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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 of the visualization system. By further application 

of the theory, an impulse response 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 frequency can be selected to give optimum 

performance of a visualization system. 
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List of Symbols  

a 	(i) 	An arbitrary constant. 

(ii) Radius of a sample ceramic disc. 

(iii) x position of sender in sinusoidal standing 

wave technique. 

(iv) Half width of rectangular detector aperture 

in x-direction. 

Ao(x,y) 	Pupil function of a detector or imaging system. 

Ai(x,y) 	Pupil function of a visualized hologram. 

b 	(i) 	An arbitrary constant. 

(ii) Thickness of a sample ceramic disc. 

(iii) Half width of rectangular detector aperture 

in y-direction. 

B 	Spatial frequency bandwidth of an object spectrum. 

c 	Phase velocity of a longitudinal ultrasound wave in 

water. 

cd 	
Phase velocity of a dilatational wave propagating 

along the Z axis of a piezoelectric ceramic material. 

c um. 	Elastic stiffness tensor for D constant. 

C(p,,') 	Cross correlation function of two spread functions 

which originate from line sources at and V. 

Dn 	
Electric displacement vector. 

Dp  (f x  ,f y
) Directivity function for a piezoelectric ceramic 

detector. 

E m Electric field strength vector. 



f , 
xf y 

f1(x1Y1)  

f2(x2'Y2)  

f 
- ei 

f 
 

f
o 

F(f 
x
,f 
y
) 

6 

Spatial frequency variables referred to x or y 

rectangular co-ordinates respectively. 

An arbitrary time independent scalar potential 

function of xl  and yl. 

An arbitrary time independent scalar potential 

function of x2 and y7. 

Spatial frequency of a plane reconstructing wavefront 

incident ate. to a visualized hologram normal. 

Spatial frequency of a plane reference wavefront 

incident at eIr. to a detector normal. 

The cut-off or maximum spatial frequency passed by a 

detector. 

Spatial frequency spectrum which is the Fourier 

transform of f(x,y). 

Symbolic representation of the Fourier transform 

operation. 

Symbolic representation of the inverse Fourier 

transform operation. 

g(x,y) 

gs (x2,Y2)  

gos(x2'Y2)  

gis(x6'376)  
G(f ,f ) x y 

Gm(fx,fy) 

G
P 
 (f 
x 
 ,f 
Y
) 

A Green's function, the response of a linear system 

to a delta function. 

Green's function for the free space propagation 

problem. 

Green's function for object space propagation. 

Green's function for image space propagation. 

A coherent spatial frequency transfer function or 

coherent spatial frequency response function, the 

Fourier transform of g(x,y). 

Real part of G(f x  ,f y). 

A coherent transfer function characteristic of a 

piezoelectric detector. 
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t(f x'fy)  Optical transfer function of a visualized hologram. 

hkln 	
The tensor giving the piezoelectric constants of a 

material which relate open circuit voltage to a 

specified strain. 
4t4 
-5-r(f fy 	

Optical transfer function. 

Jo 	
Bessel function of the first kind, order zero. 

1 	
Bessel function of the first kind, order one. 

It 	Wavenumber 27(of longitudinal ultrasound in water. 
A 

kd 	
Wavenumber 2T( of dilatational wave propagating along 

Ad 

the Z axis of a piezoelectric ceramic material. 

kt 	Mean wavenumber for quasi-monochromatic radiation. 

ko 	
Wavenumber 2It of longitudinal ultrasound wave in 

a fluid. 

Wavenumber 23t of-coherent monochromatic light used 
Ai 

to reconstruct a hologram. 

L 	A linear differential operator. 

An arbitrary differential operator. 

Scale change factor accounting for a change in size 

of a visualized hologram prior to reconstruction. 

M
P 
 (f
x 
 ,f
Y 
 ) Modulation transfer function of a piezoelectric 

ceramic detector. 

n 
	Unit normal to a wavefront. 

xo 

k. 1 
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p 
	

Time independent sound pressure. 

P 
	

Time dependent sound pressure. 

qx 	The input spatial frequency in the sinusoidal 

standing wave technique. 

rI 	Distance between an arbitrary source point and a 

point in the diffraction field of the object. 

R 	Radial cylindrical co-ordinate. 

Elastic compliance tensor with D constant. 

Strain tensor. 

Spatial frequency spectrum of an input strain 

function (Impulse response technique). 

T.. 	Stress tensor. 13 

un 	Particle displacement vector. 

Time independent particle velocity. 

U 	Time dependent particle velocity. 

v
r 	

Complex amplitude of electronic reference wave. 

vro 	Real amplitude of electronic reference wave. 

v 	Complex amplitude of virtual hologram. 

V 	Electrical potential difference. 

• 

Rectangular cartesian co-ordinates. 

Cylindrical co-ordinates in spatial domain. 

Plane polar co-ordinates in spatial frequency domain. 



Q s 
rmn 
p 

Dielectric impermeability tensor for constant strain. 

Slope of transmission - Exposure (t - E) curve at the 

optimum light intensity level for recording a 

hologram on photographic film. 

r12(0 	Mutual coherence function for light. 

8 (x -S ,y -1-1 ) Delta function of position. 
A variable of integration 

84 	Angle of incidence. 

E)r 	Angle of refraction. 

X 	Wave number for the general propagation problem. 

Dilatational wavelength of ultrasound propagating 

along the Z axis of a piezoelectric ceramic material. 

Free field wavelength of coherent light used to 

reconstruct a hologram. 

Xo 	Free field wavelength of a longitudinal sound wave 

in a fluid. 

Lame elastic stiffness constants. 

Mean temporal frequency for quasi-monochromatic 

radiation. 

A variable of integration. 

eo 	Density of a fluid. 

cr 	Poisson's Ratio. 

cr(S,S') 	The degree of space variance. 

do' 	An area element of a wavefront. 
Z- 	A variable time delay. 

95(fx,fy) 	The phase of G(f x  ,f y). 

(x.257) 	A time independent velocity potential (scalar point 

function). 

c-15  C1:230 	A time dependent velocity potential function (scalar 

point function). 

Yr"/ 	Time independent scalar wave function for light. 

X. 1 



Yip 
	 Complex amplitude of an optical holographic 

reference wave. 

ri 
	Complex amplitude of the Fresnel diffraction 

pattern obtained on reconstructing a hologram. 

Spatial frequency spectrum of a reconstructed 

hologram. 

T 	Spatial frequency spectrum of a reconstructed 

True Image. 
G.) 	Angular frequency of a sound wave. 

0 	Symbolic representation of the convolution 

operation. 
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Glossary of Terms  

1. Space-invariance  

In the context of an image forming system, space invariance 

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. 

5. Coherent transfer function  

The transfer function of an optical system which relates a 

--,mplex 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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INTRODUCTION 

This thesis is concerned with the limitations on object 

resolution which are imposed by the characteristics 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 hologram 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 described 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 frequency 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 it 

embraces several branches of physics, the development of the research 

project is outlined in four stages:- 
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1) 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. 

2) Development and use of experimental techniques for 

measuring the coherent transfer function of a piezoelectric 

plate ultrasound detector. 

3) 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. 

4) 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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CHAPalt 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 



22 

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 magnitude of the phase 

difference converted into a colour signal,in accordance with the 

convention in the N.T.S.C. system 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 the 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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Image tube signal output 

Figure 1.1 An ultrasound camera system using phase sensitive detection 

and a colour television display (after Jacobs) 
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material but not through it, to make 100 collinear detector elements. 

The electrical output from each of these elements can be successively 

switched using either diode or transistor circuitry. A neat way of 

separating one element signal from the leakage signals of all the 

other elements is employed. A non-linear 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 are then filtered out of the leakage 

signals from the remaining 99 elements. The device has a measured 

sensitivity of 7 x 10-11W cm-2 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 image 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 

ip 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 

array of 1 " 1 " contact points on the back of a three inch diameter 
10 10 

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 half-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 

piezoelectric material on which are mounted a line of 64 reversed 

biased diodes. An ultrasonic image is 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 

is a true optical heterodyne as the 'local oscillator' is derived 

from the optical carrier wave coherent light source and so has the 

same frequency. With this system it is apparently possible to 

measure surface displacements as small as 10-3  R which corresponds 
to a sound intensity of less than 10-11 W 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 than the ultrasound wavelength 

at all frequencies of interest in non-destructive testing. 

Consequently the resolution of the ultrasound image converter is 

determined by the mechanical properties of the glass disc on which 

the ultrasound image is projected for visualization. 

Korpel's technique in contrast uses_spatial filtering and a 

photo-detector to produce an electrical 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 the 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 

sensitivity of Korpel's system is 3.7 10
-8 

W mm
2. In practice this 

was found to be 10
-7 

 'Y 	
-2 

cm 	which is still comparable with the 

sensitivity 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 recent 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 achieved by focussing a laser beam 

down to a spot very much smaller than the ultrasound wavelength 
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Figure 1.3 An ultrasonic surface deformation visualization 

system using the optical lever principle. (After Adler and Korpel). 
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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 where maximum resolution is desired. The sound field 

may be sampled in a fluid where the spatial frequency transfer 

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 optical changes with energy inputs as 

small as 10 -10 W sec cm
2 but sensitivities as high as this have not 

yet been achieved in practice. Once the experimental difficulties 

associated with the use of these materials has been overcome, they 

should find immediate application in ultrasonic holography. They 

combine high sensitivity and resolution capability with the 

possibility of real-time operation. 

1.2 Ultrasonic Holography 

There has been substantial progress in ultrasonic holography 

since my 1967 review (17). It is 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 



31 

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 analysis, 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 International Symposium on Acoustical Holography'at 

Douglas Advanced Research Laboratories, California, on 14th and 

15th December 1967. The proceedings have been published in book 

form (19) c_long 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 

information so only the most significant developments in ultrasonic 

holography will be discussed. 

The credit 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 compared by Smith and Brendan (20). Fig. 1.4 shows 

the basic arrangement used by Brenden (21), (22) for liquid surface 
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Figure 1.4 An experimental arrangement for liquid surface 

deformation ultrasound holography. (After Brenden). 



33 

deformation holography. In order to get good real—time reconstructions 

with this technique the system must be carefully designed. The 

conversion cell takes the form of a small tank situated inside a 

larger water tank and separated from it by an acoustically transparent 

membrane. This arrangement minimises transient disturbances of the 

hologram from movement of the main body of water in the large tank. 

Of particular importance is the liquid 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 

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 inversely proportional to the liquid surface 

tension. The average sound intensity over the hologram tends to 

push the surface outwards in a uniform manner; this is probably a 

major source of imperfection and can only be reduced by increasing 

the density of the liquid. To minimise streaming and resulting 

transient 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 MHz. 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 

tension and high viscosity, Br2nden implies that he chooses a liquid 

having the best viscosity and modifies the surface tension with 

additives. 
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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 source mm in diameter gives good 

reconstructions. High pass spatial filtering of the reconstruction 

is also employed to remove any transient 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 disadvantage of the technique is its relatively low 

sensitivity (approximately 10
3 W cm 2) which limits its use to 

transinsonified objects. This has not, however, prevented its 

possible application in the field of medical diagnosis as an 

instrument to detect breast tumors in women. Owing to the real-time 

nature of the 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 

operating at the same frequency. The reconstructions are colour 

coded by inserting appropriate colour filters in the focal plane of 

the high pressure light source. Hence coloured images are obtained 

where the colours give an indication of differences in acoustical 

properties of the object at different frequencies. 

Refinements in mechanically scanned ultrasound holography have 

been somewhat less dramatic but none the less of considerable 

importance. In most _a opts the systems described have been 
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analogues of the configurations used in optical holography in which 

the results are entirely predictable from sampling theory and 

conventional holographic image equations. However, some scanning 

systems have closer ties 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 fixed 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 Methereil (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 reconstructions 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 ultrasound 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 reconstructions 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 example 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 

piezoelectric 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 run 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 frequencies were in the range extending 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 frequency 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 decreasing functions of radius 

but as they were generally of oscillatory form the comparison is of 

necessity extremely qualitative. Unfortunately 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 determine the resolution limits of the piezoelectric 

detector. Smyth, Poynton and Sayers (34),.using an aperture mask 

with small holes in it, concluded 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 free, infinite, isotropic plate has been 

carried out by Lyon (36). The motivation for this was a desire to 

predict the resolution limit of the ultrasound camera detector and 

to choose a frequency of operation where the resolution would be a 

maximum. In an elegant manner 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 included. Using as a 

boundary condition a periodic normal stress applied to a strip across 

the infinite plate, contour integration is used to determine the 

resulting particle displacement amplitude normal to the surface. 

This is seen to be the linear superposition of contributions from all 

the modes which are driven at the chosen frequency 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 resonance 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 where there 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 ;. strong 

cross-resonance and hence the vibration spreading should be large. 

At 	2.5 MHz Lyon predicts that the particle displacement will fall . 

to l/e of its initial value at a point 0.5 mm outside the strip 

boundary, indicating a spread of 10%. Experimental confirmation of 

this result does not seem to have been carried out, possibly because 



of the loss in sensitivity of an ultrasound detector away from 

thickness resonance. 
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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 the marriage of classical physical 

optics and electrical communications theory. There are now several 

excellent books on this subject, in 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 operatorL . If the system is now subjected to a 

deterministic forcing function or input, represented in two 

dimensions by fi(xl,y1) although the ideas are applicable in any 

number of dimensions, then the system response or output f2(x2,y2) 

is given by: 

[f22' y2 	f1 (x1 'y1
) 
	

(2.1) 

Equation (2.1) is a general differential equation; it is often more 

convenient in linear systems theory to work with integral equations. 

By transposing the operator, (2.1) can be written as an integral 

equation. For example see Sneddon (40). 

f 
2 (x2' y2 

 ) = 	1  fl(xl'Yl) 	(2.2) 

;; 
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Little further can be said unless more is known about the system, 

ie, some of the properties of L4 are specified. 

When the system under consideration is linear, particularly 

simple relationships between f2(x2,y2) and f1(x1,y1) can be derived. 

For a system to be linear the sum of its responses to individual 

stimulii must be the same as the total response from the same 

stimulii acting simultaneously. If p(xl,y1) and q(xl,y1) are two 

input functions and a and b are two complex constants, then a 

system will be linear if: 

 

= aL-1[p(xi,y1)] + bL
1[ q(xi,y1)] 

(2.3) 

L 1  [7(x1,Y1) 	bc1(xl'Yl 

 

L is a linear differential,, operator. 

An example of a linearldifferential operator which is fundamental to 

2 1 D 
' 

2 
the study of scalar diffraction ̀is V - — 	This describes 

Li 	c2 at2  

the propagation of a scalar disturbance through a region of space 

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 functions, these can then be passed 

through the system (ie operated on by L 1) and the response 

synthesised as the sum of the elemental responses. This decomposition 

can be accomplished by using the so-called sifting property of the 

delta function; it enables a function f1(x1,y1)  to be represented 

as a series of weighted and displaced delta functions. 
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L 
= g f,L(g,n)6(xi  - E,y1  - n)dwn 

	
(2.4) 

Where 	are variables of integration in the (x1,571) plane 

or in the (x2,y2
) plane when appropriate. 

The response of a'linear system to a delta function input 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(x2,y2;g,n) so that 

L [(x2,Y2 ,n)] = 6(x1.-  C,Y1  - 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. 

1 

f2(x2,Y2). = J 
r 
S f1(,n)g(x2,y2;e,n)dgdn  
CO 

(2.6) 

If the linear system under consideration is an imaging system whose 

point spread function depends only on the distances (x2 -E) 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-invariant in each region individually, with a 

corresponding point spread function for each. 

For a space-invariant system the superposition integral then 

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

r. 

3. 
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with the point spread function of the system. 

(.00 

f 2(x2'3T2) J fl“'71)g(x2 (2.7) 

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

to write it in a shorthand notation: 

f2 = f 	
g 
	 (2.7a) 

Here the symbol 0 indicates that the functions on either side are 

to be convolved. 

Equation (2.7) takes on a particularly simple form after 

Fourier transformation,of 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. 

Let F2(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 

of fi(x1,571) and conversely fi(xl,y1) is given by the inverse 

Fourier transform of Fi(fx,fy).r, Mathematically the Fourier transform 

of fi(x1,y1) is written as 

= F1x,fy
) =rffi(xiai)exp[-j27r(fxxii-fyyl)]dxidyi 

(2.8) 
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The inverse Fourier transform of F1(fx'fy) 
 is written 

= f1(xl,y1) = SS F1(fx,fy)exp EJ27r(fxxi+fyyl)] dfxdfy -co 
(2.9) 

Similarly the spectrum of F2  is given by its Fourier transform. 

(Functions of frequency are represented by capital letters whereas 

small letters are used to indicate functions of time or position.) 

Mathematically fx and fy  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 physicalninterpretation of spatial frequency will be 

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

On taking the Fourier transform of each side of (2.7) it can 

be shown that: 

F2ax'fy = x,f  y ).F1  (f x  ,f y) 
	

(2.10) 

where G(f x ,fy  ) =I[g(x2'372)] 
The function GU x  ,f y) is called :the transfer function of the system. 

Consequently when the spectrum of an input signal to a space 

invariant linear systenvis 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 system response:- 
. 

f  2 (x2 ' Y2). = 	G (fx'fy)al(fx'fy)] 

	
(2.11) 



jiGn(fx,fy).F (f ,f ) 
x y 
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This integral equation is to be compared with equation (2.7) 

which gives the same result. Consequently G(f x  ,f y) must contain 

as much information characteristic of, the system as 

g(x2  - 	2 -  n). 

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 Gi(fx,fy), G2(fx,fy), G3(fx,fy) 	 are the 

transfer functions of a series of linear systems (1), (2), (3) 	 

fni-1(xn+l'Yn+1 = I'l
l  7a (f f •  (f f y) '  ,r (2.12) 

  

The mathematical proceises are 'shown schematically in Fig. 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 (O.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 is 

analogous to the coherent transfer function 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(x2,y2) 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,y1) and hence G(fx,y is 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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f 2 (cry2)4(x,,y2). = fl f i(,n)f iCE,n) I g(x2  - 	- n) I 2dgdn  
-03 

= I2(x2'y2) 
	

(2.13) 

where I2(x2'y2) 
 is the intensity distribution in the response and 

* indicates a complex conjugate. 

Ig (x2 	n) I 2. = g(x2 	'3r2 	n) g* 
	

'372 	n)  

(2.13a) 

Intensity is always non-negative so it is usual to normalize 

an incoherent spectrum with respect to the zero spatial frequencies. 

The zero spatial frequency term; in the spectrum represents the 

"d.c." or background intensity level on which information carrying 

intensity fluctuations2are superimposed. The intensity of these 

variations relative to that of the constant background determines the 

contrast in the input or output distributions. The transfer 

function derived from 9g(x2  - t,y2  - -012 normalized at fx 
= 0 and 

f = 0 is the optical transfer function 	(f ,f ). Hence 

03 

(f ,f ) x y 

I g (x2 Y2) 1
2exp [ -j 2ir(fxx2  + f yy2) dx2dy2 -co 

 

jirlg(x.) ,Y2)12dx2dy2  
- • 

(2.14) 

The modulus of 	(f 
x 
 ,f
y
) is called the modulation transfer function 

(M.T.F.) and is therefore the function which describes how contrast 

is transmitted through an incoherently illuminated system. 



49 

It is similarly possible to define a modulation transfer 

function which describes how contrast is transmitted through a 

coherent system. 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 coherent 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 giyen by Ig(fx,fy)1. 

G(f x  ,f y) is normally a complex quantity with amplitude 

Gm(fx,fy) and phase (paiefy) written as 

G(fx,fy).  = Gm(fx;fy)exp j(1)(fx,fy) 

Therefore 

IG(f x  ,f  y  )1 = G m  (fx  ,f y) 
	

(2.15) 

Gm  (f x  ,f y
) is exactly analagous to the gain function of a linear 

electrical circuit. 

Gmx ,f y) is always positive but if the phase (15 changes by w then 

G(fx  ,fy  ) will suffer a Change of sign. 

An illustrative eximple of 'the signs of G(fx) and Gm(fx) is 

shown for an arbitrary function of G(fx) in Fig. 2.2. 

) 

,C 
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Figure 2.2 

A figure of the form IG(fx)1 would be recorded if G(fx) 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 detector which performed the operation of converting G(fx) into 

[G(fx)Gx(fx)]  2. In general GTa  (f X  ,f y) changes the contrast in 
a response function whereas (1)(f x  ,f y) introduces a lateral shift in 

its position relative to the input function. 

3 
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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 

6(xl  - E,y1  - n) represents a point source situated at (E,n) then 

the point spread function is a function of both (x2  - g) and g 

and (y2  - n) and n. 

XI  

(SO) 
S(x1-3).-11) 	

I SPACE 

s  I VARIANT 

1  LINEAR 
s 

)i 1  SYSTEM 

(x11-1). 1 72) 

L _ 	_ 

(i)1;) 
2(xz-St)51 3 Yj1-110i) 

j 

Figure 2.3 
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y1) defines the spatial plane of the input signal and (x2,y2) 
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,y1) 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 

classical Rayleigh limit. One class of permissible 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 ability to obtain resolution greater than the classical limit 

is very desirable. As the detector used in the ultrasound camera 

is a space variant linear system (see Chapter 5), the possibility 

of utilizing this to advantage 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,g,gi ) of two spread 

functions which originate from line sources at g and gi is 
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defined by the usual integral 

S g(x2 	- E;g)g*(x2  - 2  - 	;V )dx2  
x2 

(2.16) 

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 x2  axis. The degree of space variance 

cr(g,V) is defined as 

c( - 

 

(2.17) 

2.4 Scalar Diffraction Theory in Optics and Acoustics  

The propagation of acoustic waves in fluids is usually 

described by means of a scalar point function known as the velocity 

potential 0, provided that the displacement from equilibrium 

position and the velocity of the medium particles are small. In 

regions distant from sources 0 is a solution of the time dependent 

homogeneous wave equation 

	

2A 	1 a
2 
 0 
- 
n 

	

V `V 	 V 

c2 at2 
(2.18) 

where c is the phase velocity of the acoustic radiation. 

The sound presure P is then given by:- 

E  = Po at 
	

(2.19) 
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where pc)  is the density of the medium in equilibrium. 

The particle velocity U is given by :- 

U = grad 0 
	

(2.20) 

If it is assumed that 0 is a harmonic function of angular frequency 

w, then 0, P and U become:- 

0 = ¢e-jwt 

P = pe-jwt 

U = ue-iwt  

 

(2.21) 

  

¢, 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. 

[ v2 	k2 4) 	0 	 (2.22) 

where k is the wave number related to the free-field wavelength 

o 
by 

k= (1) - 2.ff 
	

(2.23) 
o 

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

P  = Poqjk 
	

(2.24) 

u = grad ¢ 
	

(2.25) 
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cl) is a scalar potential function because the velocity field is 

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. Intensity 

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 r12(r). This,is defined as the complex cross-correlation 

of the optical disturbance at two typical field points (xl,y1) and 

(x2,y2) taken over a long time average 

r12 	. q1(x1'y1,t T)f(x y 2 2' 2' 
(2.26) 

fl  and f2  describe the light disturbances at ()cry]) and (x2,y2) 

respectively. 

T = (t2  y w 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 

r12(T)  = Ocial)**(x2,Y2)exp j2nv'T 
	

(2.27) 

where 4(x,y) satisfies the Helmholtz equation. 

[(72 k,2]*  . 0  

v' and k' are the meanrfrequencST and wave number respectively for 

the quasi-monochromatic radiation. Consequently the propagation 

problem for quasi-monochromatic coherent light is solved by a 

solution of Helmholtz'l equation in a fashion similar to- acoutical 

propagation problems. 

It is, therefore,-possible)to discuss the scalar wave 

diffraction problem for both the acoustical and optical cases in 

r7. 
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terms of a general potential function f and then substituting for 

4) or IP to fit the appropriate acoustical or optical problem. 

f must satisfy Helmholtz's equation: 

p2 4. K2 i f  . 0. 	 (2.28) 

K is a wave number for the general propagation problem. 

It is next necessary to define a source of potential f 

situated at an arbitrary point in space and represented by a 

delta function 	- r'), which is a three dimensional function 

6(r 	r') = 	- x1)6(Y 	y')S(z  - z1) 	(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  + Klg = -(3(r - r') 	(2.30) 

Now if a point Q is defined such that it is completely surrounded 

by a closed surface S QA which f is known, by applying Green's 

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

F(Q) = 1--771 (g grad f - f grad g).n 	(2.31) 
4, s  

where n is the unit normal to the surface element do: 

Fig. 2.4 shows a situation commonly encountered in diffraction 

problems. A source of f is situated in the left hand half space and 

thevalueof f is required at a point in the right hand half space 

7. 
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when a diffracting obstacle, in this case a screen with an 

aperture, is placed between the two half spaces. 

It cannot be assumed that both f and -5-1 
af -1  are zero only over the 

region of the screen E' facing the right hand half space because 

this implies that f is zero over the entire surface E + E'. It 

is necessary to restrict either f or 
 af  and in addition choose 
°" 

g so that either g or an  is zero over the entire surface. 

Using (2.31) 
	• 

af 
F(Qi) = 	(g 	- f an) dcr E  

(2.32) 

Let f be zero over the surface E' outside the region of the 

aperture. 

a 
Following Sommerfeld's image source method (44), Q1  is the 

'image' of Q2 
in the left hand half space. A Green's function is 

then constructed so that g = 0 (2.32) which conveniently removes 
3f 
571  from the equation asthis is not specified. A suitable 

A. 

7, 
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Green's function has the form:- 

eiKrl 	ejKr2  g, = 	— 
r
1 	r2 

(2.33) 

which is zero when r1  ='r2  (no restriction is placed on r2  so this 

condition will be generally true). Substituting (2.33) in (2.32) in 

the case of small angle diffraction where an = cos (ri,r) = 1 and 

therefore 2a = 	211  = •P" it can be shown that:- an 	Dr 3n 	@r' 

F(Q 1) 
	27r 

jKr, 
Fin = Sf 	da  
‘ r1 

(2.34)• 

This form of the diffraction integral is used when f can be 
Df 

specified in the region' of interest and not-Ti. If g is chosen 
so that 

ejKY2 
r1. 	r2 

• 

then-l= zero over all' E and ET  when r1 = r2, but g' is not zero. an 
Hence it can be shown on substituting (2.35) in (2.32) that:- 

= FT  (Q1) 	1 	Yl @f e3Kr1 
27r 	r 	da 

44 	 t 	1 

(2.36) 

This form of the diffraction' integral is used when -5-1 
3f 
7 can be 

specified in the region of interest but not f. 

g ' - 	(2.35) 
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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 -Yzoduced by a plate vibrating in an infinite 

rigid baffle. 

rig. 2.5 illustrates the typical situation found in 

diffraction problems. Both rectangular and cylindrical co-ordinates 

are illustrated. 

Let f or 2n f be specified over a region Z of the (xl,y1) 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 (x2,y2) plane 

is then calculated by applying the appropriate integral. 

Co-ordinates in the (xy1) 
plane are related to those in the 

(x2,y2) plane via r 1 - 

rl
2 
 = (x2 - x11‘2 

	(y2 - Y1'\2 + Z1 
	

(2.37) 



r1 = Z1 	Z1 
	1 

xix2  yly2  
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Setting cos(r,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 approximating (2.37) to 

(2.38) 

jKr 1  
Because— 1  is slowly varying compared with e 	it is also 

1 

possible to set 1 — equal to 1 — under the small angle approximation. r1 	
Z
1 

Then 

jKri  jKZ, -jK 

= — 	e ' r1 	
Z1 

[ 

xlx2  yly2  

Z 4.  ZT 1 

On making the substitutions 

x2 	Y2 
fx  =A Z  and  fy = AZ • o 1 	o 1 

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

• 

j KZ1 	-j2w(fxxi 
fYY1)dxidyi  f e F(Q1). = 21' E 

(2.39) 
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and 

Ft  (Q . 
2w Z1 

1 e 	r 	e af — j2w(f)eci 	-1y f v  ) 
. 	

E 
- an 	dx1d i 	 Y1 

(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 

and 

F(f x  ,f ) = 1 	
[f  °clad y (2.39a) 

 

Ft  (f x ,f  y  ) 21 Z 	31 [frf (x1,y1  
1 

(2.40a) 

  

fx and f are the spatial 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 

f - x2 	sin a 
x AoZ1 Ao 

a can be considered as the angle at which a plane wave is diffracted 

on passing through a cosinusoidal diffraction grating of period 1  

Using this model the diffraction process can be considered to 

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 (x1,y1) plane so that 

x = R cos 0 1 

yi  = R sin 0 

and in the (f 
x  ,f y) plane so that 

fx = p cos 0 

= p sin  

and 

p2 = f2 + f2 x y 

f (xial) becomes f(R) and F(f x  f y) becomes F(p). 

Fbr a circularly symmetrical source distribution the Fourier 

transform is replaced by a one-dimensional Henkel transformation 

(40) Page 62. . Equations (2.39) and (2.40) then become 

jtal  

F(P) = jIC Z 	 f(R) Jo  (27rRp)Rc4t 
. 1 

(2.39b) 



and 
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(P). = Z 	R an (R) J0(27rRo)RdR 1 
(2.40b) 

Jo(2wRo) is a Bessel Function of the first kind of zero order. 

Note that Jo(2wRp) is real and even so that if f(R) and an 
f (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 r1  and is used to define the 

conditions under which so called Fresnel diffraction is applicable. 

r1 is then written from (2.37): 

.1 2, I  
'.  y1

)2 
(x2 - xl)5T2 -  r1 = Z1 + 2Z1 	2Z1  

(2. 41) 

Also 1 — = — as before. r1 Z1 

Hence equations (2.34) and (2.36) become 

• , 
(x2 -  x1)2 	(y2 - Y1)  

!I 

	

. j KZi0 	j K[ - - 
2Z 
	+ ---

= .L.: e 
-2. 	3 

	2Z1 F(x2,y2). 	27r 	f (xl al)  e 	
1 . 
	dxidyi  

1 	E 

(2.42) 



[(x2 - x1)2  
2Z1  

(Y2 - Y1)  
2Z 

2 

dx1dy1 

(2.43) 

E' (x2a2)  . 	
e E(K 	)e 

3n 	1
v  '- 1 21121 E 

1 

af 
and Fi(x2,y2).  e 	-- 	) 232 7. ( 

'an '- 
6ii 

jrai  
(2.43a) 
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Comparing (2.42) and (2.43) with (2.7) 

K 2 2 i227(x2  + Y2) 

if gs(x2a2)  = e  

j KZi  

then F(x y ) = 	(f g8) 2' 2 • 	27r Z -e- 
1 

(2.42a) 

gs(x2,y2) is defined, therefore, as the point spread function of 

the space between the (xl,y1) plane and the (x2,y2) plane. 

Equations (2.42a) and (2.42b) are extremely useful because 

they enable linear systems theory to be applied directly to 

diffraction problems. This leads to 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 relatively small number of wavelengths across compared 

with their optical equivalent. This has important implications 

for the light diffraction efficiency and signal 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 medical 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 (x1,51) plane will be considered. 

Let fo(xl,y1) be the complex velocity distribution over the 

prescribed region of the object in the (xl,y1) plane. From 

equation (2.25) the normal component of complex velocity is equal 

to the gradient of the complex velocity potential. 

fo(xl'Yl)  = 3n 
	 (2.44) 

The velocity potential in the receiver plane under the conditions 

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

jkoZo  

(1)(x2a.2) =-1221 	fo(x1a1)®gos(x2a2)  

 

(2.45) 

where k = 27r 
o Xo 
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Let the receiver be a linear piezoelectric detector having a 

coherent transfer function G1(fx,fy
). This will consist of a 

coherent transfer function Gp  (f x 
 ,f y

) characteristic of the 

piezoelectric detector multiplied by a pupil function for the 

aperture of the receiver. 

If Ao(x2,y2)  is the pupil function, then 

A6(x2,y2) = 1 inside the aperture, ie a>1x21-;b>1y21 and 

Ao(x2,y2) = 0 outside the aperture, ie a<lx21;b<ly21. 

x 	
Z 

Y2 
As fx A z  = --- and f = y 	

the coherent transfer function is 
A 

o o 	o o 

G1x'fy) = Ao 
 (A oZ of x 

 ,A oZ of y)Gp x
,f y) 	

(2.46) 

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

receiver is: 

 

jkoZ0  

P (x2,Y2) = jPocko 21--TT 	fo(xial) °gos(x2a2) 

  

 

(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 

jkoZ0  

Pa ,f ) = jp ck e 	F0 (f ,f )G a ,f ) x y 	o o 27rZo 	
o x y os 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 
 (f x  ,f y

) 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 

jkoZ0  

V(fx,fy) = jpockoki- FID(fx,fy)Gos(fx,fy)A0(A0Zofx,A0Zofy)Gp(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 Or  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 (x3,Z1) plane. The complex amplitude of the. 

reference wave is then given by 

-j2wfo  x3  
vr(x3) = v e ro 

sin 0 
f0  = 	r  and is therefore the spatial frequency of the 
r 	o 

(2.50) 

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

virtual hologram plane is given by 

vH(x3,y3) = f((x3,y3) + vr(x3),)(v*(x3,y3) + v:(x3) 1 	(2. 51) 



where v(x3,y3). 	v(f x,y1 

Therefore 

* 2 	* 
j2wf 0 x3 	-j2Trf0 x3 r 

vH(x3,y3)•  = Ivy + vro  + vv e ro 	
+ v v roe  

(2.52) 

The visualization processes outlined in Chapter 1, which have 

been used in ultrasound holography, produce light intensity 

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 

e1(x3,y3) which is given by: 

j2nf x3 	-j2-1110 r 
 x
3 

vH1 2 	
* 	* 

= e CK 	= H = vv + v
2 + vvroe + v

*
v 

H 3' J 	r0 	roe  

(2.53) 

This is achieved electrically by passing the signal corresponding 

to (2.52) through a square law detector. In the synthetic 

hologram technique the voltage distribution derived from the 

ultrasound field is scanned in a T.V. like raster to produce 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 

72 
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square law detector is achieved simply by a resistive summing 

network as in a conventional analogue computor. 

Many techniques have been used to visualize the intensity 

distribution eH 
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 rhalise the existence of 

limited frequency response in all visualization systems 

and simply specify a general transfer function for the 

visualization process -ee
v 
 (f x  ,f y). 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 X0  and reconstructed with 

radiation having another wavelength Xi, there will be 

considerable gains in image quality if the hologram size can 

be linearly scaled by an appropriate factor before reconstruction 

(17). Consequently the scale change m defined by (2.54) is 

introduced. 

x5 = 

y5 = my4 

(2.54) 

 

In terms of the scaled co-ordinate system -P v  (f x  ,f y) becomes 

rv( x,m1y)  
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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  o 
 term in (2.53) fixes the operating point for the recording on 

r 
the linear portion of the transmittance-exposure characteristic of 

the photographic plate. 

If 6 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) 

t(x5,y5) = Oe1(x3,y3)1371  [47(mfx  ,m1 y)] 
	

(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 Oi  to the 

Z axis in the (x5,Z) plane. 

The complex amplitude of this plane wave is represented by 

the scalarwave function defined in (2.27) and given by 

-j2xf, oi  
(x
5 
 ) = * poe 
•  

(2.56) 

sin e. 

	

fO. 	A. 
1 - 	, A. is the free space wavelength of the reconstructing • 1 

	

1 	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 A.(A.Z.mfx  ,A.Z.mfy  ) 

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(x5,Y5) = Ai(mx4,m374)1Pp(x5)t(x5,Y5) 	(2.57) 

Utilizing (2.42a) the Fresnel diffraction pattern derived 

from the visualized hologram is given by 

jkiZi  

IPi(x6,y6) = jki 	ilAi(mx4,my4)Ipp(x5)t(x5,y5)0 gis(x6,y6)1 

(2.58) 

where gis(x6,y6) is the Green's function for the image space. 

The spatial frequency spectrum of the reconstructed hologram 

is T.(f x  ,fy  ) given by the Iburier transform of *i(x6,y6) 

jk.1Z. e 
1 T. 
= ski 271.Z1 "j1 [A.IP t . 	11) 	` 2 1.S 

 

(2.59) 
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Using (2.55) and (2.56) 

jkiZi  

Y. (f x  ,f  y  ) - jk.1 27rZ. 	
A.(X.Zmof x,X.Zmf )fi(mfxy)4)pois ( 4 ' 

mx 	my4  ) • 11 i 	ii y  

[ 

-j2TrmfO  x' 	
-j27rfOi4 mx, 	(f0x3 - 	Ox4 ) —. . 4 

vv*e 	+ v2ro  e 
	+ vv e 

j2iTm  

ro 

-j2mm(fO x3 + fO x4) r 
 

+ v v
ro
e 

(2.60) 

2.6 Object Resolution in Side-Band Fresnel Ultrasound Holography  

Assuming that there is no scale change between the (x2,y2) 

plane, the (x3,y3) plane and the (x4,y4) plane, the frequency spectrum 

Y.(fx  ,f y
) 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 

into each of the frequency spectra S1,  S2,  S
3, S4 

and so the complete 

spectrum of the reconstructed hologram obtained in terms of the 

object spectrum and the system 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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vve 1 	= V(mfx  + mf0 ' y mf )V (- mf - mf mfy  ) .  

.=S1 
	 (2.61) 

-j2uf e mx1 

• = S2 
	 (2.62) 

131[w e 
ro 

j27rm(fe  x3  -fO  x4) =v ro   V(mf - in fer  mf0.'mfy)  

= S3 	 (2.63) 

-j2wm.(f0 x3 + fO.x4) .1 
ro v*e 	= vro  V

*
(- mfx - mfO 

- mf mfy  ) 
r 

 

= S4 	(2.64) 

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 fe  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 aZ - the object 
o o 

spectrum will be received without modification. This implies that 
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a perfect image of the object would be obtained. In practice the 

object spectrum will be wider than •-h- and so the pupil function 
o 	o 

will truncate the spectrum at fma 	AaZ - 	• On detection the x  o o 

object spectrum will be converted into a voltage distribution 

having a bandwidth max  provided that the bandwidth of G p  (f x) is 

greater than f x. A similar argument applies to f of course. ma 
The bandwidth of G p  (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 G . 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 

max as in Fig. 2.8 (ii). The detector having a bandwidth f 

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 4f p. The reference wave spatial frequency must be at 

least 3f 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 truncated spectrum is 

modulated on to the ultrasonic carrier before being passed through 

the detector. Consequently the modulated carrier spectrum has a 

bandwidth of 4f max, see Fig. 2.9 (iii). The detector has a bandwidth 

of f 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 f is 

greater than 4ftoax 
 then both types of recording technique will 

produce a virtual hologram having the same spectrum which contains 

both sidebands. 

During visualization the virtual hologram spectrum is 

multiplied by the modulus of 1-a•v  (f x  ,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 reconstructing 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 reconstructing 

the visualized hologram. 

jkiZi  
zu  e A (A.Z.mf ,X.Z.mof )0 "'" = *."`i.i. 27a1 	11 x 11 y.  x y  

v(mfx  ,mf y) v  

. ApoG. (mf  x  ,mfy  )(S1  + S2  + S3  + S4) 
	

(2.65) 
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If the cut-off frequency of*v  (mf x  ,mfy 
 ) is very much larger 

than mf 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 81). The terms in S1  and S2  are coherent noise terms 

and do not contribute to the images. If fe  is not large enough, 

S1  and S2  are not separated from S3. and S4  ron 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 S4. The image corresponding 

to the spectrum S3  is that which is obtained on looking through 

the hologram towards the reconstructing source for the recording 

and reconstructing geometry described in section 2.5 (rig. 2.10). 

Let TT(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  - mf0 	mfe.,mfy) then the image spectrum 
r 	i 

will be determined by the three terms Fo.Ao.Gp' where Fo 
is the 

object spectrum, A the pupil function for the receiver and G 

the transfer function for the 'material of the detector. 
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jk.Zi  k  e
jk Z 

ki e o o 
(A. . 

7T(f3efy). =- 	Z. 27r vroPoc  27r Zo 	
po(14. .1Z

i
mf  x,AiZlm1y)  

•
%(AZo(mfx - 1°18 	mf8.)'AoZonify) /(wfx'nfy)  

• G. (mf ,mf )G (mf - mfo + mf8.'mfy)  
is x y os x 

oGp(mfx  - mfe  + mfe.,mf_).F0(mfx  - mfe  + mfe.,mf,) 
i 

(2.66) 

The resolution of the visualized reconstructed ultrasound 

image will therefore be determined by the product A .G . o p 
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 function 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 zirconate 

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 regicin 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 testing 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 holography. 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 wavelength 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 
	

1Gp (f k)1. = Ipp(f x)I.Imp (f x)1 
	

(2.67) 

where 
	

n e  )Dp(fx) = Dp
(si

A 
	the directivity function 

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

Fig. 2.11 illustrates how ID p  (f  x  )1 and 1Mp  (f x)1 might be 
expected to determine 1Gp  (f x)1. 

Using these concepts the following idea of a continuous 

detector is put forward: Let the detector be considered as an array 
1 of hypothetical resolution elements of side length equal to 7  but 

mechanically and electrically connected as in the continuous 

detector. Each element is then considered to have a directivity 

function D 
p  (f x,x — ) because of its position in the 'continuous 

array'. This formulation allows the directivity to change if the 
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Figure 2.11 An illustration of how ID 
p 
 (f 

 x 
 )1 and I Mp  (f x

)1 

determine IG,
p
(f.)1 	 ., 
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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 Dpx
) is space variant. Fig. 2.12 

illustrates this concept. 

Now D p  (f x
) can be determined theoretically for an infinite 

homogeneous plate under certain approximations, but Mp  (f x
) has defied 

all attempts so far at theoretical analysis. It can, however, be 

measured experimentally; as can D 	). p x 

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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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. 

B 

EDGES CLAMPED 

Figure 2.13 

The mechanical boundary conditions are listed as follows: 

(i) The 0/0 face is free from tractions, therefore normal and 

shear stresses are zero. 

At Z = 0, Ti. = TZZ  = 0 . (2. 68) 
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CD 
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(ii)!'The 10/0 face vibrates in water which, it is assumed, can 

only sustain longitudinal waves'. 

At Z = b, Tzz  = p 

T.. =0 
3.3 j (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. 

At r = a, S.lj  = S rr = 0 
	

(2.70) 

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

continuous across the boundary. 

(uZ)fluid = (uZ)solid 	(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 

i)n =0 
	

(2.72) 

Consideration of these boundary conditions leads to the choice of 

-DandS.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: 



94 

Tkl = cijkl Sij hklnpn 

E
m 

= - h .. S.. 	as D mn n 

(2.73) 

(2.74) 

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 	Report (50). The significance of 

this is that one must be careful when inserting values into 

theoretical equations that the piezoelectric constants used are 

measured under conditions 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 0/0 face to the pressure 

distribution over the 0/0 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 response can be calculated using 

the linear systems theory of section 2.1. 

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 general 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 

simultaneously.. It is, therefore, necessary to make several 

simplifying assumptions 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. Consequently the disc Can 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: 

. T
kl 	3. = cD..3k1 1 

S.. 
3 

(2.75) 

Es  = — h 	 (2.76) 
m2.3  
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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 

T11 	
T
1 

Abbreviated Form 

Normal stresses 

Shearing stresses 

T22 	
T2 

T
33 	

T
3 

T
23 	

T4 

T
31 	

T
5 

T
12 	

T6 

T3 
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) 

T3 = c13 S1 + c13 
S2 + c33 S3 

(2.77) 
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For an isotropic body the analogous equation would be: 

T3  = c12S1 + c12 S2 + c11 S3 
	(2.78) 

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

T3. = X(S1  + S2  + S3) + 211S3 	(2.78a) 

Comparing (2.78) and (2.78a) the 1.44=e constants are related to the 

elastic stiffnesses as follows; 

cll c12 
= c12 ' 	- 	2 (2.79) 

Poisson's ratio a is then related to the compliance constants 

s.. by: 3.3 

s12 
(2.79a) s11 

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 T3. 

E3 = - h31 S1 - h31 S2 - h33 S3 
	(2.80) 

The number of components of strain contributing to E3  is 

reduced to 3 because of the symmetry of the piezoelectric constant 

tensor for the ceramic material (51). 
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Using equation (2.75) the components of strain equal to stress 

T3, T2 
and T1 

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: 

S1  = S2 

Inserting (2.81) 

E
3 

= 2h31 

D 	D 	D 	D 
S3(c13  c11  - c13  c12) 

(2.81) 

(2.82) 

D2 	D2  
cll 	c12 

into (2.80) 

/ D 	D' 	D 	b\ 
c13 	- 

c13 c12 S
3 
- h

33 
S
3 

c 2. 
11 	

cD2 
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 listed below. 

c13 = 6.0 1010  N m72 	h33 = 26.8 10
8 

V m
71 

cD2
= 8.4 1010 N m

-2 h31 = - 9.2 10
8 V m

1 
1 

1010  
- 2 
 c11 = 14.5 

N:11 

c33 
= 15.9 10

10 m
72 

• 
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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 15% of the total 

field strength in the Z direction. 

Now in a finite disc S3 
will be the thickness strain and S1 

and 

S2 will become Sr
, 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 
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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 displacementin the reflected wave is given by 

u3  = B ei(la - wt) 

Within the ceramic the total particle displacement from both 

waves is 

u3  = (C e 
jkAZ 

 + D 
ejkAZ 

 ) e-J" 

where kd 
is the viave number for a dilatational wave propagating 

along the Z axis. 

Using (2.71) at Z = b 

A ejkb  + B ejkb  = C e
-jkdb 

+ D e jkd
b 	

(2.83) 

Now using the assumption that S3  only is significant in 

determining the transducer output 

D au3 
T
3 

= c
33 S3 = c33 aZ 

Hence equating normal stresses at Z = b 



au3  
E3 = - h33 S3 = - h33 aZ (2.86) 
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2 	D 	jkAb 	-jk b 
Pc
, 

 dc33  (De " - ced. iPoc2k (Bei
kb  - Ae Jkb  

• 

(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 

Bei"  it can be shown that' 

C = Ae-ikb  
cos kdb - jR sin kdb 

where 
1 poc2k 

R cD k 
33 d 

The particle displacement in the transducer can thus be written 

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

u3  
me jkb cos kdZ (2.85) 

 

cos k
db - jR sin kdb 

The electric field across the transducer is calculated from 

(2.80) with S
1 = S2 = 0 in accordance with the earlier approximation 



Figure 2.15 

102 

Hence the output potential difference V measured across the 

transducer thickness is given by the integral of E3. 

b 
V = - S E3  dZ 

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

and taking the real part: 

Iv - 
h33 2A1 cos kdb - 11 (2.87) 

(cost  kdb R2  sing kdb)1  

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

angle of  to the plate normal, as shown in Fig. 2.15. 
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The incident wave will be refracted on passing through the • 

water/ceramic boundary and will therefore propagate at a new 

angle Or  to the normal. The earlier decision to ignore S1  and S2  

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.  

Ai  increases because S1  and S2  will increase until they cannot 

be neglected in comparison with S3. 

The longitudinal component of particle displacement is 

obtained by substituting kd  cos Or  for kd  in equation (2.85). 

Consequently the potential difference across the transducer is 

given by 

h33 2A] cos 10E'- 11 1V1 = 
(cost  kl b + R2  sine kl b)2  

(2.88) 

cd  
where k' = kd  cos 0 = kd  (--) 01- - sin 0.)(9-- + sin 0i)] 1  d 	r 	c 	c

d 	
1 Cd  

Snell's law has been assumed for the longitudinal wave 

sin O. 	sin 6r 1 
c • 	cd 

Now for a very thick plate 1V1 can be expected to tend to zero 

0.assin4 S ' ---thatis0.4-0 the critical angle of incidence for cd   

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

is discussed in detail by Brekhovskikh (53). 

At angles of incidence greater than Oc  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.e. kdb = arm , m = 1, 2, 3 	 

However, the piezoelectrically generated output voltage IVI 

is a maximum only for b equal to an odd integral number of half 

wavelengths, ie when m = 1, 3, 5  
	

Hence the output voltage 

will be a maximum for an obliquely incident plane longitudinal wave 

when 

kd cos 0r = rm , 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 O. The phase velocity 

of the wave along the ceramic/water interface is 	c 	and sin B, and 

from (2.39), represents a spatial frequency fx  = 
sin O. 1 
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in the object spectrum. As long as Or  is sufficiently small so 

that the main contribution to E
3 is directly through h33 S3 then 

the information contained in f
x will be registered by the detector 

as a voltage distribution with spatial frequency fx. There will, 

however, be a condition when the contributions to E3  by h33  S3  

and h
31(S1 + S2) are equal and it will not be possible to 

distinguish the frequency fx  from the spatial frequency'in 

h31(S1 + S2) which will be different from fx. In other words the 

required signal will be immersed in a 'noise' function represented 

by h31(S1  + S2) 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, kA becomes, after slight 

re-arrangement: 

k' 	= I (k
d - 27rf x  )(kd  + 27rf x) •  (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) 

IV (fx) 
= 2h

33 

I cos ((kd-27rf x) (kd+27rfxTb-1 

  

 

Elos2((kd  -2.rrf x)(kd  +27rf x)3- 	d 
F.R2sin2fck -i7rf x)(kd  +27rf xTb.1 2  

(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: 

1V(fx)1 	2 .1V(fx)1 

-Poe 	
- 1Gpx)1 (2.90a) 

In order to determine 1Gp  (fx 
 )1 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 region of 

interference and is stationary in time, enabling the spatial 

period to be measured over a tune scale much.longer than the period 

of oscillation of the ultrasound 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  (f x  ,fy 
 ) equation (2.15) and 

the gain function of au 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.. In 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. Fig. 2.16 illustrates a convenient system. The 

two sources are positioned symmetrically on either side of the 

Z axis and orientated to produce interference fringes, over the 

plane of the detector face, which are parallel to the y axis. 

The period of these fringes then determines a spatial frequency 

qx. Consequently the input spatial frequency to a one dimensional. 

function only. After passing through the detector, the spatial 

frequency function which has been converted into a voltage of 

spatial frequency qx  is recorded electrically. 

SINUSOIDAL VOLTAGE 
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Consider a single source located at x1 = + a in the 

(Ky1) plane. This source will have a characteristic source 

velocity distribution an  (x1  - a,y1) using the notation of 

section 2.4. The velocity potential in the far field diffraction 

x2  
pattern is then given by equation (2.40a) with fx  =-3y. and 

1 

Y2 f = y AZ • 1 

jkZi  x2 Y2 e 13,[21   
4)1 (AZ, 	AZi) • = 2121 	an (x1 

Now if 	I31  [t (xl'Yl = 
A x2 Y2 
'0 	' AZ1  

then 	+1 (AZ1 9 . AZ 	= .0 AZ 9  AZ 	. 2.  

	

x2  y2 	
2C2 y2 

1 	1 	1 
exp (3 wa Az  

j kZ1  

Z where K = 1 -- and is a constant. 27r Z1  

Similarly the far field diffraction pattern produced by a second 

identical source located at x1 = - a is: 

4)2 
 (

x2 	y2 	( x2 	y 	x2 
AZ1 	

, 
AZ) = "lo AZ1 '• AZ1 

exp 	j2Tra
• AZ1 

) 
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The interference pattern produced by the two sources radiating 

together in phase is given by: 

. (x2

2 AZ1 	AZ1  • =1, 4)1 	' 

y2  2 	Y 
'1) 	

2 = K6o 	, Az 
1 

cos (27ra 2c),  6
2, 	:4

1 	• 

Hence the pressure amplitude distribution in front of the detector 

is given by: 

	

Ip(x2,y01=p 0 ck16 ;IA 	P  1= V 7l ) 	0c  fi 	(pZ19AZ 	l--)12(1 + cos 4Tra  „.. 	1  ( Azi  Y
th 
O A  

(2.91) 

where (2.24) has been used to convert from velocity potential to 

pressure. 

As expected the pressure amplitude distribution takes the form 

of a cosinusoidal fringe system parallel to the y2  axis and amplitude 

modulated with the diffraction pattern of a single source. The 
AZ period of the fringe pattern is 1 . This fringe system is defined 
2a 

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

qx  where 

sin 0. a a = 
-11C 	AZ 

• X  
(2.92) 

Note that qx  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 input spatial frequencies may 

be obtained. The.input pressure function is assumed to be a 

cosinusoidal function of qx  only and therefore results in an output 

voltage distribution which is also a cosinusoidal function of qx. 

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): 

v(qx) = Gp(qx) p(qx) 

Therefore 
IV(Clx)1 

I Gp (lix)  I = WI  rd 
(2.93) 

where 1G p  (q x
)1 is the modulus of the piezoelectric coherent transfer 

function defined in (2.46). 

It is only necessary to determine G
P 
 as a function'of one 

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) 

Is(qx)1 - Ipp(qx)I.Imp(qx)I 
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Consequently a graph of the amplitude of V(qx) divided by the 

amplitude of p(qx) plotted against qx  will describe IDp(qx)1. 

By fixing the depth of modulation of p(qx) and noting that of 

IV(qx)I, the modulation transfer function IMp(qx)I 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 response 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 di)rectivity 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 0 will be considered. This is indicated in 

Fig. 2.17. 

The detector properties are circularly symmetrical about 0. 

Consequently the two spatial frequency variables fx and f 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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CIRCULAR ELECTRODE 

OF RADIUS 
XI  2.  

EARTHED 

ELECTRODE 

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 constant strain function 

localized over a small area. 

S3(r) = S3  for r<2. 

S3  (r) = 0 for r > 

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) = 2w ts(r)J0(2nrp) r dr 
0 

= 27rS3  SJ0(2nrp) r dr 
o • 

Now 

Hence 

x 
ErJ(r)4Fir = x J1(x) 
o 

2 [ 	(270,p )1 
Si  (P)• = 2nS32. 	 2nlp 

(2.94) 

Using (2.10) the detector response spectrum S0(p) is given by 

2 [J1(2n4)] 
So(p) = G(p) 2wS32, 2n2.0 

(2.95) 

Now 	IGp(P)1 = Ipp(P)I.IMp(P)1 

where 	Ibip(p)1 = 1 	for an impulse response technique. 

The detector response s0(r) is given by the inverse Hankel 

transform of (2:94) 

2 [J1(211-2,p) 
so  (r) = 2n 14,(p)2wS32, 	21Tto 	 J0(2nrp) p dp (2.96) 
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This strain pattern produces a normal stress pattern which over 

the face at Z = b gives rise to a pressure distribution p(r) from 

(2.69) 

p(r) = 43  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: 

0  _  it  
cp 

Then (2.39b) with f = 4 is used to take -the Hankel transform of 

so(r) and so obtain So0') as the far field diffraction pattern of 

the detector driven at the origin and allowed to radiate. p' is the 

spatial frequency variable for the far field. 

cE jkZ1  
3 e O(P') = 	cp3 
	

Sso(r) J0(27Trp') r dr 
o 
Z1 	r 

(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 

4(p'). = - 
E c33 e

jkZ1 	
'[J1(27ap') 2.6

3ft-, 	Dp(p') cp
o Z1 

(2.98) 

f9 

0 
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The pressure amplitude distribution in the far field is given 

by pock14)(P 1)1. 

Therefore 

E 

IP(P 1 ).1= z" 2nS30. 
1 

 

J1  (27ap') 

 

drsp(p')I (2.98) 

 

2Trkp 

 

      

Now p' is defined by the expression pr2 = fx2  + f 2  but if the 

pressure distribution in the far field diffraction pattern is 

recorded only along the x1  axis 

x1  	sin 0. 
= f 
x AZl  A (2.100) 

Therefore equating (2.100) and (2.92) 

IP (clx) I 
j1(2"qx)  

2niqx  drIp(qx)1 (2.101) 

    

    

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

radius and far field distance Z1. 

Apart from an amplitude factor ID 
p 
 (q x)1 will be converted into 

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

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

plotter or a chart recorder. 

   

The amplitude factor K  J1(2"qx)  
2111.qx  

could result in an erroneous 
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determination of ID (q )1 unless it is constant over the range of p x 
qx where ID p  (q  x  )1 is non-zero. The requirement that the amplitude-

factor is to be constant is the same,, 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 IP(qx)I  is measured and 

j1(2n241x)  
2wkqx  

zero of this amplitude factor is given by the first zero of J1  which 

occurs when 

2Trkx1 - 3.832 

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

occurforvaluesofe.greater than Tr/2 and as a result the amplitude 

not K it cannot be determined from (2.101). The first 

AZ1 
 

j1(2n241x)  
2Trkqx  cannot. significantly influence the shape of factor 

p(qx) at values 
1 j1(2nkqx)  of 0. below Tr/10. A graph of 2 1 	 2nkqx 

o  with 2. = A/2 for values of e
i 
up to 26 is shown in Fig. 2.18. 
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CHAPilat 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 ANL type B1 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 walls 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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llmm 

2mm 

Figure 3.1 Geometric profile of A.M.L. type Bl anechoic coating. 

Scale 4 times full size 
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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 was of a steel framed construction with plate • 

glass sides and brass plate ends and bottom. Its overall 

dimensions were 20" x 20" x 36". Four adjustable feet were provided 

at the corners of the tank so that it could be levelled. Along the 

top 46" x ill  steel rods formed a track along which the source and 

hydrophone carriages could be slid manually. 

3.2 Mechanical Systems  

3.2.1 Hydrophone Scanning Mechanism 

The hydrophone carriage consists of a brass block which is 

driven backwards and forwards across 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 maximum length of scan is 430 mm. Motive power is 

provided by a 24 v d.c#. motor which drives the screw thread through 

a worm and wheel gear having a reduction ratio of 100 to 1. The 

1! 
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motor speed, and hence the scanning speed, is controlled by the 

voltage applied to the motor. A revolution counter is attached 

to the screw thread to enable 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 arack and 

pinion, on the block, for raising and lowering the hydrophone. 

A vertical scale is attached to the block graduated in i  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 hydrophone signal amplifier and 

envelope detector circud.t. Fowr is fed to the amplifier via a 

four-way screened cable' which also returns the slowly varying 

output to the display system. 

;( 

The mechanism is compact and provides the hydrophone with 

one angular and three translatiOnal degrees of freedom. -Fig. 3.2 

shows diagramatically a vertical section through the block. 

3.2.2 Ultrasound Source Holderand Carriage  

4 

The sinusoidal standing wave technique requires two spatially 

independent ultrasoundipources. Two ceramic transducers are used, 

mounted in identical holders. Pig. 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. "0" ring 

seals are used to make the holders water-tight. Electrical 

connection is made from the holder to the front silvered face of the 

transducer by means of a single turn copper spring. The driving 

signal is brought in by Anphenol 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 via a brass ring. This is raised above the 

level of the surrounding insulating 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 approximately two thirds• 

their radius between the "0" ring and the brass contact ring. With 

this arrangement the central portion of the disc is' very close to a 

piston source, unlike an edge clamped transducer which in its 

fundamental mode has a displacement amplitude distribution following 

o(0 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 experimental conditions. Fig. 3.4 shows i 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 parameter in the sinusoidal standing wave 
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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 diameter metal-metal bearing surface. A protractor 

is fitted to the upper,, moving part of the bearing surface so that 

the angle of rotation can be measured 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. 

3.2.3 The Voltage Probe and Scanning Mechanism 

The voltage probe circuit is contained within a half inch 

internal diametdr copper 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. 

I; 

fl 



4-3/T 
 

6 
IG 

• 

RTES. BUSH 

WITH 0•4•11- -mem . 
DIAMETER Hobe 

(No 77 DR' LL) 

Figure 3.7 A longitudinal section of the F.E.T. voltage probe case. Scale full size 
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Figure 3.8 Plan view of the voltage probe scanning mechanism 

Scale half full size 
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The other end moves along a guide rail below the detector on the 

outside of the tank. A milled slot in the aluminium strip 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 in the 

vertical plane is achieved by a threaded rod which pushes or pulls 

the carriage along the milled slot. Fig. 3.8 shows a plan view 

of the voltage probe scanning mechanism. 

3.3 Hydrophone Design and Construction  

Ideally an ultrasopnd field plotting hydrophone should be small 

enough to be regarded as a point, otherwise its presence, perturbs 

the field and true measurements;  are not obtained. In practice this 

requirement would limit the hydgophone diameter to less than one 

tenth of the ultrasouncl, wavelength iii the field under investigation. 

At 1 MHz, where the wavelength in water is 1.5 mm, this limit, is 

beginning to impose conptructiopal difficulties owing tonthe small 

size of the hydrophone ), If a point 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 hyc4rophones4(55) has found them difficult to 

make and also extremely fragile:. These hydrophones consist 

essentially of very small spherical barium'titanate transducers 

which are effectively omnidirectional. This property istnot 

desirable when they ara.  to be used in a small water tankvwhere 

there are always unwanted reflettions from the surface and 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 investigation, otherwise a weighting 

factor will be required to allow for the hydrophone directivity. 

Directionality in azimuth is desirable to Cut out surface reflections. 

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 pick-up, especially when the hydrophone is 

a few centimetres from an ultrasound source. The conventional 

technique is to use a single conduCtor for the piezoelectrically 

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 the transducer may be 

considered as a current, source.). The signal from one side will 

therefore be 180 degrees out ofAphase with that from the other side, 

but relative to a third, conductor which forms an earthednshield, any 

r.f. pick-up will have ,the same phase in each of the signal outputs. 

Consequently if the output fromathe hydrophone is fed toga 

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 he subtracted. The effectiveness of 

this system will be determined ,by the common mode rejection ratio 

of the differential amplifier. r (See section 3.4). 	; 1 
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Figure 3.9b Diagram of hydrophone probe. Scale full size. 

- Figure 3.9a Diagram.of hydrophone sensitive element.,  Scale approximately 40 times full size 
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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 50% 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 manufacturinvprocedur9 is outlined below:- 

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 tool with a carborundum and water 

slurry as abrasive. 

2. The slice was then sectioned into one millimetre square plates. 

3. The insulation was carefully removed from a short region of a 

length of 46.5 gauge P.V.A. coated wire which was then attached to 

one face of a ceramic plate using 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 
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adhesive and the remaining half was carefully bent round in a 

tight 'IP until it was flat against the ceramic. It was then bent 

perpendicular to the transducer and inserted into a fine glass tube 

about 40 mm long and 0130 ram in diameter. 

5. A small spot of araldite (two tube) was placed on top of the 

fine tube and the transducer carefully 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 diabeter. 

At this stage the transducer element has a diameter only slightly 

larger than the supporting glass tube. 

7. The glass tube was then inserted into a jig consisting of a 

block of perspex having.a fine hole drilled through it just large 

enough to allow the glass tube to 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 technique 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 to ensure that there was not a d.c. path 

between the upper and lower electrodes of the transducer. 

9. The fine wire to the upperlelectrode 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 steel 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 ultrasound field, when the probe was displaced slightly 

from the vertical it was deduced that the main lobe of the pattern 

was approximately 10 clgrees 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. 
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3.4 Design and Construction of Electronics  

The circuit diagrams shown in this section are largely 

self explanatory. Any special 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 with 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.f. chokes are therefore used t -  provide both correct biasing and 

high input impedance over the band Nf operating frequencies 

(1 to 4 MHz). The calculated output ..-apedance of the transducer 

element at 1 MHz is approximately 17 k ohms (element capacitance 

9.0 pF). Therefore the value of 1000 ohms obtained by measurement 

suggests stray capacitance in the order of 150 pF in the probe tube 

and associated cable. As previously indicated, the differential 

amplifier facility of the integrated circuit is used to suppress 

unwanted electrical pick-up. The 

85 dB. To ensure reliability and 

capacitance and wiring inductance 

for the circuit. This was etched 

board (p.c.b.) with dilute nitric  

common mode rejection ratio is 

also to minimise stray 

a printed layout was designed 

on to copper faced printed circuit 

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 frequency selection. Provision 

was made for a small synchronous motor to be directly coupled 

to the reduction gear so that the frequency could be swept at a 

steady rate when required. A 21 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 designed; 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 XB401'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 characteristics, the 

power transistors themselves halve 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 
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power amplifier 
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heat sink. Inside four compartments were sectioned off. Each 

contains the r.f. carrying components of one stage of the amplifier. 

Those components which determine 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 switch 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 amplifier, 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:mdcan be drawn. The second stabilized 

power supply shown having 100 ma current capability is used to 

supply power to the oscillator circuit of 3.4.2. At full load 

the voltage ripple on each of the Circuits is less than 0.05%. 

a. 

3.4.5 F.E.T. Voltage Probe andhSignal Amplifier  

The F.E.T. vol tagp probe circuit was adapted from that 

described by Macario (56). .Fig: 3.15 shows the complete circuit 
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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 shielded 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 amplifier 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 output:. This is 

a characteristic of the I.C..so,in practice this region cannot be 

used. The third F.E.T" integrated circuit and detector, are 

mounted on a printed circuit boArd. The high input impedance of 

the third F.E.T. permits its direct connection across the tuned 

circuit without lowering the Q yalue. 

r 

3.4.6 Motor Drive Unit 	1 	 z. 

The speed of the d.c. motor used to drive the hydroptione,  

carriage is Controlledi by the applied voltage. Using the• circuit 

shown in Fig. 3.16 an unsmoothed direct voltage, continuously 

variable between 0 anda30 volts, is obtained. Coupled to a 

mechanical load, the d,c. motor“eaches its steady state, speed 

more rapidly when driven with an unsmoothed direct voltage than 

with a smoothed. 

:t 
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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 distribution 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 shown 

in Fig. 3.17. 

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. 
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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. Consequently the point diameters are 1.5 mm on the 

1 MHz samples, 0.75 mm on the 2 MHz samples and 0.5 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 carefully 

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 and 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 4  

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 

experiments 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 thickness resonance. 

A block diagram of the experimental set-up is shown in Fig. 4.1. 

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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A.M.L. TYPE 
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PIEZOELECTRIC ULTRASOUND DETECTOR 
MATERIAL SAMPLE 

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 Detector 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 voltage, will 

have; the same shape as the voltage output distribution of the 

detector, as a function'of frequency, 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 

unction ID p  (f x)1 of Piezoelectric Detectors 

Any one of the 9 contact points can be selected as the delta 

function of space from which the ID p  (f x)1 can be determined. The 

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

After selecting the contact point the probe hydrophone was 

positioned in the far field of the disc on the point's Z axis. From 

the preliminary experiments described in 4.1 a series of temporal 

frequencies at which to record ID p  (fx  )1 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 ID p  (f x)1. The detector directivity 

function was then recorded at each of the selected time frequencies. 

In accordance with equation (2.101), IDp  (fx  )1 was converted into a 
time varying signal as the hydrophone was driven at a constant speed 

along the xl  axis and recorded on the Philips chart recorder. The 

chart speed and hydrophone scanning speed were selected so that the 

record of ID p  (fx  )1 was of a convenient length. Fig. 4.3 shows in 
schematic form the entire experimental system. During investigations 

of the space variance of ID p  (f x)1 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 height and azimuthal angle of the 

source until the hydrophone output was a maximum. 
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The hydrophone was then placed approximately 40 mm in front of 

the detector on the Z axis and the two sources positioned at xl  = + a 

and x1 = - a on their carriage near the far end of the tank as shown 

in Fig. 4.4. 

A disc of AM type B1  anechoic coating was suspended behind the 

hydrophone, directly in front of the detector sample so that it was 

completely masked. Each source was then aligned, in the direction of 

the hydrophone by rotating the holder on its bearing surface until 
out 

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%. 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 hydrophond 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 frequenciei was recorded by repeating 

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

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

holders and.hydrophone scanning system. 



OLTAGE 
ROBE 

•••• •••• 
"me. 

MOTOR DRIVE 
UNIT 

	1-41.6-D.C. MOTOR 

158 

STABILIZED 
	+12v 

POWER SUPPLY 

24v 	-24v 

POWER 
AMPLIFIER 

OSCILLATOR 

PHILIPS PR 2100A 
CHART RECORDER 

POWER 
AMPLIFIER 

VENNER 	AAir 
STABILIZED 
POWER SUPPLY 	-6U 

TUNED 
FILTER 
I.C.AMP 

AND 
DETECTOR 

STAB. 
POWER 
SUPPLY 

Figure 4.4 Experimental system for measuring IG
p 
 ( f

x  )1 by 

the sinusoidal standing wave method 



VOLTAGE 

DETECTOR 	PROBE 

SAMPLE 	HOLDER 

SOURCE 

HOLDER 

D.C. MOTOR 

SOURCE IMROPHONE 

HOLDER 

SCANNING MECHANISM 

HYDROPHONE 

AMPLIFIER 

Figure 4.5 A view of the anechoic tank showing the hydrophone, source 

holders and probe scanning mechanism 





160 

CHAPTERS  

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 titanate ceramic discs. 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.Z.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 the 

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 correlations 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 function 

curves as a function of Xd , where l d  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 one can 

immediately choose the optimum operating frequency for a 

detector made from a particular ceramic material, achievfng one 

of the main objects of this research work as outlined in the 

introduction. 
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5.1 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. However, 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 

+0.002 MHz. In the case of the far field pressure 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. In 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 a 

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. Consequently a range of far field pressure 

amplitudes corresponding to the appropriate Z axis displacement 

amplitude 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 

the Z 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. Consequently 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 probable 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 of results on one particular 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 three 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, 

for a disc having a diameter to thickness ratio of approximately 75. 

Unfortunately the experimental system did not permit either 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 

direction 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 functionIDpx)Iof piezoelectric detectors  

Using the results of the far field ultrasound pressure 

measurements as a guide, D p  (f x) was measured as described in 4.2 
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Table 5.1 
Scale factors to convert from linear displacement x1  to spatial 
frequency fx  for the results presented 

Material Figure No. Curve No. 
f. -C x1 
C.10-3 

Ad .Temporal 
frequency 

MHz 
2b 

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.5HNo2 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.5HNo2 5.13 7 1.43 0.966 1.100 
P.Z.T.5HNo2 5.13 8 1.52 0.984 1.080 
P.Z.T.5HNo2 5.13 Max. 25mV 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 11 1.33 1.104 0.965 
P.Z.T.5HNo2 5.14 12 1.38 1.220 0.880 
P.Z.T.5HNo2 5.15 1 4.52 0.318 3.350 
P.Z.T.5HNo2 5.15 2 4.31 0.326 3.270 
P.Z.T.5HNo2 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 7 4.11 0.343 3.100 
P.Z.T.5HNo2 5.17 8 4.04 0.351 3.030 
AM522/558No5 5.18 1 	• 	• 3.66 0.802 2.900 
AM522/558No5 5.18 2 3.86 0.831 2.800 
AM522/558No5 5.19 3 3.80 0.841 2.766 
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Table 5.2 ' 

Scale factors to convert from linear displacement xl  to spatial 

frequency f for the 'results presented. 

Material 

x 

Figure No. Curve No. 
fx 	C x1 h d Temporal 

frequency 
C.10-3 2b MHz 

AM522/558No5 5.19 4 3.58 0.887 2.620 

AM522/558No5 5.20 5 3.30 0.912 2.550 

AM522/558No5 5.20 6 3.32 0.925 2.516 

AM522/558No5 5.21 7 3.19 0.942 2.473 

AM522/558No5 5.21 8 3.06 0.965 2.413 

AM522/558No5 5.21 9 3.16 0.975 2.383 

AM522/558No5 5.22 10 3.37.  0.982 2.372 

AM522/558No5 5.22 11 3.07 0.991 2.350 

AM522/558No5 5.22 Max.54mV 3.24 1.000 2.327res 

AM522/558No5 5.22 13 3.12 1.012 2.300 

,AM522/558No5 5.23 14 2.96 1.015 2.290 

AM522/558No5 5.23 15 2.96 1.035 2.250 

AM522/558No5 5.24 16 2.75 1.130 2.060 

AM522/558No5 5.24 17 2.80 1.135 2.045 

AM522/558No5 5.24 18 2.76 1.165 2.000 

AM522/558No5 5.24 19 2.63 1.145 2.030 

AM522/558No5 5.25 20 2.72 1.195 1.950 

AM522/558No5 5.25 21 2.50 1.225 1.900 
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Table 5.3 

Scale factors to convert from linear displacement xl  to spatial 

frequency fx  for the results presented. 

Material Figure No. Curve No. -3 frequency 
fx 	Cxl 

• C.10  
d 

2b 

Temporal 

MHz 

AM522/558No10 5.26 1 	- 4.98 0.872 3.900 

AM522/558No10 5.26 2 5.10 0.895 3.800 

AM522/558No10 5.26 3 4.67 0.919 3.700 

AM522/558No10 5.27 4 4.38 0.962 3.530 
AM522/558No10 5.27 5 4.82 0.968 3.510 

AM522/558No10 5.27 6 4.58 0.973  3.490 

AM5223558No10 5.28 7 4.76 0.980 3.470 

AM522/558No10 5.28 8 4.76 0.988 3.440 

AM522/558No10 5.28 Max.24.5mV 4.64 1.000 3.400res 

AM522/558No10 5.28 .10 4.60 1.009 3.370 

AM522/558No10 5.28 11 4.25 1.036 3.280 
AM522/558No10 5.28 12 4.28 1.086  3.130 

AM522/558No10 5.28 13 3.94 1.100 3.080 

AM522/558No10 5.29 14 3.85 1.138 2.985 
AM522/558No10 5.29 15 3.85 1.160 2.930 

AM522/558No10 5.29 16 4.06 1.172 2.900 

AM522/558No10 5.29 17 3.64 1.215 2.800 
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for a range of ultrasound frequencies through thickness resonance. 

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 D p  (f x) results 

along the temporal frequency axis of the appropriate far field 

pressure distribution, it is easy to visualize the change in profile 

of 	D p  (f x) as the temporal frequency increases through thickness 

resonance. 

Several points connected with the display of 

should be noted. D p  (fx  ) has been presented as a 

far field spatial variable xl  instead of fx. If 

displayed as a function of fx  a separate abscissa 

for each curve resulting in a three—fold increase 

these results 

function of the 

D
P 
 (f 
x
) were 

would be necessary 

in the number of 

figures. However, each set of results for a given disc was 

recorded in practice with the same xl  scale so it was decided that a 

useful saving in space and an easy comparison would result from 

displaying D p  (f x) against xl. Tables of conversion factors are 

supplied so that a spatial frequency corresponding to a value of x1 
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 D p  (f x) is normalised with 

respect to D p  (fx  = 0) at the temporal frequency of thickness 

resonance. The resulting scale of relative amplitudes is shown 

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 tank. 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 D p 
 (f 
x
) should be an even function of x1, 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 xl. 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. 

2 1 2 f
d • 

The theoretical points lie on a curve given by f = — - x  c2 4b2 x  

for results obtained near the fundamental thickness, or dilatational 

wave resonance, and on a curve given by 

2 
fx 

9 

4b2 

near the first overtone-of the dilatational wave resonance. These 

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

frequency of the incident ultrasound wave and cd  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 discrepancy 

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 



201 

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 thickness component resonances. These other 

peaks are also shown as satellite 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 amplitude and number of these intermediate peaks as the 

diameter to thickness of the samples increases. Many peaks appear 

on the P.Z.T. 5H No. 2 results where the diameter to thickness ratio 

is 25. The intermediate peaks on the AM 522/558 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 unexpected 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 d as the abscissa 
2b 

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 whenld = 1. Below resonance 
2b 

1,4d is greater than unity and above thickness resonance it is less 
2b 

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 points. As most of the curves 
• • 

were symmetrical about fx  = 0 only half the total bandwidth has 

been shown so it must be remembered that a mirror image in the 

X'd axis also exists when assessing the detector resolution. The 
2b 
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length of the vertical line at a given value ofd is equal to the 
2b 

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 asikd 
2b 

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. For example, P.Z.T. 5H has a broader pass band for 

.X41 = 0.932 than any of the other materials investigated with a 
2b 

diameter to thickness ratio of 25. It also has a slightly broader 
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bandwidth at ?‘'d = 1.00. There is insufficient elastic data 
2b 

available for the ANL materials to draw firm conclusions about the 

reason for this, but complete physical data is available for P.Z.T 4 

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 MHz respectively. 

As expected from the change in temporal frequency, the spatial 

frequency bandwidth at kl = 1.00 for AM 510 No. 4A is approximately 
2b 

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 (1), 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 grounds. 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. 5H No.2 

have a much smoother appearance than the corresponding curves 

obtained near the fundamental. The thickness component resonances 

are relatively inconspicuous because of the broadening of the 

impulse response. 

Figs. 5.32 (i) and (ii) for AN 522/558 No. 5 and No. 10 show 

a similar trend to the 7...Lults obtained with AM 510 in Figs. 5.31(ii) 

an:: (iii) but the corresponding bandwidths'are slightly smaller. 

However, for -Xd 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 ofXd would 
2b 

give very much superior image quality than could be obtained with 

any of the other materials investigated. 

5.3 Investigations of the space variance of the directivity 

function of piezoelectric detectors 

The results discussed in 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 sample at every temporal 

frequency would obviously have multiplied the number of results by 

a factor of nine. To reduce all this information 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 cd  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 3%, 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 Na > 1 the spatial frequency bandwidth is almost constant 
2b 

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 visualized image if 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 
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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 D p  (f x) is 

obtained point by point as described in section 2.8. The 

modulation transfer function M
P 
 (f 
x
) 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 	D p  (f x). 

In order to obtain a coherent transfer function by this 

technique, pairs of input and output functions must be recorded 

over a range of spatial frequencies and fora known depth of 

modulation of the input standing wave. For convenience this was 

set equal to unity (100% modulation). Up to twenty pairs of 

results must be recorded at each temporal frequency at which a 

coherent transfer function is required. Consequently the 

technique is not suitable for the investigation of D p  (f x) as a 

function of 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. 

There 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 fo  will be discussed in a later section. Secondly, 

it provides an alternative independent method of obtaining D p  (f x) 
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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(1) and 5.36(11) are two typical pairs of results 

recorded consecutively by the sinusoidal standing wave technique. 

They were obtained during investigations on P.Z.T. 5H No. 2 at a 

temporal frequency of 1.210 MHz. The depth of modulation of both 

input pressure waveformfand 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 

pressure waveform amplitude. 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.Z.T 5H No. 2 at 1.210 MHz and Fig. 5.38 using AM 522/558 No. 5 at 

2.516 MHz. 

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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Figure 5.37 Comparison of directivity functions obtained with-the impulse response 
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Figure 5.38 Comparison of directivity functions obtained with the impulse response 

technique and the sinusoidal standing wave technique 
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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 D (f ). The difference in levels between the two sets of p x 
results shown, particularly on Fig. 5.37 near x1 = 50 mm, is 

probably a consequence of a difference in the non-linear response 

of the pressure waveform recording system and the voltage waveform 

recording system. There is a slight displacement of the sinusoidal 

standing wave results in the negative xl  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 xl  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 ofthe 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 disc. A certain 

amount of smoothing will also result from the finite size of the 

sources used to form the standing ultrasound pressure field. 

,r; 
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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 amplitudalof 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 inspection of Fig. 5.39 (ii) reveals that there are two 

more cycles in the preSsure waveform than in the corresponding 

voltage waveform, whenin each;case the length of scan was the same. 

Two complete cycles haVe, therefore, been.absorbed during the 

transduction from pressure to voltage. 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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1' 
be reached when the spatial period of the standing wave will be so 

small that adjacent loops will be forced to vibrate in phase. This 

will occur when the spatial period of the standing wave pattern is 

	

I 	I. 

of the order of the disC thickness corresponding to a spatial 

frequency of 1/2 b and, the resulting spatial frequency of the 

voltage waveform will be zero. .The spatial frequency of the input 
J • 

waveform could then be sensibly called the cut off spatial frequency 

fo. 

This behaviour is not observed in practice. A clearly defined 

cut off frequency does not enist because of mode conversion as 

mentioned in 2.7, but the response spatial frequency gradually 

decreases relative to the inputrspatial frequency until there 

is no similarity between 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 spatial frequency of the detector. 

A precise cut off criterion wasinot used to decide when the 

practical cut off was teachpd as it could be located to within 102 

by visual observation of the similarity between pairs of,traces! 

When calculating the modulation of the response waveform the 

missing cycles were considered to have a modulation of zero. 

	

1 	z 

In order to investigate the shape of the modulation transfer 

function, sets of results were recorded at different temporal 

frequencies. AM 522/550 No. 5 and P.Z.T. 5H No. 2 were again 

selected for these investigations and the results are shown in 

	

Figs. 5.40 and 5.41. n 	P 

The form of the modulationitransfer functions are very similar 

to those usually obtaippd for photographic film. These usually show 

a plateau region over the low spatial frequency range where the 

r. 

	

Li 	• lc 	 ci 



1•11 	' 	T 	t'"' 

  

 

• 

  

IHMO  mm Amanbaaj TuTTeds 
IOW  I— pss:111:- 	 
Illii 	UOUNHHHUU  coN 855/U5WV 	 
MliIn   s1mum1umm11  

11111  

• •• 

11111111111111I 	000./  .A3  mungliquounnoun 	 

11111111:1111111 	III I 

III..ir 	 ..... 
..... •••• 

OM 

	IIHH! 

O'I 

'11 III 111111E1111 

ununuunnurundnuuunnuunun 

HHHU 

MUM 	
11111111111 	 ttlttttlttl 	

	

    009'0 °°C°°' 00S'01'311 00#'0 	00£'0    00Z*0     001'0  	

	.  
om 	immulimmommunquil in 	

111111
HUH. "HIEHHHHHHH 	HHHHH  	anblugoaz at tomatoHHHHHHHHHHHHHHHHHHHHH1HHHH 	 ur-•  

1111111111111 111111111111 11111 	11111111111111111 	! 011111111111111H111111111=1H111111111:1111  	H1111  

2ulpuu3s TupIpsnuTs ato 2upan pauTylco_sudpounj aajsual3 uolluinpox 

	!PI  

 

..........  ....iiiiiiii........  	.. 	 
 	MINIM r 	    z.0 	IS  

 

	n•••21 
minnummohniumnommunumunommunnuummudli.  	1111 u 

17"0 

:1 

1 	211111121221V2  !'- 

	

11:11111.1111111a1116 1 • 	 1111111111111111     
 urtem     auuu1119qh 	 

Iffillliffilliffi 	 
   (TIT)Oh'S a4n2Td munturun  

 	li 	2631411.1011111 "WP1/1111 11;  	 IIIIiEal 
  	I ::    Huse 	 
111111111111, - 	 ,. 	6 	. 	gill1111 	1111111111111111iiiii 
	s.1:!  ... 	1 Hill111 1 11 	11 	• 	sh..sn' 
	nimmusquill 	 

••• 

•••• 

1N• 

gift 	 rE 	.1111W 
• 

1 	.....  009'0 H 	0 05.'0 	 00 .0 "II°  00E '0   OWO 	001'0 uol2sInpow 
1 see 	 

	

 	1 	
... 111E. 	Iq"  	 
	immu 

nuununuumuuunnumud 
	2'1111111 	1 	 

mm Aouanbaaj Teitluds 

SoH 8CSIZZgliV 
	: 	I 	11111111111PS 	 
1111111111111111111 unudnumund1HHHhununnummununnuunununnuudunnuji  

1'1'1'111 
Tt 

... 

111H111111HHAHHHIMIld11110HHHHHHHHHHHHH1111 

MI11111111111 	 

111111irr 
men 	 

IIIIIIIIIIIIII 11itIII iiiiiiiiiiiiiiiiiiiii III 	III 	IIIIIIIIII 11111 I 11111111 

zEIN 006'1 gm J 

TOWS aln2TA 

10111111111ilii 
PIKE 	 
illilliiiiliiiii  

IIIIIIII 

hiumlummmmunill..  
It 

.0 I lk; 

• 

	1111111111111011111:::::: 	":  	 
111HIRM  	 

1111111: 	II 1111111 IIII 	IIIIIIIIIIIIIIIII:1IL 	 I  huyi ::I:
Hhnuu  

001 

34-114 OLZEsZ Ns 

	

1.    nspullaumnus ullunquill  

011111111111111  	 

: 	 
	 ilis1111114:12:121::

:  

	

a......:  	

	

0111111111111nun 	 	1 	Ili nunpr. 

Fluns: 	L-4:11:111111111111;n: 
	Z .0 	

	immilimmwmume  ••• ..... s:91r—  ......  . ""ss 
	11 11111 :1111    11 	 	Isqlopplq!isqussi 	•  

4111111111 
HE" 	 

	

III  humr% .... 	111 111111111111011111 	
inunrAI: Has .111 	I I  a 

auuum 

iiiiiiiiiiil  

UPIPIM 
Isi  

111111114- 

	

P1 	II  111 11 

	

mm  ADuanbaaj leiledS HI 	OUP 

	11::: 	

	MUUMUU 	Alth IHOCNIBP 	 ... Lam 	 Ins; 	 

	

nunllmllllllllliiCoM  855/ZZOIV 	_u 	
111111111rnsisis 	uoidiliHHOHNIIHRHOunrigfliiHNHHOHOHillidooq=aanHi 

1.4  HHUHHHHINIEBBHUNOunudillIHMINHOh191191101111HHHOIREOHNUF 
	101:0411111.111 Briummilli 

• • 	II 	

 1111 11  1111 I 1 	llelllillIll:111111  ill 	LH  

	1: 	111111":1"1111111111111111111 	 slum.1:1:11 . .111t11.! 

	

411114119  " 	1 	P 	 
11111111111111111 II 11111111 12111/111  11 	111!!! .. : 101h 	/1 	'  1'111111  11 il 

	229#111111111 	111111111r 	in 	I 	ma 	"2222111111111111111111 II 	MIME 
 1111111PHIMINdl 	'HUH

HPP 	
:m1111111: 

pr. 	11110111 111111 	i'l 	1 I.. 	1 	hi 

	

Hdiiiiii11111111111.  	1:11111 111111 Illi 	iiiiiii 	s 	
11114411111.  

11111: 

1111111 111111111 III 	iiiiiiiiiii 	

HIM 	......... 

	

1    31111 11111111111111 	. 	: ... 1 
111121 	II 
	• 
	41 	Ii1111 il 	1 1  

	

I 	. . 81111  "1: . 	1 I 11111 1111  1 	i I 11111..1.. 
1111 I 	11: 111111! ..  	ligi'l'; 

III: 	. IP 11111illiR1111111  111111111111.:1 	In•Iiiiiii 	1 hil ' 1 	' 	2  . Judili 

	

   izz HIHRHUHHOHRHHHHHHHINHOHIihdlhfil    .Hillihm-11 	1....11111111HHHHHHHHHoildhh huduuriqui 
iI' q" 	..... —• • sr • 1 1 ••• 	.11 1 T'• imiltss um 	I :s. 12 	III  :: II 1 111 111 0" •sussmen. seism 	saws 



I 

II 
11`": 

ihoun 

	 1:::: 	,111::1: 	 

I 
I II III I'll 

.250 0.350 ••• 

11111111111111111111111111111111111111111 

181111114 1.11.111  
111iilli6ii11111  

1 

	

1  111  

111 	 
IO.1 

1 
1111'1 	

III 

	

11 	11 	1   1111:111111 1 	
1 	

11'1'1  
......... 	el :I. .. 	 

11 II 

Figure 5.41(ii) 

!!"!!! 1111111111111111111111u=`5II. 1111111 0111"' 

11111111111111Pleur -----  ••111•11  

•••• 

	 1 11 I 	 

	

 	'II' 1111 

	1111 	 
gum 	 

 	igas• •,. ..... 	 ..  	 • 1.  

11 	111111111iiIiii"  
imassimimpustuou 
111111111111111111111111111111, 	f - 3.1950  MHz 

&NS 

	EE111:1111iiii 
	III 	111111111111111 

	••••••••:. 	ONO 
:::1111111111,11111:,111,111  

	—111111111111111111111 

11.: ... 
11111141 MIN 

1111111111111111111111111111111111.1". 111111911111!!!!!!!!!111"111111 	 111111111111111111111111111111111111111M11!!!!!!!!!!!!!!!1:1111111111111111111111 

	

0.150 	 

11111111 	..  1111111111111111111111111111111111111111111111111111iiiiiii 11$11111111111111111111 

	

1111111101111111111111 	 
1 	11 1  111111111 1 

11190 	 it ail glilcsil 1111 
"ii  

	111111111111111111111111111111111111111111MM1111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111M111111111111111111111111 
1-1411111 	

10111! 	

	

.1„ 	„ ...... 	him  	

	

1 	• 	"11:111"114"hntiiiitiF 	 • 11U11:111111•11111111UM11 

111111111111111111111111111 
silinumiellumem  

1111111111111 	11111111 	111 

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII 

11 	..... 1 ... 
1111. 	1111:::::11:111111111111111 	lei! pm 	  	:1 	, 	qf 	 

	

I
MIMI 	 MIRO 	 liii I anelsesteminmannunlialtumnimulumilimal 111111111111111141111111111111111111111111111 	I 	1111. 	

	

:e". 	a 	 	11  	1 	111111 

ililommultmpummunimmommi mum!' 
h:":" ..... M1111. 	 a!!!!!!!!!!!":" 

:1111 
• 

11 

	

Modulation transfer functions obtained using the sinusoidal standing .  	

	 111111 1—  	
 

 	 wave technique 
1111111m: 	
	Il 	

niiiiiiiiiiiiiiiiiIiiiiiiii1111111111111 
	IIIIIIIIIIII1 

	1 	 1111111    	111111111111111111111111111111111111111111111 III!IIIII  	1 	j(11. 1.1.1.• 

I 

	

muldn 	s.  11 	
	 i1.11.: 	  

	

604  	

1111111111 II 
11 	1 

111111:::: 	 
11111111'1 !!!!!1!1  IIIIIIII 	! 
	:1 	11111::11 - 

	 AIM! 
ingt: 	:11111111111111111111111111 	 ■ iridam91.-1 	1:11: 	- 
	el:::!!!.  Ian 	not 	1:111111: 	mat:: 	

lir 	-Alinuuddrildilim  .m.rano 	Bub 
.......... 	messImmas 

rN 1111. g 
  	1111•  11144161111111;11  11111 	 
	 1 	 I 
	111110g1111=31111191:qp  	 

	1111111111111111/111111111111111111111111111111/111 111111111 	1 	1  1 	qp,ClUrd 	 .14# 

100P001001001111001111011100HPIRHOle 	. 	

::I 

Spatial frequency mm-1
illl  
m 

i 	I 	I%1.1"1""dil 
•:::Inmennllin: 	 

REPIIIIMEMEidl: 
19111111 REIM ir- 	.. 	111 1... 	...,,,,,,,.... 	..... 11 

311 	 
	111  

••••••• ............ NM. 

	• 
111:: 

Is 	• 	 :111111,111111111 I ' I  II  I 
1 I.5. 

111111 Modulation 
EBB 
SUSIIIKUIC 

1'11" uqg 
II SU 	  
• ••1111111 ......... 

1 
.M1 

'1!! .11 I 

: :1::11 	 s    1::=::5.......11 	 11  

1.1611.11.111.111 

0.333 

gjy•  

•••=111110111 

11111111  
EWES 

1:11:: 
OM 

1111111111MINIIII 11
1111111111111  11111111111111 Spatial frequency mm 1 

	rilassatliellempr: 	  
	"1111111111111111111111111   	

1  NFINHLIE  	 
911

I
1111ne:110 111: 	:e11111I• 	 
1111111111 	 III  

 	it:  1  	
111111:11:11--nilauu1111111111 

1111 III H 
III 



223 
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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) 

corresponding 

corresponding 

P.Z.T. 5H No. 

Fig. 5.41 (i) 

corresponding  

is displayed in Fig. 5.20 curve No. 6, that 

to Fig. 5.40 (ii) in Fig. 5.25 curve No. 21, and that 

to Fig. 5.40 (iii) in Fig. 5.22 curve No. 12. For the 

2 results the directivity function corresponding to 

is displayed in Fig. 5.16 curve No. 5 but that 

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 

= 1.225 the spatial frequency bandwidth is 0.244 mm centred on -1 

2h 

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 function corresponding to the M.T.F. of Fig. 5.40 (i) 

has a pass band from 0.126 mm 1 to 0.240 mm 1 with.the peak at a 

spatial frequency of 0.200 mm-1, as is shown by Fig. 5.32 (i). Over 

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 

1 is equal to 0.500 mm 1  and for P.Z.T. 5H No. 2 it is equal to 
2b 

0.250 mm-1. The M.T.F. obtained at the first overtone frequency 

of P.Z.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 sigriificantly 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 transfer 

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:'d for easy comparison with the directivity 
2b 

function bandwidth results. 
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Both curves show similar features. The most probable value of 

f
o 
over the range of temporal frequencies covered is approximately 

20% higher than that given by. 1 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 

frquency range of the directivity functions shown in Fig. 5.24 

which were described as resulting from a strong thickness shear 

resonance at:kd = 1.135. On this basis one would expect a strong 
2b 

lateral coupling between adjacent loops in the sinusoidal standing 

wave field and a corresponding decrease in fo. Why the minimum 

value of fo 
does not occur precisely at J'd = 1.135 is not known. 

2b • 

The minimum of fo 
for the P.Z.T. 5H No. 2 results occurs at 

= 0.965 which corresponds to curve 7 in Fig, 5.13. A strong 
2b 

shear 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 

impulse response technique or a sinusoidal standing wave technique. 

Secondly, from the.results it is cleir 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 hologram 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 unimpaired over the entire pass band of the detector, 

and the maximum spatial frequency passed will be 0.244 mm 1. 

Consequently the maximum object resolution will be 4 mm. In an 

underwater viewing system using a detector with 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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case the system resolution could be increased by using conventional 

imaging and projecting a magnified image on to the detector. In 

this case, provided an aberration free ultrasonic image element 

could be obtained, improved resolution would result at the expense 

of a reduced field of view. 

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 mm-1. 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 ems 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 1. Provided 
2b 

that the directivity function can be broadened out considerably, a 

detector limited only by the modulation transfer 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 id -synonymous with reducing the acoustic impedance 

mismatch between the detector material and the acoustic loading 

material. This increases the fraction of mechanical energy 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 information 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 'monograinlayert  recently 

developed for solar cells in space vehicles by the Phillips 

Research Laboratories,pEindhoven (57). A lossy type of matrix 

would also have the advantage of minimising thickness shear 

resonance amplitude. 
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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  

Measurement of the amplitude reflection coeffient of  

AML type B1 anechoic coating at normal incidence  

A simple technique was devised for measuring the amplitude 

reflection coefficient of the anechoic coating which was used on 

the ends of the water tank. 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 amplitude is determined by the relative 

phases of the incident wave and• reflected wave. By slowly 

sweeping the frequency of the ultrasound source, the relative 

phase of the two waves2will sweep from 0 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 

pi  = polsin(kz +WO 

r 
and let the reflected wave be represented by 

• 
• 

pr 1.1 a' po  sin(kr —cot) 

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. 

‘71 



;ONO 	 ••• I  

iiiiiIIIIIIIIIIIIiiiiiiiiiiiiiii 	IIIIIIIIII ;11 
I maemememommemem 11111 11{{{I 	111 

I 	1.11 	I 1E1101 1111  
j u 

	1111 I 

O.0 mo. 
	 .  1  

.010PPOSIMMEN ....... 
	in • 	 

1•17 	 

3.1.1-11111.• 	 • .. 
	ii 
	 Figure A.1(i 

3- 	

	1 	11 ......... 11 
	11  

•SO. • 	• • 

  

111111111111111111111111111111111111 

 

111111111111111H111  234 

  

1 

    

 

Its 

 

InnlIpOO 

   

• ; 

n. 

111 
8 

......:1 

•  • 

0 
•  .. ..  

• 0 on 

Frequency 1.416 • . 	. • 
• 

n• 
6'1 ..... 

• • 

..... 2.0 	1 	. 	... 
IT. 	

• 	• • • •• • • 	•• 	. 

• • 
• 

IIP•IFTP14 	• 	! 	• • U 	• • MEE 0 	• 

• • :. 
SE 

....„ MHz In:18 3.0 •::.: 
• LA 	 •••••• 

• •  

F  	III'.  I I  

	
ueull 	 

	

him 	 1 	
11; 

q
;;en: 	  

IhMi um 
[E 	 

.............. 	I 	1111111111 

111 

1:1 
	mom' 

I 
Illllen 	30 	 Iffilliiiillki lililillihillimlilii111111:111111e1 
muniiiii 	iplimmult 1,. 11 au 	esemism 	 mmuuu  .umuqdrusumup,:mimuminnuaeinuunilihr 

	

111 	III  nuumusu Usullgumma mum"i4:1111   	i 	panummlin 1:1ilk gme::: u 	
!,t• 	a 
	: 	 ................................  11.1 111111111111111111111:::::::::1111115ilimill 	11.1 	 IIHMI•1  

 	• Ir 1:••• Ill 	 

	

 

	

	111•11P111"1•1119PHNERAIM  II H 
unsmin....s..ms.impee 

	

1 
 HEMquemiht—z e ••:n•—.1 . : ..... -  

	

	
Aupmpanim: przmumo 	••• 

Mitiffillii IIIMMIMIN Mlimbhim:::  	 lan:11 	I IIIRMISITIMIIIPPIM   dullidlIMMUIP,IIIIHICESMIIRE3111111E11 
limp:Aim 1111 111111111:.111; 1;;;;;;;11131111mMIMAiiiiqiiiiiiiN; iiielagiaqii; iiini1 "iiii ;; WM imesesiditleee me::::: 1- 	

: 	 . . .  

ipiimew.mtememmegiugunmetimp 	pes! . !: 	. 	:. tleldiSit ele•-1—• •-• memememmemessee impulemisemenimimmessmilmmemmom 

1.....!rm 	1 	itele--111  EMMHIP4111111111 EMHIP!Mut 11111111111M9110111111110hUMMLIdhull6111114111111111111111111111M1110111dILIIIIMINEI 
11111111111 	111111111M11111 iiii 11 ii11 - 11 111E-111111.  	Mliii1411  1•1:1111iillilliiiIIIiiii11111111111 IIITIIIIIIIIIIIII1111111 • 	11111  II 1  

•..... 	 641111111111111111Williiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii1111111111111111111 1111111111111111111 
m e Nonhaumuu 	liummummemmemmiummeummmuummem 

1118111 	1111111111 I 111 111111118  

MMMMM 
iiaiN: 

 emudshmuel 		 
111111192!!!  

111111111111111110E9:11,11111 :I 

MIPM1 
1•11• 	Isis.  11 	 alpa 	 •.3.14.41 	 

. 410211, 	. . inli 

.1 
81111 

11 	aii11111 

1111111in  

• ' 	  mumb. . 	unkinl 
	miliiillfflisill1111111111111111111111111111111111NEUUMIRIEMME 11111 

	

o• 	

	

11111: 	 
	11:11111.111111:11 

1311111:::11111111 	1 
1111111111E1111111 

I/ 	emememmume 
	:11111111M1111111M11111111111111111111 .111.19111111111MIffiniiiliMMU u.teremesummummeamimmeesimenesmene emmriesmimmEEN 

	 . 	  
Illui1111111111111ffills1111111111111111 :SS "S: 

.....  
muimullmruhusammism 

111111 Isaee 
	imp!  d 	nu 

••." " 

8111 ' III  

111 

      

IIC 

  

           

    

I " 3 

     

           

          

I 

           

 

.... 	 
•1101.  

  

III 

    

         

 

re. 	 

••• 	 IIlii, il 	 
...... ••••••..• .111:11:nniqi 	.. 	  

	 a:.  •••••• , 	 imummusumumpum 	I 111111111111111111111111111111111111111111111111  11•4111111.11111111.315111111111111NP 11191111 
on  

• .• 	• • ...MO 

MLA 

	

.... 	•• 
• .. 	 '0.1 	apOre • • 

.14 	I 	 "  .11 	I na.    •• ' • 	se 	• 	• 

•	 • 

Experimental arragment used for amplitude reflection 

pa: . 	g awl : 11e11 	11111111111  11111 111 111:111111111111  
oefficient measurement 

• 

        

      

• 

 

MO 

  

1••• 

      

   

• 

    

• 
••  . 	 •• •• 	 — 	W  

	I mem 	:11 	 5.  11I 	i 	110111:111: true-111 1u . 
mdpmelemun 	esemil—,441 leiii ei miloimmial. III """ • :.. 	... 

 OM 1 911111 I: . : 
re,  : 	• 

	: IIIIski: :    muunsu to ■ 

	

ee     •  	:::  	::I 	:  	2:1- 1:::111:3.: 
....... : 	: I•I"' 51"14iiiiimiliiiiilliiiiiiilliilipii elimmememilimmismemem: summinimsmalmml limmillimumm_megummum  

muss 	ism 	 11" 1  145•40?-uulnul 11111241111111,111  1181 	-1111111114:11mmelm: Welmemmellimmiili ginimmumsimii.ne imeleelemees, 
	: 	:    1-  114t:"..%     IIIIIIIIPIIIIIIIIMI 11111mulullullinumulunll  !!! 11 41!:!!!!!!!I!!!!!!!!!!!!: li!!!!!! "VI !M  !!!ii!!!!!!!!!!!! 		. 
, jrimil”__ 	c. ;;;,...14.4,3:40 - 	I 	milliztVriiiimilVidiiiiiiiiihiliiiiiiin c  	_ 	 cs 	!..c.,.....  e:::: 

	

    
r P """Illioonn, 	 

	

III:=1:::61 	 	•  III  	IS  

Mill  0181 	 
• . sifisti- 	i 	gi• 
	1111641:...1;111.1 11:1!1! 414111111.  liBIN 

	 

	

iff 	Tiliiiiii11.1.1.!  i""":ii! .11..... 	 

I 111111111111111  

I  	i  ........ 1  .. 

IiiiIIII ii! ill 	i 	 

. 1 	2 	s 	 , 
1 	s 	9811116919,4130 	I . ersliso. 	het 

en 	. .  .. 	1 	 midiFiffil   IVA rev  -hazal  •11 b 	 

	

ailialtalail."" 	 a:. 	s 	 

-- ...... - 

	

..... 	. mr..:;::::w.  	111111*Autpil 

	rirIPPne•i• 

	

pp 	it:3111161s  	It:I::: e 	 
1 
	:1 	116110  Mr. •   03.- 	 H" ron:  

Inn 	1 	 

	

1 	1  
. .. BPI  BillhIMM;!;.110:141111164;11:illeille:.• 	 

woo. 	I  I 	
I 	  III ..... n• 
	I 	 I 	

jWM: 	  

	gonlifiliphuilicul .,... :MU  :  		c 	..e 
 	1 u 	 uunn.utgoe AS 	 

dr'511. 	ii 1/11 nun! MEW" 	i!. 	. 	: . „:„...: e  	  
liiiiiiiiilliiiiislililitti  iiislosem  11---m. .......... am; .... ea  
1llr  	••111 	 I  I 	

1 	 11111111q1111::11111111111 	111111 1181111111111 

1 	 suunks 	  
-.11  	 s::: mammal all:41116 	 . ...... • . • .. 

MN 	ilf 
.  	 

. 11 1 .. .. .1..  

..... .. ........ ...... 
1.1.'9  

• • 

•• 

• • • 

Iii • Iii  1111 • 	A!! : . ... 
• 

; 

81111 
ummum 	mim 	



235 

At the hydrophone where z = zH  the total pressure pl  is 

given by 

PT .1  Po[ sin(kzH +(.4.)t) + a sin(kzH  —WO] 

Therefore 

PT 1.  Po [(1 + a) sin kzH  coswt + (1 — a) cos kzH  sinct) 

 

(A1.1) 

zH is fixed but k varies with the frequency. 

If TiT  is the time average of the pressure signal, averaged 

over a time which.is long compared with the ultrasound period 

but short compared with the sweep period, then when kzH  = n 
2 

pT 	Po (1 a)  
r 

and when kzH = 0 
	

(A1.2) 

Po(1 a)  

Assuming that the electrical output from the hydrophone 

is proportional to pT, Vmaxa< pii(1 + a) and V. °4C. po  (1 — a). mln  

Hence 
—b max man 

a = 
VmaX + V . inn 

(A1.3) 
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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 kHz was obtained by the 

Admiralty Materials Laboratory with a pulse-echo method at the 

upper frequency limit of their measuring technique. This work, 

therefore, extends the range of known data on AML type B1 

anechoic coating. 

The rapid increase in the reflection coefficient with 

increase in frequency results from a progressive decrease in the 

effectiveness 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 cannot 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 should show 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 

increased a systematic development of the directivity pattern was 

observed, as shown in Fig. A2.1. 

The dipole form gradually changes into something similar 

to a lateral quadrupole pattern. 
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(1) 
	

(iv) 

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 ultrasonic 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 bra thickness resonant air 

backed piezoelectric transducer is easily calculated using the 

well known relationship: 
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Acoustic power radiated = 1 A e2 V2 ( m 2) 
c  

(A2.1) 

A is the radiating area of the source (m ) 

V is the peak voltage driving the transducer (volts) 

t is thickness of the transducer (m) 

Re is the characteristic impedance of the loading fluid 

(kg m-2sec 1) 

e is the piezoelectric constant of the transducer material 

(Cm 2) 

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 = 15 C m-2  

Z.= 2.2 10 3  M 

?c = 1.5 106  kg m 2  

A= 25 10 6  m2  

V = 7 volts peak to peak 

The acoustic power radiated by the source was then 80 mW cm 

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. 

sec-1  

• 
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Appendix 3  

Calibration and Frequency Response 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 recorded 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 

Fig. 3.10). 
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'Figure A.3.3(i) Frequency response of the hydrophone amplifier 

and detector circuit. 
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Voltage gain 

• 
Figure A.3.3(ii) Frequency response of the power amplifier 
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ULTRASOUND HOLOGRAPHY 
J. Halstead* 

Ultrasound to optical image converters can visualize objects 
by ultrasonic waves in optically opaque media. Ultrasound 
holography displaces the difficult production of conventional 
images by ultrasound lenses. Five examples of ultrasound 
object-image relations are derived from the principles of 
holography. 

The absence of a suitable ultrasound image converter re-
stricts practical applications. Possible ultrasound detectors 
are outlined; for example, a potentially useful ultrasound 
camera with a wide aperture modification. Also, current 
literature of ultrasound holography is reviewed. 

INTRODUCTION 

Many useful industrial and technological services could be 
performed by a device capable of producing images of objects 
immersed in media through which light cannot propagate. 
Situations which come to mind are viewing of objects immer-
sed in dirty water, such as may be found in navigable rivers 
and harbours, observation of weld defects and viewing of 
internal organs in the living body. In principle it is possible 
to use mechanical radiation as the information carrier in 
such imaging devices. In comparison with electromagnetic 
radiation it is possible to obtain a given ultrasound wave-
length at much lower frequencies because of the low velocity 
of propagation of mechanical radiation in these media. Ultra-
sound wavelengths in the submillimetre range are obtained 
with frequencies 1-10MHz in liquids. The choice of this 
range of frequencies is significant. The quality of an imaging 
system is judged on several criteria, the most important of 
which is resolution. If the aperture of the system cannot be 
considered a variable, then high resolution is synonymous 
with short wavelength. Unfortunately, the attenuation of mech-
anical radiation is a function of frequency and is of an order 
such that high frequency propagation is possible only over 
short distances. Consequently distant objects can only be 
imaged with low resolution. With frequencies above about 
10MHz in liquids, resolution is high but propagation distance 
is becoming inconveniently small, and below about 1MHz 
resolution is becoming impracticably low. For propagation 
in solids, this frequency band may be multiplied by a factor 
of three or four. 

AN ANALYSIS OF THE PROBLEMS 

Until very recently ultrasonic imaging systems have used 
lenses or mirrors in the conventional optical manner to form 
real images. The success of these techniques has been limi-
ted because resulting image quality was worse than that in-
dicated simply by resolution considerations. For most prac-
tical imaging systems the ultrasound wavelength is appreci-
able compared with the aperture and so diffraction effects 
are pronounced. Ultrasonic radiation can easily be made 
both spatially and temporally coherent, so any two wavefronts 
are capable of interfering to produce a system of fringes. 
This latter effect is very noticeable in continuous wave 
imaging systems, and is probably the major factor contribu-
ting to poor image quality and consequent interpretation 
difficulties. Multiple reflections inside imaging components, 
or between these and the image converter, an integral part of 

* Physics Department, Imperial College of Science and Tech-
nology, Prince Consort Road, London SW7  

any ultrasound imaging system, will introduce phase differ-
ences between incident and reflected waves. These phase 
differences produce sets of interference fringes over the 
image plane. 

Fig 1 shows a series of circular interference fringes, ultra-
sonic Newton's rings, formed as a result of reflections at a 
lens-water interface in a simple imaging system. A plano-
concave perspex lens was used in water, and the ultrasonic 
field in the focal plane visualized by means of a piezoelectric 
image converter. This instrument is similar to a television 
camera but the photoelectric phosphor is replaced by a 
piezoelectric plate which forms a part of the tube wall. The 
ultrasound image is projected onto the outer face of this 
plate and the resulting charge pattern, characteristic of the 
ultrasound pressure distribution, scanned off the inner face 
to provide the video signal. Fortunately interference diffi-
culties may be eliminated to a large extent by using pulsed 
ultrasound and appropriate electronic gating of the image 
converter. 

Fig 1 Ultrasonic Newton's rings. The ultrasonic wave 
was transmitted through a plano-concave lucite 
lens to produce the rings 
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This is illustrated by Fig 2 which shows two images of the 
same object, one taken with continuous ultrasound and the 
other with pulsed ultrasound. Picture (a) shows the conti-
nuous wave ultrasound image of four holes in a metal plate, 
using a single lens in water. It is obvious that interference 
effects have completely masked the images of the holes. 
In picture (b), pulsed ultrasound and range gating have been 
used with the same object and lens imaging system. The 
holes in the plate are clearly visible. 

These two illustrations are taken from work by W.E. Lawrie 
of the Illinois Institute of Technology Research Institute.1  

Apart from interference effects, poor image quality and loss 
of resolution have contributions from several other factors, 
which are not as easy to eliminate. The usual aberrations 
present in an optical imaging system are also present in the 
ultrasonic analogue. Spherical aberration, in particular, may 
be minimized by the use of elliptical refracting surfaces. 

A second factor peculiar to mechanical wave systems is 
mode conversion at, for example, a water-perspex interface. 
This is a phenomenon where energy from longitudinal wave 
motion is wholly or partially transferred into a different 
mode of propagation, at the interface, and has a new propaga-
tion velocity. Consequently a phase difference is introduced, 
and this difference ultimately produces a reduction of reso-
lution in the final image. 

Absorption and inhomogeneities in the lens material can also 
be significant factors contributing to poor image quality. 
These latter problems, with the exception of mode conver-
sion, can be eliminated by using a reflecting instead of a 
refracting imaging system but for many purposes this is 
inconvenient. 

ULTRASONIC HOLOGRAPHY—GENERAL PRINCIPLES 

If imaging could be performed without the use of lenses or 
mirrors many of the above difficulties would no longer exist. 
In 1947, a similar state of affairs existed in electron imaging 
which led Gabor to invent the technique of holography2; this 
technique has been very widely studied and exploited opti-
cally, but has only recently been applied to ultrasonic imaging. 

The technique as applied to ultrasonic imaging does not re-
quire lenses or mirrors. The ultrasound diffraction pattern 
of an object 'illuminated' with ultrasound is itself recorded 
in such a form that it can be reconstructed, with the original 
amplitude and phase distribution,from the recording. This 
object wavefront is reconstructed optically and hence is an 
optical copy of the ultrasonic wavefront. In fact two copies 
of the original wavefront are always reconstructed, one hav-
ing the same form as the original and the other being its 
complex conjugate. These wavefronts may be considered as 
either diverging from virtual images or converging to real 
images, depending on how the recording and reconstruction 
are carried out. Consequently the technique simultaneously 
effects both ultrasound visualization and imaging. 

Some insight into the process may be obtained by considering 
an object viewed in coherent light through an aperture in a 
large screen. Amplitude and phase modulations of the light 
waves carry all the information necessary for us to experi-
ence the three-dimensional nature of the object and the dif-
ferent perspectives obtainable by moving our observation 
position relative to the aperture. The technique of holography 
enables this amplitude and phase information to be recorded. 
If such a record or hologram, in the form of a suitable photo-
graphic transparency, is placed in the aperture and illumina-
ted with a coherent light source the light transmitted will 
have the same amplitude and phase distribution as the origi-
nal object wave. Consequently an observer looking through 
the transparency will see the original object just as if it 
were actually there, and by changing his position will see 
that the aspect of the object will change accordingly. The 
crucial stage in the technique is the recording of the phase 
information. Amplitude information can be recorded optically 
by a photographic plate and in the case of ultrasound by any 
one of several detection systems, which will be discussed 
later. Phase information cannot be recorded directly but 
must first be converted to an amplitude distribution by 
causing the object wave to interfere with a second wave which 
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Fig 2 Comparison of images obtained using (a) continuous 
and (b) pulsed ultrasonic energy. The continuous 
wave image was electronically enlarged. The images 
were made by blocking the sound beam by a rectangu 
lar steel plate with a distinctive hole pattern. The 
holes in the continuous image are obscured by inter-
ference 

has a uniform distribution of phase. This second wave is 
called the reference wave. 

The principle of the recording of the hologram and its sub-
sequent reconstruction may be illustrated by a simple one-
dimensional theory. A more complete treatment of ultra-
sound holography would require Scalar Wave theory and in-
volve integration of the Huygens-Fresnel relation over the 
relevant areas of the wavefronts involved. 

Amplitude and phase terms in a propagating wavefront may 
be represented mathematically as an expression known as 
the complex amplitude. This is the product of the real wave 
amplitude and a complex phase term. 

O(x, y) is the complex amplitude of the object wavefront hav-
ing a real amplitude 00(x, y) and a phase exp [--ig50(x, y)] at 
time t = 0 

O(x, y) = 00(x, exp 	y)] 

A negative sign in the exponential is used to represent a 
diverging wave, that is, a wavefront whose curvature is con-
vex to the direction of propagation, propagating along the 
direction of +z increasing. This will be called the forward 
direction of propagation. A positive exponential can be take' 
as representing a converging wave propagating in the forwai 
direction, that is a wavefront whose curvature is concave to 
the direction of propagation. 
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For simplicity we will consider a plane reference wave, 
which is inclined at an angle 0r  to the recording medium, 
and which has a complex amplitude R(x, y). 

R(x, y) = Ro(x, y) exp [—igrx] 

Pr = —
2ir sin 01. = kosin 0r  
xo 

X0  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 Gabor2  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-splitting 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 a 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 

[UAUV1/2  = [(0 + R)(0* + R*)]1/2  

= [00* + RR* + RO* + OR912  

= [O8 + R8 + 200R0  cos (prx —00 )]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 1/13r  spatially modulated by the 
object wavefront phase distribution cbo. 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 00R0. 120  is usually greater than 00  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  = [Os + R8 + 200R0  cos (prx —00 )]Y12  

Putting A2  = 08 + Ra and expanding in a binomial series we 
obtain: 

tp  =Ati + 
2  (

9-11°°  )(exP [i(Prx — 00)] 

+ exp [—i(Orx — 00 )])+ ly(y 2) (°°
A 

 R°)  2  
8  

(exp [2103rx —OA + exp [-21((3rx —00)1 + 2) 

00H0)3  
—1 y(y — 2)(y — 4) ( 	(exp [3i(j3rx — $0)]
48 	 A 

+ exp [-3i(i3rx — 00)] + 3 

+ 3 exp Ei(fir
x — to)]/1 

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 0c  to the hologram. As 
before, the light propagates in the forward direction. The 
reconstruction wavefront is represented by: 

C = Co  exp [—ipcx] 

where 
27r 

Pc = 	sin 0c 
X c 

Ac  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 

Xc 	1  — = 
AO  2500 

The transmitted wavefront has a complex amplitude of the 
form 

H = C[00* + RR* + O*R + OR* ]y/2 

If we put y = 2 only the first term in the binomial expansion 
of tp  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(00* + RR*) + CO*R +COR* 
= 110  Hc  + HT  

H0  = c0(o8 + R8) exp (—ipcx) 

He  = C000R0  exp(—i[jir + pcjx) exp (i00 ) 

HT  = CoOoRo  exp (+1[Pr go]x) exp (—i0o) 

H0  is the undiffracted portion of the reconstruction wave 
which is simply attenuated on passing through the trans-
parency. 
He  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 

exp [—i(l3rx — 450)] 
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(Or  + Oc) if Or  and Oc  are small, otherwise the diffraction 
angle is arc sin (sin Oc  + sin Or ) ignoring wavelength dif-
ferences. 
HT  is a diffracted wave containing the same amplitude and 
phase distribution as the original object wave. The sign of 
the exponential exp (—i4) 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 HT[(Or  — Oc) 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 Hc  and HT  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 HT  and Hc, it is possible, 
following Meter's analysis,4  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 = z' 

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, 
andµ the ratio of the reconstruction wavelength to the for-
mation wavelength. 
By dividing numerator and denominator of each term in 
Table 1 with zczozr, 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 ze  or zr  goes to cc but Ice  or xr  remains finite 
and the ratios xr/zr  and xc/zc  go to tan Or  and tan Oc  re-
spectively. 
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Fig 3 The skew arrangement for hologram formation in 
the case of a plane reference wave which is inclined 
at an angle 8r  to the recording medium, and which 
has a complex amplitude R(x, y) 

Reference beam direction 

Conjugate 
image 

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

Reference point source 
( xr.yezr ) 

• X 
Reconstruction point 	 Hologram plane(x,y) 
(x ,y z ) 	source c c' c • 
Object point 
source 
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True image 
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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 

m2yczozr  + pmyozrc — pmyrzczo  
m2zozr  + Azczr  — pzczo  

m2zczozr 
m2ztr + liZeZr  — 11Z0Z0  

Xc — m2zozr  — Azczr  + Azczo  

m2yczozr  — pmyozrze  + pmyrzczo  
m2zozr  — pzczr  + pzczo  

m2zczozr  
Zc  — 	  m2zozr 

—µzczr  + pzczo  

where µ = Nc/A0  

For the case of forward illumination zo  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 also 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: 

and 

Lateral magnification is defined by: dX 
dxo 

It can be shown that: 
2  

(MT)LONG = 1  (MT'-LAT 

(MC )LONG = 1  
f"12 LAT 

1.1  
Consequently if MLAT = µ then MLONG = MLAT and perfect 
three-dimensional imaging will result. 
Example A illustrates the general case where both reference 
and reconstructing beams are plane waves inclined at Or  and 
Oc  to the hologram respectively. If m = 1, that is, the size of 
the hologram is not changed before reconstruction, XT  will 
have a large positive value and Xc  will have a large negative 
value. ZT  and Zc  will both be very small so the angular 
position of the True and Conjugate images as seen from the 
origin are almost +r/2 and /2, making observation diffi-
cult. 
Consequently, Oc  must be set equal to zero by putting xc  = 0 
to produce an observable image, as in example B. Alterna-
tively the scale factor m can be equated to p. 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 source distance. The real magnification is not infinite but 
is limited by the resolution of the system. With this arrange-
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  = µ then Xc  and c are finite but XT  
and ZT  are infinite, and only the Conjugate image will be re-
constructed. In practice it is not possible to set m2  exactly 
equal to p so 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, whdre Zr  = —00, to 00, where Zr  = —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 µ = m when zr  = ze = CO for both 

true and conjugate images (HT  and He), spherical aberra-
tion is removed. It is also removed for both images if 
zr  = zo, regardless of other parameters. 

2 Coma. If zc  = zr  = 00, and the ratios xc/zc  and xr/zr  are 
finite, then coma due to skewness of the reference beam is 
minimized for one image at a time, if xc/zc  = —pxr/mzr. 
Coma is removed ifµ = m. It is also removed for both 
images, if zr  = zo  and zc  = ±mzo. 

3 Astigmatism. If zc  = zr  = co,µ = m and xc/zc  = —µxr/mzr  
(which made coma disappear), astigmatism is also remo-
ved for one image at a time (H0), and positive signs re-
place negative signs in minimal conditions for HT. If 
Zr = z0  and xc/zc  = —pxr/mzr, astigmatism is removed 
if zc  = —µzo  for the conjugate image; this converging wave 
condition is incompatible with the condition for removing 
coma, unless m = 0. 

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

5 Distortion. If xc/zc  = —;.txr/mzr  and m = µ, distortion is 
removed for all values of zo, zr  and zc. 

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 toµ for both images 
and therefore perfect three-dimensional imaging will always 
be achieved. If zo  = zr, spherical aberration is always zero, 
but coma and astigmatism cannot be removed simultaneously. 

YT 

ZT  = 

m2xczozr  — pinxozrzc  + Amxrzczo  

Yc — 

dZ 
dzo 
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Table 2 True and Conjugate image co-ordinates for initial conditions in ultrasound holography 

B zc  = --co = zr  

z0  = —u, x = 0 	nixo  

xr, x0  , are 	—mu tan Or  

finite 

10X0  

—mu tan Or  

—m2u m2u  

 

m m 
m2 

IZ 
—m2  

     

(virtual) (real) 

   

C zr  = —u = zo  

zc  = --co, xc  =0 

xr, xo, are 

finite 

co 	 co CO 	co 

(If I Zol>1 Zr l, ZT  
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co 	co co 	ao 
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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 

2 Intrinsic resolution of the ultrasound recording technique 

3 Ultrasound reference beam source size 

4 Intrinsic aberrations of the hologram 

5 Aberrations introduced by the reference beam and re-
construction beam 

Points 1 and 2 can be discussed in terms of the Abbe 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 
sinusoidal 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 X, the 
angle of diffraction 8 of the spectra produced by a diffractio 
grating of period p is given by X = p sin 0. Consequently as 
p tends to the value of 0 tends to r/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: 

Amin = 

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_af_perl ' 
polio  are plane waves incident on the hologram recording 
medium at angles ±8 and consequently produce groups of 
spatial fringes of period pmin  on the hologram, as shown in 
Fig 6. If the recording medium has an intrinsic resolution 
such that two fringes separated by a distance prnio  are not 
recorded separately then the smallest resolvable object 
dimension will be greater than prnic  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. 

sin °max  
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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 system, 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, 
so it is important to minimize them, as indicated in the pre-
vious section. 

Table 3 List of electrical ultrasound detectors 

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: 
1 Quartz 
plate converters 

(2 x 10-8) 
7 x 10-7  

Approximately 1 to 2 times 
thickness of converter plate 
in ideal conditions. 
Resolution of quartz is less 
than BaTiO3, because of 
greater lateral mechanical 
coupling of quartz. 

Charge image 
formed in approxi- 
mately 10 cycles of 
the ultrasonic field. 
The image is dis- 
played at the frame 
rate of the system 
used. 

  

2 BaTiO3  
converter plate7 , 8  

(6 x 10-10) 
3 x 10-9  

3 Lead zirconate titanate conver- (10-11) 
ter plate9  

Pulsed ultrasound cameral, 10 [Similar to 
continuous 
wave camera [Approaching] 

wave theory 
limit 

As above 

Koch electron mirror cameral' 
	

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 
platen 
	

thickness of converter plate method of scanning 

Table 4 List of thermal, mechanical and chemical ultrasound detectors 

Detector 
Sensitivity 
[W/cm2] Resolution 

Image formation time 
[secs] 

Pohlman 
ce1113, 14  

2.5 x 10-3  
(2.8 x 10-7) 

At least several ultrasonic 
wavelengths. 
Typically a few mm 

Less than 1.0, but 
up to 1200, at maxi-
mum theoretical 
sensitivity 

*Surface deformation15  1.5 x 10-3, 
by light reflection 

Typically a few mm [Less than 1.0] 

Stimulation and exhaustion of 
phosphorescence 

0.05 Approximately 0.2mm Approximately 60 

*Photodiffusion methods: 
1 Developer solution17  (exposed 
and undeveloped film) 

0.05 Limited to several mm by 
streaming 

30-130 

2 Reversal bath and developed 
film18  

[greater than 1. 0] As 1 above 40-50 

3 Fixer bath18  1.0 As 1,2 above Several 10's 

Starch plate in iodine solution19  0.5 As 1,2,3 above 60-600 
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5 	Any differences in wavefront aberrations between the 
reference and reconstruction beams will appear as aberra-
tions of the holographic images. It is difficult, in practice, to 
obtain an ultrasound wavefront of uniform curvature, and so 
a recording technique, where it is possible to electronically 
simulate the reference beam, has a distinct advantage over a 
technique where this is not possible. With a laser source of 
reconstructing light, production of a plane wave or one of 
uniform curvature presents no problem. 

DETECTORS FOR ULTRASOUND HOLOGRAPHIC SYSTEMS 

After discussing the principles and some of the limits of the 
holographic technique, it is now relevant to discuss particular 
parts of the system. Most important is the type of ultrasound 
detector which may be used to record and visualize the ultra-
sound hologram. 

Tables 3 and 4 give a list of some of the techniques which 
have been employed in the past for visualizing ultrasound 
images and fields over a two dimensional area. The list is 
not complete but the methods excluded have low sensitivities 
and long image formation times. 

The three most important parameters of an experimental 
system are, sensitivity, resolution, and image formation time. 
In Tables 3 and 4 experimental values are shown without any 
form of brackets, square brackets indicate estimated value 
and round brackets theoretical values. An asterisk denotes 
a method which has been used as part of a holographic sys-
tem. 

A REVIEW OF ULTRASOUND HOLOGRAPHY 

Several ultrasound holographic systems have been reported 
in the literature. Quite a few of these are substantially the 
same, although they have been developed by different organi-
zations. These techniques20-28  use a mechanically 
scanned transducer probe to plot out the ultrasonic field. The 
output from the probe is either used to modulate a small 
light source, scanned with the probe, whose intensity varia-
tions are then recorded photographically, or, alternatively, 
the probe output is used to Z modulate an oscilloscope, from 
which an intensity picture is recorded, line by line, by a 
Polaroid camera. In other reports, the techniques of surface 
deformation27  and photodiffusion28  have been used. 

Fig 7 shows a block diagram of the type of arrangement for 
producing and visualizing ultrasound holograms using the 
mechanical scanning technique. This type of system has been 
used successfully to demonstrate ultrasound holography." 
Several objects have been imaged in this manner by K. Pres-
ton and J. L. Kreuzer, 24  including a steel bolt, as shown in 
Fig 8. The bolt is 12. 7mm in diameter and has one thread 
every 2mm at the end. The wavelength of the ultrasound used 
was 0. 3mm and was propagated as 100usec pulses of a 5MHz 
carrier. As can be seen by comparing photograph (b) with 
the reconstructed image (a), the resolution is better than 
0. 5mm. Visualization and recording of the hologram was per-
formed photographically with a 1/10 reduction in scale. No 
further reduction in size of the transparency was found to be 
necessary before reconstructing, which was carried out with 
a converging laser beam. This produced two real images of 
the object in a manner similar to example D in Tables 2 and 
3, dealing with object-image relations. 

The surface deformation method has been used to visualize 
ultrasound holograms.27  This method is interesting, because 
it could be used for real-time holography, by reflecting a 
laser beam directly from the phase hologram formed by the 
surface deformation and automatically reconstructing the 
image. It was found, however, that the quality of images pro-
duced by this real-time method was not as good as that pro-
duced by first photographing the surface deformation pattern 
with incoherent light, and reconstructing the images from the 
resulting transparency. The images suffer from aberrations 
introduced by the ultrasonic reference beam, and the method 
is susceptible to extraneous vibrations. 

P. Greguss of Hungary was the first person to publish pic-
tures of actual ultrasound holograms.28  Both object wave and 
reference wave were produced ultrasonically and the holo-
grams were visualized through the effect of ultrasound inten-
sity on the rate of solution of silver halide from a uniformly 
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Fig 7 A block diagram of the mechanical scanning tech- 
nique for producing and visualizing ultrasound 
holograms 

a 

Fig 8 (a) The reconstructed image of the ultrasound 
hologram, obtained from a steel bolt by the mecha-
nical scanning technique. The resolution is better 
than 0. 5mm, as can be seen by comparing it with 
(b), the ordinary photograph of the steel bolt, which 
has one thread every 2mm 
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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 electronic 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. Schatzer, 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 1MHz, could be built 
with this new technique and still have a pressure safety fac-
tor of eight atmospheres. 

ACKNOWLEDGEMENTS 
The author is grateful to Dr R. W. B. Stephens of the Physics 
Department, Imperial College, for advice and encouragement. 
Fig 8 was reproduced from Applied Physics Letters, and 
Figs 1 and 2 from an Illinois Institute of Technology Research 
Institute report by W. E. Lawrie. The author's work on high 
resolution ultrasonic viewing of objects underwater is spon-
sored by AUWE, Portland. 

REFERENCES 
1 	W. E. Lawrie, 'Ultrasonic nondestructive coating evalua-

tion', Illinois Institute of Technology Research Institute 
Report 

2 	D. Gabor, 'A new microscopic principle', Nature Vol 161 
(1948) p 777 

3 	E. Leith, J. Upatnieks, 'Reconstructed wavefronts and 
communication theory', Journal of the Optical Society of 
America Vol 52 (1962) p 1123 

4 	R.W.Meier, 'Magnification and third order aberrations 
in holography', Journal of the Optical Society of America 
Vol 55, No 8 (August 1965) p 987 

5 	Born and Wolf, 'Principles of optics', 3rd edn (1965) p 419 
6 	R. W. G. Haslett, 'An ultrasonic to electronic image con-

verter tube for operation at 1.20Mc/s1, The Radio & 
Electronic Engineer Vol 31, No 3 (1966) p 161 

7 	I. B. Semennikov, 'Certain aspects of the operation of an 
electro-acoustic image converter', Soviet Phys-Acoustics 
Vol 7 (1961) p 56 

8 	P. K. Oshchepkov, L. D. Rosenberg, Iu. B. Semennikov, 'An 
electronic-acoustical transducer for the visualization of 
ultrasonic images', Soviet Phys-Acoustics Vol 1 (1955) 
p 362 

9 	C. N. Smyth, F. Y. Poynton, J. F. Sayers, 'The ultrasound 
camera', Proceedings of The Institute of Electrical 
Engineers, Vol 110, No 1 (1963) p 16 

10 	J. F. Sayers, 'The future of ultrasonic cameras in indus-
trial inspection' Ultrasonics Vol 4 (April 1966) p 92 

11 	C. Koch, 'The electron mirror image converter', Acustica 
Vol 10 (1960) p 167 

12 	E. E. Suckling, W. R. Maclean, 'Sonic images', Journal of 
the Acoustical Society of America, Vol 29 (1957) p 146 

13 	R. Pohlman, 'Internal examination of materials by ultra-
sonic-optical pictures', Zeitschrift filr angewandte 
Physik Vol 1 (1948) p 81 (In German) 

14 	D. Fintelmann, 'Sound visualization processes for non-
destructive testing', Wissenschaftliche Zeitschrift der 
Friedrich-Schiller -Universitat, Jena, Naturwissenschlaft - 
liche Reihe, Vol 8, No 2/3 (1958/59) p 313 (In German) 

15 E.D.Pigulevskii, 'The sensitivity and resolutions of 
acoustic-optical image conversion at a liquid surface'. 
Soviet Phys-Acoustics Vol 4 (1958) p 359 

16 	L. Petermann, P. Oncley, 'Detection of ultrasound with 
phosphorescent materials', Institute of Radio Engineers 
Transactions on Ultrasound Engineering Vol 4 (1956) 
p 42 

17 	M. E . Arkhangel'skii, U. Ia. Afanas'ev, 'Investigations of 
the photo-diffusion method of visualization of ultrasonic 
fields', Soviet Phys-Acoustics Vol 3 (1957) p 230 

18 	G. Keck, 'Acoustical-optical image transformation by 
means of photographic films', Acustica Vol 9, No 2 (1959) 
p 79 

19 	G. S. Bennett, 'A new method for the visualization and 
measurement of ultrasonic fields', Journal of the Acous-
tical Society of America Vol 24, No 5 (1952) p 470 

20 	A. F. Metherell et al, 'Optical reconstruction from 
sampled holograms made with sound waves', Physics 
Letters, Vol 24A, No 10 (8 May 1967) p 547 

21 	A. F. Metherell et al, 'Image reconstruction from sampled 
acoustical holograms' Applied Physics Letters, Vol 10, 
No 10, (15 May 1967) p 277 

22 	A. F. Metherell, H. M. A. El-Sum, 'Simulated reference in 
a coarsely sampled acoustical hologram', Applied 
Physics Letters, Vol 11, No 1 (1 July 1967) p 20 

23 	F. L. Thurstone, 'Three-dimensional imaging by ultra-
sound holography', Digest of 7th International Conference 
on Medical & Biological Engineering, Stockholm (1967) 
p 313 

24 	K. Preston Jr, J. L. Kreuzer, 'Ultrasonic imaging using a 
synthetic holographic technique', Applied Physics 
Letters, Vol 10, No 5 (1 March 1967) p 150 

25 	G. A. Massey, 'Acoustic holography in air with an elec-
tronic reference', Proceedings of the Institute of Elec-
trical and Electronics Engineering, Vol 55, No 5 (June 
1967) pp 1115-7 

26 	Y. Aoki et al, 'Sound wave hologram & optical reconstruc-
tion', Proceedings of the Institute of Electrical and Elec-
tronics Engineers, Vol 55, No 9 (September 1967) 

27 	R. K. Mueller, N. K. Sheridan, 'Sound holograms & optical 
reconstruction', Applied Physics Letters, Vol 9, No 9 
(1 November 1966) p 328 

28 P.Greguss, 'Pictures by sound', Perspective, Vol 14 
(1966) pp 287-302 

29 	E. Schatzer, 'An electronic to ultrasonic image converter 
with enlarged image field', Ultrasonics, Vol. 5 (October 
1967) p 233 

ULTRASONICS April 1968 	87 


	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12
	Page 13
	Page 14
	Page 15
	Page 16
	Page 17
	Page 18
	Page 19
	Page 20
	Page 21
	Page 22
	Page 23
	Page 24
	Page 25
	Page 26
	Page 27
	Page 28
	Page 29
	Page 30
	Page 31
	Page 32
	Page 33
	Page 34
	Page 35
	Page 36
	Page 37
	Page 38
	Page 39
	Page 40
	Page 41
	Page 42
	Page 43
	Page 44
	Page 45
	Page 46
	Page 47
	Page 48
	Page 49
	Page 50
	Page 51
	Page 52
	Page 53
	Page 54
	Page 55
	Page 56
	Page 57
	Page 58
	Page 59
	Page 60
	Page 61
	Page 62
	Page 63
	Page 64
	Page 65
	Page 66
	Page 67
	Page 68
	Page 69
	Page 70
	Page 71
	Page 72
	Page 73
	Page 74
	Page 75
	Page 76
	Page 77
	Page 78
	Page 79
	Page 80
	Page 81
	Page 82
	Page 83
	Page 84
	Page 85
	Page 86
	Page 87
	Page 88
	Page 89
	Page 90
	Page 91
	Page 92
	Page 93
	Page 94
	Page 95
	Page 96
	Page 97
	Page 98
	Page 99
	Page 100
	Page 101
	Page 102
	Page 103
	Page 104
	Page 105
	Page 106
	Page 107
	Page 108
	Page 109
	Page 110
	Page 111
	Page 112
	Page 113
	Page 114
	Page 115
	Page 116
	Page 117
	Page 118
	Page 119
	Page 120
	Page 121
	Page 122
	Page 123
	Page 124
	Page 125
	Page 126
	Page 127
	Page 128
	Page 129
	Page 130
	Page 131
	Page 132
	Page 133
	Page 134
	Page 135
	Page 136
	Page 137
	Page 138
	Page 139
	Page 140
	Page 141
	Page 142
	Page 143
	Page 144
	Page 145
	Page 146
	Page 147
	Page 148
	Page 149
	Page 150
	Page 151
	Page 152
	Page 153
	Page 154
	Page 155
	Page 156
	Page 157
	Page 158
	Page 159
	Page 160
	Page 161
	Page 162
	Page 163
	Page 164
	Page 165
	Page 166
	Page 167
	Page 168
	Page 169
	Page 170
	Page 171
	Page 172
	Page 173
	Page 174
	Page 175
	Page 176
	Page 177
	Page 178
	Page 179
	Page 180
	Page 181
	Page 182
	Page 183
	Page 184
	Page 185
	Page 186
	Page 187
	Page 188
	Page 189
	Page 190
	Page 191
	Page 192
	Page 193
	Page 194
	Page 195
	Page 196
	Page 197
	Page 198
	Page 199
	Page 200
	Page 201
	Page 202
	Page 203
	Page 204
	Page 205
	Page 206
	Page 207
	Page 208
	Page 209
	Page 210
	Page 211
	Page 212
	Page 213
	Page 214
	Page 215
	Page 216
	Page 217
	Page 218
	Page 219
	Page 220
	Page 221
	Page 222
	Page 223
	Page 224
	Page 225
	Page 226
	Page 227
	Page 228
	Page 229
	Page 230
	Page 231
	Page 232
	Page 233
	Page 234
	Page 235
	Page 236
	Page 237
	Page 238
	Page 239
	Page 240
	Page 241
	Page 242
	Page 243
	Page 244
	Page 245
	Page 246
	Page 247
	Page 248
	Page 249
	Page 250
	Page 251
	Page 252
	Page 253
	Page 254
	Page 255
	Page 256
	Page 257
	Page 258
	Page 259
	Page 260
	Page 261

