.

r; is then written from (2.37):

: (x, - xl)z‘ (yy - }'1)2
r, = Z1 + 57 + 57 (2. 41)
1 1
Also %— =-% as before.
1 1
Hence equations (2.34) and (2.36) become
2 2
(x2 - %) . (v, - yl)]
J_K e j\ 2z, .2z
Fxp¥p) = 7n z, 1’3'1)e - dx, dy,

z

(2.42)
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2 2
jK [(xz = xl) (yZ = yl) :|

jrzy 37 3z
F(x,y) = o Vi ,y)e 1 L ax,ay
2252/ 21z, Y om 1°71 1%71
(2.43)
Comparing (2.42) and (2.43) with (2.7)
. K .2 2 :
Iz (x, + ¥5)
if g (x ) = e 1
s \F22¥2/
jKZl )
- drke :
then E(xz,yz) T Zl (f® gB) | (2.423a)
jKZ1
' _e of
and F (XZ,YZ)_ —-z—ﬂq (ﬁ@ gs) , (2.43a)

gs(xz,yz) is defined, therefore, as the point spread function of

the space between the (xl,yl) plane and the (xz,yz) plane.

Equations (2.42a) and (2.42b) are extremely useful because
they enable linear systems theory to be applied directly to
diffraction probleﬁs. This leads t; considerable simplification
in successive diffraction problems which are encountered, for

example, in ultrasonic holography.
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2.5 An Analysis of Side-Band Fresnel Ultrasound Holography

In principle all the techniques of optical holography can be
applied to ultrasonic holography. It would, however, be
inappropriate to transcribe into ultrasonic holography terms the
multitude of techniques which have been employed in optical
holography without first of all justifying the transcription.

Three important points require particular attention.

In most conceivable applications the wavelength of
ultrasound is very much longer than that of visible light. All
practicable ultrasound receivers, therefore, have apertures which
are only a relafively small number of wavelengths across compared
with their optical equivalent. This has important implications
for the light diffraction efficiency and sigﬁal to noise ratio of
visualized ultrasonic holograms which tend to make ultrasound

.

holography appear unattractive.

The second point is.that, because ultrasound holography
inherently involves at least two stages, reception and visualization,
it is possible to manipulate the hologram before it is visualized.
This introduces an extra degree of freedom into ultrasonic

holography compared with optical holography.

The third point is of a more fundamental nature. In comparison
with visible light the frequency of ultrasound typically used in
holography is very low, and the coherence time is extremely long.
Consequently it is possible, at the reception stage, to use a
transduction process where the amplitude and phase of the ultrasound
are preserved. This process could utilize conversion from

mechanical radiation to an electrical analogue signal by the direct
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piezoelectric effect, although other techniques are possible (1).
Immediately one is presented with the question: "“If it is so easy .
to obtain an electrical analogue of an ultrasonic wave, what is
the justification for carrying out the process of holography
rather than some other type of completely electronic signal
processing?" The answer to this question lies in the relative
simplicity of the information processer used in holography. This
is the parallel processing obtained by diffraction. The
alternative involves series processing by electronic means which’
is both complicated and expensive. The speed and simplicity of
optical information processing is well known, but it has been
extensively developed only recently in certain areas of pattern
recognition and information processing. Other reasons of a
practical nature justifying the use of ultrasonic holography have

been discussed in an earlier work (17).

The side~band Fresnel technique has been applied most
frequently to ultrasound holography. With this technique no
particular restrictions are placed on the type of object to be
imaged and the source of ultrasound can be positioned at some
experimentally convenient spot remote from the object (particularly
important in non-destructive testing and mediqal diagnosis). Also
when using an electronically synthesised hologram technique a
plane reference wave inclined to the receiver normal can easily
be synthesised. Finally the two images obtained on reconstruction
are angularly separated in space, provided certain limitations are

imposed on the reference wave angle.

Fig. 2.6 illustrates the typical arrangement for an object
viewed in reflection and also serves to define the various

co—ordinate systems used in the analysis.
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The ultrasound source is situated off axis in such a position
that any specularly reflected ultrasound does not enter the
receiver aperture. The ultrasound that enters the receiver
aperture will consist of scattered and diffracted contributions.
Consider the diffracted ultrasound only as being characteristic
of the object. Common targets are rarely opaque to ultrasound so
the particle velocity distribution over the surface will consist
of terms from the incident ultrasound which forces the surface
into motion and also terms from ultrasound which has penetrated
the body and been reflected from internal impedance discontinuities.
The nett effect will produce a particle velocity distribution whose
amplitude and phase is a function of position over the surface.

In order to simplify the mathematics a two dimensional region of

the body in the (xl,yl) plane will be considered.

Let fo(xl,yl) be the complex velocity distribution over the
prescribed region of the object in the (xl,yl) plane. From
equation (2.25) the normal component of complex velocity is equal

to the gradient of the complex velocity potential.

9
£ (xyp) =g (2.44)

The velocity potential in the receiver plane under the conditionms

of Fresnel diffraction is obtained by applying equation (2.43a).

jkozo -
¢(x2’}72) = ;.n._zo {fo (Xl,yl) ® gos (xz,yz)} (2'45)

where ko =-%E.
o
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Let the receiver be a linear piezoelectric detector having a
coherent transfer function Gl(fx,fy). This will consist of a
coherent transfer function Gp(fx,fy)'characteristic of the

piezoelectric detector multiplied by a pupil function for the

aperture of the receiver.

If A (x,,Y,) is the pupil function, then

Ao(xz,yz) = 1 inside the aperture, ie a>|x2|;b>|y2| and
Ab(xz,yz} = 0 outside the aperture, ie a<]x2[;b<]y2|.
® Y2 .
As £ = and £ = ——— the coherent transfer function is
X A Z y Az .
o“ - "o
G (f £ ) = A (A Z f Aozofy)G (f fy) (2.46)

From (2.45) and (2.44) the ultrasound pressure at the

receiver is:

jk'z .,
P(*ps¥3) = 3ok, Tz 21rZ {fo(xl’yl>®gos(x2’y2)} (2.47)

The piezoelectric detector is assumed to be space invariant so
taking the Fourier transform of each side of (2.47) and using

equation (2.10), the object spectrum is

P(f ,£ ) = Jp ck F (£ ,£)6_ (£,

o 2nZ o0 x*7y’Tos V' x y) (2. 48)
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The spectrum passed by the detector is obtained by multiplying

- (2.48) and (2.46). Contained within Gp(fx’fy) will be the appropriate
constant relating the spatial distribution of pressure over the
piezoelectric detector to.the corresponding spatial distribution of

voltage, consequently the voltage spatial spectrum will be

Jkozo

s e
V(E,E ) = Jpockdiﬁz; Fb(fx,fy)Gos(fx,fy)Ao(Aozofx,kozoﬁy)cp(fx,fy)

(2.49)

V(fx,fy) is now modulated onto a spatially varying 'carrier' wave
which is provided by the electronic reference signal. This is
phased to simulate a plane ultrasonic wave incident at Gr to the
receiver plane normal. The simulated direction of propagation of
the reference wave is completely arbitrary and no generalisation
will be lost if it is chosen as propagating with the wavefront
normal in the (x5,Z;) plane. The complex amplitude of the.
reference wave is then given by

-j21Tfe g

vr(xs) = V. T . (2.50)

sin 0

fe = __X__E and is therefore the spatial frequency of the
T o

'carrier' wave. The amplitude distribution of voltage over the

virtual hologram plane is given by

vH(x3,Y3)_ = {<\’(x3,y3) + vr(x3))<v-*(x3,y3) + v:(x39} 4 (2. 51)
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where v(xg,ys). = '3:1 l:V(fx,fy)] .

Therefore

i . ) JZﬂferx3 . -JZ'errx3 &
VH(x3’y3) - {QV Vo * vvro,e * v Vro® }

(2.52)

The visualization processes outlined in Chapter 1, which have
been used in ultrasound holography, produce light infensity
displays derived from either the squares of the particle velocity
or the pressure. The reason for this is that these displays are
viewed visually and the eye is, of course, an energy detector.
Consequently the distribution of complex voltage amplitude in the
virtual hologram is converted into an intensity distribution

eH(XB’YB) which is given by:

ijfe Xq -j21rfe Xq

2 _ * * 2 T *
|Ve|” = eq(®3¥3) = vy {"" T Vo T VVre® TV Vret

(2.53)

This is achieved electrically by passing the signal corresponding
to (2.52) through a square law detector. 1In the synthetic
hologram technique the voltage distribution derived from the
ultrasound field is scanned in a T.V. like raster to préduce a
time varying signal, amplitude modulated with a 'video signal'
which has a bandwidth determined by (2.49) and the scanning rate.
The addition of (2.50) to this signal before passing through the

J
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square law detector is achieved simply by a resistive summing

network as in a conventional analogue computor.

Many techniques have beeﬁ used to visualize the intensity
distribution ey of the synthetic hologram. They range from
photographic recording of the television picture produced by a
conventional ultrasound camera system (26) to a quasi-real time
technique using a specially designed electro-optic projection
television system (29). Each of these techniques merits special.

attention as each has its own individual transfer function.

However, it is sufficient to r&alise the existence of
limited frequency resﬁonse in all visualization systems
and simply specify a general transfer function for the
visualization process Q(fx’fy)' This is analogous to the
optical transfer function defined in (2.14) because intensity
mapping is being considered. When a hologram is recorded
with radiation having a wavelength A, and reconstructed with
radiation having another wavelength Ass there will be
considerable gains in image quality if the hologram size can
be linearly scaled by an appropriate factor before reconstruction
7. Consequéntly the scale change m defined by (2.54) is

introduced.

x5 = mx4 .
! (2 054)

Y mY4 .

In terms of the scaled co-ordinate system v(fx’fy) becomes

%’v (uf o mE )
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At this point a fundamental assumption concerning the nature
of the visualization system is made. It is assumed that there is

a linear conversion of virtual hologram intensity into coherent

light complex amplitude transmittance in the visualized hologram.

In the case of photographic recording of the hologram

Kozma (45), (46) has shown that such a linear transference can

be achieved by choosing the reference beam intensity so that the
v, term in (2.53) fixes the‘operating point for the recording on
the linear portion of the transmittance—exposure characteristic of

the photographic plate.

If B is the slope of the (t - E) curve at the operating
point, the visualized hologram transmittance is, from equations

(2.53) and incorporating the scale change (2.54)
- -1
t(xs ’Ys) = BeH(x3QY3)’3‘ [‘%fv(mfx,mfy)] (2.55)

In the optical reconstruction process the amplitude transmittance
described by (2.55) becomes a boundary value for the optical
scalar diffraction problem. Let the transparency be illuminated
by a plane coherent light wave inclined at an angle ei to the

Z axis in the (xs,Z) plane.

The complex amplitude of this plane wave is represented by

the scalar wave function defined in (2.27) and given by

' -Janeix5
w#(xs) = wpoe (2.56)
sin 6,
fe =Tk Ai is the free space wavelength of the reconstructing

i
light.
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In order to allow for the effects of the finite size of the
visualized hologram transparency on the resolution of the
reconstructed images, a second pupil function Ai(AiZimfx,AiZimfy)
is defined in the same manner as that for the aperture of the

receiver.

The complex amplitude of the light transmitted by the
hologram is -

IPt(XS,Y_.;) = Ai(mameQ)wp(xs)t(XS’yS) (2'57)

Utilizing (2.42a) the Fresnel diffraction pattern derived

from the visualized hologram is given by

Jkizi

. e
by Gigevg) = ik G {85 Gy my, )0, () x5, 7)® 83, (x,76) |
(2.58)
where gis(x6,y6) is the Green's function for the image space.

The spatial frequency spectrum of the reconstructed hologram

is Wi(fx,fy) given by the Purier transform of wi(xﬁ,yé)

ik, Z; _
‘1‘.=jk.f‘——’3‘A1pt® (2.59)
i i 2wz, i*p 8is ’ *
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Using (2.55) and (2.56)

ejkizi
Wi(fx,fy) = Jki 2wZi' Ai(A.Z.mf sA.Z.mf )B%Q(mfx,mfy)wPAQT[gis(mx4,my4%

i1y

[ . -j2wmfe.x4 —j21rfe_mx4 j21rm(fe.x3 - mfe.x4)
t% i 2 i i 1
. Vv e + v, e + v _ e
ro , To
. —JZﬂm(fe X3 + fe.x4)
+vVv_e r 1
ro

2.6 Object Resolution in Side—~Band Fresnel Ultrasound Holography

Assuming that there is no scale change between the (xz,yz)
plane, the (x3,y3) plane and the (x4,y4) plane, the frequency spectrum
Wi(fx,fy) can be evaluated term by term without distinguishing between
the frequency variables at each successive transformation.

With appropriate changes of variables (2.49) can be substituted
int; each of the frequency spectra Sl’ o5 83, S4 and so the complete
spectrum of the reconstructed hologram obtained in terms of the
object spectrum and the Syétem transfer functions. Equations (2.61)
to (2.64) effectively give the complete frequency spectrum of the
signal in the visualized hologram before the effects of the various
system transfer functions have been introduced, ie for a perfect
system. Fig. 2.7 shows the real parts of these spectra on the

spatial frequency plane.
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Figure 2.7 The spectrum of a visualized hologram assuming that the recording system does not modify

the object bandwidth B.
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*
V(mfx + mfei,mfy)V (- mfe.- mfx,mfy)

i
.= 5 _ (2.61)
~j2nf, mx,|_ 2
f? [ 2 Bi 4] vroa(mfx + mfe.,mfy)
v e i
ro
= 32 (2.62)
ET j21rm(fe X3 fe.x4) = vroV(mfx - mfy + mfe.,mfy)
w e T i T i
Tro .
= S3 (2.63)
. —JZmn(ferx3 + feix4) .
t%'v v e =v V (-mf -mf, - nf, ,mf)
o . ro X 0 0. %y
T i

The 'shift theorem' of Fourier transforms has been used in the

above derivations.

Let the bandwidth of the object spectrum be B in the fx
frequencies. In order that the two images are completely angularly
separated on reconstruction.it can be seen that f6 must be greater
than 3B. r

The effects of the systems transfer functions will now be

discussed in detail. Provided that B is less than-xiz— the object
oo

spectrum will be received without modification. This implies that



79

a perfect image of the object would be obtained. In practice the

object spectrum will be wider than'iéz- and so the pupil functiom

o o0
a

will truncate the spectrum at f = .
max Aozo

On detection the

object spectrum will be converted into a voltage distribution
having a bandwidth fmax provided that the bandwidth of G;(fx) is
greater than fmax' A similar argument applies to fy of course.

The bandwidth of Gp(fx’fy) is however observed to be severely
limited as described in Chapter 5. Consequently the recorded
bandwidth of the object spectrum is usually determined by the
bandwidth of Gp. The synthetic hologram technique with simulated
reference beam has important advantages over the same technique
using an ultrasonic reference beam for the case where the detector
transfer function has smaller bandwidth than the pupil function.
Figs. 2.8 and 2.9 are used to illustrate this point. In Fig.2.8 (i)
an object spectrum having a bandwidth B is received by an aperture
having a rectangular pupil function which truncates the spectrum at’
fmax as in Fig. 2.8 (ii). The detectgr having a bandwidth fp
transmits a spectrum shown in Fig. 2.8 (iv). This is modulated

on to an electronically simulated reference wave prior to
visualization, giving a synthetic hologram with a total bandwidth
of at least 4fp. The reference wave spatial frequency must be at
least 3fp in order to achieve separation of the twin images on
reconstruction. In Fig. 2.9 the aperture again truncates the object
spectrum at fmax but in this case the trunqated spectrum is
modulated on to the ultrasonic carrier before being passed through
the detector. Consequently the modulated carrier spectrum has a
bandwidth of Afmax’ see Fig. 2.9 (iii). The detector has a bandwidth
of fp which is less than fmax so the sidebands of the modulated

spectrum will not be passed and no information about the object is
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recorded in a recoverable manner, see Fig. 2.9 (iv). If fp is
greater than 4fmax then both types of recording techmnique will
produce a virtual hologram having the same spectrum which contains
both sidebands.

During visualization the virtual hologram spectrﬁm is
multiplied by the modulus of %fb(fx’fy) which will usually have a
bandwidth very much greater than that of the virtual hologram,
particularly for photographic recording of the visualized hologram.
If the scale of the visualized hologram is reduced by the ratio
of the recomstructing to recording wavelengths, then the spatial
frequencies are scaled accordingly. Unless the film on which the
scaled hologram is recorded has a very large bandwidth, the
bandwidth of the scaled hologram will be limited with a consequent
loss of resolution in the final image. In the majority of the
practical ultrasound holographic systems described in Chapter 1,
the hologram size is reduced by less than a factor of 1/10 so the
bandwidth of the usual hologram recording medium will not
seriously limit the hologram spectrum. This also applies to the

pupil function for the reconstruction stage.

Re-introducing equations (2.61) to (2.64) into equation (2.60)
produces a linear combination of four equations for the frequency
spectrum of the Fresnel diffraction pattern obtained on recomstructing

the visualized hologram.

JRiZi
e

i Ee ) = 3%y g Ai-“izimfx’*izimfy?ﬁ%fv(mfx'mfy)

. wpoGis(mfx,mfy)(Sl + 82 + 83 + 84) (2.65)
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If the cut-off frequency of%&b(mfx,mfy) is very much larger
than mfp the constructed hologram spectrum will be the same as that

of Fig. 2.7 apart from a constant amplitude factor.

The terms 'in S3 and S4 give the True and Conjugate visualized
images respectively of the ultrasonically illuminated object
((17) Page 8l1). The terms in 81 and 82 are coherent noise terms
and do not contribute to the images. If fe is not large enough,
S1 and 32 are not separated from S3-and 34 “on the spatial
frequency plane, then the noise terms appear as.background to the

image terms and result in decreased image contrast.

The term from equation (2.65) in S3 is selected for particular
attention, although similar reasoning to that following could be
applied equally well to the term in 54' The image corresponding

to the spectrum S3 is that which is obtained on looking through
the hologram towards the recomstructing source for the recording

and reconstructing geometry described in section 2.5 (Fig. 2.10).
Let WT(fx,fy) represent this true image spectrum.

Provided that the coherent transfer function of the medium
on which the virtual hologram is recorded has a bandwidth large in
comparison with Gp(mfx - mfe + mfe ,mfy) then the image spectrum

T i .
will be determined by the three terms Fo'Ao'Gp’ where F is the
object spectrum, A the pupil function for the receiver and Gp

the transfer function for the material of the detector.



Figure 2.10 Reconstruction of a hologram with a plane wave showing the contributions from the four terms

in the hologram spatial frequency spectrum . -
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ki eJkiZi ko eJkozo
YpEpE) = "5 T VeoPot Tz VYpofhi(iZimieeriZimEy)

i o

A\ Z (uf_ - mfer + mfei),}\ozomfy) %/v(mfx,mfy)

'Gis(mfx’mfy)Gos(mfx - mfe

+ mf, ,mf )
T ei y

‘G, @E, - mfer + mfei,mfy).Fo(mfx - mfer + mfei,mfy)

(2.66)

The resolution of the visualized reconstructed ultrasound
image will therefore be determined by the product AO.GP.
Consequently it is essential to know the form of G_ in order to
calculate the performance of an ultrasound holographic system
using a piezoelectric detector (or any other detector where an
electrical output analogous to the ultrasound signal is produced).
In order to maximise the resolution of the object, the product

A .G_. must be maximised.
o p
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2.7 The Coherent Transfer Function for a Piezoelectric Ceramic

Ultrasound Detector

In section 2.6 it was shown that for the case of Fresnel
side-band ultrasound holography the object resolution is determined
by the product of the receiver pupil function and the coherent
transfer functiop for the detector. The pupil function is
immediately determined by the receiver aperture, the problem of
the determination of the coherent transfer function for the

detector remains.

For reasons outlined in the introduction a lead zircomate
titanate ferroelectric ceramic plate is a potentially useful
ultrasound detector. This material is polarized during manufacture
and exhibits electro-mechanical behaviour similar to a hexagonal
crystalline material of point group 6 m m. In the case of the
ceramic, however, the polarization axis, which is conventionally
called the Z axis,is an axis of infinite rotational symmetry and
not six-fold symmetry. Consequently the ceramic has circular
symmetry about the Z axis and therefore behaves as an isotropic
material in the Z plane. These properties imply that the
description of the mechanical behaviour of the material should
be considerably simplified if the shape chosen for investigation
is that of a disc. The Z axis must be normal to the plane of the
disc because it is only then that a longitudinal piezoelectric
effect is obtained. . |

Conversion of a spatially varying pressure distribution
over the area of the disc into a correspondingly varying charge
distribution is only obtained through a longitudinal piezoelectric

effect.
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In the detection mode charge read-out is, of course, obtained

from an unelectroded face of the disc.

Having defined the detector geometry it is necessary to discuss
its response to an arbitrary ultrasound pressure distribution
_incident on one face of the disc. This face is therefore loaded by

the medium which couples the object acoustically to the detector.

The factors which can be expected to influence the detector
transfer function are just those which determine the solutions of the
homogeneous wave equation for the ceramic material. These are the
boundary conditions at the edges and faces of the disc, the geometry
of the disc, the physical properties of the material and the
temporal frequency of oscillation. Naturally the detector response
will also be determined by the ultrasound forcing function but the
coherent transfer function will be independent of this provided
the material is driven in a linear region of the stress-strain

characteristic.

The system in which a detector is to be used imposes practical
constraints on the arbitrary choice of boundary conditions.
Consequently the coherent transfer function will most usefully be
determined for commonly imposed constraints on the detector

boundary conditions.

A mounting arrangement commonly found in underwater viewing,
medical diagnosis and non-destructive tes&ing has been used in the
present investigation; the edge of the disc is clamped, the
electroded face is water loaded and the opposite unelectroded face

vibrates in air.
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To relate the physical properties of the ceramic material to
the detector coherent transfer function is a problem which has
analogies in optics. The modulation transfer function of the
photographic recording process can be'related to characteristics of
the photographic material and the physics of the development process.
Kelly (47) has applied systems analysis to the photographic process
and shown that it can be represented by a three stage model,
optical diffusion, followed by conventional sensitometry and
finally chemical diffusion. Vanligten (48) successfully used
Kelly's model to show how the photographic recording process can
limit object resolution in optical holpgraphy. There are two.
fundamental differences between the:ceramic ultrasound detector and
the photographic plate. The ultrasound detector behaves as a
continuum whereas the photographic recording medium behaves as an
array of light energy sensitive points dispersed throughout a
matrix of different material. Secondly the ultrasound detector
is usually less than one ultrasound wa&elepgth thick and so the
boundary conditions at the faces are extremely important in
determining the coherent transfer function as discussed later.

The photographic emulsion, however, is many light wavelengths
thick and also provided with an anti-halation backing so the

boundaries can usually be ignored.

Although the coherent transfer function completely determines
how the detector responds to spatial information, it is easier
to interpret when considered as the product of ‘two functions. These
are a modulation transfer function which describes how contrast is
transmitted through the detector and a directivity function which
describes the angular dependence of the detector gain. The
modulation transfer function will exhibit a maximum or cut-off

frequency fo above which spatial information is not passed. From
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the work described in 1.3, fo is determined. by the detector
thickness. The directivity function will be determined by the
geometry, ultrasound frequency and mounting conditions of the
detector. It is to be expected that this latter function will

be of great importance in determining the useful bandwidth of the

coherent transfer function.

With a ferroelectric ceramic detector in the form of a disc
the coherent transfer function can be expected to show rotational
symmetry about the Z axis, consequently only one spatial frequency

is required to describe it. Without loss of generality fx can be

chosen.,

Hence IGp(fx)l = |Dp(fx)|.|Mp(fx)l X (2.67)
_ 'sin 6 . . .

where Dp(fx) = Dp(__x__> the directivity function

and IMb(fx)I = the modulation transfer function.

Fig. 2.11 illustrates how IDP(f )| and IM (£ )I mlght be
expected to determine |G (f )]

Using these concepts the following idea of a continuous
detector is put forward: Let the detector be considered as an array
of hypothetical resolution elements of side length equal to‘% but
mechanically and electrically connected as in the continuous °
detector. Each element is then considered to have a directivity
functlon D (f sX — E) because of its position in the 'continuous

array'. ThlS formulation allows the directivity to change if the
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properties of the detector change as a result of the proximity of
boundaries or because the properties of the material are a function
of position. In other words Dp(fx) is space variant. Fig. 2.12

illustrates this concept.

Figure 2,12

RESOLUTION
ELEMENT

Now Dp(fx) can be determined theoretically for an infinite
homogeneous plate under certain approximations, but Mb(fx) has defied
all attempts so far at theoretical analysis. It can, however, be

measured experimentally, as can Dp(fx).

The directivity function will be obtained as the far field
diffraction pattern when the detector is driven over an area the

size of a resolution element, as described in 2.9.

The modulation transfer function can be determined by a

discrete sinusoidal standing wave method as described in 2.8. This
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7’

method in fact determines the coherent transfer function directly as
both the modulation depth and gain, as a function of angle, can be

measured,

Fig. 2.13 shows schematically. the disc mounting arrangement.

ARTHED
AI(S “@ 'wg)ER ELECTRODE
-
zq o +b =
T

&\H EDGES CLAMPED

Figure 2.13

The mechanical boundary conditions are listed as follows:

(i) The (:)/(:) face is free from tractions, therefore normal and

shear stresses are zero.

= = = ) i
At Z o, le TZZ ;0 (2. 68)
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(ii)' The @/@ face vibrates in water which, it is assumed, can

only sustain longitudinal waves.

At Z =b, T,, = P

Tij =0 i#] (2.69)

where p is the excess pressure in the ultrasonic wave.

(iii) The disc edges are clamped, therefore radial and shear strains

are zero at the edges.
Atr=a, S,.=8_=0 (2.70)

ij T

(iv) At Z = b, the normal component of particle displacement is

continuous across the boundary.

2 eruia = ©U2so01id (2.71)

The electrical boundary conditions are:

(i) The ceramic transducer is electroded only on one face and is
therefore considered to be open circuit. It is assumed that the

ceramic is a perfect insulator so there is no free charge, hence
D=0 (2.72)

Consideration of these boundary conditions leads to the choice of
‘D and Sij as independent variables for the formulation of the
characteristic piezoelectric equations. Following the notation

standardized by the I.R.E. (49) the piezoelectric equations are:
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Ter = 151 Si5 ~ Pranla (2.73)
E =-h..S.. +8°D (2.74)
m mij “ij m n

i, j, k, 1, n, m can have values 1, 2, 3

A standard sign convention has also been adopted by the I.R.E.

A normal strain is positive when extensional and negative when
compressional. A shearing stress and also a shearing strain is
positive when a rectangle becomes deformed so that an acute angle
lies in the quadrant between the positive directions of the axes
that form the sides of the rectangle., It is important to realize
that the 'constants' in the piezoelectric equations are specified
for the material in bulk and so values measured on a finite body

are dependent on the shape of the specimen.

The standard measurement procedures and appropriate specimen
shapes are described in an I.R.E. Report (50). The significance of
this is that one must be careful when inserting values into '
theoretical equations that the plezoelectric constants used are
measured under cqnditions which are nearest to those applicable to

the derivation.

In order to derive the directivity function for the detector ’
subject to the above constraints, it is necessary to relate the
resulting voltage distribution over the ()/(2 face to the pressure
distribution over the (:)/(:) face produced by a plane wave incident

at an arbitrary angle to the disc normal. Any arbitrary pressure
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field can be Fourier analysed into an equivalent spectrum of
plane waves. If the response of the detector to one arbitrary
plane wave is known, the total respomse can be calculated using

the linear systems theory of section 2.l.

The normal procedure in mathematical physics would be to
solve the acoustical wave equation for the disc subject to the
boundary conditions. For the problem as specified this is such a
formidable task that a gemeral solution has yet to be obtained.
The major difficulty is to obtain a solution which satisfies the-
boundary conditions at both faces of the disc and at the edges
simul taneously.. It is, therefore, necessary to make several
simplifying assdmptions in order to obtain a general idea of the

disc response.

The diameter to thickness ratio of the disc is assumed to be ‘
very large. Conseqﬁently the disc ¢an be considered as an infinite
plate. The relative contributions of the transverse strains and
longitudinal strain to the piezoelectric voltage generated across
the disc by a normal stress will now be calculated. This result
will indicate the degree of approximation necessary in order to

neglect transverse strains in any further analysis.

Using boundary conditions (2.72) equations (2.73) and (2.74)

become:

. D
kL = Sijkl Sij o (2.75)
E . == h --’ So- (2.76)
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Adopting the standard reduced suffix notation (49) the six
independent stresses indicated by appropriate values of kl are
specified by a single integer having values 1 to 6. The double
suffix and single suffix notation as applied to the stress tensor

are displayed side by side for comparison.

Tensor Form Abbreviated Form
T, S |
T,, T, > Normal stresses
T33 T3
izs | T, )
T31 T > Shearing stresses
T12 Te J

T, represents the normal stress in the Z direction acting over
the Z face and will be equal to the pressure in a normally incident

ultrasonic wave by (2.69).

: The symmetry. of the elastic stiffness tensor for a material of
point group 6 m m limits the number of strains produced by a normal
stress T3 to three (51) ’

T

D D
3 = €3 S; +¢y3 Sy + g4 2.77)
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For an isotropic body the analogous equation would be:

T3 =cq, S1 + 1y 82 +cqq S3 (2.78)

In terms of the Lamé constants (2.78) is written:

T3 = A(S1 + 82 + S3) + 2uS3 (2.78a)
Comparing (2.78) and (2.78a) the Lamé constants are related to the

elastic stiffnesses as follows:

c,. — ¢
_ %117 G2
A= Clg » B =——7—= (2.79)

Poisson's ratio o is then related to the compliance constants
S,. :
ij by
!

s
o= - 12 : (2.79a)

11
Using equation (2.76) the electric field across the plate, E3,
and hence the potential difference can be calculated when the plate

is subjected to a stress T,.

(2.80)

The number of components of strain contributing to E3 is

reduced to 3 because of the symmetry of the piezoelectric comstant

tensor for the ceramic material (51).
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Using equation (2.75) the components of strain equal to stress
T3, I, and T, are obtained.. Then on applying the boundary condition
(2.77) and assuming that stresses are constant across the thickness
of the disc, ie assuming that the wavelength of the ultrasonic wave

is long in comparison with b, it is easy to show that:

S4(c75 €11 = €13 C19)
5, =8, =~ (2.81)
p?2 _'p?
€1 7 %12
Inserting (2.81) into (2.80)
(‘.D (‘.D —," (‘.D (‘.ﬁ
13 "1 13 "12 _ :
E, = 2h31 >y 2 S, h33 S, (2.82)

€11 T ©12

Mason (52) quotes values of the elastic and piezoelectric
constants for a lead zirconate titanate ceramic manufactured by the
Brush-Clevite Company (P.Z.T.4.). The values of these constants

which appear in (2.82) are listéd below.

.
[

eD, = 6.0 1089 N ?'2 h33.= 26.8 10° v m-%
| 2, =8.4100 W 3‘2 ir hy, = = 9.2 108 vt

c?l = 14.5 105 N;m'2 ¢

cgs = 15.9 10 N;mfz

R ’ i
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Using these values it is found from (2.82) that for a material
like P.Z.T.4. the transverse strains contribute only 157 of the total

field strength in the Z direction.

Now in a finite disc §, will be the thickness strain and §; and
5, will become S.» the radial strain, giving rise to radial
extensional modes of vibration. Consequently unless a strong radial
resonance exists at the frequency of operation, Sr may also be
neglected to a first approximation. This approximation will,
therefore, be particularly well justified for the case of an

infinite plate at frequencies close to thickness resonance.

Consider a plane longitudinal wave having a particle
displacement amplitude A to be incident on the ceramic transducer
so that the wavefront is parallel to the ceramic/water interface,
(Fig. 2.14).

The particle displacement of the incident wave is represented

by . i
u = A e-J(kZ + wt)
C A
B
—D —
0 b Z
b |
Figure 2.14
AIR CERAMIC ' WATER
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The one dimensional acoustic wave equation allows solutions
corresponding to waves travelling in the direction of + Z increasing
and + Z decreasing in both ceramic and water.

!
The particle displacement -in the reflected wave is given by

uy = B ej(kZ - wt)

Within the ceramic the total particle displacement from both
waves 18

-ik,Z ik, 2 .
= (C e +De d ) e Jut

where kd is the wave numbér for a dilatational wave propagating

along the Z axis.

Using (2.71) at Z =D

-jkb jk gb

jkb =Ce +De

A e-jkb + B e (2.83)

Now using the assumption that S, only is significant in
8 3 y 4 )

determining the transducer output

cS=D31_1-3-
3 33 °3 T %33 3Z

Hence equating normal stresses at Z = b
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jk.b =3k.b . .
jkd°g3 (De d° _ge " d ).= jpoczk (Beka - pe~ikP
(2.84)

Applying (2.68) at Z = 0 it is found that C =D. On applying
this result to (2.83) and (2.84) and subtracting to eliminate

BeJﬁb it can be shown that-

Ae-jkb
¢ = cos kdb - jR sin kdb

where c?k

1
R -

The particle displacement in the transducer can thus be written

in terms of A the displacement amplitﬁde of the incident wave.

2Ae-3kb cos kdz
Y3 = Cos kdb - JR sin kdb (2.85)

The electric field across the transducer is calculated from

(2.80) with 5, =8,=0 in accordance with the earlier approximation

3u3

S 33 32

==h (2.86)

33 3
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Hence the output potential difference V measured across the

transducer thickness is given by the integral of Eg.

(3

b
v=- (&5 az
(¢]

Thus substituting (2.85) into equation (2.86), integrating

and taking the real part:

h b - 1|
3 d
lv| =

- 2 2 s 2 )
(cos kdb + R4 sin kdb)

3 2A| cos k
(2.87)

Consider the the case where the plane wave is incident at an

angle 6. to the plate normal, as shown in Fig. 2.15.
1 .

5 Figure 2,15
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The incident wave will be refracted on passing through the °
water/ceramic boundafy and will therefore propagate at a new
angle er to the normal. The earlier decision to ignore S1 and Szi
is equivalent to considering .the material of the plate as an ideal
fluid. Mode conversion at the boundaries must therefore also be
ignored. This approximation becomes increasingly less valid as.
ei increases because S1 and S, will increase until they cannot

2
be neglected in comparison with 83.

The longitudinal component of particle displacement is
obtained by substituting ky cos 6. for k; in equation (2.85).

Consequently the potential difference across the transducer is

given by
: h,, 2A| cos k'b - 1]
V] = —33 S i (2.88)
(cos? kéb + R% sin? kib)
¢4 c c 3
- - —d C s c .
where kd = kd cos er kd < (cd sin ei)(cd + sin ei)

i
Snell's law has been assumed for the longitudinal wave

sin 6. sin o
i r

c

Now for a very thick plate [VI can be expected to tend to zero

. C v ) o .
as sin ei T that 1is ei > ec the critical angle of incidence for
d '

longitudinal waves. However, for a plate whose thickness may be less
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than half a wavelength, the situation is much more complicated and

is discussed in detail by Brekhovskikh (53).

At angles of incidence greater than ec the angle of refraction
is complex and so called inhomogeneous waves are propagated in the
plate. These are waves which propagate in the x direction and have
an amplitude which falls off exponentially in the Z direction. In
a thin piezoelectric plate they will contribute to E3 and hence to

the output voltage.

The acoustic input impedance of the plate is a minimum at
normal incidence when the plate is an integral number of half

wavelengths thick.
i.el kb = m , m= 1’ 2’ 3 L B L ]

However, the piezoelectrically generated output voltage [V|
is a maximum only for b equal to an odd integral number of half
wavelengths, ie whenm =1, 3, 5 ..... Hence the output voltage
will be a maximum for an obliquely incident plane longitudinal wave

when

b kjcoso =m,m=1,3,5 (2.88a)

An object diffraction pattern can be replaced by an equivalent
plane wave spectrum from the idea of Fourier decomposition. Hence
(2.88) gives the amplitude of the plate response for a single plane
wave in the spectrum, incident at an angle 0. The phase velocity

of the wave along the céramic/water interface is and

<
sin 0,
i

sin 8,

therefore, from (2.39), represents a spatial frequency £ = ——7——5

e
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in the object spectrum. As long as 6 is sufficiently small so
that the main contribution to E3 is dlrectly through h33 33 then
the 1nformat10n contained in f will be registered by the detector
as a voltage distribution w1th spatial frequency fx' There will,
however, be a condition when the contributions to E3 by h33 53

and h31(S1 + SZ) are equal and it will not be possible to
distinguish the frequency fx from the spatial frequency 'in

h31(S1 + SZ) which will be different from fx' In other words the
required signal will be immersed in a 'noise' function represented
by h31(Sl + SZ> and similar terms. This phenomenon will therefore
set a maximum limit on the object spatial frequency which can be

detected.,

In terms of spatial frequency, ké becomes, after slight

re—-arrangement:

' 3
T - -
k! = l:(kd 2 ) (i, + Zﬂfx)il (2.89)

The ratio of detector output voltage to particle displacement
amplitude input for a plane wave spectrum A(fx) is obtained by
substituting (2.89) into (2.88)

3
V(e | |cos{(c -2n£_) (i j+2n£ )} b-1]

= 2h
IA(fx)l

33 ¥ 4 . ' RE
2 - 2:in2 -
|:cos {Gog2ne,) (k +2ne )] +R2sin2{(k m2nE ) (k +2nf ) bJ

(2.90)

(2.90) has the form of a system transfer function as defined by (2.10).
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The coherent transfer function for the piezoelectric
detector defined in (2.46) relates an input pressure distribution
to an output voltage distribution., In terms of pressure p(fx),

equation (2.90) Becomes:.

vl o vl

- =P, = |6_(£)] (2.90a)
IP(fk)l lace ) [

P X

In order to determine IGP(fx)l a suitable input function
p(fx) must be found. The fringe system obtained with a two beam
interferometer has a constant spatial period over the regiom of
interference and is stationary in time, enabling the spatial
period to be measured over a time scale much.longer than the period

of oscillation of the ultrasourd wave.

2.8 Theory of a Sinusoidal Standing Wave Technique for Determining the

Coherent Transfer Function-of a Piezoelectric Ultrasonic Detector

The sinusoidal standing wave technique was devised directly from
(2.10) thinking of the analogy between Gm(fxffy) equation (2.15) and
the gain function of an electronic circuit. The simplest technique
for obtaining the gain function is to compare the amplitude of the
output with that of a sinusoidal input and plot this ratio against
.the input frequency. 1In terms .of time varying signals and temporal
frequencies this is easy to imagine; it is a little more difficult
when spatially varying signals and spatial frequencies are considered.
The input signal must have a fixed constant period which is, ideally,
variable from infinity- to zero. These requirements are fulfilled by

cosinusoidal two beam interference fringes. Two discrete ultrasound
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sources may be used provided they are driven from the same
oscillator. TFig. 2.16 illustrates a convenient system. The

two sources are positibnedAsymﬁgtrically on either side of the

Z axis and orientated to produce interference fringes, over the
plane of the detector face, whi#h are parallel to the y axis.

The period of these fringes then determipes a spatial frequency
q,. Consequently the input spatial frequency i{s a one dimensional.
functipn only. After passing through the detector, the spatial
frequency function wh1ch has been converted 1n;o a voltpge of

spatial frequency 9, 1s recorded electrlcally.

SINUSOIDAL VOLTAGE

£ f

PATTERN . o +X,
SINUSOIDAL PRESSURE .

7— a
EAR’I!HED )
ELE!:TRODE '

Ve s

Figure 2,16 -
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Consider a single source located at x =+a in the

(xl,yl) plane. This source will have a characteristic source
[ . > [ al > L]
velocity distribution ™ (x1 - a,yl) using the notation of

section 2.4. The velocity potential in the far field diffraction

X

pattern is then given by equation (2.40a) with fx E'X%- and
- 1
y
£ =J\§_
y L AZ
jkz
o (22, 22) o e Tl Ly
1\ 3z, * %z 212 an 1 T @
1 1 1
' X y
: 3% = (2. 2
Now if '31[ 5n XY = ¢4 YAV
X y' X y X
- 2 2 2 2 en 2
then b5~ 9 35— =Ké { 55—, 55— | exp (32na ———-)
1(Az1 _J\Zl> o\ %z * 3z AZ
ij1
where K =l and is a constant.
2w Z1

Similarly the far field diffraction pattern produced by a second

identical source located at X, ==-a is:

X y X y x
2 2 2 2 . 2
¢ —_— T =K¢ _—y —— exp-(JZn'a-—)
2\ %z, * iz, 0 (J\Zl . Azl> %z,
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The interference pattern produced by the two sources radiating

togethef in phase is given by:

x y . x y X
2 2 2 2 2
by la5— s 55— = ¢, + ¢, = K —,—cos(Zvra—)
2 AZl _AZI> 1 2 o AZl 'le ; AZl

Hence the pressure amplitude distribution in front of the detector

is given by:

2 4
X, ¥ p.c X, ¥ x
2 ‘2 o )1 2 72 2
lp(xz’yz)-|=°o°k|¢<xz1'xz‘) =z {i'% A_zlx_z> | (1 + cos 4ma 37 )

. 1
(2.91)

where (2.24) has been used to convert from‘veiocity potential to

pressure.

As expected the pressure amplitude distribution takes the form
of a cosinusoidal fringe system parallel to the Yy axis and amplitude
modulated with the diffraction pattern of a single source. The

period of the fringe pattern is A2 | This fringe system is defined

2a

as the input function to the detector having a spatial frequency of

q, where

. )
Y% "%z " 72 (2.92)

Note that 9, is half the reciprocal of the measured fringe period.

This brings it in line with the standard definition of spatial

frequency as used in diffraction theory.
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If a is varied, a whole range of imput spatial frequencies may
be obtained. The .input pressure function is assumed to be a
cosinusoidal function of qy only and therefore results in an output
voltage distribution which is also a cosinusoidal function of Q-
Only the real parts of V(qx) and p(qx) are recorded with the present
technique, therefore the modulus of the coherent transfer function

will be determined. Using (2.10):
Vig,) = 6,(a,) pla,)

4 |Via,) | .
Therefore IGp(qx)I = WETE;TT (2.93)

where IGp(qx)I is the modulus of the piezoelectric coherent transfer

function defined in (2.46).

It is only necessary to determine Gp as a function of omne
spatial frequency variable because the ceramic material possesses
rotational symmetry around the Z axis.

Because the two sources are arranged symmetrically about the
Z axis in the (Z,x) plane, the transfer function measured by this
technique will only be applicable to points on an object which lie

on or close to the Z axis.

Now recalling (2.67)

l6, (@ | = D @l 1M (0]
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Consequently a graph of the amplitude of V(qx) divided by the
amplitude of p(qx) plotted against 9y will describe le(qx)l'

By fixing the depth of modulation of p(qx) and noting that of
[V(qx)l, the modulation transfer function ]Mb(qx)l can be obtained
directly.

2.9 Theory of an Impulse Response Technique for Determining the

Resolution Element Directivity Function of a Piezoelectric

Ultrasound Detector

-

The derivation of equation (2.10) implies that the coherent
transfer function of the detector can be determined from its impulse
response by Fourier transformation. The input function to the
detector in this case would ideally be a delta function of position,
in other words an ideal point source. A true point source is
difficult to realize in practice so the reéponse of the detector to
a small but finite stimulation point equal to the size of a
resolution element will be considered. If the detector is space
invariant, then the measured directivity function will be independent
of the position of the ;source point. However, this cannot be assumed
in general so the sPecial case of a stimulation point symmetrically
placed at the origin O will be considered. This is indicated in
Fig. 2.17. '

The detector properties are circularly symmetrical about O.
Consequently the two spatial frequency variables £, and fy can be
replaced by a single radial spatial frequency p and the analysis
carried out in cylindrical co-ordinates. It is therefore a great

simplification to place the source point at 0.
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Figure 2,17

\

Using the assumption that a field in the Z direction gives
rise to an appreciable strain only in the same direction, the input
function to the system can be considered as a comstant strain function

localized over a small area.

S4(r) = 85 for r2

83(r) =0 forr > 2

The spatial frequency spectrum Si(p) of the symmetrical input
function is given by a zero order Hankel transform which must be

real and even, as the input is real and even.
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Si(p)_ = 27 gs(r)Jo(Zm:p) r dr .

. . 2
! .= 2mS, SJO(Zwrp) r dr
s

X - '
Now B 5;:.1(:);1: RN
2 J1(21r2.p)
Hence Si(p). = 21:832. TR (2.94)

Using (2.10) the detector response spectrum So(p) is given by

2 JI(ZTL?,D)
S,(p) = G(p) 2mS3L | —Fom— (2.95)
N e = |p_¢p)|.|M
ow [NONENPNOIRENO]
where IMP(P)I =1 for an impulse response technique.

The detector response so(r) is given by the inverse Hankel
transform of (2.94)

2 | J; (2m2p)
so(r). = 27 S;Dp(p)ZnS?’z TR Jo(anp) p dp (2.96) -



114

This strain pattern produces 4 normal stress pattern which over
the face at Z = b gives rise to a pressure distribution p(r) from

(2.69)
p(r) = c§3 so(r)

Constant E boundary conditions have been taken because the point
source is driven from a low impedance source and so the electrodes

are almost short circuited,

Using (2.25) the velocity potential over the detector face at

Z =b is given by:

Then (2.39b) with f = ¢ is used to take ‘the Hankel transform of
so(r) and so obtain Sofp') as the far field diffraction pattern of
the detector driven at the origin and allowed to radiate. p' is the
spatial frequency variible for ‘the far field.

h

E jkZ

€33 & T J;
$(p') = - EE:-EI rso(f‘) Jo(anp') r dr ' (2.97)

Hence if p' is put equal to p in (2.96) and using the theorem that a
Hankel transform followed by an inverse Hankel transform of the same

function is equal to the function alone, (2.97) reduces to

o a3 o 1 23 J1(2n£p')
=-—==—= 21522 |———— ' .
¢ (p co, 7, TS84 TITR Dp(p ) (2.98)
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The pressure amplitude distribution in the far field is given
by pck|6Ce"].

\

Therefore ';
E A
Ca3 ) J1(2ﬂ20')
1 - 4
lpCe")] = _zl 2m8g8% =g | IDp "] (2.98)

a

Now p' is defined by the expression p'2 = fx2 + fy2 but if the
pressure distribution in the far field diffraction pattern is

recorded only along the X, axis

X sin 0. .
p! = £ =—Li = i (2.100)

x " A2, A

Therefore equating (2.100) and (2.92)

J1(2ﬂ2qx)
Zﬂqu

(e = K D, (q,)| (2.101)

where K is a real constant for a given ceramic material, point source

radius and far field distance Z;. )
Apart from an amplitude factor le(qx)l will be converted into

a time varying signal by driving a point hydrophone at a constant

speed along the x; axis. This signal may then be recorded on an X ~- Y

plotter or a chart recorder.

I
The amplitude factor K JI(Z"qu) could result in an erroneous

2n2qx
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determipation of IDp(qx)I unless it is constant over the range of
9y where IDp(qx)| is non-zero. The requirement that the amplitude .
factor is to be constant is the sameg as limiting the driving spot
to the size of a 'resolution element'. The size of the resolution

element is not known 'a priori' and because'lp(qx)l is measured and

Jy (2m2q )

I it cannot be determined from (2.101). The first
X

not K

zero of this amplitude factor is given by the first zero of Ji which

occurs when

If 2 is chosen to be 0.6 A or less the first zero of J1(2n£qx) will

occur for values of ei greater than 7/2 and as a result the amplitude

Jl(Zwqu) : ,
factor T cannot significantly influence the shape of
% .
J1(2w2qx)
p(qx) at values of 6; below 7/10. A graph of 2 -——EEIE;——

with & = A/2 for values of 6, up to 26° is shown in Fig. 2.18.
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CHAPTER 3

Description of Apparatus

Suitable equipment was not available commercially when. the
research project was started so the majority of the mechanical and

electrical systems were specially designed and constructed.

3.1 Anechoic Tank Design

Since the entire experiment was conducted with continuous wave
ultrasound, free field conditions had to be simulated within a
finite working volume in order to prevent standing waves. This was
achieved by using an anechoic tank. The experiments were conducted
with ultrasound propagating predominently along the longitudinal
axis of the tank, so it was only necessary to fix a good ultrasound
absorber to the end walls. The material used was an aluminium
loaded butyl rubber produced by the Admiralty Materials Laboratory,
Holton Heath, Poole, Dorset, described as AML type Bl anechoic
coating. The material configuration is shown in Fig. 3.1. Its
ultrasound absorption coefficient was measured at normal incidence
using a modified acoustic interferometer technique as described in
Appendix 1. The side ﬁalls and bottom of the tank were lined with
rubber car-mats stretched over perspex and stainless steel frames.
These had a sufficiently high absorption to reduce the side lobe
reflections to a level below that obtained from the zero order lobe
incident on the end of the tank. No attempt was made to minimise
reflections from the water surface. When using the impulse response

technique at frequencies of 2 MHz and above, it was found necessary
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Figure 3,1 Geomgtric profile of A.M,L. type Bl anechoic coating.
Scale 4 times full size

1
'
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to suspend obliquely at the end of the tank rectangular mats of
AML type Bl. This procedure reduced to an acceptable level the
specularly reflected ultrasound component.

The tank itself wa$ of a steel framed construction with plate
glass sides and brass plate ends and bottom. Its overall
dimensions were 20" x 20" x 36". TFour adjustable feet were provided
at the corners of the tamk so that it could be levelled. Along the
top 46" x }" steel rods formed a track along which the source and

hydrophone carriages could be slid manually.

3.2 Mechanical Systems‘ - ‘ -

4 . H

3.2.1 Hydrophone Scanning Mechanism

The hydrophone carriage consists of a brass block which is
driven backwards and forwards agross the tank on machined brass
tubes by a rotating screw. The.block is coupled to the screw thread
by a free nut which rides between two skirts fixed to the block.
The nut is prevented from rotating by an attached Y yoke:running
along a guide rail parallel to the load bearing tubes. This
arrangement does not transmit any torque from the rotating screw
thread to the brass block, only a longitudinal force. It is
necessary to use this system to“prevent the hydrophone from
oscillating as the screw rotates. A key-way is also incorporated
in one of the bearing tubes to help locate the centre of the block
and hence keep the hydrophone moving along a straight line during
a scan. The maximﬁm length of 5can‘is 430 mm. Motive power is
provided by a 24 v d.cy motor which drives the screw thread througﬂ
a worm and wheel gear having a reduction ratio of 100 to 1. The

i n
o A
B H

y ’ i
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Figure 3.2 Diagram of hydrophone probe holder and scanning mechanism. Scale } full size
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motor speed, and ﬁence the scanning speed, is controlled by the
voltage applied to the motor. A revolution counter is attached
to the screw thread to énable the length of scan undertaken in
any experiment to be found from the number of revolutions. The
thread is accurately machined with 40 turns per inch so that the

error in recording the length of a scan is approximately * 1 mm.

The hydrophone itself is clamped by two sets of three
centering screws in a mounting which can be rotated through 360° .
in the horizontal plane. This in turn is fastened to a rack and
pinion, on the block, for raising and lowering the hydrophone.

A vertical scale is attached to the block graduated in } mm
divisions and a 360° protractor.is fixed to the rotating part of
the hydrophone mount. The brass block is provided with a
counter—balance to balance the weight of the hydrophone,-rack and
pinion. It also carries the hydrophoﬁe signal amplifier-and
envelope detector circuit. Power is fed to the amplifier via a
four-way screened cable which also returns the slowly varying
output to the display system.

i 1,

The mechanism is compact apd provides the hydrophone with
one angular and three translational degrees of freedom. -Fig. 3.2

shows diagramatically a vertical section through the block.

R

3.2.2 Ultrasound Source Holdersand Carriage
8] N -
The sinusoidal standing wave technique requires two spatially
independent ultrasound,;sources.: Two ceramic transducers are used,
mounted in identical holders. Fig. 3.3 shows the details of these

holders which are demountable so that the transducers can be’easily
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replaced. Space is provided in the body of the holder for a ferrite
pot core transformer so|that the radiation resistance of the
transducer can be matched to the co-axial transmission line impedance,
In practice, however, this is found to be unnecessary. "O" ring
seals are used to make the holders water-tight. Electrical
connection is made from the holder to the fromt silvered face of the
transducer by means of a 31ngle turn copper spring. The driving
signal is brought in by Amphenol miniature co-axial cable No. 421-106.
Evo-Stick is used to make a water-tight, flexible seal between the
cable and the back plate. Electrical contact with the rear face of
the transducer is made v1a a brass ring. This is raised above the
level of the surroundlng 1nsu1at1ng material to produce an air
backing for the transducer. The technique of mounting the transducer
is particularly interesting. One inch diameter ceramic discs are
used but these are loosely 'clamped' at approx1mately two thirds.
their radius between the "O" ring and the brass contact ring. With
this arrangement the central pﬁrtion of* the disc is' very close to a
piston source, unlike an edge'clamped transducer which in its
fundamental mode has a diSplaceﬁent amplitude distribution following
Io (r) with the first zero at the edge. The radiating area is stopped
down by the brass body of the mount to a circle of 1 cm diameter so
that the beam produced by the source has sufficiently large angular
width under all experiméntal conditions. Fig. 3.4 shows a typical
source far field pattern. The source holder can be rotated about a
horizontal axis and clamped at any desired azimuthal angle. This is
a necessary facility for lining up.
Each source holder; is clamped in a carriage which runs across

the top of the tank on two accurately machined brass tubes, Only the
perpendicular distance; from the: longitudinal axis of the.tank

(the x co-ordinate) is a paramefer in the sinusoidal standing wave






QCOL!STIQ TANK = TRANSVERSE SLIDE.

.Ll
-

L

J e

i

SCALE « FULLSIZE, MATERIALS BRASS PLATE AND

COPPER OR BRASS TUBE.

14

E-

.
]

Z
. zZ , o
. 4 : / . Y
12O R €

. % .

]| LEFT-HAND SIDE PLAN RIGHT-HAND SIDE

g ELEVATION ELEVATION

Z | =

% .

2 TUBE

7

Z

¢

|o

END ELEVATION

A

Figure 3.5 Scalé drawing of the ultrasound source holder tran;véfse slide

9Z1



TRANSDUCER CARRIAGE SCALE s FULLSIZE

x ) N
. ﬂl
JB e P
e : . T : .
“{ t A .
K 257 . -
1 —k {
PLAN | )
; P - !
) l 5 5
I §
® "5:"‘ ']

7w
s ]
® u—\..._,
1%
£ ¢
1
H]

SIDE VIEW

Figure 3.6 Scale drawin.g of the ultrasound source carriage

»

L21




128

technique so both source carriages are fixed on to the one set of
parallel tubes. Figs. 3.5 and 3.6 show the working drawings from
which the carriages were made. , The height of each source may be
varied independently by hand and then fixed with a screw clamp.
Mechanical pressure clamping is used to maintain the position of
each carriage. Each source can be rotated in the horizontal plane
on a two inch diameterlpetal-me;al bearing surface. A protractor
is fitted to the upper, moving part of the bearing surface so that
the angle of rotation can be me%sured with respect to a reference
mark on the carriage. A stainless steel scale graduated in
millimetres is fixed parallel to the bearing tubes so that the

x co-ordinate of each source may be read off easily. The whole
source carriage assembly is located on the tank runners and may

be positioned along the tank length manually.
p :

3.2.3 The Voltage Probe and Scanning Mechanism

The voltage probe circuit is contained within a half inch -
internal diameter coppe? tube as shown in Fig. 3.7 which-provides
electrical shielding completely.up to the tip of the input lead.
The first field effect transistor gate lead, diameter 0.44 mm, is
used to sense the voltage distribution across a sample detector.
It is recessed by approximately one tenth of a millimetre from the
front surface of a P.T.F.E. brush, and so is capacitatively
coupled to the piezoelectric voltage when the probe slides across

'

the detector surface.

The hydrophone scanning mechanism is used to scan the voltage
probe across the detector. An aluminium strip with the probe tube
holder attached is bolted to the screw thread driven brass block.

15
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The other end moves aldﬁg a guide rail below the detector on the
outside of the tank. A milled slot in the aluminium strlp contains
a small brass carriage through the centre of which the copper
voltage probe passes.  The probe is held in light contact with the
detector sample by means of an elastic band. Location iﬁ the
vertical plane is achieved by a threaded rod which pushes or pulls
the carriage along the milled s?ot.. Fig. 3.8 shows a plgn view

of the voltage probe scanning mechanism.
f

3.3 Hydrophone Design and Construction

Ideally an ultrasound field plotting hydrophone should be small
enough to be regarded'és a point, otherwise its presence. perturbs
the field an& true measurements: are not obtained. In practice this
requirement would limit the hydrophone diameter to less than one
tenth of the ultrasound. wavelength in the field under inyestigation;
At 1 MHz, where the wayélength in water is 1.5 mm, this limit, is
beginnihg to impose constructiopal difficulties owing to;the small
size of the hydrophone;: If a pbint hydrophone cannot be realized
in a practical example, then obviously it must be made as small as-
possible to minimise the measurement error. Romanenko (54) has
described a technique for making hydrophones with diameters down to
one fifth of a millimetre. Recent experience in this laboratory
with Romanenko type hydrophones; (55) has found them diffdcult to
make and also extremely fragile:. These hydrophones consist
essentially of very small spherical barium titanate transducers
which are effectively omnidirectional. This property is:not -
desirable when they are to be used in a small water tankywhere
there are always unwanged reflections from the surface apd walls.
Assuming a single line,profile in the horizontal plane is required,
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directional hydrophones should be used. The directivity function
in the horizontal plane must, however, be a slowly varying function
compared with the field under iévestigation, otherwise a weighting
factor will be requireq to allow for the hydrophone directivity.

Directionality in azimuth is desirable to cut out surface reflectionms.

One other point which has to be considered when undertaking

the design of an ultrasound field plotting system is electromagnetic
pick-up. When -continuous wave ultrasound is used, there will always
be a certain amount of ﬁick-up, especially when the hydrophone is
a few centimetres from an ultrasound source. The conventional
technique is to use a singlé conductor for the pilezoelectrically
generated signal surrounded by an earth shield which also provides
the return conduction path to the signal source. Often the earth
shield has a slight resistance so cannot maintain a uniform potential’
over its entire length:, In the.presence of rapidly varying r.f.
fields, this results in an unwanted electrical signal appearing
across the output of the hydrophone. If an output is taken from
each side of the hydrophone transducer, then tﬁe transducer may be
considered as a current source., The signal from one side will
therefore be 180 degrees out of;phase with that from the other side,
but relative to a third conductor which forms an earthed,shield, any
r.f. pick-up will have .the samesphase in each of the signal outputs.
Consequently if the output from:the hydrophone is fed to:a
differential amplifier; consisting essentially of a Darlington pair
of transistors, the out-of-phase ultrasound signals will:be added
but the in-phase pick-up will be subtracte&. The effectiveness of
this system will be determined by the common mode rejection ratio
of the differential amplifier. : (See section 3.4). P n
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As a result of both ultrasonic and electrical considerations
a series of hydrophone elements of the general form shown in
Fig. 3.9a were constructed.

Very careful work is required to make a satisfactory hydrophone
element of the design shown in Fig., 3.9. At most stages of '
construction the element.is extremely fragile and a 507 breakage
rate was experienced during manufacture, which was carried out
entirely by hand. However, after the hydrophone element is sealed
into a stainless steel hypodermic tubing, it is sufficiently robust
to withstand light knocks.

The manufacturing procedure is outlined below:=

~
1

1. A strip of P.Z.T..5A ceramic approximately 1 mm wide was cut
from a larger ceramic transducer plate of fundamental thickness
resonance 5 MHz silvered on-both faces. An adjustable width -
drawing pen was used as a cutting fool with a carborundum and water
slurry as abrasive. . x ' i

2. The slice was then sectioned into one millimetre square plates.
3. The insulation was caréfully removed from a short regiom of a
length of 46.5 gauge P.V.A. coated wire which was then attached to
one face of a ceramic plate ﬁsing Johnson Matthey conducting epoxy
adhesive F.S.P. 49. A special jig was used to hold the fine wire .
and the ceramic was placed in a position so that the stripped length
of wire was just on the silver.electrode. A needle pointed tool was
used under a times ten,microscope eye-piece to apply the adhesive.

4. One half of the copper wire was cut off after curing the

1
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adhesive and the remaining half was carefully bent round in a
tight 'U' until it was flat against the ceramic. It was then bent
perpendicular to the trgnéducer and inserted into a fine glass tube
about 40 mm long and 0,30 mm in diameter.

i ;
5. A small spot of araldite (two tube) was placed on top of the
fine tube and the transducer ca#efully drawn down on to it with the
fine wire. The small ceramic plate was manipulated until it was
centred on the cylindrical axis‘of the tube and lying at right

angles to it.

6. After curing, the excess araldite was carefully filed away

using a fine emery board and then by the same technique the ceramic
was fashioned into a disc approximately half a millimetre in diameter.
At this stage the transducer elément has a diameter only slightly

larger than the supporting glass tube.
[l B

7. The glass tube was:then inéerted into a jig consisting of a
block of perspex having-a fine hole drilled through it just large
enough to allow the glass tube Lo pass but too small for the
transducer. By this means the transducer is supported in a
convenient position so that the second fine wire can be attached
to the upper electrode. The same techniqu; as described in 3. was
used.
8. Excess conducting araldite;was filed away from the top of the
transducer and round the sides., This stage requires the most care
as it is easy to break off the fine wire to the top electrode. A
final check was made td ensure that there was not a d.c. path
between the upper and lower electrodes of the transducer.

; i
9. The fine wire to the upper;electrode was then bent round to
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lie alongside the glass tube and the complete element inserted
into a gauge 21, 0.832 mm 0.D. hypodermic needle tube. A check
was made to ensure that the two wires were electrically isolated

from the stainless stegl shield.

10. The glass tube was drawn up inside the stainless steel shield
until only the transducer element remained outside. It was then
carefully sealed into the steel tube and waterproofed with a thin
layer of potting araldite. '

The hydrophone element was mounted at the end of a gauge 12,

2,650 mm 0.D. stainless steel tube using an intermediary section to

match external and internal diameters as shown in Fig. 3.9b. The
individual sections were bonded together using F.S.P. 49 conducting

epoxy adhesive. .

In operation, hydrophones constructed by this technique had
typical sensitivities of 20 mV/atmosphere. At frequencies in the
order of 1 MHz they showed dipole like directivity patterns in the
horizontal plane but at 3 MHz this had degenerated into a four lobed
pattern similar to a quadrupole directivity. This behaviour is
discussed more fully in Appendix 2. The azimuthal directivity
pattern was not measured. From the change in output of the hydrophone
in a uniform ultrasouna field, when the probe was displaced slightly
from the vertical it was deduced that the main lobe of the pattern
was approximately 10 degrees wide. Consequently the hydrophone
scanning system had to be designed so that the hydrophone did not
oscillate from side to side during scanning. Using the system
described in section 3.2.1 sideways oscillation was eliminated and
the hydrophone output accurately followed the ultrasound field profile.

, ] ;
;



137

3.4 Design and Construction of Electronics

i * .
The circuit diagrams shown in this section are largely
self explanatory. Any spec1a1 features of the circuits are,
however, discussed more fully. Calibration and frequency response

curves are shown for the appropriate circuits in Appendix 3.

3.4.1 Hydrophone Signal Amplifier and Envelope Detector

Fig. 3.10 shows the circuit diagram. The integrated circuit
used is intended as a video amplifier and has a gain of almost 40 dB
up to 40 MHz. Unfortunately the internal biasing conditions require
a d.c. current path wiéﬁ a resistance of approximately 50 ohms
between each input lead- (1 and 3) and the circuit earth. The output
impedance of the hydrophone is in the order of 1000 ohms so 50 ohms
across the input of the amplifier would divide the signal by 20.
R.£. chokes are therefore used E“provide both correct biasing and
high input impedance over the band\\f operating frequencies
(1 to 4 MHz) . The calculated oﬁtput .upedance of the transducer
element at 1 MHz is approximately 17 k ohms (element capacitance
9.0 éFﬁ. Therefore the value of 1000 ohms obtained by measurement
suggests stray capacitance 1n the order of 150 pF in the probe tube
and associated cable. As prev1ously indicated, the differential
amplifier facility of the integrated circuit is used to suppress
unwanted electrical pick—up. The common mode rejection ratio is
85 dB. To ensure reiiability and also to minimise stray
capacitance and wiring inductance a printed layout was designed
for the circuit. This was etched on to copper faced printed circuit
board (p.c.b.) with dilute nitric acid. The entire circuit is

mounted in a copper box on the hydrophone carriage;
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3.4.2 Radio Frequency Oscillator with Frequency Sweep

Fig. 3.11 shows the circuit diagram. The oscillator was
designed to cover the frequency band 500 kHz to 5 MHz in two
ranges. A forty-eight to one reduction gear was used on the
variable capacitor to allow precise frequeﬁcy selection. Provision
was made for a small synchronous motor to be directly coupled
to the reduction gear so that Ehe frequenc& could be swept at a
steady rate when required. A 2} watt Chamberlain and Hookham
type B synchronous motor giving one revolution in 90 seconds was.
used. The long term stability of the oscillator frequency is

1 part in 104.

!

3.4.3 Wide Band Power Amplifier

The circuit diagram is shown in Fig. 3.12, This amplifier
was originally designedi to provide an r.f. power output of up to
5 watts over a frequency band extending from a.few hundred
kilohertz to twenty megahertz. .With the circuit shown the power
output begins to fall off above 2 MHz because the transistor driving
the output stage cannot provide sufficient power. If it is replaced
by an XB401 then the initial specification can be met. The
parallel arrangement of XB40l's in the output stage is used for
reasons of economy. To ensure a broad bandwidth it is necessary to
-use transistors with very high frequency cﬁaracteristics, the
power transistors themselves have an fT of* 400 MHz. However, with
such a high frequency capability the layout must be carefully.
designed if oscillation is to be prevented. The entire amplifier
was built round a copper box having dimensions 185 mm x 50 mm x 30 mm,

A 5 mm thick strip of brags plate was used as a combined base and

i Tt
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heat sink. Inside four compartﬁents were sectioned off. Each
contains the r.f. carrying components of one.stage of the amplifier.
Those components whichxdeterminé the d.c. levels are mounted on the
outside of the box and are connected to the inside by 'lead-through'
decoupling capacitors. This technique eliminates r.f. feedback
through the d.c. circuitry. Fig. 3.13 shows the amplifier

construction.

3.4.,4 A Stabilized Power Supply with Preset Current Trip

A stabilized power supply was designed for use with the r.f.
power amplifier described in 3.4.3. Fig. 3.14 shows the circuit
diagram. Under certain circumstances the output transistors in
the r.f. power amplifier. are driven close to their maximum
dissipation. Thermal runaway then becomes a serious problem.. If
this should occur, it is necessary to éwitch off the amplifier in-
a few microseconds to prevent the transistors from being,.destroyed.
A silicon/controlled rectifier is used to switch off the power
supply to the amplifief, should the current rise above a preset
value. The output voltage is stabilized from 15 v to 30 v and a
maximum current of 500.ma’ can be drawn. The second stabilized
power supply shown having 100 ma current capability is used to
supply power to the oseillator circuit of 3.4.2. At full load
the voltage ripple on each of the circuits is less than 0.05%.

) i
2, . i . .

3.4.5 F.E.T. Voltage Probe and}Signal Amplifier

i

L A N
The F.E.T. voltage probe circuit was adapted from that
described by Macario (56). .Fig. 3.15 shows the complete circuit
r

t . i r
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diagram for the voltage probe, signal amplifier and stabilized power
supply. Because of the high input impedance of the probe circuit,
it must be carefully shlelded to avoid picking up medium waveband
radio broadcasts. This was achieved using a copper tube as
described in 3.2.3, A narrow band tuned filter circuit was used
half-way down the ampllfzer chain to increase the signal to noise
ratio. The R.C.A. integrated circuit has a variable gain determined
by the voltage applied to lead 2. Here it is derived from the supply
voltage and varied using a logarithmic potentiometer. It is ’
necessary to decouple lead 2 effectively, otherwise the amplifier
oscillates. There is a point on the gain control corresponding to
the change from a net attenuation to a net amplification for the
I.C. at which a large noise sigpal appears at the outputi This is
a characteristic of the I.C.. so,in practice fhis region cannot be
used. The third F.E.T:, integrated circuit and detector, are
mounted on a printed cjircuit board. The high input impedance of
the third F.E.T. permits its direct connection across the tuned
circuit without lowering the Q yélue. ] p

. 3 . A o

o "

«

3.4.6 Motor Drive Unit 1 &

L 3 y! .

The speed qf the d.c. motor used to drive the hydrqpﬁone‘
carriage is controlled; by the applied voltage. Using the circuit
shown in Fig. 3.16 an unsmoothed direct voltage, continuously
variable between O and>30 volts, is obtained. Coupled to a
mechanical load, the d,c. motor; reaches its steady state, speed
more rapidly when driven with an unsmoothed direct voltage than
with a smoothed. 5 ¥ A

n N
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3.5 Mounting of Piezoelectric Ceramic Detector Samples

The detector samples used were 50 mm diameter discs of lead
zirconate titanate piezoelectric ceramic. One face of each disc
is completely coated with a silver electrode and maintained at
earth potential throughout the experiments. The opposite face
is not electroded. It is by scanning this latter face that the
spatial voltage distriﬁution is obtained in the sinusoidal standing
wave technique 2.8. For the impulse response technique 2.9 nine
spots of conducting paint are placed on the uncoated face as ghown
in Fig. 3.17. '

28 mm

i mm
/

50 mwm
(nominal)

Figure 3.17

These point electrodes must have diameters equal to the ultrasound
wavelength in water at the driving frequency in order to approximate

to delta functions of position, as described in 2.9.



149

! Two types of conducting paint were tried, a two part epoxy paint,
Johnson Matthey F.S.P. 43, and a quick drying petroleum based paint,
De Gussa conductive silver 200. The De Gussa paint is to be preferred
because it can be easily removed with acetone, unlike the epoxy paint

which, once cured, is extremely tough and difficult to remove.

The investigations were carried out using a series of discs
having fundamental thickness resonances at approximately 1 MHz,
2 MHz and 3 MHz. Conséquently the point diameters are 1.5 mm on the
1 MHz samples, 0.75 mm on the 2 MHz samples and O.5 mm on the 3 MHz
samples; Stainless steel hypodermic needle tubes of appropriate
diameter were used to apply the spots of paint to the discs. This
technique is quick and simple yet produces acceptable reproducibility
of spot size and shape. In practice it was found that departure

‘from a circular shape produced asymmetrical directivity functions.

The discs were edge-clamped in a brass and perspex holder as
shown in Fig. 3.18 and mounted on one end wall of the anechoic tank.
To ensure symmetrical boundary conditions the disc was carefullf
centred in the mount before tightening down the perspex clamping ring.
The centring could be carried out visually by observing the relative
positions of the disc and the clamping ring through the transparent

perspex.

A thin layer of grease between the disc arnd the front brass

plate was used to ensure a waterproof seal.

Several layers of De Gussa conductive silver 200 paint were
applied over the join between the disc and the brass front plate to
provide good electrical connection between the tank wall and the front

electrode of the disc. The paint also helped to waterproof the join.
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CHAPTER &

Experimental Procedure

4.1 Preliminary Investigations

Two preliminary experiments were carried out on each mounted
detector sample before proceeding with the coherent transfer function
measurements. The electrical input impedance and the ultrasound
pressure amplitude at a point on the Z axis in the far field were
recorded as a function of temporal frequency. The object of these
eiperiments was to select temporal frequencies at which the coherent
transfer function should be measured. For example, the frequency of

thickness resonance.

4.1.1 Electrical Input Impedance of Piezoelectric Detector as a

Function of Temporal Frequency

‘To obtain the detector impedance the voltage across it, at
constant current, was recorded on a Philips PR 2210 A chart recorder
as the frequency was slowly swept over the desired range. ,The
electrical driving signal could be applied to any of the 9 contact
points on the detector, (see Fig. 3.17). The static capacitance of
the transducer was tuned out with a parallel inductance set to
maximise the acoustic output on the Z axis at thickmness resonance.

A block diagram of the experimental set-up is shown in Fig. 4.1l.
These investigations indicate the presence of all types of mechanical
resonance, not just the ones producing appreciable displacement in

the thickness direction.
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Figure 4.1 Experimental system for recording the detector

input impedance as a function of temporal frequency
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4.1.2 Piezoelectric Deéector Far Field Ultrasound Pressure

Amplitude as a Function of Temporal Frequency

A constant voltage driving signal was applied to the detector at
one of the contact points. The output of the hydrophone probe was
then recorded at a point on the Z axis in the far field of the
detector as the driving temporal frequency was slowly swept over the
desired range. Fig. 4.2 shows a block diagram of the experimental
set-up. The results indicate frequencies where there is appreciable’
piezoelectric coupling to a thickness mode of vibration. Assuming
the principle of reciprocity, the ultrasonic output distribution as a
function of temporal frequency, with a constant driving valtage, will
have! the same shape as the voltage output distribution of the
detector, as a function of freqiiency, with a .constant driving pressure.
These results, therefore, were the main guide in selecting temporal

frequencies at which to record the detector coherent transfer function.

4.2 The Impulse Response Method for Measuring the Directivity

Function ]Dp(fx)l of Piezoelectric Detectors

Any one of the 9 contact points can be selected as the delta
function of space from which the IDp(fx)I can be determined. The

procedure described below can be applied to each one equally well.

After selecting thé contact point the probe hydrophone was
positioned in the far field of the disc on the point's Z axis. From
the preliminary gxperiments described in 4.1 a series of temporal
frequencies at which to record ]Dp(fx)l were noted. At each of these
frequencies in turn the hydrophone was rotated in the horizontal plane

until its directivity pattern was symmetrical with respect to the
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contact point Z axis. The angular position in the horizontal plane

of the directivity pattern relative to a set of fixed hydrophone
co-ordinates changes with frequency as indicated in Appendix 2, so it
is important to re-align the pattern at each frequency to avoid
introducing spurious asymmetry into IDp(fx)I. The detector directivity
function was then recorded at each of the selected time frequencies.

In accordance with equation (2.101), IDp(fx)l was converted into a

time varying signal as the hydrophone was driven at a constant speed

along the x, axis and recorded on the Philips chart recorder. The

chart sPeedland hydrophone scanning speed were selected so that the
record of |Dp(fx)| was of a convenient length., Fig. 4.3 shows in
schematic form the entire experimental system. During investigations
of the space variance of |Dp(fx)| results were obtained for all 9

contact points.

4,3 The Sinusoidal Standing Wave Method for Measuring the Coherent

Transfer Function of Piezoelectric Detectors

Very careful alignment of the two ultrasound sources, probe
hydrophone and detector sample was necessary to achieve satisfactory

results.

The hydrophone was first positioned on the Z axis of the
detector as required for the impulse response technique using contact 1.
Each ultrasound source was then carefully’aligned so that its axis of
symmetry was the detector Z axis. This was achieved by keeping the
hydrophone fixed and adjusting the héight and azimuthal angle of the

source until the hydrophone output was a maximum.



156

PHILIPS PR 2100A
CHART RECORDER

7

STABILIZED S — |
POWER OSCILLATOR
SUPPLY
r
GAIN
CONTROL
oo AND
POWER
AMPLIFIER
VENNER
STABILIZED
-4 POWER
SUPPLY
O b
? ) a4
MARCONI W’ 1
. OSCILLOSCOPE
TF2200A
=

the impulse response method

lPIEZOELECTRIC

DETECTOR
ANECHOIC WATER TANK
D.C. ) A MOTOR .
MOTOR \\\\ DRIVE UNIT
- Figure 4,3 Experimental system for measuring Dp( fx )| by




157

The hydrophone was then placed approximately 40 mm in front of
the detector on the Z axis and the two sources positioned at X, =+a
and x, = - a on their carriage near the far end of the tank as shown

1
in Fig. 4.4,

A disc of AML type B1
hydrophone, directly in front of the detector sample so that it was

anechoic coating was suspended behind the

completely masked. Each source was then aligned in the direction of
the hydrophone by rotating the holder on its bearing surface ugE%l
the hydrophone output was a maximum. The alignment was carriedafor
one source at a time with the other turned down to a minimum. The
electrical driving signal for each source was set to give the same
output from the hydrophone. When both sources were driven.in phase,
the depth of modulation of the interference fringes formed in the
region of the hydrophone was 100%Z. The hydrophone was then scanned
across the interference pattern, over a fixed distance and at a
convenient speed, and the electrical output recorded. From the
recorded trace the spatial frequency of the ultrasonic input function
to the piezoelectric detector was determined. The masking disc of
absorbing material was removed from in front of the piezoelectric
detector and with the same source output and orientation the
piezoelectric output voltage was recorded by scanning the F.E.T.
voltage probe across the x axis of the disc. During the recording
of the output function the hydrophoné was raised well above the
level of the detector to prevent scattered ultrasound from the
hydrophone probe tube introducing spurious signals. A series of
results at particular temporal frequencies was recorded by repeating

the above procedure for a range of values of source position.

Fig. 4.5 shows a general Vview of the anechoic tank, source

holders and .hydrophone scanning system..
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CHAPTER 5

Discussion of Results

During the course of these investigations the procedures
described in Chapter 4 produced over one thousand individual
results, in the form of pen recorder traces, for 15 different lead
zirconate titanmate ceramic dises. Six different ceramic
compositions were investigated over a range of diameter to
thickness ratios. Because of limited availability of certain
compositions, it was not possible to cover the same series of
diameter to thickness ratios in each case. Specifically only 1 MHz
fundamental thickness resonant discs of the Brush Clevite materials
P.Z.T. 4 and P.2.T. 5H were available. These had a diameter to
thickness ratio of 25. Similarly measurements were made only on a
single 1 MHz Admiralty Materials Laboratory (AML) ceramic
AM 510/430 disc having a diameter to -thickness ratio of 25. This
material was specially requested towards the end of the research

program because of its high degree of homogeneity.

Each disc of ceramic material was given a code number for
identification purposes, which has been adhered to in tﬁe'
presentation of the results. The code comprises the material type
followed by a disc number, for example AM 510 No. 4A describes
disc Number 4A of AML ceramic material type AM 510.

Complete piezoelectric, dielectric and elastic data is
available for the Brush Clevite materials so in principle it is
possible to relate the measurements to these physical properties,

as suggested in the introduction. Only a limited amount of
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piezoelectric, dielectric and elastic data has, however, been
obtained for the AML ceramics. Measurements of the coherent
transfer function cannot, therefore, be directly related to the
physical properties of these materials. Any correlatioms of
properties can only be deduced from corresponding indications
obtained using the Brush Clevite materials. It must, therefore,
be emphasised that there is no reason why the relevent quantities
for the AML materials could not be measured in the future,

opening the way for direct comparison.

It is impractical to display all the information available
from the large number of pen recorder traces obtained. Results
obtained with two materials, P.Z.T. 5H and AM 522/558, have
therefore been chosen to show the general form of these traces.
A large reduction in volume has been achieved by displaying the
spatial frequency bandwidth of the coherent transfer functiom
curves as a function of Ad , where A4 is the dilatational

2b
wavelength in the ceramic material. The spatial frequency
bandwidth was measured between half amplitude points on the
coherent transfer function curves. From these figures ome can
immediately choose the optimum operating frequency for a
detector made from a particular ceramic material, achieving one
of the main objects of this research work as outlined in the

introduction,
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5.1! Results of electrical input impedance and far field ultrasound

pressure measurement, as a function of temporal frequency

Results of these two preliminary investigation techniques for
P.Z,T. 5H and AM 522/558 are shown in Figs. 5.1 to 5.9. They are
mainly qualitative because of the non-linear nature of the frequency
sweep and the measuring electronics. HOWevef, the temporal
frequencies of points of interest on the curves were obtained
accurately by manually re-locating each point after the first trace
was recorded. The error in the temporal frequency labelling is,’
therefore, that resulting from inability to re-set the frequency
precisely at a particular point on the curve. It is not more than
40.002 MHz. In the case of the far fieldvpressure amplitude results
the hydrophone output may be linearized by using the appropriate
calibration curve in Appendix 3. It was not considered, worthwhile
to calibrate the electrical input impedance system in view of the
difficulty associated with interpretation of an impedance / frequency
plot. 1In contrast the interpretation of the more usual circle
diagram obtained by plotting resistive and reactive components of
the impedance is straightforward and if quantitative information is

required, this method is recommended.

The Figures are grouped in pairs, for example Fig. 5.1 and
Fig. 5.2, with the exception of Fig. 5.9 which is unusually complex

and will be discussed separately.

The electrical input impedance results show many turning points,
as expected, owing to the large number of modes of vibration which
are possible for a finite disc. In each case the curves show é
single strong resonance; thickness resonance, with a number of

weaker subsidiary resonances superimposed. These resonances will
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not necessarily have appreciable particle displacement along the

thickness direction (Z axis).

For a source in water only longitudinal waves will propogate
to the far field. Conseqﬁently a range of far field pressure
amplitudes corresponding to the appropriate Z axis displacement
aﬁplitude over the radiating disc will be .observed. The far field
pressure amplitude results, therefore, indicate the frequencies and
the relative strength of those modes of the disc having displacement
in the Z direction. When acting as a receiver the electrical
potential difference across the disc thickness must show a similar
amplitude variation with frequency for a source in the far field on
thejZ axis, assuming the principle of reciprocity. The far field
pressure amplitude results are, therefore, of much greater value in
predicting the performance of a piezoelectric ultrasound hologram

detector than the electrical input impedance curves.,

Equations (2.75) and (2.76) indicate that for an infinite plate
of piezoelectric material driven with an electric field parallel to
the Z axis, only a single mode having a particle displacement along
the Z axis can exist. Comnsequently one would expect the far field
pressure amplitude to show a peak at thickness resonance and its odd
‘harmonics only. Fig. 5.2 shows clearly the presence of subsidiary
peaks at frequencies above, but close to, the fundamental thickness
resonance frequency. A disc having a diameter to thickness ratio
of 25 or more is, however, known to be a close approximation to an
infinite plate (50). Therefore it is reasonable to suppose than any
radial resonances which can be excited directly by an electric
field E3 must be weak compared with the fundamental thickness
resonance, The fundamental radial resonance frequency for the

Admiralty Materials Laboratory discs studied was in the range
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44 kHz to 48 kHz, the exact value being dependent on the material
composition. Consequently it seems probabie that other modes of
vibration are excited in the disc as a result of divergence of the
electric field within the material. For the point electrical
contact representation of a spatial delta function electrical
fringing fields will be present and E will have components other
than along the Z axis. Any inhomogeneities such as grain boundaries

within the material will further increase the divergence of E.

For a complete set ofAresults‘on one part{cular ceramic the»
general trend was for a decrease in the amplitude of detectable
subsidiary peaks as ‘the diameter to thickness ratio was increased
from 25 to 50 and then 75. This undoubtedly indicates a progressive
decrease in the effects of the edges of the disc on its response to
a spatial delta function. The number of peaks for a given frequency
interval, for example 200 kHz, remains constant at four. This is
consistent with the view that they are associated with high harmonics
of the radial mode of vibration. The diameter of the conducting
spot representing the spatial impulse was always set equal to the
thickness of the ceramic disc in accordance with the requirements
set by equation (2.101). For a given material the electric field
divergence could sensibly be expected to remain constant within the
set of tliree disc diameter to thickness ratios. Hence the
subsidiary peaks result from a complicated interaction between the
waves set up in the disc as a result of the divergences of E and

the disc boundaries.

Figs. 5.3 and 5.4 show the results obtained with a P.Z.T, 5H
disc (No. 2) near its first overtone frequency. The impedance curve
shows only a single thickness resonance and the far field pattern

is very similar to that which would be expected from an ideal
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infinite plate. Similar behaviour was observed with all the 1 MHz
discs driven at their first overtones which seems to indicate that
the diameter of a disc in wavelengths, not just its diameter to
thickness ratio, is the overriding factor in determining its

response to point stimulation.

Fig. 5.5 and Fig. 5.6 form a pair of results for a disc of
AM 522/558 having a diameter to thickness ratio of approximately 50.
Figs. 5.7 and 5.8 are the corresponding results, again for AM 522/558,
fo; a disc having a diameter to thickness ratio of approximately 75.
Unfortunately the experimental system did not permit eithexr of these
two discs to be driven at its first overtone and so results similar

to Fig. 5.3 could not be obtained.

Fig. 5.9 was a unique result amongst the 15 different discs
investigated in that two strong thickness resonance peaks are
indicated. Apparently the material in this one disc exhibits
acoustic bi-refringence with two possible dilatational wave
velocities along the Z axis. This may be a consequence of a
polarization anomaly resulting in a polarization vector having a
diréction which is not perpendicular to the disc faces. The effect
was observed on driving this disc at different contact points over
its face and so was not-a consequence of a large isolated local

inhomogeneity.

5.2 Results obtained with the impulse reSponse method for measuring

the directivity functionIDp(fx)|of‘Qiezoelectric detectors

Using the results of the far field ultrasound pressure

measurements as a guide, Dp(fx) was measured as described in 4.2
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Table 531
Scale factors to convert from linear displacement x) to spatial
frequency fx for thg results presented
fe=Cx ) d Temporal
Material Figure No. Curve No. C.10-3 ;; frequency
MHz
P.Z.T.5HNo2 5.10 1 1.77 0,822 1.291
P.Z.T.5HNo2 5.10 2 1.66 0.868 . 1.222
P.Z.T.5HNo2 5.11 3 1.56 0.892 1.191
P.Z.T.5HNo2 . 5,12 4 1.51 0.920 1.154
P.Z,T.SHNo2  5.12 5 1.49 0.942 1.129
P.Z.T.5HNo2 ' 5.12 6 1.55 0.958 1.110
P.Z.T.S5HNo2 5.13 7 1.43 0.966 1.100
P.Z.T.5HNoZ  5.13 8 1.52 0.984 1.080
P.Z.T.5HNo2 5,13 Max. 250V  1.41 1.000 1.062res
P.Z.T.5HNo2 5.13 10 1.46 1.022 1,040
P.Z.T.5HNo2 5.14 1 1.33 . 1.104 0.965
P.Z.T.SHNo2  S.14 12 1.38 1.220 0.880
P.Z.T.5HNo2 5.15 1 4.52 0.318 3.350
P.Z,T.S5HNo2 5.15 2 4.31 0.326 3.270
" P.Z.T.SHNo2 5.15 3 4.27 0,329 3.230
P.Z.T.5HNo2 5.16 4 4,50 0.332° 3.210
P.Z.T.5HNo2 5.16 Max.14.6mV 4,20 0.333 3.193res
P.Z.T.5HNo2  5.16 -6 4,15 0.338 3.155
P.Z.T.5HNo2 5.17 L7 4,11 0,343 3.100
P.Z,T.5HN02  5.17 8 4,04 0,351 3.030
AM522/558N05 5.18 1 3.66 0.802 2,900
AM522/558N03 5.18 2 3.86 0.831 2.800
3

AM522/558N05 ° 5.19 3.80 0.841 2.766

\
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Table 5.2
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Scale factors to comvert from linear displacement x, to spatial

frequency £ for the results presented,
X

Material

AM522/558No5 -

AM522/558N05
AM522/558No5
AM522/558N05
AM522/558N05
AM522/558N05
AM522/558N05
AM522/558N05
AM522/558N05
AM522/558N05
AM522/558N05
AM522/558N05

AM522/558N05 -

AMS522/558No05
AM522/558No05
AM522/558No5
AM522/558No5
AM522{558N05

Figure No., Curve No.

5.19
5.20
5.20
5.21
5.21
5.21
5,22
5.22
5.22
5.22
5.23
5.23
5.24
5.24
5.24
5.24
5.25
5.25

Max.54mV
13
14
15
16
© 17
18
19
20
21

f =Cx
x -

Cc.10

3.58
3.30
3.32
3.19
3.06
3.16

3.37.

3.07
3.24
3.12
2.96
2.96
2.75
2.80
2.76
2,63
2.72
2.50

-3

1 Aa

2b

0.887
0.912
0.925
0.942
0.965
0.975
P 0,982
0.991
1.000
1.012
1.015
' 1.035
1.130
1.135
1,165
1.145
1.195
1.225

Temporal
frequency
MHz

2,620
2,550
2.516
2.473
2.413
2.383
2.372
2,350
2.327res
2.300
2,290
2,250
2,060
2.045
2.000
2.030
1.950
1.900
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Table 5.3

Scale factors to convert from linear displacement X, to spatial

frequency fx for the results presented.,

Material

AM522/558N010
AM522/558Nol0
AM522/558N010
AM522/558N010
AM522/558N010
AM522/558N010
AM5223558No0 10
AM522/558N010
AM522/558N010
AM522/558N010
AM522/558N0l0
“AM522/558Nol0

AM522/558N010

AM522/558N010
AM522/558N010
AM522/558N0l10
AM5?2/558N010

Figure No.

5.26
5.26
5.26
5.27
5.27
5.27
5.28
5,28
5,28
5.28
5.28
5.28
5.28
5.29
5.29
5.29
5.29

Curve No,

L - BT P N I A

8
Max.24 ,5mV
.10
11
12
13
14
15
16
17

fx - Cx1
. ¢.1073

4.98
5.10
4.67
4.38
4.82
4.58
4,76
4,76
4,64
4.60
4.25
4,28
3.94
3.85
3.85
4,06
3.64

A

2b

0.872
0.895
0.919
0.962

0.968

0.973
0.980
0.988
1.000
1,009
1.036
1,086
1.100
1.138
1.160
1.172
1.215

196

Temporal
frequency
MHz

3,900
3,800
3,700
3,530
3,510

3,490
3,470
3,440
3.400res
3,370
3.280
3,130

' 3.080
2,985
2,930
2,900
2.800
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for a range of ultrasound frequencies through thickness resomance,
Some of the results obtained with P.Z.T. 5H No. 2 are shown in

Figs. 5.10 to 5.17 and with AM 522/558, Nos. 5 and 10,in

Figs. 5.18 to 5.29. By mentally positioning the Dp(fx) results
along the temporal frequency axis of the appropriate far field
pressure distribution, it is easy to visualize the change in profile
of Dp(fx) as the temporal frequency increases through thickness

resonance.

Several points connected with the display of these results
should be noted. D (f ) has been presented as a function of the
far field spatial var1ab1e X instead of f If D (f ) were
dlsplayed as a function of f a separate abscxssa would be mnecessary
for each curve resulting in a three-fold increase in the number of
figures, However, each set of results for a given disc was
recorded in practice with the same % scale so it was decided that a
useful saving in space and an easy comparison would result from
displaying D (f ) against x Tables of conversion factors are

1°
supplled so that a spatial frequency corresponding to a value of x

can be obtained by a simple multiplication (Table 5.1 for '
P.Z.T. 5H No. 2; Table 5.2 for AM 522/558 No. 5; Table 5.3 for

AM 522/558 No. 10). The amplitude of Dp(fx) is normalised with
respect to Dp(fx = 0) at the temporal frequency of thickness
resonance. The resulting scale of relative amplitudes is showm
linearly but the true output from the scanning hydrophone is a
non-linear function of the input amplitude in common with that from
all diode detector circuits and must be linearized using the
appropriate calibration curve of Appendix 3. On certain of the .
results at low signal levels, for example those shown in Figs. 5.10

and 5.11, the right hand side does not apparently have the same

ordinate zero as the left hand side. This is a consequence of
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magnetic pick-up from the D.C. drive motor which was situated on the
right hand side of the tank, in plan view. Traces obtained with the
probe scanning towards the motor show a positive displacement of zero
near to the motor and a negative displacement on reversal of the
field coil current. The noise recorded on some of the traces,
particularly Figs. 5.10 to 5.17, results from standing waves within
the taﬁk. These are mainly present because of reflections from the

water surface and the tank bottom.

The symmetrical nature of the driving point and the rotational
symmetry of lead zirconate titanate ceramics about the Z axis
requires that Dp(fx) should be an even function of %, at all
temporal frequencies, having an axis of symmetry through fx = 0,
(See equations 2.39b and 2.97). A departure from symmetry will
result if the phase of the impulse response is not an even function
of ;. This could be caused by local inhomogeneities in the region

of the driving point.

The complete series of experimental results is characterised
by two peaks, symmetrically placed with respect to the origin, which
are widely separated above thickness resonance. As the temporal
frequency tends to thickness resonance, the peaks approach each
other. At thickness resonance they merge to form a single peak
with a maximum at fx = 0, the amplitude of which tends to zero as
the temporal ‘frequency is further decreased. The position shape
and behaviour with temporal frequency of these two peaks agrees
closely with that predicted by equation (2.90) and hence must
result from the thickness component of strain in the piezoelectric

ceramic plate.
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On Figs. 5.31 to 5.35 the positions of these thickness component
resonance peaks are indicated with a cross and the corresponding

peak predicted by (2.90) with a circle for all the materials

investigated,
. , £ .1
The theoretical points lie on a curve given by f| = = = ——=
‘ S S c2 4b2
. X

for results obtained near the fundamental thickness, or dilatational

wave resonance, and on a curve given by

2
2 fq4 9
f =-—i'--—-§-
x c; 4b

near the first overtone of the dilatational wave resonance. These

results are simply derived from (2.88a) where f, is the temporal

d
frequency of the incident ultrasound wave and ey is the dilatational
wave velocity (along the Z axis) in the piezoelectric ceramic

material. -

Fig. 5.30 shows the curve predicted by equation (2.90) for
AM 522/558 No. 10 at 3,600 MHz compared with the experimental
result. The amplitude of the theoretical curve was scaled to equal
that of the experimental result at its peak value. The diserepancy
between the spatial frequency of the theoretical and experimental
curves results from a decrease in the thickness component of
longitudinal phase velocity at the temporal frequency of observation

relative to that at thickness resonance.

The theoretical curve was calculated using a value of phase

velocity calculated from the thickness resonant frequency. This
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velocity dispersion results from the combined effect of the finite
dimensions of the disc and the anisotropic nature of lead zirconate
titanate, Considering that the theory was developed for a fluid

plate of infinite lateral extent, the agreement is surprisingly good.

Equation (2.90) does not indicate the presence of the peaks
observed between the thlckness component resonances. These other
peaks are also shown as satelllte peaks on the far field ultrasound
pressure swept frequency responses discussed previously and can
therefore be explained in the same manner. There is a progressive
decrease in ampliéﬁde and number of these intermediate peaks as the
diameter to thickness of the samples increases. Many peaks appear
on the P.Z.T. SH No. 2 results where the diameter to thickness ratio
is 25. The intermediate peaks on the AM 5?2/558 No. 5 results
(diameter to thickness ratio 50) are, however, noticeably smaller
and they are almost non-existent on the AM 522/558 No. 10 results

(diameter to thickness ratio 75).

Certain of the directivity functions which were observed had an
entirely ﬁnexpected shape., The series of Figs. 5.18 to 5.23 show
the usual progression of the thickness component resonances down to
curve 15 at 2,250 MHz, However, at 2,060 MHz the directivity
function becomes very narrow and its amplitude increases as the
temporal frequency is decreased until a sharp maximum is reached
at 2,045 MHz as shown on Fig., 5.24 curve 17. On further decreasing
the temporal frequency as curves 18 and 19 show, peaks appear which
gradually separate and diminish until at 1.900 MHz a broad, almost
flat, directivity function is observed. It seems most likely that
this behaviour results from a strong thickness shear mode at
2,045 MHz which produces sufficient displacement in the Z direction

to enable the whole disc 'to 'radiate in a piston mode. At a
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temporal frequency below this shear resonance it seems to be
possible to find a broad directivity pattern as shown by curve 21,
Fig. 5.25, at which maximum possible detector resolution can be

achieved.

A similar type of behaviour is shown in Fig. 5.29 for
AM 522/558 No, 10, where maximum resolution would be achieved at

2.800 MHz with directivity function number 17.

As well as indicating the agreement between the fluid plate
theory and the experimental observations, Figs. 5.31 to 5.34
provide the basic quantitative information from which the detector
resolution can be.obtained, as a function of temporal frequency,
for all the materials investigated., Taking%_% as the abscissa
enables results obtained from samples with a range of thickness to
be displayed on the same axes and hence makes direct comparison
possible, Thickness resonance occurs when)_;% = 1, Below resonance
%;é is greater than unity and above thickness resonance it is less
than unity. Consequently selection of the temporal frequency at
which a chosen detector material has the greatest resolution is
straightforward. Alternatively the material having the greatest
resolution at a particular temporal frequency can easily be chosen.
The information displayed in Figs. 5.31 to 5.34 was extracted from
the directivity functions by measuring the spatial frequency
bandwidth between the half amplitude poihts. As most of the curves
were symmetrical about fx'S.O only half the total bandwidth has
been shown so it must be remembered that a mirror image in the

2:1 axis also exists when assessing the detector resolution. The
2b
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length of the vertical line at a given value of?%% is equal to the

2
spatial frequency bandwidth. When the directivity function exhibits
the two peaked form above thickness resonance the pass band about
the spatial frequency of the longitudinal thickness resonance peak
is displayed. This results in a systematic displacement of the
spatial frequency pass band up the spatial frequency axis as%%}
increases above unity and produces the characteristic trend towards
the top left hand corner of the page. The spatial frequency values
of the thickness resonance component peaks are indicated by crosses;
kinks in the smooth upward trend are accompanied by strong on axis
peaks in the directivity function. These are therefore probably
associated with closely coupled modes of the disc which may exist
at that particular temporal frequency. This is shown clearly by
Fig. 5.33 (ii) for P.Z.T. 5H No. 2.

The significance of the band pass and low pass spatial frequency
responses of the detectors is readily ascertained. The broadest low
pass spatial frequency response will result in a final image having
the closest resemblance to the original object. However, the image
which is obtained from a detector having a pass band about a high
spatial frequency will tend to emphasise the fine structure in the

object and in particular its edges.

It is, therefore, possible, knowing the requirements of a
visualization system, to select the most appropriate detector
material, TFor example, P.Z.T. 5H ﬂ;s a broader pass band for
?;i = 0,932 than any of the other materials investigated with a

b

diameter to thickness ratio of 25, It also has a slightly broader
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bandwidth at7\1= 1,00. There is insufficient elastic data

25
available for the AML materials to draw firm conclusions about the
reason for this, but complete physical data is available for P.Z.T &
which suggests that the fine grain size of P.Z.T 5H is the important

factor.

The set of results obtained using AM 510 covers the three
diameter to thickness ratios investigated in the present work.
Fig. 5.31 (i) shows results obtained with a disc of diameter to
thickness ratio 25 having a fundamental thickness resonance at
1,120 MHz, Figs. 5.31 (ii) and 5.31 (iii) were obtained with
diameter to thickness ratios of 50 and 75 having fundamental
thickness resonances at 2.277 MHz and 3.410 ﬁHz respectively.
As expected from the change in temporal frequency, the spatial
frequency bandwidth at zﬂ = 1,00 for AM 510 No. 4A is approximately

b
three times that for AM 510 No. 2A and that for AM 510 No. 3A
approximately twice that for AM 510 No. 2A.

Comparing Fig. 5.31(i) with Fig. 5.34 (i), it is clear that
operating a detector at its first overtone does not increase the
bandwidth by a factor of three as one would expect on temporal
frequency grdunds. Also the first overtone bandwidth is less than
that obtained from a disc with a fundamental thickness frequency
close to that of the first overtone as is shown by comparing
Fig. 5.31(iii) with Fig. 5.34(i). This indicates that the impulse
response of the thicker disc has a greater width in wavelengths
than that of a thinner disc at the same wavelength, as one would
expect intuitively. The first overtone results shown in Fig. 5.34

are in poor agreement with the theoretical points. The directivity
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functions themselves, shown in Figs. 5.15 to 5.17 for P.Z,T. S5H No.2
have a much smoother appearance than the corresponding curves
obtained near the fundamental. The thickness component resonances
are relatively incdnspicuous becausé of the broadening of the

impulse response.

Figs. 5.32 (i) and (ii) for A 522/558 No. 5 and No. 10 show
a similar trend to the r:sults obtained with AM 510 in Figs. 5.31(i1i)
and (iii) but the corresponding bandwidths ‘are slightly smaller. -
However, for?fg approximately equal to 1.22 both AM 522/558 No. 5 and
2b ' .

No. 10 show a very broad low pass directivity function.

A detector using AM 522/558 working at this value of?té would
2b

give very much superior image quality than could be obtained with

any of the other materidls investigated.

5.3 Investigations of the space variance of the directivity

function of piezoelectric detectors

The results discussed iﬁ 5.2 were all obtained using contact
point 1 (see Fig. 3.17). The space variance of the directivity
function can in principle be investigated by comparing the results
of method 4.2 obtained separately at all nine contact points. To
carry out such an investigation on every sémple at every temporal
frequency would obviously have multiplied the number of results by
a factor of nine. To reduce all this informatiom to a form
suitable for display would have taken a prohibitively long time.

Consequently a set of directivity functions were recorded at
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3.510 MHz at all nine contact points using AM 522/558 No. 10.
These are displayed in Fig. 5.35. On other materials a record was
made of the thickness resonant frequency at all nine contact
points. As the change in thickness from point to point over the
disc is less than 1% a change in thickness resonance from point
to point by more than this indicates the variation of cq over the
area of the disc and hence is a measure of the homogeneity of the
material. The change in resonant frequency observed over a disc
was seldom more than 37, so although some inhomogeneity exists,
it is not very large. The shape of the directivity function
is a sensitive function of temporal frequency, but as can be
shown from Fig. 5.35, the spatial frequency bandwidth remains
appreciably constant over the area of the disc. The temporal
frequency chosen for the results of Fig, 5.35, if anything,
exaggerates the space variance of the directivity function for
if a temporal frequency below the lowest resonant frequency of
any of the nine contact points had been chosen, then all the
directivity functions would have been of the low pass variety
and hence very similar in bandwidth. (In Figs. 5.31 to 5.34
for _% ~ 1 the spatial frequency bandwidth is almost constant

2
as the frequency decreases). It can be concluded from this that
if inhomogeneities influence the average performance of the
entire disc, then they will have the least disturbing effect on
the quality of the Qisualized imagehif the detector is operated
below the minimum thickness resonance frequency. This may
account for the usual statement that the ultrasound camera
produces the best images.at temporal frequencies just below

the thickness resonant frequency.



Figure 5.35 Directivity functions at all nine contacts to illustrate space variance.

Material AM 522/558 No 10. Temporal frequency 3.5100 MHz

3
-

112
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5.4 Results obtained with the sinusoidal standing wave method for

measuring the coherent transfer function of piezoelectric detectors

By comparing the amplitudes of the input and output
cosinusoidal standing saves, the directivity function Dp(fx) is
obtained point by point as described in section 2.8. The
modulation transfer function Mp(fx) is obtained from the‘relative
depth of modulation of the output and input standing waves. The
coherent transfer function is then defined as the product of Mp(fx)
and Dp(fx)' i

In order to obtain a coherent transfer function by this
technique, pairs of inpﬁt and output functions must be recorded
over a range of spatial frequencies and for ‘a known depth of
modulation of the input standing wave. For convenience this was
set equal to unity (1007 modulation). Up to twenty pairs of
results must be recorded at each temporal frequency at which a
coherent .transfer function is required. Consequentiy the
technique is not suitable for the investigation of Dp(fx) as a
function qf temporal frequency as many hours would be required
to record a set of directivity functions such as those shown in
Figs. 5.18 to 5.25.

Thete are, however, two important points concerning the
sinusoidal standing wave technique which must be considered.
Firstly, it is the only method by which the modulation transfer
function can be obtained. Hence it enables the 'cut-off' spatial
frequency, fo’ of the detector material to be measured. The
significance of f will be discussed in a later section. Secondly,

it provides an alternatxve 1ndependent method of obtaining D (f )
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which is probably easier to justify physically and hence is a

useful check on the validity of results obtained by %~ response

technique.

5.4.1 Directivity functions from the sinusoidal standing wave

technique and comparison with the impulse response technique

Figs. 5.36(i) and 5.36(ii) are two typical pairs of results ,
recorded consecutively by the sinusoidal standing wave technique.
They were obtained during inveétigations on P.Z,T. 5H No. 2 at a
temporal frequency of 1.210 MHz., The depth of modulation of both
input pressure waveform.and output voltage waveform is approximately
one, but there is a significant :increase in the amplitude of the
voltage waveform in (ii) compared with that of (i) for a constant
pfessure waveform ampliéude; The amplitude of the output voltage
waveform relative to that of the input pressure waveform, when
plotted against the spatial frequency of the input waveform traces
out the spatial gain function or directivity function of the
detector transducer. These results are in good agreement with those
obtained by the impulse response technique at the same temporal
frequency and for the same material as Figs. 5.37 and 5.38 show,
Fig. 5.37 illustrates the agreement between the two methods using
P.2.T 5H No. 2 at 1,210 MHz and Fig. 5.38 using AM 522/558 No. 5 at
2.516 Miz.

. ' !

It is very satisfying that the results obtained by two
independent techniques are in such close agreement as this
vindicates both the experimental techniques and their underlying

physical principles,.

).
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The sinusoidal standing wave technique results were scaled to
fit those of the impulse response method at the maximum amplitude
of Dp(fx). The difference in levels between the two sets of
resqlts shown, particularly on Fig. 5.37 near X = 50 mm, is
probably a consequence of a difference in the non-linear response
of the pressure-wéveform recording system and the voltage waveform
recording system., There is a slight displacement of the sinusoidal
standing wave results in the negative X1 direction relative to the
impulse response curve. It is due to a decrease in the unwinding
speed of the Phillips pen recorder on which the results were
recorded as the length of record increased. This undesirable
characteristic of the recorder was not noticed until a large
proportion of the results had been obtained. Results could not
be obtained with the standing wave technique at values of X, less
than 20 mm because the.size of the source holders prevented them
from being brought sufficiently:close together at the maximum
value of Z1 which was determined by the size of the tank,

A significant feature of the sinusoidal standing wave results
is that they do not follow the small amplitude oscillations between
the two thickness component. resonance peaks shown on the impulse
response results, This is probably a consequence of the fact that
the relative amplitude value obtained from the sinusoidal ‘standing
wave technique is an average of: the whole disc response. If the
small amplitude peaks are a result of local divergence of electric
field in the vicinity of the driving point, they could reasonably
be expected to average out over.the area of the disec., A certain
amount of smoothing will also result fyom the finite size of the

sources used to form the standing ultrasound pressure field.
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5.4.2 Modulation transfer functions from the sinusoidal

standing wave technique

The use of the sinusoidal standing wave technique to obtain the
modulation transfer function for a ceramic detector is a most
significant development. Not only does it enable the coherent
transfer function to be obtained, but it also indicates the maximum
spatial frequency that the detector can pass and hence the natural

limit to its resolution capability. '

Figs. 5.39 (i) and 5.39 (ii) are two typical pairs of results
obtained by the sinusoidal standing wave technique recorded at a
temporal frequency of 2.516 MHz. using AM 522/558 No. 5. On
Fig. 5.39 (i) the depth of modulation of both the input pressure
waveform and the output voltage waveform is unity giving a value of
unity to the amplitude;of the modulation transfer function. On
Fig. 5.39 (ii), however, the input waveform has a depth of modulation
of unity, but the response waveform has a depth of modulation of
0.55, giving a value of 0.55 to. the amplitude of the modulation
transfer function. The complete modulation transfer function is
shown in Fig. 5.40 (i). '

Close inspeétion of Fig. 5.39 (ii) reveals that there are two
more cycles in the pressure waveform than in the corresponding
voltage waveform, whenlin each;case the length of scan was the same.
Two complete cycles have, thergfore, been .absorbed during the
transduction from preésure to Qoltage. In a standing wave field the
phase of one loop is Opposite.to that of the adjacent loop. However,
in the ceramic material each loop is coupled with the adjacent loops
through the rigidity of the material. Consequently they cannot

vibrate independently and intuitively one can say that a stage must
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be reached when the spatial period of the standing wave will ﬂe s0
small that adjacent loeps will be forced to vibrate in phase., This
will occur when the,sparial period of the standing wave pattern is
of the order of the disc thickness eerresponding to a spatial
frequency of 1/2 b and,rhe resuiting spatial'frequency of the
voltage waveform will bF_zero. }The spatial frequency of’the input

waveform could then be:sensibly called the cut off spatial frequency
o "

£, !

This eehav1our is‘not/observed in practice. A clearly defxned
cut off frequency does not ex1st because of mode converslon as
mentioned in 2.7, but the response spatial frequency gradually
decreases relative to uhe anut‘spat1a1 frequency until there
is no similarity betweep the two. This situation is shown in
Fig. 5.42 using AM 522[558 No. 5 at 2,327 MHz, and is considered
to be the practical cut@off.spaéial frequency of the detector.

A precise cut off criterion was;not.used to decide when the
practical cut off was reached ae it could be located to within 107
by visual observation of the 81m11ar1ty between pairs of traces!
When calculating the modulat1on of the response waveform the
missing cycles were con81dered to have a modulation of zero.

1 o2 r

In order to investﬁgate the shape of the ﬁodulation}transfer
function, sets of results were recorded at different temporal
frequencies, AM 522/558 No. 5 and P,Z.T. 5H No. 2 were again
selected for these 1nveﬁt1gat10Ps and the results are shown in
Figs. 5.40 and 5.41. || b n

0 : n

The form of the moﬂulation;transfer functions are very similar
to those usually obtain@d for pbotograpﬁic film. These usually show
a plateau'region over the low.s?at%al‘frequency range wWhere the

H
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!
modulation transfer function is-unity and then a steady decline at
higher spatial frequencies until the modulation transfer drops to

Zero.

In order to obtain the coherent transfer function the
modulation transfer functions must be multiplied by the corresponding
directivity function. The directivity function corresponding to
Fig. 5.40 (i) is displayed in Fig, 5.20 curve No. 6, that
corresponding to Fig. 5.40 (ii) in Fig. 5.25 curve No. 21, and that
corfesponding to Fig. 5.40 (iii) in Fig. 5.22 curve No. 12. For the
P.2.T. 5H No. 2 results the directivity function corresponding to
Fig. 5.41 (i) is displayed in Fig. 5.16 curve No. 5 but that
corresponding to Fig. 5.41 (ii) is displayed in Fig. 5.37.

Consider as an example the M.T.F. curve for AM 522/558 No. 5
shown in Fig. 5.40 (ii). The directivity function at 1,900 MHz is
relatively even and quite broad. Using Fig. 5.32 (i) at

~d = 1,225 the spatial frequency bandwidth is 0.244 mmfl centred on
2b

Y

zero. Hence it is clear from Fig. 5.40 (ii) that throughout this
bandwidth the depth of modulation is not less than 0.9 and
consequently image contrast will be preserved during visualization.
This will not be the case for imaging at 2.516 MHz. The two peaked
directivity fuﬁction corresponding to the M.T.F, of Fig. 5.40 (i)
"1 to 0.240 mm !
spatial frequeney of 0,200 mm_l, as is shoym by Fig. 5.32 (is. Over

has a pass band from 0,126 mm with.the peak at a
this spatial frequency range the M.T.F. decreases from 0.9 to 0.6,
hence the contrast falls off at the higher spatial frequencies which
will result in a loss of visibility of the fine detail in the image.
These two examples serve to illustrate the importance of both the

directivity function and the modulation transfer function when

-
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considering limitations on resolution imposed by a detector.

With the exception of Fig. 5.40 (i) the modulation transfer
functions show a.cut off frequency which tends to substantiate the
heuristic argument that this should be _1. For AM 522/558 No. 5

" 2b
_1lis equal to 0.500 mm-1 and' for P.Z,T, SH No. 2 it is equal to
2b

0,250 mmfl. The M.T.F. obtained at the first overtone frequency

of P,2.T. 5H No. 2, shown in Fig. 5.41 (i),shows a significantly
higher cut off than expected, and that for AM 522/558 No. 5, shown
in Fig. 5.40 (i) a significantly lower one. These empirical
results suggested that the cut.off spatial frequency was not simply
determined by the disc thickness but was also a function of the

temporal frequency.

5.4.3 Modulation transfer function cut off spatial frequency

as a function of temporal frequency

Measurements were carried out to investigate specifically the
change in fo with temporal frequency after the modulation'tpansfer
function results indicated that it was not independent of temporal
frequency. The sinusoidal standing wave was again used and fo
determined by comparing successive pairs of traces until a response
such as that shown in Fig. 5.42 obtained. . Two discs of different
materials were used in the measurements. They were P.Z.T. 5H No. 2
and AM 522/558 No. 5. The results are shown in Figs. 5.43 and 5.44,
plotted against?tg for easy comparison with the directivity

2b

function bandwidth results.
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Both curves show similar features, The most probable value of
fo over the range of temporal frequencies covered is approximately
207 higher than that given by _l and both curves show a definite
2b
minimum in fo at a particular temporal frequency. This minimum
for the AM 522/558 No., 5 results is comparable to the temporal
frequency range of the directivity functions shown in Fig. 5.24
which were described as resulting from a strong thickness shear
resonance atg\d = 1,135. On this basis one would expect a strong
Ty
lateral coupling between adjécent loops in the sinusoidal standing
wave field and a corresponding decrease in f . Why the minimum
value of f does not occur precisely at }"d = 1,135 is not known.
2 -

The minimum of f for the P,Z.T. S5H No. 2 results occurs at
%§_= 0.965 whlch corresponds to curve 7 in Fig, 5.13. A strong
2b
sheéar resonance is not apparent at this frequency, only a prominent
peak at fx = 0 which again suggests that a high degree of lateral

coupling exists.,

It is quite clear from the difference in form of the two
sets of results that they can only be considered as empirical
values. A far more detailed investigation is required before the

real significance of the shapes of these curves can be ascertained.
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CHAPTER 6

Conclusions and Suggestions

' for Further Work

There are two main conclusions to be drawn from the discussion
of the theoretical and experimental results, Firstly, that a
coherent transfer function can sensibly be defined for a ceramic
detector and that its form may be determined using either an C
impulse response technique or a éinusoidal standing wave technique.
Secondly, from the.results it is clear that only at certain
temporal frequencies will a plate of lead zirconate titanate
ceramic perform well as an ultrasound hologram detector. For
example, consider a detector constructed from AM 522/558 having a
fundamental thickness resonance at 2.327 MHz used to receive an
ultrasound hologr#m at 1.900 MHz, Using the information from
Fig. 5.32 (i) and Fig. 5.40 (ii), it is easy to see that the
contrast will be unimpairedover the entire pass band of the detector,
and the maximum spatial frequency passed will be 0.244 mmfl.
Consequently the maximum object resolution will be 4 mm. In an
underwater viewing system using a detector wiph an aperture of
0.5 m the closest distance at which this object resolution will be
obtained is 1.3 m. If the object were to be brought nearer to the
detector, no further increase in resolution would be observed. For
object distances greater than 1.3 m the pupil function would limit
the resolution to more than 4 mm, Increasing the aperture of the
detector further would increase the object distance at which the
pupil function limit and the detector transfer function limit were
again equal. A maximum resolution of 4 mm at 1,3 m should be

adequate for any underwater viewing system. If this is not the
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casé the system resoluéion could be increased by using conventional
imaging and projecting a magnified image on to the detector. In
this case, provided an aberfation free ultrasonic image element
could be obtained, improved resolution would result at the expense

of a reduced field of Qiew.

In contrast to this a severe limitation is placed on the
performance of a non-destructive testing system by the detector
spatial frequency transfer function. A 10 cm diameter detector
of AM 510 with a fundamental resonant. frequency of 3,410 MHz
working at 3.490 MHz will pass a maximum spatial frequency of
0.245 mmfl. This corresponds to -a maximum object resolution of 4 mm
at a distance of 13 cms which will not be improved by increasing
the detector aperture or by reducing the object distance. Typical
object distances in non-destructive testing may be as small as
5 cms and the required resolution could be less than 2 mm, half

that available using the AM 510 detector.

It is, therefore, clear that the detector must be re-designed
for it to be of use in non-destructive testing. The cut off spatial
frequency investigations clearly showed that the modulation
transfer function at the optimum temporal frequency only influences
the resolution at spatial frequencies greater than _1l. Provided

2b
that the directivity function can be broadened out considerably, a
detector limited only by the modulation trgnsfer function would be
obtained. A 0.7 mm thick detector would then be capable of resolving
object dimensions down to 1.4 mm. In order to flatten the directivity
function, it is necessary to either increase the mechanical losses

in the detector material or decrease the value of R in equation (2.90).
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Decreasing R is~synonymous with reducing the acoustic impedance
mismatch between the detector material and the acoustic loading
material. This increases the fraction of mechanical enefgy which
is re-radiated into the loading medium amd hence lowers the
mechanical Q factor of the detector. If the detector is coupled
directly on to a steel specimen for a non—destructive testing
application, then R could easily be nearly one and the directivity
function should not impair the detector resolution limit set by
the M.T.F. However, there is no ipformation available of the
effects on the M.T.F; of bonding a ceramic plate directly on to a
solid acoustic loading medium. It could easily reduce the
bandwidth because of mechanical coupling through both the loading
medium and the detector ceramic. This is a possibility which
deserves further investigation. '

In many applications the detector cannot be attached directly
on to the object so a coupling medium, usually a fluid such as water,
must be used, A matching layer with a suitable characteristic
impedance could then be used to reduce R. Again this arrangement
could influence the bandwidth of the modulation transfer function
and deserves further investigation.

n

Another alternative would be to decrease the characteristic
impedance of the detector material. This could be achieved by
setting grains of lead.zirconate titanate in a matrix of plastics
material along the lines of the 'monograhxlayer' recently
developed for solar cells in space vehicles by the Phillips
Research Laboratories,nEindhoven (57). A lossy type of matrix
would also have the advantage of minimising thickness shear
resonance amplitude. . |

1 ! '
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It has not been possible to relate the modulation transfer
function results or the directivity functions, in detail, to a
theory of disc vibrations and hence more generally to the physical
properties of the material. This was one of the objects outlined
in the introduction. There is great scope for further theoretical
work and it is hoped that this investigation will provide an

incentive for future researchers.
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Appendix 1 i

Measurement of the amplitude reflection coeffient of

AML type Bl anechoic coating at normal incidence

A simple technique was devised for measuring the amplitude
reflection coefficient of the aﬁgchoic coating which was used on
the ends of the water éank. Fig. A.1 (i) shows a schematic
diagram of the arrangement. At the hydrophone, which is assumed'
to be small enough not to significantly affect the acoustic
field, the pressure amﬂlitude is determined by the relative
phases of the incident wave anq:reflected wave, By slowly
sweeping the frequency of the ultrasound source, the relative
phase of the two waves:will sweep from O to 180 degrees and the
corresponding time averaged pressure amplitude from a maximum to
a minimum, It is a simple matter to calculate the amplitude
reflection coefficient of the reflecting material from the
pressure maxima and minima which are recorded on the electrical
output from the hydrophone.

Let the incident pressure:wave be represented by

p; = poﬂsin(kz +Wt)

t .
and let the reflected wave be represented by

P. = ap, sin(k;:-ooﬁ)

r
il ‘

where a is the amplitude reflection coefficient of the .

absorbing material. For simplicity, it is assumed that :there is

no change of phase on reflection.
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At the hydrophone where z = Zg the total pressure Pp is
given by

Pp = Po[ sin(kzy +wt) + a s:m(sz —cut)]
Therefore
Pp = P, l:(l + a) sin kz, coswt + (1 - a) cos kzy sinw{l

(Al.i)

zy is fixed but k varies with the frequency.-

™

If 3,1, is the time average of the pressure signal, averaged
over a time which-is long compared with the ultrasound period
P!

2

but short compared with the sweep period, then when sz

Pp = p (1 +a) -
e

and when sz =0 ' (Al.2)

Py = P, (1 = a)

, Assuming that the electrical output from the hydrophone

is proportional to FT’ VeSS Pg(l + @) and V. o< p (1 = a)..
’ vmax ~ 'min )
Hence a = ————— (Al.3)
+ V ’
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b .
The results obtained are shown in Fig. Al (ii).  In
accordance with the usual convention, the reflection coefficient

is displayed on a logarithmic scale.

The reflection coefficient at 700 klz was obtained by the
Admiralty Materials Laboratory with a pulsé—echo method at the
upper frequency limit of their measuring technique. This work,
therefore, extends the range of known data on AML type Bl

anechoic coating.

The rapid increase in the reflection coefficient with
increase in frequency results from a progressive decrease in the
éffectiveness of the. spikes. These were designed to match the
characteristic impedance of aluminium loaded butyl rubber to
that of water at about 100 -kHz, They cannof be expected to do
this at wavelengths very much smaller than the spacing between
the spikes. The reflection‘coefficient, therefore, tends to

that expected for the butyl rubber alone which is = 19 dB.
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Appendix 2

Miniature Probe Hydrophone Directivity and

Sensitivity Measurements

Directivity

A series of preliminary investigations were carried out on
the probe hydrophones to assess their suitability for use in
ultrasonic field plotting. The design suggested that the
hydrophones-shouldlshow circular symmetry in the plane of the
transducing element. Consequently at frequencies below the
thickness resonant frequency of the element (5 MHz), it was
expected that the directivity patterns of the hydrophones would

be circular and centred on the transducer.

The technique used to measure the directivity pattern of a
hydrophone involved rotating it in a uniform sound field with the
Z axis accurately aligned normal to the direction of sound

propagation.

Contrary to expectations the directivity patterns were not
circularly symmetric. At frequencies below 1 MHz dipole
directivity patterns were obtained. As the frequency was
incre;sed a systematic development of the directivity pattern was

observed, as shown in Fig. A2.l.

The dipole form gradually changes into something similar

to a lateral quadrupole pattern.
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(ii) (iii) (1v)
Up to 1 MHz . From 1 MHz to 2 MHz Above 3 MHz

Figure A2.1

The hydrophone transducer element is approximately one
third of a wavelength in diameter at 1 MHz and one wavelength at
3 MHz. Consequently the alternating stress pattern in the
transducer produced by the incident ultrasoﬁic wave will have
both longitudinal and shear components. It is shown in
Stephens and Bate (58) that shear and longitudinal stress
systems acting on an isolated volume give rise to both lateral
and longitudinal quadrupole radiation. Many radiation patterns
can be synthesised using linear combinations of lateral and
longitudinal quadrupole radiation patterns. The radiation
pattern must, however, show the same form as the reception
directivity pattern by the principle of reciprocity. Hence the
observed directivity of the hydrophones can be sensibly
ascribed to the stress system within the transducing element.

Sensitivity . )

The acoustic power radiated by a thickness resonmant air
backed piezoelectric transducer is easily calculated using the

well known relationship:
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Al v (o) (A2.1)
2qc

Acoustic power radiated =

i
2

A is the radiating area of the source (mz)
V is the peak voltage driving the transducer (volts)
! is thickness of the transducer (m)
Re is the characteristic impedance of the loading fluid
: -2 -1
(kg m “sec )
e is the piezoelectric constant of the transducer material
' -2
(Cm )

In order to determine the sensitivity of the hydrophone,
its response was measured when situated in the near field of a
half wave thickness resonant source, radiating a known acoustic
intensity. The intensity was determined from (A2.1) knowing the

driving voltage.

The source used was a disc of AM 510 piezoelectric ceramic,
mounted so that it was airbacked and radiating from a circular

area 10 mm in diameter.

e=15Cm 2

L=221073g '
pe = 1.5 106 kg m'_2 ser:--1

A= 25100 2

V = 7 volts peak té peak

The acoustic power radiated by the source was then 80 mW cm-2
which gave a measured hydrophone output of 20 mV peak to peak.
The sensitivity of the hydrophone was therefore 20 mV R.M.S. /

atmosphere.
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Aggendix 3

Calibration and Frequency Responsé Curves

Calibration curves were obtained for the hydrophone
amplifier and detector and also the F.E.T. voltage probe
amplifier and detector. These curves are necessary for the
extraction of linear amplitude information from the experimental
results discussed in Chapter 5. They give the output signal
amplitude as a function of input signal amplitude for a range
of representative signal frequencies. The curves are shown in
Figs. A3.1 and A3.2,

Frequency response curves were also reéorded for the
hydrophone amplifier circuit and the power amplifier circuit,
These are shown in Figs. A3.3 (i) and (ii) where circuit gain
is plotted against frequency. The hydrophone amplifier
frequency response shows an interesting peak at 3.84 MHz which
is caused by the self resonance of the r.f. chokes used to
determine the input impedance and biasing conditions (see
Fié. 3.10).
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For simplicity we will consider a plane reference wave,
which is inclined at an angle 6, to the recording medium,
and which has a complex amplitude R(x,y).

R(x,y) = Ry(x,y) exp [—iBpx]

Br = LL 8y = kosin 6,
Ao

A, is the wavelength of the radiation used in the formation
of the hologram.

Inclining the reference beam to the direction of the object
wave causes each object wavefront to be angularly separated
from the others on reconstruction. This realization repre-
sented a major step forward in optical holography, and was
first put into practice by Leith and Upatnieks3. Prior to this
the 'in line' method of Gabor? utilized undiffracted light,
passing through the object, as the reference beam, which
consequently was not inclined to the object wave. On recon-
struction, the object waves were hot angularly separated and
each image had an out-of-focus background provided by the
other reconstructed object waves.

In the skew arrangement, the reference beam is obtained by
a beam-gplitting arrangement from the same laser source
used to illuminate the object, to ensure spatial and temporal
coherence. Ultrasonically the arrangements are more flex-
ible. Two separate transducers may be used for the object
illuminating beam and the reference beam, because, since
they are electrically driven, it is easy to arrange for them
to radiate in phase. Alternatively with electrical methods
of detecting and recording the ultrasound hologram, it is
possible to supply the reference wave by an internal elect-
rical signal. With appropriate phasing,a plane or spherical
reference wavefront may be simulated. This is a useful
facility as it is difficult to produce an ultrasonic reference
beam which has 2 uniform curvature. The uniformity is
important because any differences of aberration between the
reference wavefront and reconstruction wavefront are
carried through the holographic transformation as aberra-
tions of the reconstructed images.

Over the detection plane (the aperture mentioned in the
previous illustration) the object wavefront and the reference
wavefront interfere to produce an ultrasound amplitude
distribution which is recorded as the ultrasound hologram.

The amplitude distribution is given by

[U,Ux]/2 = [(O + R)(O* + R*)]1/2
= [0O* + RR* + RO* + OR*]1/2

= [0§ + RZ + 204R, cos (B.x — ¢,)]1/2

The first two terms combine to form the background ultra-
sound amplitude. The third term represents a set of parallel
interference fringes of period 1/8,. spatially modulated by the
object wavefront phase distribution ¢,. Consequently it is
obvious that as a result of the interference of the two wave-
fronts both object amplitude and phase information are pre-
sent over the hologram plane as a recordable amplitude
distribution. Notice that the fringe amplitude contains the
factor OyRy. R, is usually greater than O, and is a constant.
The process, therefore, results in a heterodyne amplification
of the object wave.

The detection system placed in the aperture will record the
ultrasound amplitude to the power y. The value of y will
depend on the type of detector used and on the nature of the
recording process. There may be several intermediary
stages before the ultrasound hologram is in the form of a
photographic transparency which can be used in the recon-
struction process. Each stage will have its own y but the
overall value alone is significant.

The transmission function of the transparency will be given
by

tp = [0F + RE + 20¢R, cos (B.x — ;)] "2

Putting A2 = O + RZ and expanding in a binomial series we
obtain:

tp = A"’[l + YE (O—Z&) (exp [iBrx — )]

2
+ exp [—i(Bpx — ¢o)]) + %7(7 —2) (90—;9)

(exp [21(B.x — ¢)] + exp [—2i(Bpx — Pp)] + 2)
fo) 3
+ Lyt =20 -9 (%) (exp [31(Bx — 6]

+ exp [—31(Bpx — )] + 3 exp [—1(8,x — ¢;)]
+ 3 exp [1(Byx — ¢0)])

+aen

In order to reconstruct the original object, the hologram
transparency is illuminated with coherent light. For simpli-
city we will assume that the hologram is illuminated with a
plane wave incident at some angle 6, to the hologram. As
before, the light propagates in the forward direction. The
reconstruction wavefront is represented by:

C = C, exp [—iBx]
where

Bc = 2—” sin 9c
Ac

A is the wavelength of the reconstructing radiation and for
most applications will be very much less than the hologram-
forming radiation. For example if we are considering 1MHz
ultrasound propagating in water the wavelength is approxi-
mately 1. 5mm whereas the wavelength of the He-Ne laser
light which may be used in reconstruction is 6328A giving

a ratio of

e 1

Ao 2500

The transmitted wavefront has a complex amplitude of the
form

H = C[OO* + RR* + O*R + OR*]"2

If we put y = 2 only the first term in the binomial expansion
of t, is finite and only two images of the object are recon-
structed. This may be difficult to achieve in practice but it
will reduce the mathematical complexity here.

Therefore we can write

H = C(OO* + RR*) + CO*R +COR*
= HD + I{C + HT

Hp = Cy(03 + R3) exp (—ipcx)
HC = COOORO exp (_i[ﬁr + ﬁc]x) exp (i¢'o)

HT = COOORO exp (+i[ﬁr - ﬁclx) €Xp (_i¢'0)

H, is the undiffracted portion of the reconstruction wave
wﬂich is simply attenuated on passing through the trans-
parency.

is a diffracted wave containing the same amplitude and
phase distribution as the original object wave, apart from
multiplication by a constant factor. The sign change in the
phase term means that the wavefront is converging and will
produce a real image. Because this term reconstructs the
complex conjugate of the object wave, the image is called
the conjugate image. The wave is diffracted at an angle
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(65 + 6.) if 65 and 8., are small, otherwise the diffraction
angle is arc sin (sin 6. + sin 6,;) ignoring wavelength dif-
ferences.

H, is a diffracted wave containing the same amplitude and
phase distribution as the original object wave. The sign of
the exponential exp (—i¢,) is negative so the wave is diverg-
ing and therefore is a complete replica of the original object
wave, apart from multiplication by a constant. An observer
looking along the direction of propagation of H.[(6; — 6,) if
these are both small] through the transparency, will see a
virtual image of the object. Because the complex amplitude
of the object wave appears in its original form the image
produced is called the true image.

In general, images produced by H. and H, may be real or
virtual depending on the curvature of the reference wave-
front and the reconstructing wavefront but the nomenclature
remains the same.

Fig 3 illustrates the arrangement for hologram formation
and Fig 4 shows roughly the positions of the two images rela-
tive to the hologram for the case just discussed but ignoring
the effects of wavelength differences. The magnification of
each image will be the same but they will be located at dif~
ferent distances below the (y, z) plane, Each will have the
same magnitude of Z co-ordinate for True and Conjugate
image co-ordinates (Table 1).

OBJECT —IMAGE RELATIONS

The more general problem of the relations between object
and image distances for any positions of object point, refer-
ence point and reconstruction point sources is now consider-
ed. Any differences in wavelength between the hologram and
image reconstruction radiation, as occurs in ultrasound
holography, will be included and the possibility of changing
the physical size of the hologram allowed for. Change of size
is a very important parameter which is necessary for re-
moval of intrinsic aberrations of the holographic process.

The appropriate co-ordinate system and object source point,
reference source point, reconstruction source point and cor-

responding image points are introduced with the help of Fig 5.

By considering the first order terms of the phases of the
reference wave, object wave and reconstruction wave in the
hologram plane, as they appear in H; and H,, it is possible,
following Meier's analysis,? to derive expressions for the
corresponding image points, The cartesian system is speci-
fied for the reconstruction stage, to allow for a change of
size of the hologram between recording and reconstruction.
In this case the reconstruction co-ordinate system is related
to the recording system by the following linear transforma-
tions:

x=mx,y=my',z =12’

It is assumed that the hologram stores information only in
two dimensions so a change of scale of the Z co-ordinate

is unnecessary. The thickness dimension of all real holo-
grams can, however, be used to store further information as,
for example,in the techniques of colour optical holography.
Variations in thickness of the hologram resulting from emul-
sion shrinkage in preparation can produce phase variations
in the reconstructed wavefront which seriously impair the
image quality. In the case of an optical transparency these
can be minimized by wetting the emulsion with a liquid hav-
ing the same refractive index and then sandwiching the plate
between optical flats.

Table 1 gives the image co-ordinates in terms of the para-~
meters introduced in Fig 5. m is the scale change factor,
and pu the ratio of the reconstruction wavelength to the for-
mation wavelength.

By dividing numerator and denominator of each term in
Table 1 with z.z42z,, and re-arranging, it is possible to ob-
tain reciprocal relations for the holographic process similar
to those which occur in conventional imaging. It is also easy
to include the situation where the reconstructing wave and/or
the reference wave is a plane wave inclined to the hologram.
In such a case z, or z; goes to @ but X, or x, remains finite
and the ratios x,/zy and x./z. go to tan 6, and tan 6, re-
spectively.
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Plane reference wave
R(xy)

Object

&

Aperture ove
which holog
is recorded

Object wave
.0(x,y)

Fig 3 The skew arrangement for hologram formation in
the case of a plane reference wave which is inclined
at an angle 8, to the recording medium, and which
has a complex amplitude R(x, y)

Reference beam direction

~N
~ -
~
Reconstructing
beam \
]
0. [
Trueimage

Hologram
plane

Conjugate
image

Fig 4 True and conjugate image positions relative to the
hologram, for the same case as Fig 3
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Forward direction

Fig 5 The approximate co-ordinate system for plotting
the relations between object and image positions
for any positions of object, reference and recon-
struction point sources
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Table 1 ' Object co-ordinate—image co-ordinate relations

_ m2Xe2oZp + UMRgZyZe — UMXpZcZo

m225Zy + uZeZy — HZeZo

_ m2y ZgZy +umyoZyC — pmyrZelo

Y=
m2z,2y + UZeZy — pIeZg

7 m2z.z,%,
T= 2 !.
MezZ{T + U2 Zy — PZeZg

2 —_
_ MeXaZnZy p,mxozrzc + UMKy Z .7

Xo =

2 -
m22,2, — UZoZp + pIeZg

M2y ZyZy — pMYZpZe + pMYpZeZo

2 —_
Me%gZy — PZeZyp + pzoZ,

Y. =

m2z,2,%y

m2z,7p —pZcZy +p2cZo

where u =2r./2g

For the case of forward illumination z, is always negative
but the other co-ordinates may take on any sign. If Z is
negative the image is virtual, while if it is positive the image
is real, for forward illumination, A positive Z co-ordinate
indicates a converging wavefront, whereas a negative Z co-
ordinate indicates a diverging wavefront.

Table 2 shows the True image and Conjugate image co-ordi-
nates respectively, for five different sets of initial conditions.
Lateral and longitudinal magnifications are alsc shown. Y co-
ordinates are not given for either of the two images but they
may be obtained simply by changing x coordinates in the
appropriate expressions.
Longitudinal magnification is defined by: :Z—Z-
o

and
dx

0

Lateral magnification is defined by:

It can be shown that:

1
(MT)LONG = u_ (MT)ZLAT

(Mc)z.onc = (Mc)zLAT

Consequently if M,y = u then M, gy. =
three-dimensional imaging will result.

;a7 and perfect

Example A illustrates the general case where both reference
and reconstructing beams are plane waves inclined at 6,. and
6. to the hologram respectively. If m = 1, that is, the size of
the hologram is not changed before reconstruction, X will
have a large positive value and X will have a large negative
value. Z; and Z_ will both be very small so the angular
position of the ’Igrue and Conjugate images as seen from the
origin are almost +7/2 and —r/2, making observation diffi-
cult.

Consequently, 6, must be set equal to zero by putting x; = 0
to produce an observable image, as in example B. Alterna-
tively the scale factor m can be equated to u. In this latter
condition all the Seidel aberrations of the hologram are zero,
but the image is greatly demagnified making a further mag-
nification stage necessary.

Example B is very similar to Example A, except that the
reconstruction beam propagates along the normal to the holo-
gram plane. With m = 1 the diffraction angles of the two
images are small.

Example C gives the conditions for maximum magnification,
that is, object point source distance equal to reference beam
point sourcedistance. Thereal magnificationisnot infinite but
islimited by the resolution of the system. Withthisarrange-
ment the object wavefront and the reference wavefront have
almost the same curvature, and hence interfere to produce a
fringe system, which has relatively large periodicity. If the
recording medium has a low intrinsic resolution, as discus-
sed in the following section, the arrangement of Example C
will not encounter this resolution limit as rapidly as the
arrangement of Example A, because of the larger periodicity
of the fringes to be recorded.

Example D illustrates the case of reconstruction with a
converging light beam. In this case both True and Conjugate
images are real. If m2 = p then X; and 7, are finite but X,
and Z; are infinite, and only the Conjugate image will be re-
constructed. In practice it is not possible to set m2 exactly
equal to pu 80 two images will be reconstructed which are
widely separated longitudinally, the True image forming an
out-of-focus background to the Conjugate image.

Example E 'This arrangement is intermediate between
Examples B and C indicating the trend of magnification from
m, whére Z, = —©, to ©, where Z,, = —u.

INTRINSIC ABERRATIONS OF THE HOLOGRAM

By considering higher order terms of the relative phase
distribution across the hologram, it is possible to obtain ex-
pressions for the intrinsic aberrations of the holographic pro-
cess. These aberrations are introduced by the technique it~
self,and are independent of any aberrations of the reference
or reconstruction wavefronts. Terms of the third order give
the aberrations which are also common to conventional opti-
cal imaging systems—the five Seidel aberrations—spherical
aberration, coma, astigmatism, field curvature and distortion.
The expressions for these aberrations are somewhat com-
plicated and it would be superfluous to reproduce them here.
In any practical system, we are more interested in elimina-
ting them in order to maximize the image quality. The con-
ditions under which the five Seidel aberrations of the holo-
gram may be minimized are as follows.

1 Spherical aberration. If 4 = m when z, = zZ; = @ for both
true and conjugate images (H; and H.), spherical aberra-
tion is removed. 1t is also removed for both images if
Zp = Zg, regardless of other parameters.

2 Coma. If z, = z, = ©,and the ratios x./z. and x,/z, are
finite, then coma due to skewness of the reference beam is
minimized for one image at a time, if x./2, = —ux,/mz,.
Coma is removed if 4 = m. It is also removed for both
images, if z,, = z, and z; = tmz,,

3 Astigmatism. If z;, = z; = ®©, p= m and x¢/z¢ = —x,/ Mz,
(which made coma disappear), astigmatism is also remo-
ved for one image at a time (H;), and positive signs re-
place negative signs in minimal conditions for H;. If
2y = Zg and X¢/Z, = —uXy/mzy, astigmatism is removed
if z, = —uz, for the conjugate image; this converging wave
condition is incompatible with the condition for removing
coma, unless m = u.

4 TField curvature. The conditions which remove astigma-
tism also remove field curvature.

5 Distortion. If x;/z, = —u%,/mz, and m = p, distortion is
removed for all values of z,, Zp and z.

To summarize, it can be seen that all aberrations can be
made to disappear simultaneously for one image by using
parallel reference and reconstructing beams, by giving the
latter an angle of inclination to the Z axis equal to that of the
reference beam, but in the opposite direction, and by scaling
the hologram by the same factor as the wavelength ratio.

The lateral magnification is then equal to pu for both images
and therefore perfect three-dimensional imaging will always
be achieved. If z, = zy, spherical aberration is always zero,
but coma and astigmatism cannot be removed simultaneously.
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Table 2 True and Conjugate image co-ordinates for initial conditions in ultrasound holography

Initial Z Ky K Az 4Zc
conditions Xr Xe Zp &C dx, dx, dz,, dz,
A z,=—0=2, mx, mx,
mZ2u —m2u —m2u m2u m?2 —m?2
= gl Y tan 0 —mu  mu m- -
Zo=—4 o tan fe m c m m m m m m
Xy, Xg. X are —mu tan 6, —mu tan 8,
finite (virtual) (real)
B zpo=—% =2,
2 2 2 2
Z. =—u.x =0 —In"u m7u m= —m-
o , mx, mx, m m m m m m
Xy, Xg, are —mu tan 6, —mu tan 6,
finite (virtual) (real)
C zp=—u= Zg © © -] «© © © o0 o0 o
Zo = ~®0,%; =0 (I |2ol>| Zgl, 21
Xr,Xg,are Z are positive.
finite If |ZO|< |Zl'|,_z'r’
Z. are negative.
D z;=1u,z5=—0
—o.x 0 —mp(xg — utan 6p) mp(xy — utan 6y) m2u m2u —m) mpu m2y —m2y
Fog = =
d e m2 —p m2 —p m2—p m2+p m2—p m2+p (m2— )2 (m?+p)2
Xp,Xg,are
finite (real) (real)
E z,=-®,z, =-2u,
_ _ —2m2u  2m2u 2m 4m?2 —4m?
Zo =—u,X, =0 m (2xy — X,) m (2x, — X,) == 2m > m m
Xp, Xg, are
finite (virtual) (real)

LIMITS OF RESOLUTION OF HOLOGRAPHIC TECHNIQUE

The resolution of an ultrasonic imaging system is the most
important factor, by reference to which its usefulness may
be determined. Consequently it is important to arrange for
an ultrasonic imaging system to have maximum possible
resolution. There are five major factors which influence
resolution of an ultrasonic holographic system:

1 Aperture of the ultrasound hologram, that is, the lateral
dimensions of the ultrasound field over which the pressure
distribution is recorded to form the hologram

Intrinsic resolution of the ultrasound recording technique
Ultrasound reference beam source size

Intrinsic aberrations of the hologram

o b W N

Aberrations introduced by the reference beam and re-
construction beam

Points 1 and 2 can be discussed in terms of the Abbé theory
of image formation in coherent radiation.5 Briefly, the theory
states that as far as its diffraction characteristics are con-
cerned an object can be analysed into an equivalent series of
sinusoldal diffraction gratings each with a different period.
The object diffraction pattern is then thought of as the super-
position of the individual diffraction patterns for the whole
series of gratings. Before any object detail appears in an
image at least two orders of diffraction from a component
grating must be accepted by the aperture of the imaging
system. The resolution will then be equal to that grating
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period. For one particular wavelength of radiation A, the
angle of diffraction # of the spectra produced by a diffractio
grating of period p is given by A = p sin §. Consequently as
p tends to A the value of 8 tends to n/2. Any holographic
system can only form a perfect image of an object if it re-
cords all the diffraction spectra. This would require the
recording medium to be infinite in extent. Consequently any
real system can only accept spectra at diffraction angles up
to a maximum value determined by the linear aperture of th
system and its distance from the object. The grating period
corresponding to this maximum angle of diffraction is then
defined as the smallest object dimension resolvable by the
system, It is given by:

A

Pmin = G

Fig 6 illustrates how the resolution of a holographic system
is limited by its aperture. There may, however,be a resolu-
tion limit lower than that defined by the aperture, because of
the intrinsic resolution of the hologram recording medium.
The diffraction spectra from the sinusoidal grating.of peri '
Pmin are plane waves incident on the hologram recording
medium at angles +6 and consequently produce groups of
spatial fringes of period pp,j, on the hologram,as shown in
Fig 6. If the recording medium has an intrinsic resolution
such that two fringes separated by a distance Py iy are not
recorded separately then the smallest resolvable object
dimension will be greater than pp,i, and equal to the intrin-
sic resolution of the recording medium, independent of the
aperture. The minimum possible value of p is equal to A.



[ULTR ASONICS FOR INDUSTRY 1967 | conference paper |

Therefore, if the intrinsic resolution of the recording medium
is equal to the ultrasound wavelength, or less, the recording
medium will not limit the resolution. In the skew reference
beam syste'm, the angle of incidence may be adjusted so that
the carrier fringe spacing is not limited by the intrinsic
resolution of the hologram recording medium, The same
resolution limits apply to the object in this case, as the object
information is recorded as a modulation of the carrier fringe
system. There are several possible ultrasound detection
methods which could be used to record the ultrasound holo-
gram, and which have an intrinsic resolution of the order of
the ultrasound wavelength. The resolution of such a holo-
graphic system would then depend on factors 1, 3, 4 and 5.

3  The effect of the reference beam source size on the
reconstructed image is to 'spread out’ the size of an object
point image, until it is the same size as the source point
image. Provided that the angle subtended at the hologram

by the source is smaller than that subtended by the smallest
resolvable dimension of the object, the resolution of the image
will not be impaired.

4  The effects of hologram aberrations will be more con-

spicuous for objects close to the hologram recording plane,
80 it is important to minimize them, as indicated in the pre-
vious section.

Table 3 List of electrical ultrasound detectors

Spatial frequency of recorded
signal (normal reference beam)

Pmin
= -+
ol =
Object -
. 2] Hologram
—{=Pmin aperture
Component -
grating which |- 1

is just resolved

Fig 6 The limitations imposed on the resolution of a holo-
graphic system by its aperture

Sensitivity Image formation

Detector [W/cm2] Resolution time [secs)
Ultrasound cameras: Approximately 1 to 2 times Charge image

_ thickness of converter plate formed in approxi-

8
1 Quartz (2 % 10-8) in ideal conditions. mately 10 cycles of
plate converter® 7% 10-7 Resolution of quartz is less  the ultrasonic field.
than BaTiO;, because of The image is dis-
2 BaTiO, (6 x 10-10) greater lateral mechanical played at the frame
converter plate7; 8 3 % 10-2 coupling of quartz. ‘1;2;% of the system
3 Lead zirconate titanate conver- (10-11)
ter plate?
As above

Pulsed ultrasound cameral; 10 [

Similar to
continuous

wave camera

Approaching
wave theory

limit

Koch electron mirror camerall 0,05 Several ultrasonic wave- [Less than 0.02]
lengths
Mechanically scanned quartz 3 x 10-12 Approximately 1 to 2 times 3-120, depending on

platel2

thickness of converter plate

method of scanning

Table 4 List of thermal, mechanical and chemical ultrasound detectors

Sensitivity Image formation time
Detector [W/cm2] Resolution [secs]
Pohlman 2,5 x 10-3 At least several ultrasonic Less than 1.0, but
celll3, 14 (2.8 x 10-7) wavelengths, up to 1200, at maxi-
Typically a few mm mum theoretical
sensitivity
*Surface deformationl5 1.5 x 1073, Typically a few mm [Less than 1.0]

by light reflection

Stimulation and exhaustion of 0.05 Approximately 0. 2mm Approximately 60
phosphorescence

*Photodiffusion methods: 0.05 Limited to several mm by 30-130

1 Developer solution!? (exposed streaming

and undeveloped film)

2 Reversal bath and developed [greater than 1.0] As 1 above 40-50

film18

3 Fixer bathl3 1.0 As 1,2 above Several 10's
Starch plate in iodine solutionl® 0,5 As 1,2, 3 above 60-600
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exposed film, which was insonified in a bath of fixer solution.
The silver halide is dissolved away more quickly at regions
of high intensity than at regions of low intensity, because of
the effect of ultrasound on the rate of diffusion of fixer mole-
cules to the film. After several minutes exposure at quite
high levels, the film is removed and developed in daylight to
produce a permanent record. Although Greguss has demon-
strated that ultrasound holograms can be visualized by this
technique, he has not published results of any attempts to re-
construct images of the original objects holographed.

CONCLUSION

It is possible to indicate future trends, although the technique
of ultrasound holography is still in its infancy. Sensitivity
and the real advantages of an electronic reference beam seem
to demand an electronjc detection system, fundamentally
based on the piezoelectric or electrostrictive effects. Elec-
tronic scanning, as in the ultrasound camera, can obviously
result in rapid hologram visualization and potentially in real-
time reconstruction, once the problem of conversion of a TV
picture into a suitable amplitude or phase hologram has been
solved. For the resolution to be useful with this system the
receiver aperture, however, must be increased to 20 or

30cm, that is, by a factor of three over those currently
available. Recent work in Germany by E. Schitzer, 29 has
shown that it is possible, in principle, to build wide aperture
ultrasound cameras by using as the sensitive element a trans-
ducer in the form of a shell, which is very resistant to ex-
ternal pressures. For example,an ultrasound camera, with
an aperture of 60cm and resonant at 1IMHz, could be built

with this new technique and still have a pressure safety fac-
tor of eight atmospheres.
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