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SYNOPSIS

An ultrasonic imaging technique was to be developed for sizing and
characterization of defects in thick sections of steel. The problems
generally found with the existing techniques in such applications are

low speed, inadequate image quality, large size and high cost.

This work is a development of a new ultrasonic imaging system. It
is based on an extension of the technique called DUVD [Direct Ultrasonic
Visualization of Defects] by P. D. Hanstead (1973). The main problem
with the DUVD being a 'passive' system is its: low sensitivity.
Introducing electronic amplification using transducer arrays, the
concept of the DUVD is changed from passive to ‘'active', solving the
problem of low sensitivity, while preserving its ideal characteristics
by a new sonoptical design. A complete image field is formed with a
single pulse, practically within it3 time of flight, hence the Ultimate

speed possible in imaging has been reached,

The work involved studies in a variety of digciplines relating to
the formulation, analysis and  identification of system parameters,
evaluation of conceptual validity and the design and construction of the
instrument., Parameters such as array element spacing, aperture required
were theoretically assessed while signal amplification required
investigations into areas involving gain, bandwidth, terminal impedance,
dynamic range etc.. The process of re-transmission needed
investigations intb the new sonoptics as a whole, leading to a design
capable of producing high resolution focused B-scan type images of the

whole object field.

A number of areas have also been developed as part of this
work including a compact wide aperture compact schlieren system, a new
sub-miniature stroboscope using a light emitting diede, high performance
miniature wideband amplifiers, high quality transducer arrays with

backings etc..

After completing a feasibility study the first prototype for NDT
applications was built and its performance demonstrated. Future

prospects of development are also presented.

- Patent pending -
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-CHAPTER 1-

IMPORTANT FACTORS RELATING TO ULTRASONIC IMAGING

This chapten deals with general irneatment of prollems
relating to the subject of ullrasonic imaging, 7he
potential of ullrasonic testing and in particulan the
relative importance of 'imaging’ are outlined, Imaging
techniques are broadly classified into two calegonies,
The pfundamental £Limits and various LImportant fLactons
conceaning all imaging systems such as accuracy,

nesolution, sensiltivity and dynamic nange eitc. are

Lrnicfly defined and analysed.

1.7 INTRODUCTION

The tendency to demand higher performance from fabricated structures and
plant places an ever-increasing onus on Non Destructive Testing (NDT)
methods to determine accurately the degree of integrity of such
structures. Application of fracture mechanics depends on specific,
detailed knowledge of the nature of all defects and discontinuities in
the structures and it is the uncertainty of the available NDT methods to

. z . 1
meet this demand that is a major cause for concern.

Gf the awvailable methods for quantifying defects in structures or in
routine quality control work, ultrasonic testing has the potential to
size defects with sufficient accuracy in a wide range of applications.
Similarly in medical diagnostics, ultrasonic techniques are being widely
used in a number of important applicationsf'smaking this area a very

demanding field of technology.

1.1.1 Imaging versus conventional technigues

Conventional technigues, for example the well known A—scan‘ may provide

accurate results, but the amount of information is limited. In general,



with conventional testing, a large number of uncertainties are involved
and the necessary degree of operator skill and experience is difficult
to define. This is where ultrasonic imaging plays an important role in
providing a great deal of additional information about critical defect

features such as size, shape and orientation,

The potential of ultrasonic imaging in NOT, sonar and medical
applications has led to the development of a variety of ultrasonic
instrumentation systemé&s Although the complexity and sophistication of
these systems have been growing over the years, the degree of
improvements achieved in this field considering the effort and apparent

investment seems rather low.

1.1.2 Orthographic and co-axial imaging systems

The term imaging in a classical sense may be defined as a process by
which an image of an object is formed with the object-to-image spatial
relationship correctly maintained. The early attempts of ultrasonic
pictorial displays such as Pohlman celi were sa@ crude and fraught with
difficulties that the idea of imaging in the classical sense was seen
only as an ideal academic goal. Later other technigues were gradually
evolved such as B8-scan and C-scany which may be broadly classified as

(1). othographic and (2). coaxial systems.

(1) Othographic i.e. displaying an object plane
perpendicular to the ultrasonic beam axis

(2) Co-axial i.e. displaying a plane containing the

axis of the beam

The results obtained with the simple B-scan and the C-scan systems are
too crude to be considerd as imaging without the adoption of special
techniques to enhance the image quality. They are therefore simply

referred to as B-scan and C~-scan displays, respectively.

In spite of the drawbacks, the majority of the imaging systems today



make use of some form of B-scan display using manual, mechanical or
electronic scanning together with signal processing techniques to

enhance image quality.

Another category of imaging may be called 'focused B-scan' displays. It
does not necessarily use focused probes or an actual scan, but other
methods such as the use of ultrasonic lenses and dynamic focusing to
form a focused image of an ultrasonic object field similar to a B-scan
display format. Hanstead's Direct Ultrasonic Visualization of Defects'5
[DUYD) system is one such example. Although it is not implemented in
practice, DUVD has the potential of producing three-dimensional focused
ultrasonic image of a complete object volume, even though the actual

display is usually restricted to two dimensions.

Some other pictorial techniques, although not widely used, are
ultrasonic tomography - a pictorial representation technigue utilizing
through-transmission time of flight information of a given object field
containing acoustic inhomogeneities and ultrasonic holography, a three
dimensional pictorial representation wusing coherent ultrasonic
irradiation. The important areas with regard to image quality and
interpretation are @

1. Accuracy

2. Resolution

3. Sensitivity

4, Dynamic range

5. Repeatability

1.2 Accuracy and resolution

In conventional flaw detection techniques, the accuracy of measurement
is usually stated. However, in imaging applications, what is more
relevent is the accuracy of maintairming lingar spatial relationships

between the object and the image fields.

Resolution in the case of an imaging system may be loosely defined as a

measure of its ability to display structural details in its images.



Structural details in imaging terms not only apply to linear dimensions,
but extend to other important and more complicated areas such as
movement and contrast as well. Various aspects of resoclution relating

to image definition may be listed as follous.

. Axial resolution

Lateral resolution

Amplitude or reflectivity resolution

W NN -
-

. Temporal resolution

1.2.1 Axial resolution

Axial resolution is the ability of the instrument to produce separate
echoes from structures lying one behind the other along the sonic beam.
Assuming that the theoretical limit of the axial resolution is only a
function of the pulse length, a simple expression may be derived, as
follows. (Fig. 1.1).

At __—fTINTERFACE | __— 2INTERFACE

te

- ——— —
ll \‘ \’ ty

-— L ! > -

o ,,

i d -

FIG. 1. 1. AXIAL RESOLUTION CONCEPTS.

If = velocity of sound in the medium

axial separation of targets



At = pulse duration

In order to resolve,

2d » cAt
since At = Pulse length in the medium / ¢
d 2> Pulse length . . (1.1}
2

i.e. the theoretical limit of axial resolution in the pulse echo mode is

one half of the pulse length in the medium.

1.2.2 Lateral resolution

Lateral resolution may be defined as the ability of the instrument to
display separate echoes from structures that are lying side by side
across the ultrasonic beam. As might be expected it depends on the
effective width of the ultrasound beam and the depth at which the

measurement is carried out.

In practice, the lateral resolution of a system may be examined by
imaging a series of small targets or small drilled holes of various
spacings in a suitable test object medium. Although complications such
as near field problems could arise, this method can give a fair idea of

the lateral resolution achieved as a function of depth.

In theoretical terms the lateral resolution may be defined with
reference to the point where the transverse pressure profiles of two
point targets cross each other at a specified db down. For example 3
dB correspond to half power points as illustrated in Fig, 1.2. It may
be estimated as a function of the aperture A, wavelength A\ , and the

depth D using the formu1a7

. (1.2)



where x is the minimum lateral separation resolved

A

—t—
- X
H B —_—
] _1

T 1 3

t

P o1

P |

t |

[

o o

1

N/t

1Y 1

N t

FIG. 1. 2. LATERAL RESOLUTION
CONCEPTS.

1.2.3 Amplitude or reflectivity resolution

The details of an image depends also on the power of the system to
identify the differences in the reflectivity of targets. An assessment
of this would be particularly useful in medical applications where a
wide range of reflectivity difference exists between tissues. However,
in NDT work. the reflectivity of acoustic discontinuities is nearly
perfect, except in rare occurrence such as a thin crack filled with a
liquid. This knowledge of the reflectivity of defects in NDT
applications therefore eliminates the necessity of having to specify

this parameter.

1.2.4 Temporal resolution

Temporal resolution is a measure of the power of the instrument to
separate two events closely spaced in time. Because of its critical
significance in real time imaging, the factors governing temporal

resolution have to be considered more carefully.



There are two important factors concerning the absolute real time

capabilities of an ultrasonic imaging system. They are 3

1. Maximum single frame speed

2. Maximum repetition rate

In order to estimate the fundamental limits, consider a test object
whose depth is D, and the sound velocity c. Assuming the imaging is
done in the pulse echo mode, and neglecting the pulse length in
comparison to depth, the approximate minimum time, At required for

gathering data will be
At = 2D / ¢ . e . (1.3)

If insonification is repeated within a time less than that given by the
above eguation, the resulting image field may be confusing. Hence the

maximum repetition frequency fpe permissible is c / 2 D,
1.3 SENSITIVITY

This defines the ability of the instrument to display weak targets.
However, unlike in the case of most standard equipment it is not
possible to give an absolute specification for sensitivity in this case.
The common practice is to specify the weakest target (in terms of its

geometry and depth)  which could be imaged with a given system.

1.4 DYNAMIC RANGE

Dynamic range is a measure of the range in signal amplitudes that are
generated by or can be handled by the portion of the system under study.
It applies to quite unrelated topics, for example transducers, displays,

reflecting targets ete.

In the case of medical imaging, higher dymamic range gives a greater
number of grey levels corresponding to different tissue reflectivities.

However, in NDT imaging this does not apply in the same way, but what



would be of interest is the dynamic range determined by the actual
signal levels present which cafn be very large. However, it is the
dynamic ramge of the display, the recording medium or our ability to
appreciate grey levels, that usually reduce the overall dynamic range to

about 24 dB in most cases.

Some examples of typical dynamic range values encountersd in practical

. . . . 2
imaging situations are :

Transducer : 40 dB
TV monitor : 20 dB
Scan converter storage memory : 30 dB
CGrey scale response : 30 dB .
Biological tissue reflectivities 36 dB
Instrumentation amplifier : 60 dB

When faced with dymamic range limitations, technigues such as dynamic
compression or dynamic range control may be used, if the resulting

signal distortion can be tolerated,

1.5 REPEATABILITY

Lack of repeatability is often seen in ultrasonic inspection systems,
more than in many other fields of instrumentation. This can be mainly
due to the critical nature of ultrasonic inspection technigues,
transducer behaviour and in some cases due to the difficulty of meeting

proper operational standards.

1.6 [OTHER CONSIDERATIONS

In addition to the academic concepts discussed above, two other
important factors regarding the commercial success of a new system are
the compactness and cost. Some imaging equipment are so bulky and
expensive that their use in practice is limited to special localized
applications only., However, the present trend of miniaturization and

cost reduction of the instruments entering into the competitive market



is rapidly advancing and therefore must be taken into account at all

times in the development of any new system or process.

1.7 CONCLUSIONS

The study and the comparison of existing ultrasonic inspection systems
against the factors outlined in this chapter will be used in identifying

the potential areas of new development.

— ] -



-CHAPTER 2-

BRIEF DESCRIPTION AND ANALYSIS OF EXISTING TECHNIQUES

In this chapten, Basic technigues of some existing
wbtrasonic inspection systems are brlefly examined in
onden to Jidentify Zhe areas of polential development,
Particulan emphasis will fe placed on the B-scan type
neal time imaging systems and the use of Linearn arrays
Lecause of theirn relalive importance.

2.1 THE ULTRASONIC PULSE-ECHO FLAW DETECTOR - ( A-SCAN)

The ultrasonic flaw detector is the most conventional, general purpose,
real time uwltrasonic inspection system in the widest use. The principle

4
is called the A-scan and the essential elements are shown in Fig. 2.1.

PULSE TIME BASE
GENERATOR GENERATOR ——
”
; \
\
l l
\ /
Y P4
PULSE —y=
TRANSMITTER ——
DETECTOR \ 3
r - QRT
N o D]

PREAMPLIFIER AMPLIFIER

FIG. 2.1. PRINCIPLE OF A-SCAN DISPLAY.

The basic operation is as follows. A high voltage electrical spike

-10 -



presented to the transducer generates an ultrasonic pulse uwhich
interacts with the targets in the test object medium. The echo signals
are then picked up by the same transducer or by a separate one and are
presented to a receiving amplifier. These signals are then rectified
and further amplified before applying to the Y - deflection plates of a
CRT whose time base is synchronized to the transmitter pulse in a
suitable  manner. The resulting arrangement therefore presents
depth-amplitude information about the targets in the test object medium
and is commonly known as the A-scan display. Its typical performance

capabilities are such that :

1. Accuracy of range
measurement. K +2 to 3%
2. Resolution
(a) Axial : Approaches the limits shown in chapter 1
(b) Lateral : t " "
(c) Amplitude :  Very good (far better than other techniques)
(d) Temporal : Only repetition frequency is applicable which
can approach the limit shown in chapter 1
3. Sensitivity ¢+ \Very good

4, repeatability :+ satisfactory

From the above, it is evident that apart from its use as an inspection
tool, the A-scan flaw detector is most useful in calibration work and
also as a real time monitoring device in other ultrasonic inspection
systems. The main drawback however, is the difficulty of interpretation
of results in characterizing defects due to the limited amount of

information presented.

2.2 B-S5CAN INSTRUMENTS

There are various forms of B-scan systemgﬁm The simplest B-scan system
uses a series of A-scan signals obtained from a single transducer which
is mechanically moved along the test surface to produce a two
dimensional pictorial representation of the corresponding target plane

4)
on a CRT, The display format may be understood with reference to Fig.2.2

- 11 -
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~
N
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TEST 0BJECT DISPLAY
FIG. 2.2. B-SCAN DISPLAY FORMAT.

The mechanical movement of the transducer is sensed by a potentiometer
and the corresponding electrical signal is used to move the CRT spot
linearly in the x - direction. The time of flight information is
electronically translated as depth and is used to deflect the spot in
the y - direction, while the amplitude of the signals are used to
modulate the brightness. Some form of storage is usually employed such

as a digital frame store.

Several modifications and refinements have been made to improve the
image quality of the basic B-scan technique over the years, some of
which are :
1. Improved co-ordinate sensing systems to track the movement of the
transducer along non-planar surface profiles
2. Use of linear arrays and electronic switching to simulate a fast
repetitive mechanical scan, thus approaching real time performance
3. Improvements in lateral resolution, using,
(a) Focused probes
(b) Phased arrays
(c) Dynamic focusing
4, Sector scanning, using,
(a) Phased arrays and electronic beam steeriﬁgntechniques
(b) Single oscillating transducer

5. Synthetic aperture and computer re-construction techniques

Schematic diagram of the basic elements in a typical mechanical

B-SCANnET 35 Shown in fig.2.5.

-12 -




T.V. DISPLAY

PULSE
GENERATOR
r . TIME GAN
-._+
* CONTROL
PULSE
TRANSMITTER : i
Y RADIO
FREQUENCY
> AMPLIFIER

L

VDEO SCAN
DETECTOR [~ - B
AMPLIFIER CONVERTER
CO-ORIDINATE  |naliieered REGIS TRATION T
MEASURING e SIGNAL
SYSTEM iy GENERATOR

FIG. 2.3 BASIC ELEMENTS OF A MECHANICAL SCANNER.

The images are built up by a series of echo lines. If the mechanical
scan is performegd in a time t, and the depth of the object field is
d, then the maximum number of scan echo lines in the image field is N,
- then

) xt . . . {(2.1)

However, the actual number of lines in the field may be much less as it
is necessary to allow time in between the scan lines for the multiple

reflections to settle doun.

2.2.1 Use of linear arrays in B-scan imaging

B-scan imaging with a single probe as described above has many
drawbacks. Firstly, the lateral resolution achieved is limited by the

-13 -



relatively wider beamwidth of the transducer. Secondly, the
signal-to-noise ratio can be relatively poor. Thirdly, the scanning
speed is low. In many instances, the use of linear arrays could provide
satisfactory solutions to these problems. It enhances the
detectability, resolution and directional measurement of targets.
Furthermore, the freedom to operate in many different modes as outlined
above, makes the linear arrays rather versatile in the field of

ultrasonic imaging.

However, one of the main practical problems is to ensure proper coupling
of the entire length of the array to the test surface, which could be
much more difficult compared to a single transducer of smaller size.
Proper coupling is vital in achieving good results with arrays, not only
because of sensitivity problems, but alsoc the success of achieving good
lateral resolution depends largely on the trueness of the beam

characteristics in the test object medium.

In the case of a linear array B-scanner, the beam is rapidly switched
through a succession of parallel directions by altering the particular
group of elements fired in some sequence, for example, 1 to 5, 2 to
Bs +... By repeating the sequence in succession, a certain degree of
real time performance is achieved, If the frame rate is F per second

and the number of lines in the field is N, then,

e, .1
G xF - . (2.2)

Some factors concerning B-scan techniques can be observed at this stage.

1. From the above equation it is clear that the frame rate cannot be
increased without a corresponding reduction of line density.
© 2. Comparison of equatioq£‘2.1 and 2.2 reveals that the image
definition in the case of a real time B-scan image is inferior to
that presented by a single frame B~scan image due to the reduction
of line density, because in practice t >>-1/F'
3. Nonme of the B-scan technigues can approach the fundamental limits
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of temporal resolution discussed in chapter 1, as all B-scan
techniques require a large number of discrete echo lines to form
Jjust one frame,

4, The resolution is usually determined by the size of the transducer
or the group of elements fired(in the case of an array} and hence

the full aperture does not directly contribute to image resolution.

In order to improve the lateral resolution, focused probes are sometimes
used. However, this has the serious disadvantage of degrading the image
guality outside the focal region much more rapidly than in the case of
non-focused transducers, due to the divergence of the beam, In this
respect one of the advantages of using arrays is the ability to
manoeuvre the focus or the beam direction by electronic means. If the
focusing is done in both the transmitter and the receiver mode, then
much better side-lobe rejection can be achieved in addition to the
improvement in sensitivity. It is also possible to manipulate the delays
such. that the focus follows the transmitted pulse. This is found in
some sophisticated B-scanners and is known as dynamic focusiné? which
improves the 1lateral resolution throughout the image field. However,
these technigues generally suffer from bandwidth limitations and
therefore may be used only in applications where signal distortion is

less critical.

Another popular technique is to use frequency multiplexing, where the
beam sweep is effected by connecting each channel with a local
oscillator whose freguency varies by constant increments along the
array. However, one of the difficult practical problems with this
technique is to generate phase locked signals of different frequencies

for all the channels.

2.2.2 Sector scanning systems

' . ' . . . . (2,9
These techniques are mainly used in medical imaging systems where access
to some organs such as the heart is limited. The scanning sectors are
formed by the mechanical movement of the transducer or a group of

identical transducers in rapid succession.
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Although the single point entry provided by these techniques is very
beneficial, the image quality can be inferior compared to other methods,

mainly due to the smallness of the transducer generating a wider beam.

2.3 C-SCAN SYSTEMS

C-scan is an orthogonal imaging techniquéﬂ and is used in situations
where the depth of defects 1s irrelevant, but their distribution
parallel to the test surface is an important feature. The image has to
be built up in a similar fashion to B-scan and the principle may be

understood with reference to Fig. 2.4,
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TEST 0BJECT perect FORMAT

FIG.2.4 THE PRINCIPLES OF C-SCANNING.

An advantage with C-scan technique is that a required plane (usually a
thin layer of the test object) may be effectively selected by electronic
range gating. The lateral resolution can also be improved using focused
probes in this case as the focusing could be held fixed at a particular
depth of interest.
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However, the use of C-scan technique is particularly limited to special
applications like bond lime testing. Some problems that 1limit its use
are the lack of speed, difficulties in direct interpretation and the

uncertainties involved with the finite thickness of the layers selected.

2.4 ULTRASONIC HOLOGRAPHY

In contrast to pulse echo imaging techniques described above, ultrasonic
holography is based on a conceptually more advanced approach of using
phase-amplitude and time of flight information to reconstruct acoustic
wauefrontsf’ Holographic systems may be broadly classified into two
groups., The first contains those systems which are approximately
analogdus to optical holegraphy, while the second contains those systems
which are analogous to synthetic aperture radar in which a scanning
technigue is used. Fig. 2.5 shows an elementary form of optically
analogous ultrascnic helegraphy using a ligquid surface levitation

. @
techn1que3

ULTRASOMIC
TRANSMITTER

\TRANSWCERS/

FIG. 2.5 ULTRASONIC HOLOGRAPHY ({QPTICAL ANOLOGY).
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In the above arrangement, two transducers driven from the same generator
are placed in a water tank such that they overlap at the liquid surface.
The ripple pattern formed on the surface in the absence of any
disturbance in the sonic paths are modified accordingly when an cbject
is placed in the path of one of the beams. The resultant static
displacement is the ultrasonic hologram and the images are viewed by
means of coherent light reflected from the surface which is focused on
to an optical stop to remove all but the first order diffraction
patterns. The detailed theory is given by Hilderland and Brendoé?»

In the scanning systems, the wavefronts from the object is sampled on
point by point basis over the receiving aperture as illustrated in Fig.
2.6, After multiplying the received signal with a reference to obtain a
holographic coding, it is laid down on the recording medium by a scan
similar and synchronous to that of the receiving aperture. The recorded
hologram is converted into a photographic transparency and the image is
viewed optically. Alternatively the holographic coding may be recorded

in a computer store and re-construct the image using digital techniques@

N scareuns
TRANSDUCER

)\\ L

FIXED TRANSDUCER

FIG. 2.6." ACOUSTIC HOLOGRAPHY (synthetic aperture analogy).

The main advantage of holography seems to be its ability to give good
resolution to large depths. However, holography has not found wide

acceptance in NDT, mainly due to the instrumental complexity, ecocnomics
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and difficulties of using it.

2.5 DIRECT ULTRASONIC VISUALIZATION OF DEFECTS, [DUVD] SYSTEM

In 1973, Hanstead demonstrated a new imaging system called Direct
Ultrasonic Visualization of Defecthﬂ[DUUD]. It is comparable to
ultrasonic holography in achieving a three dimensional image, but unlike
other pictorial methods, DUVD operates without the need for mechanical
or electronic scanning. Furthermore it does not require coherent light
and it operates in real time, Fig.2.7 shows one form of DUVD using

" . (12,1
plastic lenses in vater >

TEST 0BJECT INSONIFYING TRANSDUCER
CONTAINING DEFECTS
Awnd 8
ACOUSTIC LENS
ACOUSTIC REFLECTED PULSES
FOOUSING —rreerac e
SYSTEM
ACOUSTIC MAGES IN
ACOUSTIC LENS 3-DIMENSION (A’ and 8')
\’
® ¢
f . : = wre toGe
STROBOSCOPIC  PLTER
“ LIGHT SOURCE

FIG. 2.7 DUVD USING PLASTIC LENSES IN WATER.

DUVD essentially consists of a pair of acoustic lenses arranged in such
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a way to produce a three dimensional image with two other special
properties called linearity and isochronicity. The term 'linearity!
here refers to its ability to maintain a constant object-to-image
spatial relationship, while 'isochronicity' means that when the test
object is insonified with a short pulse, all the echoes from different
targets [defects], irrespective of their distances, arrive
simultaneously at their respective image points, thus giving the system

its ability to display the whole image focused at once.

The acoustic images formed are made visible in a suitable transparent
A7y
medium either by photoelastic techniqué“Gr by the schlieren techniquey of

visualization using stroboscopic Flasﬁ?of light.

Although DUVD has wvery remarkable features, as mentioned above, the
fundamental problem is its low sensitivity. This is mainly so as the
system is 'passive' in that it only utilizes the insonifying energy for
acoustic image formation and heavy energy losses are involved, Further
work on this technigue has alsoc been reported by Hayma#? and by
Bar-Cohen et.aginmEuen so,at its best the sensitivity of DUVD falls far
short of that reguired for practical implementation. The other

drawbacks are the difficulties in coupling and manipulation.

2,6 [OTHER PICTORIAL METHODS

There are several other pictorial methods for ultrasonic examination,
such as Bragg diffraction imaging, and various forms of ultrasonic

2,5
cameraéi

They too have many problems and drawbacks which limit their
use in practice. Two recent developments have been an American system
by the brand name SIGMA SDL 1000, based on computer reconstructed
holographic technique with mechanically scanned aperture and the Zipscan
developed at the AERE Harwell. The latter uses diffraction based time
of flight measurements to lgcate and size defects. Although they have
many attractive capabilities, the instrumental complexity, low speed,
size and particularly the price being around{ZUD,DDD andiBD,UDU

respectively are the major set backs.
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2.7 CONCLUSIONS

It is evident from the above that most of the existing systems fall far
short of the features that could be considered as ideal for imaging
applications. It is also noted that in many cases the fundamental
limitations of the particular techniques do not permit much room for

significant Improvement.

However, it is interesting to note that the DUVD system has many
features which are very close to the 'ideal', except for its main
problem of low sensitivity. Therefore, it seems reasonable to examine
this technique in details and the ways and means by which further

developments could be made.

U -
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-CHAPTER 3-

HANSTEAD'S DUVYD SYSTEM AND ITS PROSPECTIVE LINES OF DEVELOPMENT

In 2his chaplen, DUVD technique is examined in
detail . to study its remarkalle fLeatures and Zhe
rnool causes of the drawlacks, as an Importanit sdep
Lowands identifying prospective Lines of development.

3.1 DUVD DESIGN FEATURES

The basic concept of the DUVD is formulated to satisfy the requirements
that, an ultrasonic focusing system should ideally have two essential
properties called linearity and isochronicity as defined in the previous
chapter. This is achievad in the DUVD using a special design of pair of
acoustic lenses as shown below,

J3.17.1 Conditions relating to linearity

Hanstead used calculations based on ray opticg”to derive the necessary
conditions. The sign cenventions and the symbols used are as shown in
Fig. 3.1 below.

0
o 1T INTERFACE | o~ 27 INTERFACE

[ v - MAGE DISTANCE
157 MEDIUM 2 MEDIUM 3™pepruM

{0BJECT MEDIUM} OMAGE MEDIUM)

FIG. 3. 1. TWO-LENS DUVD PARAXIAL ANALYSIS : CONVENTIONS
AND SYMBOLS. :
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The object distance to image distance relationship for a combination of

lenses as above may be written as @

£ f
3

v o= DTF : 4 L (3 1)
F1f, /(=8 5,08, .

This relationship can be made linear by incorporating the condition

D = F_ o+ f . . . . (3.2)

which makes the focal pointscoincident. Then,

v = - f3 f4 (u—fl) + f

£ 5

4 . (3.3)

This is linear in v and u and therefore the arrangement gives axial
linearity. Also, the axial magnification M, may be written as,

M, = = f

A 3 f4 /fl f2 <. . . . (3.4)

The linearity in the lateral direction may be seen from the ray diagram as

in Fig. 3.2,

*THEDIUM
{object medium)

7OMEDIUM ! 3" MEDRIM

]
l |
! fy fy \\\ i
| ]
]

image medium)

FIG. 3. 2. TRANSVERSE LINEARITY
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From the above paraxial ray diagram it is seen that the 1lateral

magnification M _can be written as :

W, = -f/75 . . L (3.5)

Therefore it follows that taking the focal points coincident is the only
necessary constraint to produce the overall property called 'linearity!'.
It is also noted that the two magnifications are not necessarily equal,

except in the case where f, and fs are equal,

The maximum usable object and image distances are found by substituting

zero for v and u, respectively, in equation 3.3, giving,

Ymax " (fl £,/ £3) + fl . . (3.6)
and

max = (£ £, / £, + £, - . {3.7)

3.1.2 conditions relating to isochronicity

! |
v, | v, | vy
I [
| |
I“"l ! ! )
| !
|
|
1
SR el Sl S
—— ! |
C } - |
' | l Av |
g
t |
l |
| Ba A 1
Vi %

FIG. 3. 3. REQUIREMENTS FOR ISOCHRONICITY

Referring to Fig. 3.3, if an axial displacement of Awu in the object
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medium reéults in a corresponding displacement of Av in the image medium,

then the necessary conditions for isochronicity would be :

* . (3.8)

Hence from equations (3.4) and (3.8), the axial magnification M, can be

written as

A _V_3 - . . . (3.9)
1
since f, [/ fa = v, /v, and fy / fi = VY3 / v, sand using equations

(3.,4) and (3.9) it can be shown that the necessary condition for

isochronicity is obtained when
£/¢, = 1/, . - . (3.10)

Thus the necessary and sufficient conditions for 1linearity and

isochronicity are @

1. The intermgl-  focal points must be coincident
2. The external focal lengths must be related by 3 f, =2 f,

It also follows "~ from equations (3.4), (3.5) and (3.10) that

My = 2 Moo . . . {(3.11)

which is the relationship between axial and lateral magnifications.

Because of its direct relevance in the present work, the following tablgﬂ
gives a set of parameters for the design of a DUVD system, where Upg s Vy s

vy and f, are regarded as independent variables,
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Item

Value in terms of

No. Symbol Definition independent variables
1 Vy Sonic velocity in lst medium
2 V2 n n " 2nd " Independcht Variables
3 v 1 L1 ] 1" Brd "
3
L £, 1st focal length of 1lst lens
5 S f. 2nd focal length of 1lst lens v
2 1 P
V2 1
6 f. st " v " 2nd " v,
3 Jo 2 ¢
vV, "1
2
7 fl+ 2né " 1 ] " 1" E fl
* . . v
8 Ry Radius of curvature of lst interface 1~ L} £
V2
* v
9 R2 1 " 4] 1 2nd " \E _2"1 fl
V2
10 D Distance between lenses 1_ +\/; _‘_’_ fl
V2 VE
1 | Meximum object i L v
MAX aximum object distance 1 +J,-2_:: Vl fl
' >
12 VMAX " image " (\[2- + 2 Yl) fl
_ vy
13 My Longitudinal magnification 2 Vs
Y1
14 M Transverse " —ﬁ E
Vl

Table 3,1 DUVD design parameters - ( after Hanstead )
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One of the problems with the original DUVD system is that the object
medium acts virtually as a part of the system, severely limiting its use
in practice. This is because the curved interface between the two media
represents the first acoustic lens. Also the design is not feasible as
the velocity of the second medium approches the first. Hence another
configuration wutilizing two thin lenses and a coupling medium has been
deviced by Hanstead and the appropriate design equations are given in

(ba11,13)
several references.

figs. 3.5 and 3.6 show some results achieved with the Hanstead's DUVD
system. The first shows an image of some holes drilled in a steel
specimen to which the insonifying transducer was bonded, while the latter

shows an image of some steel pins immeresed in water.
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Fig. 3.5 DUVD image of some holes drilled in a steel specimen
(after Hanstead)
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Fig., 3.6 DUVD image of some steel pins immersed in water
(after Hanstead)

3.1,3 Practical limitations of the DUVD

Although the DUVD technique has many features which are close to the
characteristics of an ideal imaging system, it has not been implemented in
practice due to a series of drawbacks. The most serious problem is its
very low sensitivity, about 50 dB less than other conventional techniques.
Most of the other limitations like small field of view, necessity to bond
transducers to the test material in some cases, the need to have a high
insonifying power, are linked with this problem. It also lacks
manouveTability as the test object is virtually a part of the system
forming the first refracting interface. If the images are to be viewed in
three dimensions, stereoscopic visualization is required which makes the
system even more difficult to handle. On the other hand, viewing a 3-D
acoustic image in 2-D could be very confusing depending on the nature and

the extent of defects present in the object medium.
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Further work on this technigque mainly concerning the ways of improving its

%)
sensitivity has also been reported by Haymaﬂ? and Bar-Cohen et. ai. In

this respect Hayman investigated the following.

(1)
(2)
(3)
(4)
(5)
(8)

Use of more sensitive visualizing media instead of water
Improvements of optics in the schlieren system

Reduction of optical scatter

Increased insonifying power

Optimum choice of materials

Astigmatic defocusing

From these studies Hayman ruled out the generzl application of DUVD in NDT

and in medical diagnostics, mainly on the ground of low sensitivity.

Bar-Cohen et. al used a different sonoptical geometry consisting of a

(3)-

single lens and a reflecting concave mirror as shown in Fig. 3.7.

WINDOWS —T-. e VISUALIZATION
— Laun

—1
S —

TEST OBJECT

'\__/" -"“"\-—__v ___/n - )

FIG. 3.7 DUVD USING A LENS AND A MIRROR ARRANGEMENT

(Bﬂ'ﬁ" Congn ET-AL)

This arrangement gave some improvements in sensitivity, partly due to the

less attenuation of the system. Another useful finding was when testing

materials with rather different sound velocities with the same
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arrangement, the degradation of image quality due to the loss of
isochronicity can be tolerated if slight alterations are made to the

delay between the insonifying pulse and the stroboscopic flash.

In spite of all these efforts however, the sensitivity of the DUVD uwas

still far below that required for practical implementation.

3.2 PROSPECTIVE LINES OF DEVELOPMENT OF THE DUVD

From the above, it is clear that conventional approach to enhance the
performance of DUVD is not adequate to promote its use as a practical
inspection tool. Its main problem of low sensitivity therefore has to be
solved in a different way. For example by introducing electronic
amplification. One natural option Is to consider the use of ultrasonic
arrays with which amplification may be introduced. However, the technique
will then no longer be a direct ultrasonic visualization of defects in
that sense, but one which is essentially an active, sampling and
re-construction technique to which the ideal features of the DUVD are
introduced. Such & new concept would obviously involve a great deal of
investigations to identify the parameters and to study the feasibility.
It would also be inevitable that a great deal of hardware development
would be involved. However, because no other system presents the ideal
characteristics of the DUVD, it appears to be well worth pursuing along

this new approach.

— f) ——=
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-CHAPTER 4-

THE NEW CONCEPT

This chapten deals with the fLoamulation of a new
concept fon developing an ultrasonic dimaging system
that has the Jddeal charactenistics of Lhe DUVD
prineiple Ly adopting a new sonoptical geomeiny, while
eliminating its major drawlacks Ly means of transducen
arnays and electronic amplification.

4,1 OBJECTIVES OF THE NEW CONCERPT

As seen from the previous chapter, the most attractive features that are
found in the DUVD and that are to be preserved in the development of a
new system are :

(1) Lipearity

(2) Isochronicity

(3) Real time operation
At the same time the main problems to be solved are :
(1) Low sensitivity
{(2) Lack of manouverability
(3) 1Imaging a selected axial plane, rather than

producing & 3-D imase which is viewed in 2-D

4,2 CONCEPTUAL FORMULATION

In order to examine various possibilities of achieving the above
objectives, consider the basic block diagram of the origimal DUVD as
shown in Fig. 4.1, The blocks are placed adjacent to each other to

appreciate the fact that the original DUVD is an integral design.
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TEST OBJECT FOCUSING VISUALIZATION

O] 0] ®

\J vp vy

V,le ¥y = SOUND VELOCITIES

FIG. 4. 1. BASIC BLOCK DIAGRAM OF THE DUVD

Supposing the interface between 1 and 2 \’15' separated and replaced with
a set of transducer arrays having a large number of elements between
which amplification is introduced in parallel channels, all the factors
listed under 4.1 may be achieved. In acoustic terms, this is
equivalent to introducing a 4th medium between blocks 1 and 2, whose
sound velocity is infinitely high, causing no change in the acoustic
focusing properties of the original system. Therefore the same design
equations are valid and hence linearity, isochronicity and real-time
operation are preserved. This new concept is schematically shown in Fig.

4.2 which is also briefly summarized as follows.

4™ HEDIM)
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OBJBCT MEDIM :___Di: FOCUSING VISUALIZATION
o H i H o ®
v /:——[}—:\ v 2

N

- J
Ve RETRANSMITTER ARRAY

N

RECEIVER ARRAY

FIG. 4. 2. A NEW CONCEPT OF ULTRASONIC IMAGING
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(1) Echo signal reception by means of a linear array of transducers
(2) Electronic amplification of received signals in parallel channels

(3) _Re-transmission of amplified echo signals into a visualizing medium
using a second array of transducers forming a part of an acoustic

focusing system, capable of forming focused B-scan type images.

In Fig. 4.2, the block containing the receiver/re-transmitter arrays
together with the amplifiers iS- considered as the 4th transmission
medium whose sound velocity is infinite. It illustrates the fact that

this will not alter the characteristics of the DUVD principle.

Since amplification is now employed, the problem of low sensitivity can
be eliminated. The lack of manoeuvermbility is also solved as the test
object can now be separated from the rest of the system. In order to
achieve co-axial imaging, the focusing system may be re-designed with
cylindrical surfaces instead of spherical surfaces used in the original
DUVD, so that targets in a selected plane may be displayed as focus .

B-scan type images.

4,3 DIFFERENT POSSIBLE WAYS OF IMPLEMENTING THE NEW CONCEPT.

For the following discussion, the validity of the new concept is assumed
which will be proved later, The arrays are considered as of one
dimensional strip element construction and the refractive interfaces
are designed to be cylindrical, so that focused B-scan type images are

formed.

4,3.17 Implementing the new concept using the two-lens DUVD

One straight forward method of implementing the new concept is
illustrated in Fig, 4.4. Here, the two lens DUVD configuration as the
one showed in Fig. 2.7 is used and amplification is virtually

introduced within the coupling medium.
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FIG. &. &. IMPLEMENTING THE NEW CONCEPT USING THE TwO LENS DUVD

The advantage of this approach is the simplicity, as no other major
changes to the DUVD technique are necessary. The surface of the
re-transmitting array becomes a virtual test surface where the
re-transmitted wave fronts are much more strong - than those received at
the true test object surface. However, the drawbacks are the low
efficiency due to acoustic mismatch, excessive multiple reflections and

attenuation etc.

Transducer arrays could also be manipulated to simulate the action of a
lens in addition to their use as receivers, transmitters and various
other applications. Such technigques are well established in sonmar and
medical applications and therefore it is worth investigating these
possibilities as well in the present case, as elimination of any lens or
a refracting interface would naturally enhance the sensitivity even more

and simplify the system further.

4.3.2 Use of electronically phased arrays

As mentiorned earlier, electronic focusing by means of introducing phase
delayg&dks commonly used with arrays and therefore to examine the
applicability of this approach for the present purpose, the following
analysis is presented. Fig. 4.5 shows an illustration of a possible
arrangement where electronic phase delays are introduced to the received
electrical signals to simulate the action of the first refracting

interface of the DUVD which is designed with the single refracting
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interfaces at both the lens positions.

RECEIVING RETRANSMITTING
ARRAY ARRAY

AMPLIFIERS

1

8 e L e 8
[~ R R,

N

\ ELECTRONIC PHASE DELAYS

FIG. &. 5. IMPLEMENTING THE NEW CONCEPT WITH THE DUVD, HAVING
SINGLE REFRACTIVE INTERFACES AT BOTH THE LENS
POSITIONS.

An attractive feature of this technigue is the ability to manipulate the
second focus, and hence the focal lemgth f, , by electronic means which
gives greater flexibility in the sono-geometrical design. With reference
to fig. 4.6 below, the necessary amount of phase delays to be applied to
the elements of the array with respect to the middle element may be

calculated as follows.

fy F X
{COMMON FOCLS)

FIG. &. 6. PHASE DELAY REQUIREMENTS TO SIMULATE THE
ACTION OF THE FIRST REFRACTING INTERFACE.
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= 1 th element p.d = path difference

d = element spacing v, = sound velocity in the
2N = number of elements second medium
fa = second focal length v, = sound velocity in the

first medium

y co-ordinate of the ith element is

Yi = id
4. = (F -i2ahH? ... (4.1)
p. = 2
v
£, =. (.J%) £
2 1
vy

where ﬂ& is the necessary phase to be introduced into the i th element

relative to the middle element in order to definme the focal length fa .

Phase delays can be introduced by means of active analogue delay
circuits or by passive lump parameter delay limes. However, these
methods can cause problems. Firstly, these are essentially narrow
band technigues leading to signal distortion problems particularly if
dealing with short pulses and therefore the full potential of the new
concept cannot be realised. As an attempt to overcome signal distortion
prablems, non dispersive broad band time delay lines such as co-axial
cables may be used, but the shear length of the cables reguired is

unacceptable for a multichannel transmission system. The second problem
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is caused by the nen ideal behaviour of the array elements. In
practice, array elements do not possess ompi-directiopal response and
hence the response fades away off their axes leading to amplitude

shading with the increase in the array aperture.

Since both the amplitude and phase information have much greater
significance in the image formation compared to many other techniques,
the use of electronic focusing metheds do not seem to be a good cheoice
for the present purpose. Therefore it is worth investigating
other possible methods of using arrays where focusing is achieved by
mechanical means.

4,3.3 Use of a curved re-transmitting array

One of the interesting possibilities of applying phase delays to
simulate the action of the first refracting interface is shown in Fig.
4,6, Here, a curved re-transmitting array is used whose focal length

f,» is made equal to that required by the equation (3.2), D = fo v fy s

where symbols are as defined .- previously.
RE-TRANSMITTING ;
ARRAY 2id MEDIUM {Aluminium)

FIG. 4.6 USE OF A CURVED RE-TRANSMITTING ARRAY
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Apart from eliminating the first refracting interface which lowers the
acoustic signal losses, the cother main advantages of this arrangement

are the simplicity, compactness and less amplitude shading.

As mentioned in chapter 3, the sound velocities in the test object
medium and the second medium in the original DUVD must differ
significantly in order to be able to design a two-lens DUVD system.
However with the above approach this restriction is also removed because
focusing is done by the re-transmitter array itself, irrespective of
refractive index differences of the two media. This gives the freedom
to use a 2nd medium having a high sound velocity, such as aluminium

which eases the construction of the of the re-transmitting array.

One problem can arise due to the curvature of the array, as the
effective element spacingg along the aperture are not exactly equal.
However, if care is taken to avoid the use of a very large aperture and

a small radius of curvature, this problem will not be significant.

4.4 CONCLUSIONS

Of the methods discussed above to implement the new concept, it is clear
that the design of a sonoptical geometry consisting of a curved array
and a cylindrical lens is far more promising than the other methods.
However, in order to be able to design a complete systems the
requirements concerning the new concept in the areas, namely, signal
interception, amplification and re-transmission using transducer arrays
must now be considered in sufficient detail in order to identify the

design parameters and to study the feasibility of the new system.

—_— )] ===
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-CHAPTER 5 -

SIGNAL INTERCEPTION

This chapten deals with the theoretical concepis
conceaning the requinements of signal interception
using transducer arrays fon the proposed new imaging
system, Some Leatures of Linear arrays are examined in
comparnison to that of a continuous Line apernturne in
onden to study Limits of inansducern pernformance. The
necessary design paramelens of the transducer arrays
are then estimated by a preliminary computen simulation

5.1 USING TRANSDUCER ARRAYS

In a DUVD system the wavefronts are received with a continuous aperture
which are then focused by the sonoptical focusing system. In the
proposed new concept, however, it i1s not possible to have a continuous
aperture of the same kind, but the wave fronts are discretely sampled

and re-transmitted by the corresponding elements of the two arrays.

The continuous aperture can be thought of as having an infinite number

of sampling elements representing an absolute wupper 1limit. However,
in the case of a linear array, the choice of parameters such as the
number of elements, element spacing are dependent on many factors
including cost and complexity. In this regard it is useful to examine
the features of the discrete line aperture in comparison to that of the
continuous aperture to estimate some limits of transducer array

performance.

5.2 ONE DIMENSIONAL SPATIAL FILTERS

5.2.1 Continugus line aperture

The one dimensional line aperture as shown in Fig. 5.1 satisfies the
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basic requirements of a spatial filter. If a plane wave is incident at

an angle to the line transducer producing a signal s(t) at the origin,
@

then the signal at any other point along the x axis may be written as :

S(t,x) = 8 (t + x—il—n’a ) (5.1)

where ¢ is the speed of sound in the medium.

WAVE FRONT

FIG. 5. 1. LINE TRANSDUCER AS A SPATIAL FILTER

If g{x)dx is the response to a unit signal at x, the total output of the

line transducer may be expressed in the form

00

s, (t,8) = [g(X)S (¢ + 2208 gy (5.2)

-0

where g(x) is the aperture function.

If s(f) is the frequency domain Fourier transform of s(t),

sie+ X8,y o sih) exp (j2iksing)

C
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Then the output s (t,#) can be expressed in the frequency domain as,

SO (t,g) = J/P [ “/’S(f)exp(Jznfx51n¢ + j2nft)df ] g({x)dx

@

So(t§9= :j-s(f)[[g(x)exp(janisin¢)dx] exp(j2mrft)dg . . - (5.3)
c

where the inner' integral is the Fourier transform of the aperture
function g{x) im a domain represented by the variable u = (sing)/n .
This transform G(u) = G(f,g‘S) fg(x) exp ( 329 x u) dx is the

pattern function of the line aperture.

If g{x) is constant over the length of the aperture and zero elseuhere,
then g(x) is a rectangular aperture function as shown in Fig. 5.2

and may be represented in the normalised form as

g(x) = % rect (—E) .. ) (5.4)

g

- >~
FIG. 5. 2. RECTANGULAR APERTURE FUNCTION

The corresponding pattern function is therefore,

o

G(U) = % Irect &) exp (amxax . . . (5.9)

-0
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which is shown in Fig. 5.3 in both cartesian and polar forms.
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FIG. 5. 3. PATTERN FUNCTION OF THE RECTANGULAR APERTURE

From the above, the angular width of the main lobe is obtained as,

Sin_l (%) rad . . . . (5.0)

=
1

% if L >> A
The 3 dB beam width in degrees is approximately equal to

A
¢3dB = 50 I deg.

The Directivity Index may also be obtained asﬁg

=1

2L . ,2TL 21L
DI = 10 Log Y {%St (T) + [cos ~ 1 ]}

A
where Si(Z%E) = _[ (SIn X ) o (sine integral function)
X
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For L > 5\

21,
DI = 10 log(l—- . . . . {5.7)

5.2.2 Discrete spatial arrays

The characteristics of a line array aperture with constant element
spacing d, will now be examined by extending the results obtained for
the continuous line aperture. In this case, the aperture function may
be thought of as a sampled version of the corresponding rectangular
aperture function with the samples consisting of spatial impulse

functions as shown‘in Fig. 5.4.

PSP ———

b o= = am - e - ——y

§
§

- »-
FIG. S. 4. DISCRETE RECTANGULAR APERTURE.

Since d is constant, the discrete form of the rectangular aperture

function can be obtained by using the comb sample function, such that,

= 1 b4
gi(x) = dcombd [ T rect (7)) ] . e . (5.8)
L E X-nd) rect (—I-‘)
where, L = Nd and N = 2m+ 1 , giving m equally spaced elements
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on each side of the origin with one element at the origin itself. The

corresponding pattern function, which is the Fourier transform of g{x)
is

dcomb = rect( ) ].4~——————&) [ repl/d sinc (Lo} ]

i - 1 sinfiNdy | . . .. (5.9
G(U) = [repl/d sine (Lu)] =5 [ gis%a:? (5.9)

i.e. sampling the rectangular aperture function results in a repetitive

sinc pattern function as shown in Fig. 5.5.

| ’ 174 |
L - -]
\ 1 in % Ndy ,1
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| L P v N !
T a
l

4 1 "

I' ‘ hl
VAREERSER VALV ARV B VALV ARV AR Ul
v |

91/\

-‘———u—.

FIG. 5. 5. DISCRETE APERTURE PATTERN FUNCTION

The following observations are made at this stage.

(1)

The width of the main lobe as measured at the first zero crossing
is the same as for the continucus aperture,

uidth is @ = = sm"(.g‘-a-) rad-

and hence the beam

(2) 1f d < N 2,

then the real pattern function is confined to a

region where u < 1 /’; and hence the minimum side~lobe level
exceeds 1 / N. Fig. 5.6(a).
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(3)

(6)

If d =N/ 2, the minimum side-lobe emergy level is 1 / N and
occurs at jﬁ =2 7r/2, . Fig. 5.6(b).

If 7\/ 2 < d< A\ » the minimum side~lobe level cccurs prior to
¢ =+ T/ and exceeds 1/N at (,'b =t M/ 2. Fig. 5.56(c).

If d
1 /% resulting in full amplitude lobes being located at g =+ T/2
in addition to that at ¢ = 0 and T . Fig. 5.6(d).

i+

A , the first repeated main lobe at u = 1 / d occurs at

If the element spacing is increased further, more and more grating
lobes would move into the real pattern, thus seriously degrading

the performance of the array as a spatial filter.

(o)

o

EIG. 5. 6. DISCRETE LINE ARRAY PATTERN FUNCTIONS {(POLAR FORM).
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In practice the need often arises to use the maximum permissible element
spacing due to construction difficulties and cost. However, as seen
from the above, the optimum spacing d for a discrete line array aperture
would be eqgual to ?~/2 . Although useful performance may still be
obtained at slightly wider spacings, the performance will be seriously

deqraded if d exceeded )/2 by a significant amount (Fig. 5.6 d).

5.3 SYSTEM MODELLING FOR COMPUTER ANALYSIS

The main object of modelling at this stage is to obtain the design
parameters of the arrays for the present application. Since the new
concept represents a combination of different techniques it is useful

to categorise them broadly as:

(1) Those involving sampling, amplification and re-transmission,
(2) Those involving passive sonoptical focusing,

(3) Those involving optical visualization.

For the purpose of modelling, the subject of optical visualization can
be left ocut at this stage as it simply deals with the way in which the

acoustic images are optically mapped.

The design dealing with the sonoptical focusing geometry has a common
basis of operation with the DUVD, at least in a limited sense, and may
be best examined by ray tracing techniques. This can also be omitted
here from the present analysis, as the image spread is largely
dominated by the diffraction effects of the system rather than by

geometrical relations.

The subject dealing with sampling, amplification and re-transmission
using transducer arrays and amplifiers, covers a wide area of activities
and may be modelled in a way to represent the principal process of

operation as close as possible.

For simplicity, the following basic assumptions are made:
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1. Continuous wave operation -~ (Although the system is pulse operated,
considerable knowledge may be gained with continuous waves regarding

the use of arrays for the present purpose)

2. Array elements giving identical, point source, omni-directional

behaviour

Considering Fig. 5.7y in a theoretical sense, diffraction limited
acoustic images of targets in an object plane may be produced with tuwo
linear arrayéa%f appropriate phase delays are introduced into the

channels to make the combination act as an acoustic lens.

0BJECT FIELD 7
‘ - . — e =W ixy) \
/] DELAY - ;7 REAL 1MAGE)
/7 t | \ /
-, ,/ g t Y ,
..."'\ ~ , ! \ // 3
RECEIVING ,4\ N - : e A 7 . IMAGE FELD
, Y — ) — /
WAVE \ ' S
FRONT / \ ' 5 -
/ \ ! / z
/ —/ .
‘_/_. -——— DELAY ] RETRANSMITTED WAVE FRONT )
o

FIG. 5. 7. MODELLING WITH TWO LINEAR ARRAYS.

Acoustic images are formed at corresponding imaqge peoints where all the
wave fronts originating from the transducer elements arrive in phase.
This is what basically takes place in the new system where the necessary
delays for constructive interference are taken care of by the sonoptical
focusing system. As mentioned above, the image quality is largely
determined by the diffraction effects of the array and not by the
sonoptics, it is usually possible to design the focusing system to give
sufficiently good performance so that there is no significant image
deterioration occuring due to the focusing system itself. Hence, the

image quality is primarily determined by the performance of the arrays.
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As far as the basic parameters of the.arrays are concerned, the
situation may be further simplified by censidering the symmetrical or
reversible nature of the arrangement shown in Fig. 5.6. For the present
purpose, it is therefore sufficient to consider only ome array, e.g.
the re-transmitting array to which the appropriate phase delays are
introduced to achieve focusing at any given point in the image space, as

shown in Fig. 5.8.

"o ',

.‘L__ ﬁ teg, 29
_T__

L e B

- o - --an el g

X

— - em - - ’

FIG. 5.8. REPRESENTING THE BASIC OPERATION OF THE SYSTEM WITH
A SINGLE ARRAY. (A SIMPLIFIED APPROACH).

The necessary phase delays for each point of interest may be calculated
as a function of the X,y co-ordinates in the image space. This approach
has the advantage of being able to represent a focused image field
which is functionally closer to that of the real system. Using this
model, it is possible to observe the acoustic pressure distribution on

and around a given point in the image space as a function of the array
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parameters, such as >\, N, d, L, etc. In this regard, the necessary
equations for computer analysis will now be developed with the help of
Fig. 5.8.

The acoustic pressure H@Mﬁ at a point (x,y) in the image space may be

written in the normalised form,

P, =
er} i=1 r * . . (5'10)

27 /N (wave number)
the distance from the ith element to the point (x,y)

E
7
]
H
@
- .
x

It

H
1}

=,
-
I

phase function

In order to deal with a phase function of one polarity, the origin is
chosen to be below the first element of the array. Also to utilize the
symmetry about the axis of the array and to avoid the ambiguity of zero
axial distance, the axes are linearly transformed to a point of
reference X,, ¥,, as shown in Fig. 5.8 and the computations can still be
done without loss of generality. The relationships for r; and ﬁt may be

{
written as follows.

2 s 1/2
r, o= [Xx + (Y <« Y )]
i i
y_ = C+(i—1)d ; (i=1,2’ loo--N)
i
Bo= - k(r - on)
where ¢ = vy co-ordinate of the first element
d = transducer element spacing

Applying linear transform to X,y co-ordinates and making ¢ = 0

X = x + J

L 13
o
14

U’ 1, 2, a0 s p

Y = y + K ’ K = 0,1’ 2; ....-.Q
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J and K are considered as integer variables for simplicity although they
can assume any fractional value. P in equation 5.10 defines an
image space matrix of dimension (P x 11?, whose elements represent the
peak acoustical pressure at the corresponding points. In order to
examine the lateral resolution and the degree of artefacts formed, the
pressure distribution may be examined by wvarying the y co-ordinate
around the point where the conditions for constructive interference,
i.e. effective focusing is'maintained. This is equivalent to examining a
focused image space on a point—by_point basis with which a preliminary
estimation of various parameters of the arrays could be made. One of
the programmes initially developed to compute the acoustic pressure
distribution in the image space is given below. (Page 51). The results
achieved with this preliminary simulation were sufficient to proceed with

the feasibility study,

5.3.1 Choosing the number of eglements N and element spacing d

It was then necessary to select suitable ranges Fbr the random
variables used in eguation 5,10 on some criteria to reduce the amount of
computations. This was done with the help of the observations made
under section 5.2.2 above, where it was noted that the element spacing
of the array d must be in the range A/ 2 < d < N, Hence examination

could be limited to this range.

Also it is noted that the angular resolution of the main lobe can be
written as 4-9 =7\/ N d . Using this relationship, the on axis lateral

resolution in terms of wavelengths may be written as

A
Nd X

where m is the lateral resolution as a multiple of wavelengths and x is
the x co-ordinate at which the lateral resolution is measured. Using the
above relationship, some practical limits could be imposed on the size
of the aperture required. Hence if the range of aperture values to be
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18

Y

28

8d
104

PROGRAMME LISTING

RERL M, M2

COMPLEY SUM, VALUE, SM. YALU
DIMENSION X(1613, ¥(1el)
Pl = 3. 141359

SCRLE = (2+PI)/8. 1

PRINT 18
FORMRTC L Ka L N7
READCL, ¥)JI, K. L, N

SH = CHPLX{a. 8,8 8.

pa ea I = 1., N

21 (3. g+Jrw*2

B CN+L. @-2+T 2+l /(28N
R = SRBRT(Z1+{Z2+KIwx2)
IF¢CI EQ 13R1 = R

N2 ~1. @*SCRALE*(2, a+R-R1)
¥3 COSCNZIAR

Y4 SINCXZIR

VALY = CHPLXC(YZ, Y42

SH = SH+{ALU

CONTINUE

TRU = RERL{SH

ARGU = RIMAGCSHD

AN = ARGUATRU .
PHRSEL = RTAN{RAN)

0o 1@3 i = 1,161

M2 = M1-81

M = FLOHT(M“>#4 a

SUH = CHPLX(A. &, 8, u‘r

po sa I = 1, N

1 (8 geJrssd

22 (N+1. a—“wfitLH«E*N*
R = SQRT{ZL+(2E2+K Y432
IF(I EQ. 1J0R1 = R :
SRRT(Z1+{I2+K+MI*%x2 2

nn

. RD =
N1 = -1, 8*SCRALES(R+R0-R13
Y1 = COSCNL1IA/RD
Y2 = SINCX1IMRD

YRLUE = CHMPLR(Y1, Y22

SUN = SUM+VARLUE

CONTINUE

TRUE = RERL{SUM)

ARGUE = RIMAG(SUMD

ANG = RARGUEATRUE

FHRSE = RTANCANG)

IF(M. EQ. 8. BYPHRSEL = PHRASE
RFPHRSE = RBS(PHASEL-FHASE)
HBSUH CRES{SUM)D

SFEC = HBHUM$CUH(RPHH5E)
(ML) =

Y(H1) = SFEC

NRITE(1, 7@8)SUM, ABSUM, FHRSE, RFHASE: SPEC
FORMATCECFA. 3, 2K3)
KRITECS, S@IXNCMLY, V(ML)
FORMAT(2(F18. 5. 5X2)
CONTINUE

CALL EXIT

END
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examined are limited between 2 cm to B cm say, a fairly practical range
of interest concerning the present application can be covered as seen
from table 5.1 below.

APERTURE MAXIMUM AXIAL DISTANCE (¢m) FOR A RESOLUTION OF
SIZE
(Nd) ¢m A T2A | "3 T4A

2 2 4 6 8

3 3 6 9 12

4 4 8 12 le

5 5 10 15 20

6 6 12 18 C 24

7 7 14 21 28

8 8 16 24 32

Table 5.1 Approximate aperture-resolution values for given axial

distances

Within the above range of values for the element spacings and the
aperture, a large number of acoustic pressure profiles were plotted such
as that shown in Fig. 5.9(a) and(b), in order to examine lateral
resolution and the level of artefacts found in the image field as a
function of the aperture, element spacing and the wavelength. From this
exercise, the number of elements N and the element spacing d were chosen
as 30 and U.?)\respectiuely as a satisfactory compromise to proceed with
the feasibility study.

5.4 SELECTION OF CENTRE FREQUENCY (f ) AND WIDTH-TO-GAP RATIO (w/q)

So far the analyses were carried out on the assumption that the array
elements behave as point sources. However, the transducer elements in
practice are not point sources in a physical sense nor give
omni-directional response. Among others, two important aspects relating
to the finite size of the transducer elements, namsly the width (w),

and the element-to-element gap (g), are briefly examined below.
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Recalling equation 5.7, the Directivity Index for a lime transducer of

vidth w can be written as:

DI = 10 log (2TL) ... (5.7)

From the above equation it can be seen that a transducer element
approaches omni-directional response only when L /'A approaches zero.
Dbviously L cannot be made smaller than certain limits due to @

(1)} Construction difficulties .

(2) Reduction of sensitivity below usefulness

{3) Complications due to lateral modes of vibrations
Lack of omni-directional response modifies the transducer array

performance and it has some adverse effects as shown below,

| I O I I 1

FIG. 5.10. EFFECT OF FINITE BEAMWIDTH OF ARRAY ELEMENTS
ON THE TARGETS CLOSE TO THE ARRAY.

As can be seen from the above diagram, the contribution from the outer
elements gradually decreases as a targetvor an image point is moved
close to the array. This progressively reduces the ability of the array
to function as a spatial filter at small axial distances. If O is the
 half angle of the beam width of an element and x is the x co-ordinate of
the element with respect to the centre, the contribution from that

element ceases at an axial distance of
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y = xcotb . e e . (5.12)

Hence achieving beam width as wide as possible from individual elements

of the array is important.

When the elements are small, the lateral clamped conditions for the
transducer elements are not strictly valid. and hence lateral modes of
vibrations begin to appear. As the thickness mode of vibration is
selected in the present case, the width of the elements must
therefore be reasonably greater than the thickness to reduce the
influence of width expander mode of vibration. According to litfmature
and the experiments carried out, a width to thickness ratio (w/t) in the

range of 1.5 to 2 seems adequate.

Directivity Index on the other hand requires w to be small for
omnidirectional response which is contradictory to the above. At the
same time, the resolution offered by the array according to eguation 5.8

@

348 = sin Na . . . . (5.6)

which becomes progressively uworse ash increases. Smaller A favours
higher resolution, but acts against omni-directional response. Hence a
compromise between the conditions set out for A by equations (5.6),

(5.7) and(w/t)ratio is necessary for choosing a suitable wavelength.

Since the aim of the project is mainly to develop an NDT imaging system
for inspection of thick sections of steel, amn operatiomal frequency in
the range of about 1.5 MHz to 5 MH2 may be adequate. If a frequency of
2 MHz is chosen as the centre frequency for a feasibility study, then
the wéuelength‘x.in steel would be approximately 3 mm. Since N and d are
already-chosen as 30 and 0.7 , the theoretical resolution achievable
according to table 5.1 would be close to a wavelength around a depth of

about 6 cm. This seems satisfactory for the present purpose.

The guestion of width-to-gap ratio is now considered. In practice the

width of the element (w) is finite and also it is important to maintain
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a certain gap (g) between the elements to aveoid significant
cross-coupling., If the (w/g) ratio is excessive, it can  seriously
degrade the performance of the array, even though the element spacing
as determined previously is correctly maintained. The following
diagrams obtained from the liﬁﬂaturéa show the effect of w/g ratio in
the far field with the aperture size and the wavelength are kept
constant. These are used here to estimate a reasonable w/g ratio for

the present application.

T 1
. -+
2
32T
E
«

XX
0
Fig. 5.11(a) SAMPLE PLOT - FAR FIELD LATERAL PRESSURE PROFILE ( w/g =co)
A
[ 1 . } |

Il |
E
<

0

Fig. 5.11{(b) w/g ratio - 15
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Fig. 5.11(c) w/g RATID - 3
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Fig. 5.11(d) w/g RATIO - 1
From the above it can be seen that a w/g ratio below 3 is very
unsatisfactory. Using these results, a w/q ratio in the range of 5 to
10 seems to be adequate.

Now the actual values for w and g may be obtained as follows.

From the above results, let w/q = g e« « (5,43
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From previous analysis, d = 0.7 A

« s« wW+g = 2 mm (5.14)
From eq. (5.13) and (5.14), W = 1.8 mm
g = 0.2 mm

5.5 SELECTION OF ELEMENT LENGTH (1)

One more parameter that needs to be estimated is the length of the array
elements., This was not considered so far due to it having less
important influence on the imaging system as a whole. However, in the
proposed new system the 3D feature of the original DUVD is changed to
2D, so that focused B-scan type images can be obtained., In this
respect, the thickness of a selected object plane must be as small as
possible which in this case is primarily determined by the length of the

array elementsin the y-direction as marked on the Fig.5.12 below.

I
1

FIG. 5.42. PHYSICAL DIMENSIONS OF THE ARRAY
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The thickness of the imaging section is obtained by the beam-width in
the y-z plane and according to equation (5.6), for L > A

g, =

B>

Obviously the beam is diverging and hence the section thickness
gradually increases with depth. For the feasibility study, if a section
thickness of about 2 cm. is accepted around 10 cm below the test
surface, then

A/ L 20 / 100

H

. . L = 15 mm

5.6 CONCLUSIONS.

Parameters concerning the use of arrays for the proposed new concept
have been estimated by theoretical analysis, system modelling and
numerical computations,‘ and also using existing data. For the

feasibility study in the case of steel being the object medium, a centre
frequency of 2 MHz was chosen with element spacing of 2mm and 30
elements together with an element width of 1.8 mm, gap size of 0.2 mm

and an element length of about 15 mm.

f = 2 MH=z
d = 2 mm
N = 30

w = 1.8 mm
g = 0.2 mm
L = 15 mm

—— ) ==
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-CHAPTER 6 -

PULSED OPERATION

In the previous chapten, the parametens of the arrays
concenning signal neception was estimated on the basis
of continuous waves, although the neal system is pubse
opernated., This was simplen and adequale fLon the
parametens already evalualed, fbut there arne furnther
important aspects Lo be examined when the pulsed
operation of the real system is considered. Analysis
and ddentification of these fLoctons are the subiject of
this chapten,

6.7 NEED OF PULSE OPERATION

The DUVD principle is essentially based on pulse operation. Apart from
the aspect of axial resolution, the need of time resolution to achieve
the property called isochronicity, requires pulses as short as possible.
However, generation and processing of short ultrasonic pulses is one of
the most challenging subjects in ultrasonic engineering. This has been
dealt with in considerable depth in the course of this project with
good results. Apart from the aspects mentioned above, some other
important benefits of using short pulses for the present application are

now examined.

6.2 NEAR FIELD CONSIDERATIONS

The near field distance of a transducer in the ClW operation is defined
as the point on the axis of the transducer separating a region of
intensity fluctuations from a region of a smooth intensity decafﬂ%s

shown in Fig. 6.1,

- 61 -



)

ALOUSTIC
PRESSURE

|

¥

|

|

I

I

I

|

|

) |
-l

4l AXIAL
" DISTANCE
‘ .

" FIG. 6. 1. TYPICAL AXIAL PRESSURE PROFILE.

In quantitative terms for example in the case of a disc transducer, the

near field N may be shown to be equal to

where, f is the centre frequency of the transducer and v 1is the
sound velocity aof the medium in uwhich the acoustic waves are
travelling and D is the diameter of the transducer. The end of the
near field may also be shown approximately at the point of intersection
of the projection of the transducer diameter on the angle of beam

¢
divergence as shown in Fig. 6.2.

NEAR FIELD (N}

FIG. 6. 2. NEAR AND FAR FIELD

The large intensity variations in the near field are the result of
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constructive and destructive interference and the situation becomes
increasingly prominent with the decrease of the wavelength. This
behaviour is obviously wundesirable inm practical situations but the
effect could be significantly reduced by adopting short ultrasonic

3)
pulses as 1illustrated in the following diagramsf.

-
Y-
Y
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}‘

1
1
i
> ] - i
{ [
£ |
AMPLITUDE AMPLITIOE ¢ | AcousTic |
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SHORT PULSE : __/I'\
| ' !
o ’ | 1 i | ’
TIME fc  FREQUENCY \ : AXIAL DISTANCE
1
(a) PULSE SHAPE {b} FREQUENCY SPECTRUM {(c) AXIAL PRESSURE
FiG. 6. 3.

It is seen that, although the near field length remains unaltered, a
distinct smoothing effect occurs in the near field as the input pulse
becomes increasingly broad band. This effect can be understood on the
basis of wave superposition and the resulting constructive and
destructive interference phenomena for the different finite frequency
components as they propagate in the medium. The transverse pressure

profile is also modified in a similar fashion.

At the same time the directional pattern also changes giving a much

3 .
smoother responsé )as shown in Fig. B.4. This is also an advantage in

- 63 -



achieving omnidirectional response from the elements of the array, which

is a much needed aspect as mentioned in section 5.4.

"'----‘

A2

FIG. 6. &. EFFECT OF PULSE LENGTH ON DIRECTIONAL RESPONSE

The beam.angle of divergence is therefore not exactly the same as in the

case of CW and may be examined by computer analysis using wave
superposition of individual ultrasconic fields generated by individual
frequency components of the pulse. In practice, it may be estimated .

using a test probe in the through-transmission mode as shown in Fig.B6.3.

r—qr PRESSURE f

1
M b . e e ey -
b
oIB = -~
3 , I
L
] ! -
"E;'-' { U isTance
/ — L
TEST PROBE : x : %,

FIG. 6. 5. MEASUREMENT OF ANGLE OF BEAM DIVERGENCE
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The 3 dB beam width may then be written as

X, - X
a = 2 tan'1 [ —2——~—£ ]
2D

6.3 FURTHER DIFFERENCES

It is also worth noting that the actual ultrasonic pulse shape in the
medium is changing as it propagates in the material. This is because
the spectral composition of the pulse is changing as the different
frequencies have different pressure profiles. Also, the shape of the
received pulse echoes depends on the nature of the targets and the
attenuation characteristics of the medium., Attenuation distortion of
broad band pulses is the result of preferential absorption of high
freguency components from the inclident pulse, In contact testing,
the pulse shape also depends on the state of the coupling of the
transducer to the medium. All these mean in the case of a multichannel
system using arrays whose elements are operating in parallel, the
received waveforms are very complex and tend to be critical with respect

to many variables,

6.4 FREQUENCY CONTENT OF DRIVING PULSES

It is now useful to examine the frequency spectrum cof some driving
pulses in order to choose an appropriate method of energizing the

transdugers. The driving electrical pulses may either be

(1) sharp high voltage spikes of appropriate shape and duration -
(Shock excitation)

(2) Truncated sinusoidal excitation.

The usual approximation of the bandwidth of a pulse expressed as the
inverse of its duration is not adequate here because the
characteristics of the driving pulses have critical influence on the

ultrasonic pulses generated.
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6.4.1 Shock excitation

The shortest shock pulse is a time domain unit impulse of negligible

duration (delta function), as shown in Fig. 6.5.

s (t) s {f)
()
M -oo + oo
- —_——
t f
- — -} o

FIG. 6.6. DELTA FUNCTION AND ITS FREQUENCY DISTRIBUTION.

Although infihitely broad banded, such a pulse is of little or no use in
driving a transducer, mainly because the spectral energy is widely
distributed outside the banduidth of the transducer making the
excitation ineffective. On the other hand, if the duration of the pulse
is large, the equivalent freguency spectrum which is a sinc function in
the frequency domain has a large zero and near zero freguency components

as seen from Fig. 5.7 and again is of little use.

It therefore follows that between these limits, a shock pulse of
appropriate shape and duration must be found which has a large spectral

energy density in and around the rescnance frequency of the transducer.

In practice shock pulses are produced in a rather uncontrolled manner
for example by discharging a high voltage capacitor through a thyristor
or to a lesser extent by using a high voltage transistor in the
avalanche moddé™ Controlling the pulse shape is therefore difficult

although the required duration may be achieved.

- 66 -



\

Arect ('_).._.. At, sinc {f1))
'l

A

/A
J V

-

oA
-t - A4 V 0
oot

- |

FIG. 6. 7. RECTANGULAR PULSE AND ITS FREQUENCY DISTRIBUTION

Fig. B.8 shows a typical shock pulse on an exaggerated time axis.

~J kY

A
e, J -
FIG. 6. 8. A TYPICAL SHOCK PULSE (exaggerated)

Assuming the frequency response of the transducer H{w) to be linear and
if F(w) is the frequency spectrum of the applied voltage waveform vi(t),
then the frequency spectrum f(w) of the emitted ultrasonic pulse may be

written as
FD(w) = H(w).F (W) .« o« . (B.1)

The spectral energy density of the applied waveform v_(t) is propotional

i
to [ FU(UJ) ] at any ¢) . Assuming linear transition of voltage,

ué(t) may be written as
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v, {(t) = 0 , t<0O

"

t/e. , 0< t<e

i’

t/e., , £, €t <e

In order to examine the effect of transition time, it is sufficient to
consider only one edge of the pulse waveform, e.g. the falling edge and

the Fourier transform F{&) may be expressed in the form

F(w) = f £(t) exp J°F at
-0
@ .
= J— = exp-:l dt
—m 2

The spectral energy density is therefore

2 2 -
lF(w)l = 5 4 {1 <os msz)
£ow
2
which is a maximum when we, = T/2 or éz = T/4
where T = 1/f
Ffoo=

Centre frequency of the transducer

This implies that in order to effectively shock excite a transducer, the

transition time of the shock voltage waveform must be in the order of a
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gquarter period of the cycle., Hence it follows that for optimum results
in the shock excitation mode the rise and fall times of the pulse must
ideally be equal to T/4, giving a total pulse length of T7/2. This is
rarely achieved in practice and only one edge of the waveform is

normally utilized.

One other problem with shock-excitation is that it is not always easy to
obtain the required waveform or to make adjustments (trimming) to
optimize performance. Furthermore, the shortness of duration of the
driving pulse compared to the resultant ultrasonic pulse it generates in-
practice means that the total input energy available for shock exciting
a transducer is rather small., As such, the only variable to compensate
for the low input energy is the peak discharge wvoltage., This accounts
for the need of very high voltages to operate tranmsducers in the shock

excitation mode.

6.4.2 Truncated sinusoidal excitation

Truncated sinusoidal excitation is somstimes used as an alternative form
of driving a transducer in the pulsed mede., Although producing such
pulses requires much more elaborate and complex circuits, it is useful
to investigate the extent of their relative merits for the present

application.

Tuo forms of truncated sinuscidal excitation may be used, each varying
to some extent in character and in the complexity involved in generating

them. They are:

(1) Phase coherent high freguency pulse train

(2} Periodic high frequency pulse train

A phase coherent high frequency pulse train as shown in Fig. 6.8 may be
expressed as a product of a periodic rectangular pulse train and a
continuous sinusoidal carrier. The resultant time domain pulse s(t) may

then be written in the forn™®
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s(t) = [ rep, (t/tp)] cos 2m £t . . . (6.2)

The corresponding frequency domain transform, which is the comvolution

of the two functions in the fregquency domain, is

t
5(f) = 52 Fcome 8inc (ftp)* [6(f~f0)+6(f+fo)] + . {6,3)

where F = 1/T

This resultant freguency spectrum is shown in Fig. 6.9.

s [f)
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FIG. 6. 9. PHASE COHERENT PULSE TRAIN AND ITS FOURIER TRANSFORM
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It is seen in this case that a line of maximum amplitude exists at f, in
the frequency spectrum., Also there is a large spectral density centred
around f, and therefore this form of excitation is highly efficient.
Howsver in this case, the phase of the carrier in each pulse according
to the equation 5.2 is determined by the phase of the coentinuous
sinusoid. This is undesirable as the separate picture frames produced by
each pulse will have some spreading effect due to phase jitter in the

absence of a reference phase.

For the above reason, it is therefore useful to examine the features of
a truly periodic high frequency pulse train, although this would be

rather more involved in generating them in practice. In here, the start
of the gating pulse must be synchronized to the carrier itself. A high
frequency pulse train as shown in Fig. B6.10 may be obtained by repeating

a single high freguency rectangular pulse of the form™?

' t
S (t) = rect {( Ep) cos 2wfot) . . . . {6.4)

Then the time domain periocdic waveform would be

s(t) = rep,, [ rect(%)dos(znfot)} - . e (6.5)
P

where T >> t is the repetition period

The corresponding freguency domain transform in this case is

§'(f) =

Nl_or‘r

Fcome [slnc(f-fo)tp+51nc(f+f0}tp] . . (6.6)

This spectrum is shown in Fig., 6.10
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FIG. 6. 10. HIGH FREQUENCY PERIODIC PULSE TRAIN AND ITS FREQUENCY
SPECTRUM.

Here there is no phase jitter but the repetition period may only be
adjusted in steps of the period of the carrier. However, this is of
no practical importance in the present imaging process. It is also seen
that in this case a line at f, does not necessarily exist unless f, is
harmonically related to 1/T. This is not a great disadvantage since
T > t , the spectrum is nearly continuous around f, and therefore the
spectral energy density remains virtually unchanged. Hence this form

of excitation is preferable.

Because the spectral energy is concentrated around the resonance
frequency, the truncated sinuscidal pulses in general are much more
effective and for this reason much lower voltages may be used. (e.g. 100
V compared to 1 kV). The other immediate advantages of this approach,
as can be seen from above are, the freedom to vary the‘carrier frequency
(trimming) if required, the pulse length and hence the bandwidth of the
pulse and also the peak voltage level. All these features are very
useful in aptimizing the performance of the transducers. It is also
interesting to note that in the limit of t,-—*9-1/§ , the optimum
duration of the pulse (section B.4.1) agrees with that predicted by the
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previous analysis on shock excitation.
6.5 CONCLUSIONS

For the present application the ultrasonic pulses must be as short as
possible in order to overcome problems of near field, directional
résponse of array elements and to achieve good resolution and to utilize
the isochronicity aspect of the system to its full potential. Three
forms of excitation of the transducers have been analysed, namely shock
excitation, phase-coherent truncated cosinuscoidal pulse train and the
periodic truncated cosinuscidal pulse train., From this analysis the
latter form of excitation is selected for the present application on the

grounds of efficiency, controllability and phase stability.
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-CHAPTER 7 -

SIGNAL AMPLIFICATION

This chapten deals with the theonetical investigations
and expenimental estimations of parameters concerning
signad amplification., It is noted that the requinements
of the proposed dImaging system wilh negand Lo signal
amplification L4 very high causing difficullies in the
design of the amplifiens. The ways of overcoming these
diflicullies and the possibility of developing a new

- categony of amplifiens fon this type of application is
outlined,

7.1 INTRODUCTION

The power of the received signals has teo be raised to a level sufficient
for the particular acousto-optic technigue of visualization used. In
order to achieve good resclution and image quality the received and
the re-transmitted pulses must be as short as possible requiring
faithful amplification over a broad band of frequencies. These together
with the electrical damping requirements of the transducers to achieve
wideband response places heavy demands on the amplifiers. In this
respect, various areas have been inuestigated as listed below from which

the amplifier design specifications have been formulated.

1. Typical and worst case input signal levels

2, Output signal levels

3, Phase distortion and bandwidth considerations
4. Dynamic range

5. Input and output impedances

6. Damping characteristics

7. Noise level

8. Power consumption
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9, Size
10, Cost

As can be seen, most of these factors are related to one another and for
a feasibility study it seems appropriate to begin by estimating the
output requirements as this determines to a large extent the feasibility

of the proposed new system.

7.2 OUTPUT SIGNAL LEVEL

The required output signal level is considered as that needed to produce
a satisfactory visual effect in the schlieren medium., It may be
estimated here on a practical basis using an appropriate model
simulating the <conditions of the proposed system. For reasons
described in chapter B8, the schlieren technique was adopted. In this
case the amplifiers must deliver sufficient pulse power to equal or
exceed the threshold requirements of the particular schlieren medium

used, in order to produce visualization,

Different liquids have different sensitivities in terms of threshold
acoustie powegfb However, working on the basis of absolute threshold
power requirements for a given medium is of little use in this case,
because the true power required for image formation will not only depend
on the ahsolute sepsitivity of the liquid but on many other factors
related to the tranmsmission efficiency of the sonoptics. Heavy energy
losses are involved which may be as high as 90%. Secondly, although
specifying power requirements is a common method of specifying
sensitivity of schlisren media, it is far easier to work on the basis of

the peak voltage requirement in this particular case.

Having made a re-transmitting array according to the specifications of
Chapter 5, although the total number of channels were half the number
planned, the output signal requirements were estimated using a practical
arrangement as shown in Fig. 7.1. The transducer material was PZT 3H. and
when the array was made, the elements gave an impedance of about 500

ohm at 2 MHz., External electrical damping was also used to improve the
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pulse performance and this was in the order of 75 chm.

. DELAY I
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FIG. 7. 1. ESTIMATION OF OUTPUT SIGNAL REQUIREMENTS.

The frequency of the carrier and the pulse length of the gated burst was
adjusted to give a suitable ultrasonic pulse and the amplitude of the
excitation was then adjusted using the variable attenuator until the

threshold level was found.

The above experimental approach is useful in two ways. Firstly, to
determine the output voltage requirements for a given visualizing
medium, and secondly to compare the merits of different media. A large
number of liquids was  compared and out of these a flourinated organic
liquid with the brand name FC 75 was found to be the most promising .
In the case of water as the schlieren medium, the required output
voltage was in the order of 50 V¥, while for FC 75, this was only 15 V
peak to peak at the time of original measurements which has later been

further reduced by improving the optics.

Under the particular conditions, this measurement holds practically

true whether it is a short pulse or a long train of waves and hence can

-7 -



be treated as one of the independent specifications describing the
required threshold output voltage of the amplifiers. The maximum
permissibie output voltage determined by the saturation of the schlieren
medium could also be estimated using the same arrangement, but this was

not regarded as crucial at this stage.

7.3 TYPICAL AND WORST CASE INPUT SIGNAL LEVELS

The signals received by a transducer from various targets within a test
object can be of a very wide range. The theoretical lower limit is zero
while the upper limit under given conditions depends on the insonifying
energy and the target strength. The minimum detectable signal is,
however, limited in this case either by the noise level or the maximum
gain that could be meaningfully assigned to the amplifiers to boost the
signals above the reguired output threshold. The input signal level was

experimentally estimated using the arrangement shown in Fig. 7.2 below.

GATED PULSE
r==]==n OSTILLATOR GENERATOR
| PULSE |
1 AMP |

|
\ |
' Tt :
[ R (R
Ry " CRT
.

SRR (. R | (@) INSONFYNG TRANSDUCER

FIG. 7. 2. ESTIMATION OF MINIMUM AND TYPICAL INPUT SIGNAL LEVEL.
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The gated oscillator produces a truncated sinusoidal excitation of
appropriate frequency and duration. A separate transducer of similar
dimensions and frequency is used for insonifying the test object which
contained a range of defects of different sizes at various depths, the
minimum size being 0.7 mm drilled hole which was 10 cm below the surface
of the test object. The insonifying pulse amplitude is varied between
10 V and 200 V pp. Echo signals are picked up by the individual
elements of the receiving array and were found to be between 75 to 500
mV approximately. Obviously these estimates have no general

significance other than for the present feasibility study.

The above experimental approach served two main purposes, Firstly it
gave an idea of what input signals to expect. Secondly, it made it
possible to compare the uniformity of performance of the slements in the
array in a controlled manmner by placing them at a fixed location, one at

a time, and observing the signal amplitudes and pulse lengths.

7.3.1 Gain specification

An estimation for amplifier gain could now be made. In order to produce

visualization, the imput signals must be boosted up such that

ui(min) % G > uth .. (701)

where v, . = Input signal generated by the receiving element
i(min) . o
voltage gain of the amplifier

Uth Threshold output voltage to produce visualization

Raccording to the previous assessment of Uth being equal to 15 V and Uian

of 75 mV, the numerical gain required of the amplifiers would be
3
G > 15/75 x 10
= 200

The maximum signal corresponding to 500 mV will also be raised according
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to the same gain setting which would theoretically mean an output
voltage of 100 V., This is obviously very difficult to achieve at the
same time with many other constraints and requirements and therefore the
use of variable gain control must be considerd in the design of the
final system. However, for the present feasibility study a fixed gain
setting of 200 may be used while the output voltage swing capabilities

of the amplifiers must be made as large as possible.

7.4 SIGNAL DISTORTION AND BANDWIDTH CONSIDERATIONS

Three main types of signal distortion that can be present and that
should be minimized ars™™

1. Phase distortion

2. Amplitude distortion

3. Harmonic distortion

The problem now is to know what limits are to be imposed. Firstly, it
is possible to assign some arbitrary limits and proceed, but this has
the serious drawback in the present case since the finmal results may not
be conclusive. It will also be difficult to know exactly what areas are

to be improved.

The second approach is to make a comprehensive investigation by
theoretical amalysis. However, in the absence of any previous work
reported in this area, such an attempt will be extremely involved and
time consuming. Besides, the approximations that may have to be used

could in practice, largely devalue its relevance.

The third route is to take an experimental approach through hardwars
construction and deliberate introduction of errors to assess the limits
of acceptance. Although such an approach would be closely related to
the fimal arrangement, hardware construction and experimentation on an
iterative basis would not be easy; the cost and the time required would

be unacceptable.

The fourth approach is to first investigate what limits could be
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practically achieved and impose those restrictions as tightly as
possible on the design of the system making use of experimental
estimations where ever possible., The advantage of this technigue is
that the results would closely represent the potential of the proposed
new system, It is relatively easy to identify the limits of acceptance
by relaxing the specifications one at a time or by deliberate
introduction of errors. For these reasons, the latter strategy was

chosen in the following discussions.

7.4.1 Phase distortion and differential phase delay

If the channel is dispersive, then phase distortion occurs in pulsed
waveforms as a result of differences in the velocities at which the
signals of different frequencies are travelling. The extent of phase
distortion that can be tolerated in a given system depends on the
particular technique used. For example in a conventional switched array
B-scan system, the relative phase performance of the individual elements

of the array are not very critical. However, in the present technique
it is not difficult to appreciate the extreme importance of good phase
performance when examining the imaging process as a whole. Here, the
phase angle ﬂ'appears in a complex exponential form in the equation
governing the acoustic radiation pressure which is responsible for

forming the acoustic images in the schlieren medium.

N -j(kr.+d3.)
P =
(x,y) ==X L2

=4 r.
bR

. (5.10)

Because of this, it is necessary to investigate the factors relating to
phase shifts. Furthermore, because of the difficulty of guantifying the
effect of phase errors on image guality at this stage, it is advisable

to excercise the tightest possible control over this parameter.
There are two distinctly different phase shift problems involved here.

They are

1. Phase distortion present in a given transmission channel
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2. Differential phase shifts between the channels

The first is an individual channel requirement while the second factor
deals with a collective performance of all the channels. Fig. 7.3(a)
shows schematic diagram of a transmission channel as a whole, including

the receiver and re-transmitter transducers.

_receive
(Q)———* — fransmit
Receiver Ampllfler Transmitter

(b) — BW BW

BW
EIO) B @) 18 &)

FIG.7.3 SCHEMATIC DIAGRAM OF A SINGLE TRANSMISSION CHANNEL

If t is the time delay experienced by a sigral of frequency f passing
through this channel, the phase shift ﬂ may be written as

g = 2n £t rad . e e (7.2)

The extent of the phase error may be examined by partial differentiation

of phase shift with respect to time delay and frequency using equation

7.2 giving
28 | 6t
s¢=2n[%’%|t- 2 e }
T =2‘rr|:t6f+f6t] - e (7.3)

The second term f §t in equation 7.3 determines the degree of phase
error experienced by two signals separated in frequency by an amount df .
The larger the (ft s the greater the phase distortiocn. In order to
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reproduce a received pulse faithfully, all the frequency components must
arrive at the output of the channel simultanecusly. If this is ensured,
then §t in equation 7.2 becomes a constant and the phase shift is a

linear function of the frequency such that
ﬂ = const, f x 360 deqg.
where f is any frequency within the band of signal frequencies.

Under this condition the signals pass through without phase distortion

and the form of the input signal will be retained.

7.4.1.1 Differential phase shift

Even if the phase distortion experienced by the signals passing through
the channels are small, the adjacent channels may have a varying degree
of phase shifts due to a number of reasons. This 1s the most severe
form of phase shift problem that may appear in the present case as the
guality of the images formed depends not only on the individual phase
performance of the channels but also on the ceollective performance of

all the channels operating in parallel.

For two channels having slightly different time delays t, and t, ,the
phase delays ﬂl and @, may be uritten as

ﬁl = 360 x t; x £ deg.
;252 = 360 x t2 x £ deg
: - = (t.- . 7.4
. (¢2 ¢1) (t2 tl) f x 360 deg . ( )
i.e. Differential phase shift = Differential delay x frequency

It is this differential phase shift that could seriously degrade the
image quality. Here again quantifying the effect of random differential

phase shifts on the image quality is extremely difficult at this stage
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and minimizing this problem with tight control of parameters seems to be
the most relevant approach. For example, if a differential phase shift
of 1% is allowed for component tolerances, construction etc, i.e. 3.6

degrees at 2 MHz, then the equivalent differential delay would be

) 3.6 x 107°

t,~ t = —_—
(2 1 360 x 2

|
n

This can be ensured for all worst case conditions if the phase shift of
the individual channels is not greater than approximately 4° at 2 MHz.
In order to estimate what bandwidths are involved, if the channel
response is assumed to be similar to that of a low pass filter, eq. a
Jrd order Butterworth filter, the bandwidth reguirements would be as
high as 30 MHz. This is practically impossible to achieve when the
transmission channel as a whole consisting of 2 MHz PZT transducers Is
considered, although the amplifiers alone may be designed to comply with
such standards. Fortunately, the differential phase shifts can be
made much smaller in practice than the individual phase shifts. If care
is taken to ensure sufficiently identical behaviour of the transmitting
channels and efforts are made to produce wide band transducers, then
the phase shift problems may be significantly reduced. As will be shoun
later the transducers need to be damped heavily in order to obtain
satisfactory performance but this would inevitably result in reduction
of sensitivity which has to be compensated by increasing the gain of the
amplifiers. At the same time the bandwidth of the amplifiers must be
wide enough so that its presence does not significantly reduce the
overall bandwith of the channel. Considering the limitations of the
transducers, amplifier bandwidth of about 15 MHz seems to be adequate

for the present purpose.

7.4.1.2 Influence of phase performance in system desian

As discussed earlier, the present technigue of acoustic image
reconstruction places heavy demands on the phase performance of the

system. This is one of the main reasons for not adopting the originat
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approach of introducing electronic phase delays with the two lens DUVD
arrangement because electronic phase shifters are prone to phase

distortion, However, this, method is popular in some other techniques'
where the phase performance is not a very critical feature. Based on
the previous calculations, various other forms of introducing necessary
phase delays by mechanical means were therefore considered which finally
led to the design of the curved array and a cylindrical lens which
simplified and improved the whole sonoptics further as discussed in
chapter 4. There is however, a spatial error introduced by the
distribution of the re-transmitting array elements along a curvature.
This was also minimized in the design of the sonoptics by way of using
small curvatures and adopting large F numbers, although the error is

likely to have caused only a second order effect.

7.4.2 Amplitude distortion

Amplitude distortion is the result of non-uniform response of the
channel to all the frequency components of the input waveform. If the
insonifying electrical pulse is of the order of one cycle at 2 MHz, then
the approximate freguency content would be in the order of 2 MHz centred
around 2MHz, Ideally, the pass band of the channel must be adequate to
accommodate this frequency spectrum if amplitude distortion is to be
avoided. However, in general this is far from being the case with
resonant PZT transducers due to their comparatively large Q factors
which severely limit the overall bandwidth of the transmission channel.
The result is therefore amplitude and phase distortion, elongation of
pulse length, and ringing, as would be expected in the case of a

bandpass filter impulse response.

7.4.2.,1 Channel bandwidth

The upper cut off frequency of cascaded stages may be approximately

evaluated frmﬁaa .

.« o+ (7.5)

+
L+
s
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Referrng to Fig. 7.3(b), This may be expressed for the channel as

L. g A sy 0 (7.6)
£ f2 f2 f2
H R ‘A T

wvhere, fh s Ta ﬁT are the upper cut off frequencies of the receiving

transducer, amplifier and the re-transmitting transducer respectively.

Itrtherefore follows that as the bandwidth of the overall system is
limited by the PZT transducers, if the amplifiers are designed with a
bandwidth as large as possible such that BA >> Bjﬂ where BA =
bandwidth of amplifiers and BT = bandwidth of transducers, then the
overall bandwidth of the chamnel (BW) is not further influenced by the
presence of the amplifiers. Since the bandwidth of the receiving and
the re-transmitting transducers can be considered as identical, the
overall bandwidth of the channel may be derived in this case by assuming

. s . . . (26>
a cascade of two similar non-interactive stages in the form

21/2 o )1/2

BU = B
If the bandwidth of a typical 2 MHz transducer is for example 200 kHz,
then the overall channel bandwidth would be approximately 83 kHz which
is obviously a very low value compared to the frequency content of the
input pulses. It must therefore be emphasized that every attempt must
be made to improve the bandwidth performance of the transducer for this

particular application.

In the previous discussion a bandwidth of 15 MHz was estimated for the
design of the amplifiers to avoid phase distortion preblems. Since the
dominant frequency content presented to the amplifiers is well below
this value due to the much smaller bandwidth of the transducers, it also
satisfies the reguirements, to avoid amplitude distortion within the

amplifiers at the same time,

7.5 DYNAMIC RANGE

This is another area needing much attention., With respect to the
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dynamic range, the following terms applicable to the system under

development are briefly described belouw.

Dynamic range of amplifiers

Input signal range and effective input signal range

Effective dynamic signal range

Dynamic range of the visualizing medium

[ LI S
-

Dynamic range of optional display tubes if used

7.5.1 Dynamic range of amplifiers

This is usually defined as a power ratic in dB, such that,

Actual dynamic range ADR = 20 Log (vmax Y 48 . . . (7.7)
vmin
where V is the maximum undistorted output and V | is

the nnisg"iimited minimum output signal. Usually in ultrasoﬂig imaging
systems, the dynamic range of amplifiers is less of a problem compared
to that of the actual display technigues. For example, a good
- instrumentation amplifier may have a dynamic range in the order of B0
d8, while that of a CRT display is only in the range of 20 dB. It will
become clear later that for the present application also, the actual

dynamic range of the amplifiers is not a limitipg factor.

7.5.2 Input signal range and effective input signal range

According to the previous experimental estimation the maximum input
signal is in the order of 500 mV and because the theoretical minimum is
anything above zero, the available inmput signal range (ASR) may be
defined as 0 to 500 mV peak to peak. If G is the gain setting of the
amplifiers, then the range of the effective input signals (ESR) that

may be visualized is

v -V .
BSR = max = min . . . .

(7.8)

The significance of the ESR is that it defines the portion of the input
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signals that will be accoﬁ@dated by the amplifiers for the particular
gain setting which is a useful parameter when dealing with variable gain
and time varying gain functions. Achieving a high voltage swing
capability simultaneously with all the other requirements described
above is practically difficult., Therefore if a reasonable value for V..ax
is assigned for the feasibility study at this stage for example 30 V pp,
the range of the signals that will be examined according to equation 7.8
with preset gain of 200 will be 75 mV - 150 mV, defining an ESR of 75 mV

7.5.3 Effective Dynamic Signal Range (EDR)

Although the actual dynmamic range of the amplifiers can be considerable,

the effective dynamic range (EDR) applicable to the transmission channel
in the present application is very much smaller due to the threshold

voltage requirement Ut for visualization. EDR can be represented as:

EDR = 20 Log ( 'max) dB . . . (7.9)
Vth
If typical wvalues for V and V obtained previously are
max th

substituted in the above equation

Il

30
EDR 20 Log (Ig )

= 6 dB

From this it can be seen that as the effective dynamic range EDR of the
system is very low compared to the actual signal ranges present, every
attempt has to be made to improve this aspect by increasing V

. max
and/or decreasing V .

th
However, raising V at a low impedance of the order of 75 ohm
max
in a multi channel system while preserving properties like wide
bandwith, size, power consumption, cost etc. is a very challenging

engineering problem. On the other, hand lowering Uth calls for

- 87 -



sensitive re-transmitting transducers which is usually contradictory to
the requirements of improving their bandwidth. Also efficient coupling
must be ensured while optimizing the scnoptics. In fact at the time of
assembly of the first prototype, the effective dynamic range of the
system was considerably increased by improvements to the optics to about
15 dB., It must be emphasized that EDR has to be further improved as
far as possible to accommodate a greater proportion of the input signal

range when the design of a final instrument is considered.

Because of the low effective dynamic range of the system, the amplifiers
could often reach saturation. Although not a complete solution to this
problem, the use of remote gain controls built into the amplifiers could
be suggested here, In this way, weaker echoes may be examined at a
higher gain uwhile the stronger targets which normally drive the

amplifiers into saturation could be examined at a much lower gain.

Dynamic compression (companding) is sometimes employed in various
instruments, but in the present application the possibility of excessive
amplitude and phase distortion may not permit this approach and hence

will not be examined in details at this stage.

7.6 TIME VARYING GAIN ( TVG )

Echo signals received from targets deep down the test object

progressively become weaker due to two main reasons.,

1. Attenuation losses

2. Beam divergence

These two causes of losses follow distinctly different distance laus.
The first is due to sound absorption and scattering characteristics of
the medium, leading to an exponential decay of the signal amplitude with
depth, while the latter depends on spherical beam spreading at large
depths where the wavefronts can no longer be considered plane. The
combined effect of these two factors upeon the acoustic pressure P at a

G2)
distance d from the probe in the far fisld can be expressed as:

- 83 -



p = p a1 Yexp ™ . ., (7.10)

d > N

where p = Initial acoustic pressure at a given point
= Near field distance of the radiating probe

= Attenuation coefficient

If these losses are significant at the depth ranges of interest, then
additional amplification may have to be employed according to a
pre-determined depth/amplification weighting function, most appropriate
for the particular 1loss pattern. The required amplification
functions can be rather complicated, especially if the medium is not

strictly homcgeneous, e.g. bioclogical tissues or even some alloys,

It is now necessary to investigate with the help of equation 7.10
whether or not TVG is essential for the present application, Here the
insonifying transducer could either be the receiver array or a separate
transducer. Since the array aperture is previously estimated to be 6
cm x 1.5 cm, the beam profile in the far field would approximate to a
cylindrical wavefront where the acoustic pressure associated with the
wavefront is now prop%&ional to Uﬁg and not to I/d as would be the case
with a spherical wavefront. Since the wave length at 2 MHz in steel is
3 mm and the array width is 15 mm, the corresponding near field would be
approximately 18 mm. Also a typical value for the attenuation
coefficient in steel at 2 MHz would be 5 x 1dﬁﬁB/mm. Since the maximum
object distance required for the present application is 25 cm, the total
path length involved in the pulse echo mode would be 50 cm.
Substituting all these values in to equation 7.10, the gross reduction

in pressure amplitude may be estimated as:

, -2
-5x10 x50

P _ 1 x e
P

1.8
o V50
* 0.06

It can now be seen that as the above value for P/PD is very low,
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some form of TVG is needed, If P is arbiﬁ%rily specified as 100%
at a given point, then the echo amplitude from a plane reflector at 25
tm below would only be about 6%, Hence a gain ratio of about 16 : 1 is
needed just to compensate the echo amplitude at these depths. If the
originally chosen gain of 200 is regarded as the lowest gain setting,
then the numerical gain range required would be 200 -~ 3200, which is
very difficult to achieve at the present time due to many other
constraints, It can also be seen that the situation would be far worse
still if a separate transducer of smaller size is used for
insonification, e.qg a commercial probe, as the far field radiation
pattern would then take the form of a spherical wave front in which case
p/ p_ would be equal to only 0,01, requiring a gain range of 100 ¢ 1 as
opposed to 16 : 1 in the previous case. Therefore it follows that if a
separate insonifying probe is used, the probe dimensions must be such
that it does not lead to a far field spherical wavefront in the far

field within the depth range of interest.

7.6.1 Synthesis of an ideal TVG function for the present application.

A suitable TVYG function may now be evaluated for the present application
with the help of equation 7.10 for increasing values of d starting from
a suitable distance of say, 5 cm from the test surface. The gain
required at any other depth would then be calculated as in table 7.1.
The resulting function represents the reguired gain pattern as shown in
Fig. 7.7.

Depth

d P/P Gain Factor
cm cm (o]
5 10 1 1
10 20 0.46 2.17
15 30 0.23 4.35
20 40 0.12 8.33
25 50 O.QG 16.7
TABLE 7.1
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Although not immediately apparent, there are some hidden disadvantages
with TVG in the present application. Firstly, TVG cannot discriminate
target strength differences at various depth levels and as the gain is
increased with the distance the ESR according to equation 7.8 also

decreases such that

Hence the proportion of the target information that is accoﬁ?dated by
the amplifiers decreases with increasing depths, thus progressively
reducing the ability of the system to display structural details of
gefects. It also elevates the problem of saturation. Secondly,
increasing the gain has the effect of reducing the bandwidth of the
amplifiers as normally the gain bandwidth product of an amplifier is a
constant., Therefure if the bandwidth is fallen too low as the result of
swept gain, then it may lead to phase distortion problems at elevated
gain levels unless the amplifiers are designed with a much larger gain
bandwidth product which is even more of a problem for reasons already
discussed. The third problem is that the requirements for TVG in
practice vary with the particular testing situwation and therefore

generation and control of TVG functions may become rather difficult.

The result of all these is that when TVG is considered in the design of
the final system, a compromise has to be found between all the related
parameters based more on practical estimations and not only the loss
patterns, before assigning suitable TVG functions. This is an elaborate
procedure and as such, at least for the feasibility study, TVG may be
temporarily omitted at this stage as one would be dealing mainly with
establishing the fundamental conceptual validity of the proposed system.
However, according to the above investigations it is apparent that TVG

has to be considered in the design of a final system,

7.7 ASSESSMENT OF TERMINAL IMPEDANCE AND DAMPING CHARACTERISTICS

The choice of right input and output impedance is extremely important in
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the present case for good bandwidth performance and to. prevent
excessive loss of sensitivity. Due to the very complex and
unpredictable behaviour of the transducer elements it is very difficult
to provide an ideal match between the amplifiers and the transducers
which would qive maximum power transfer and at the same time, good
bandwidth performance. For reasons discussed later, the terminal
impedances have to be resistive and must be maintained at a low value to
obtain wideband performance from the transducer elements., The
inevitable reduction of the sensitivity has then +to be compensated by
raising the gain of the amplifiers and therefore the need of a high gain

bandwidth product for the amplifiers can again be emphasized.

In a multi channel system, the need of low cutput impedance with high
voltage requirements causes a rapid increase in the total power
consumption, hence the size, cost and various other complications. Also
the transducer impedance is not purely or dominantly resistive, but is
complex and also frequency dependent causing great difficulties in
broadband matching., Experiments show that the situation is even worse
when narrow array elements are made out of PZT materizl, for their
behaviour is quite different in mapy ways from that of the crystals from
which they were cut. For example, attempts to assess the impedance
characteristics of these elements by the usual impedance circle plotting
techrique was not very successful and showed the existence of many minor
resonances and a great sensitivity to the enviromment, reducing the

predictability of their characteristics.

For the above reasons, a more practical approach was taken by observing
the improvement to the bandwidth of the transducer elements in response
to the changes of terminal impedance in a manner simulating the

conditions of the actual operation as shown in Fig 7.8(a) and (b).
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It must be mentioned here that the tramsducer elements were also
mechanically damped with tungsten araldite backing. They were in fact
the same elements used for sensitivity assessment described before. The
pulse length was examined firstly using an A-scan display and secondly
and more appropriately by forming an actual schlieren picture as in Fig.
7.8(b). The effect of varying the damping was carefully observed and as
the damping resistance was gradually reduced while keeping the
transmitted amplitude constant by increasing the amplifier gain, the
pulse length was also reduced to some extent as expected, indicating an
improvement on the bandwidth up to a point. Further reduction in the
damping resistance gave no further improvement in the bandwidth and the
only result was the continual reduction of the sensitivity. The value
of the variable resistance at this point was noted and the equivalent

damping resistance was calculated from

R'x Ry (7.11)

R:.-—'-—-— - . - .
DA R'I"Rv

where Rd = Damping resistance reguired
amp
R? = Internal resistance of the power amplifier + series fesstance
R = External variable resistor.
v

Using this method the required damping resistance giving optimum
performance was found to be in the order of 75 ohm and therefore can be
regarded as the appropriate input and output impedance required of the
amplifiers. Using the same experimental approach, the mdst suitable
frequency of operation was also estimated. Although the original PZIT
crystal had a centre frequency of 2 MHz, the apparent centre frequency
of operation of the small transducer elements according to the above

assessment was found to be about 1,8 MHz,

It is now wseful to examine the validity of the above observations using

an equivalent ciggyit model, For this purpose, the one dimensional
T

equivalent circuit shown in Fig.7.9(a) and (b) was chosen mainly for its

simplicity, although the behaviour of the array elements cannot be fully
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represented by this model. However, adequate knowledge may still be

gained with respect to the above experimental observations at least in a

limited qualitative sense.

A o + A o— '
| .
R R »
— o —— R
Co L
T C
B o & B L o
{a} Equivalent cct, of a {b) Simplified equivalent cct,
PZT transducer near - ~at and near resonance
resonance frequency ¢
Co = Static capacitance of the transducer
Rq = Dielectric loss in C,
7 . . .
FIG. 7.9 R = Radiation resistance and internal loss resistance
L = Equivalent mass of the transducer
C = qu@ahant compliance of the transducer

Measurements showed that a moderately damped PZT transducer of 1.8 mm x
12 mm with a nominazl centre frequency of 2 MHz wused in this work
(together with the connecting cables) had the typical values of C

o 250 pF and R'=~~ 500 ohm, respectively. The loading effect of thig

parallel capacitance can be seen when the reactance, XCo at the centre

frequency (2MHz) is considered.

-6
10 -
- —_— = 00 §t
XCO 2Tx250x500 3

This means that more than B0%¥ of the signal current at the resonant
frequency is by-passed by the parallel capacitance C0 . In the
present case, this capacitance was found to be frequency dependent and
according to preliminmary measurements on small strip elements, it varied
from approximately 160 pF to 290 pF for frequencies between 2.1 MHz to

1.74 MHz, in a nonlinear fashion.
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If C is absent and the source impedance is low, then the
bandwidth of the ultrasonic pulse is solely determined by the
appropriate component values of the LCR' branch. The effect of C, may
be thought of as reducing the electrical bandwidth when the source
impedance is considerable and consequently the bandwith of the
tltrasonic pulse in the way of forming a low pass RC network. To
jillustrate this, if C, is assumed to be a fixed value at about 250 pF,
and if the terminal impedance of the driving source is, say, 500 ohm,
then the cutoff frequency of an equivalent RC netweork would be
12

£ = _§F§%§6§§Eﬁ = 1.2 MHz
At this value of the source impedance, the static capacitance C;
clearly influences the bandwidth of the ultrasonic pulse emitted. If
the source impedance is now reduced to about 75 ohm say, the cutoff
frequency of the eguivalent RC network is pushed up to about B8 MHz,
Hence there 1is 1ittle or no influence of CD cn the

bandwidth of the ultrasonic pulse.

Analytically, it can be shown that the mechanical loading on the
transducer reduces the mechanical O factor Q@ while raising the
electrical § factor. The bandwith of the ultrgsonic pulse emitted
depends on the combined effect of the mechanical and electrical Q
factors of the circuit. The electrical Q factor 0O of the circuit
in this case uwhere the transducer is damped by an eiternal resistance

with reference to Fig. 7.10 may be written as ;

o = Q . (7.12)
e 1+ Q/ZﬂfCRDAMP

where Q is the electrical Q factor of the circuit without an external
démping resistor, Hence according to equation 7.12, Q could be
adjusted to match Q to optimize the banduwidth performgnce of the
transducer. Howeuer,mthis does not necessarily optimize the sensitivity

as any lowering of Rd would invariably mean loss of  sensitivity
amp

- g7 -



due to the signal being dewveloped across it as in Fig.7.10., Therefore
a compromise has to be found to aveoid having to demand higher gain from

the amplifiers and unwanted escalation of power dissipation.

An alternative approach often used to nullify the effect of static
capacitance C is to use an inductor to resonate with C, at or near
the centre freguency of the transducer thereby allowing the full signal
current to be transfered to R' and hence maximizing the efficiency of
the transducer at that particular frequency. However, one cannot expect
better bandwidth performance compared to the approach described above
which totally el.minates the influence of CD by way of deliberate
mismateh and increase of electrical bandwidth provided by the low source
resistance. Also, tuning a multichannel receiver probe with inductors
possibly of different values is very difficult, considering the
dimensions and space available in the construction of arrays. Therefore

this method is not considered as appropriate here.

TRANSDUCER
- ———

[ |—

Vniﬂm

|
|
|
|
|
¢ |
|
|
[
|
!

e 2am dm o -, e S - e o e

- 4
FIG. 7.10. USING EXTERNAL ELECTRICAL DAMPING

So far considerations have been primarily made for the transducers in
the transmission mode. The same principles are valid in the case of
receiving transducers as far as the bandwidth and efficiency are
concerned, and the network topology can be altered accordingly with a
voltage source in series with the LCR!' branch as shown in Fig. 7.17(a)
and {b).
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FIG.7.11 AN EQUIVALANT CIRCUIT REPRESENTATION
TRANSDUCER IN THE RECEIVING MODE o

Although the above approach will be wuseful as a guidance for initial
experimentation, the above circuit models cannot be conveniently used to
derive sufficient guantitative information with regard to the design of
the transducers. 0More appropriate modelling has to be therefore

considered at a later stage.

7.8 NOISE CONSIDERATIONS

Noise is -one of the major concerns in most signal processing systems
especially if signal to noise ratios are low. In some ultrasonic
imstrumentation systems, acoustically generated electrical noiséu)may
also be present in additiom to the electronic noise of the processing
equipment, Acoustic noise will be present when there is randeom time
varying acoustical interactions within the medium, e.q9. in underwater
acoustics or if testing some machineries or plants which are in
operation, in which case, care has to be taken to avoid the possibility

of correlated noise degrading the system performance.

However, in the present case, there is no acoustic noise involved as the

echo signals are time invarient. Also the electrical noise of the
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amplifiers will not significantly influence the image quality as the
signal to noise ratios observed for the desired echoes are high and also
because of the signal coherence and noise incoherence in the image
field.

However, in this respect, if much weaker targets are to be imaged, it
is far better to increase the insonifying energy as far as possible to
maintain an acceptable S/N ratio than increasing the gain of the

amplifiers excessively.

7.9 CHOICE OF THE CLASS OF AMPLIFIERS AND A CONCEPT FOR THE
DEVELOPMENT OF A NEW CATEGORY OF AMPLIFIERS - ol AMPLIFIERS )

Although there are several classes of amplifierémhﬁge requirement of a
wide bandwidth accompanied by low distortion naturally leads to the
choice of class A amplifiers for the present work. However, the main
problem with class A is its very low efficiency leading to high power
consumption and cost, particularly when low output impedances and large

voltage swings are required as in the present work.

In a class A amplifier, the maximum AC output power obtainable for

sinusoidal sigmal amplification would be

-]
]

. 707 0.707 I
0.70 VQ X 0

]

0.5 VQIQ

where V_ and I are the supply voltage and the quiescent

collector current, respectively.

Since the DC input power is equal to V x I , the maximum

[
efficiency for sinusoidal amplification would be

0.5V I P
- Q9. out . .25 or 25%
Mnax 2VQIQ Pin

The total power consumption remains constant irrespective of whether
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signals are presented to the amplifiers or not. Since the maximum object
distance required in the present case is 25 cm, the maximum period ...

during which the amplifiers actually receive signals will be

tmax = 500/6 = B3 us

If the repetition rate is 100 Hz say, and assuming that the amplifiers
deliver maximum signal output during the above period, then the average
powver delivered in one repetition cycle with reference to Fig., 7.12
would be 0.25 x UC IQ x 83/ 10,000 ,

83 us

-

l 10,000 ps

FIG. 7. 12. ASSESSMENT OF POWER CONVERSION EFFICIENCY OF CLASS A
AMPLIFIERS IN THE PRESENT APPLICATION. (rep. rate = 100 Hz )

Since the total power consumption remains the same at V x IQ’
C

the maximum efficiency would be

H

0.25 X 83 X 100
10,000

1

- 0.2 %

The actual efficency in practice would be even less as the echoes do
not continuously occupy the whole 83}18 period, nor will mean full
amplitude output signal swings all the time as can be seen from a typical
A-scan display. Hence the whole power consumed is practically dissipated
as heat within the amplifiers all the time causing even more
complications of heat extraction and size, due to the large number of

amplifiers involved. Therefore this form of amplification is
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~extremely inefficient, cost ineffective and cumbersome, although the
ideal characteristics of class A in the present application cannot be

overlooked.

7.9.1 A novel concept for signal amplification.

An ideal approach to preserve the characteristics of class A while
solving the problem of low efficiency and high power consumption in the
present and similar applications is now discussed. Supposing if a class
A amplifier could be designed with additiomal circuits to enable it to
switch on and off with sufficient speed to establish its quiescent
conditions just before the insonifying pulse and switched off just after
the 83,43 period with a low settling time, then the average power

consumed over one cycle of the repetition frequency would be

P = Vc X IQ x {83/10,000)

Hence the efficiency n = °-25¥VXIox 83 x 10,000x100

10,000
’ XVCXIQX83

= 25%

This means that if a fast switching scheme is provided to operate the
amplifiers in synchronism with the pulse repetition frequency as
described above, the efficiency of the amplifier can be theoretically
restored to its original value. In the freguency domain the above act is
equivalent to introducing an additional frequency spectrum of the
rectangular aperture function, which is a sinc spectrum occupying a
bandwidth of ~ 1 / 83 x 10 & 12 kHz sampled by a comb sample
function with spacing equal to 1 / 10,000 x 1db = 100 Hz., Clearly at
these values there is no interference with the output signals transmitted
except the possiblity of the high frequency switching on and off
transients faintly breaking through to the image field,marking the
beginning and the end of the ultrasonic field. This is only an

advantage.

Apart from the improvement of efficiency, what would be even more
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important is the saving of average power consumption which reduces a
great deal of complications including heat dissipation problems, cost and
size of the required power supply and the amplifiers. This is made clear

by comparing the power consumption of the two cases.
For class A, the power consumed is P, = Vg% IQ

For the new amplifiers, the average power consumed is

P2 = VC X IQ b 4 t/T
. _ VC X IQ X t
s PPy = v I.xT
o X QX
Pp/Py = txF . . . L, (7.13)
where F is the repetition frequency.
6

If F is 100 Hz say, then  p_/p 83 x 10 “x 100x100

1

0.83%

i.e. the total average power consumption is less than 1 % of the
ordinary class A amplifiers at the above duty cycle. In a multi stage
system as in the present case, this saving of power dissipation leadsto a
great deal of design flexibility of individual stages as the peak voltage
swings may now be increased to match the origimal power dissipation
levels thus tremendously increasing the much required effective dynamic

range of the system.

The same approach can be taken for the design of the power amplifier
required for insonifying the test object. The only major difference here
is that the reguired power levels are considerably higher than the
individual chanrel power amplifiers. In this case only one unit is
required., The emphasis therefore would not be mainly on the saving of
power, but rather on achieving the maximum voltage swing capabilities

within the permissible power dissipation levels of the active devices

- 103 -



irnvolved., This is based on the fact that the maximum curremnt and voltage
capabilities of active devices are hardly achieved in practice due to the
power dissipation limits. Therefore if this approach is taken, the size
and the cost of the unit could also be made much lower compared to an

ordinary wideband power amplifier due to the possibility of optimization.

7.9,17.1 An ideal timing scheme

Fig. 7.13 shows an ideal general timing scheme to optimise the duty cycle

operation for the present type of application.

t :? (MNP, SWITCH ON) T =t (AMP. SWITCH OFF,) SWITCH
) I ON.
—| te—tg (SETTLING TUME.) = Jo-ts — b
! ! [ { ts
t i i
AMP, STATE T iy m————— B
i TIME — l

PULSE

|
FTRANSMITTER —, 'r— : Iq
V- j— T2l .

ECHO SIGNALS |+, 2x Max .DistAncE! rate '
(LAST ECHO )

F1G.7-13 SWITCHED MODE AMPL {F | CAT ION

The amplifiers are switched on in parallel and allowed to settle just
before the start of the ultrasonic pulse transmitter and switched off
Jjust after the arrival of the farthest echo after a time t

determined by the maximum object distance in the test object mediumrg%é
the process is repeated after a time T, which is the period of the

repetition freguency, such that

& N 2xmax.object distance
max velocity of sound oot (7.14)

and T =1/ repetition rate , and T >t + tg
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where t, is the settlimg- time and t, is as marked on Fig. 7.13.

Although such a scheme is conceptually simple, achieving the prescribed
end result is extremely difficult. The key to success depends on how
closely the switching, settling and switching off times could be
approached to the ideal case and alsc on the suppression of strong and
unwanted transients. This could probably be the reasen why such
amplifiers have not evolved so far for general use. Consequently a great
deal of work has been done in realizing this concept and this has
lead to very good results. After many trials, an amplifier stage
satisfactorily operating according to the above scheme was designed,
built and tested for this particular purpose and the details will be

presented in chapter 11.

It should be mentioned here that the present scheme is fundamentally
different fromthe concept of gated amplification where there is no
question o% establishing quiescent conditions, or to the switched
amplifiers such as class D, which gre only dealing with binary pulses. To
the author's knowledge, there is no such amplifier developed so far
which combines the properties of a particular class of amplifiers with a
power gating facility , to be used in applications involving
non-continugus repeated signal amplification, These amplifiers are here

named as G ( G star ) amplifiers.

7.10 Considerations of size, cost etc.

It was found after a survey, that the cost of the system would be
unacceptable if the amplifiers for the present application were to be
bought. For example the cost of a power amplifier as the one used for
insonifying the test object is in the range of£3000/=, Although lower
power levels are acceptable for the channel power amplifiers, the price
to be paid would still be several hundreds of pounds per amplifier and is
not acceptable considering the limited resources available for the whole
project. Apart from this the size would be also large as one cannot

expect to find amplifiers 'tailor-made' for a particular purpose.
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Hence it was neccessary to design and build a set of 30 wideband power
amplifiers for the present purpose. After many attempts, a set of
amplifiers operating in class A as described in chapter 11 was designed
for the feasibility study. This elaborate design efforts finally made it
possible to reduce the. cost of the amplif%grs down to about£20/= per
channel. In fact the development of G amplifiers was followed
after this work as an attempt to overcome the limitations of class A as
described above. Unfortunately after establishing the applicability of G‘,
s there were no funds or time available -to complete a set of such
amplifiers to replace the origimal onmes and to adopt the new operational

scheme.
7.11 CONCLUSIONS

For the purpose of feasibility study, the following parameters concerning

signal amplification have been so far derived.

1, NMNumerical gain = 200

2, Bandwidth = 15 MHz

3. Input impedance ~ 75 ohm

4, QOutput impedance ~ 75 ohm

5. Output signal swing = 30V p.p.

6. Insonifying pulse amplitude _
1. Transceiver mode 10 to 100 V p.p. (adjustable)
2, Separate transducer of 50 to 200 V p.p. (adjustable)

similar dimensions

The following recommendations are also made for the design of a final

system,

1. Incorporation of variable gain control

Numerical gain setting range ~ 10 to 2000
2, Incorporation of Time Varying Gain,

TVG function synthesized as in Fig. 7.7

Gain compensation range = 16 : 1
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3. Higher output voltage swing ~ 100 V p.p. and up
*
4. Incorporation of G ( G star ) amplifiers

The following points are also highly emphasized.

1, The need of wide bandwidth of array elements to minimize phase

distortion as much as possible.

2. Good identical behaviour of the transducer array elements to avoid

amplitude and differential phase distortion problems.

3. Use of insonifying energy control rather than gain control where

ever applicable in examining very wegk targets.
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-CHAPTER 8-

RE-TRANSMISSION AND VISUALIZATION

Amplified echo signals are 1o fe transmitted via an
acoustic Locusing system into a transparent medium
whene the acoustic images ane made visibile Ly an
appropriate optical technique, using stroboscopic

- {llumination. This chapten mainfly examines Lhe
theoretical aspects of visualization and methods of
opltimizing performance followed By the dernivation of
paramelens concerning the sonoptical geomelry of the
proposed new system. .

8.1 INTRODUCTION

The original DUVD concept has been demonstrated by Hanstead using two

distinctly different visualization technigues namely

1. Photoelastic technique

2. Schlieren technigue

The first method relies upon the well known optical phenomenon in which
the plane of polarization of plane polarized light is rotated when
passing through a solid transparent medium containing regions of
hechanical stresé':'J caused by travelling acoustic waves. The latter
relies upon the refractive index changes, again caused by mechanical
stress and related density change associated with the acoustic waves, in
transparent media, usually a liquig?mln either case, properly
synchronized stroboscopic illumination with sufficiently short flash
duration and adequate intensity is required to map the acoustic images

at the instant of best focué?

Although the use of a solid visualizing medium is an attractive

proposition in the development of the instrument, there are two main
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objections to the use of the photoelastic technigue in the present
application., Firstly, the sensitivity is low. According to initial
measurements using a glass medium, the sensitivity of the photoelastic
technique was estimated to be about 50 dB below that of the schlieren
technique. Secondly, selection of a suitable visualizing medium is
restricted to a few  materials like glass or quartz, all of which have
high sound velocities leading to a geometrical design of unacceptable
dimensions. This latter restriction arises from the fact that
sufficient stress levels cannot be created by displacement-limited
acoustic waves in other commonly used photoelastic media due to their
low Young's moduli. For these reasons the photoelastic technigue of

visualization was abandoned.

The main problem with the schlieren technigue is the need of high
precision optical construction and alignments which makes it
unattractive on the shop floor. Conseguently, a great deal of work has
been done in successfully developing a suitable schlieren visualization

system as part of an integral sonoptical assembly.

At a very early stage of the feasibility study the need of a good
stroboscope was strongly felt in order to prevent loss of image quality
as a result of using commercial stroboscopes available at the time.
Also they are so bulky that the design of a compact system seemed
impossible. Hence a great deal of work has been done to overcome the
above difficulties which lead to the design of a high performance,
subminiature stroboscope using a super bright light emitting diod&?
It highly improved the performance and the compactness of the whole
system and the details will be presented in chapter 9. To the author's

knowledge, there were no such stroboscopes available at the time.

8.2 PRINCIPLE OF SCHLIEREN VISUALIZATION

In order to identify the methods of optimizing the performance, the
schlieren technigue is examined here. Previocus assessment of sensitivity
and the effective dynamic range of the proposed system showed that the
basic 1limitation is presented by the high thresheold voltage, (Uth),
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required. The high threshold reguirement is mainly attributed to:

1. The threshold sensitivity of the medium

2. Transmission efficiency of the sonoptics

Fig. 8.1 shows a schematic diagram of a schlieren visualization system.

N\

<>

——r—
S
RulllN

T | L / L
HLTER
TRAVELLING
ACOUSTIC WAVES

FIG. 8. 1. SCHEMATIC DIAGRAM OF A SCHLIEREN VISUALIZATION SYSTEM.

The principle of the schlieren technigque may be explained in two ways.
The first approach is by using geometrical optics, and secondly and more

appropriately, by physical optics using light diffraction phEnOmEné?JD

In Fig. 8.1, ST is a stroboscopic source of light, L is a condenser
lens which focuses as much light as possible on to a narrow rectangular
slit SL, which is placed at the focus of a collimating lens L .
The parallel beam of light is allowed to pass through a schlieren cell
SC, where the acoustic images are formed, in this case by re-transmitted

echo signals through the acoustic focusing system.
In the absence of any optical disturbance in the schlieren cell, the

parallel beam is focused on to a knife edge in the position just to cut

of f the resultant image of the slit source. UWhen the acoustic image is
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formed in the schlieren medium, it modulates the refractive index of the
medium accordingly which results in a certain proportion of light being
deflected past the knife edge stop. The angle of deviation and hence
the amount of light passed is proportional to the refractive index
gradient in a direction perpendicular to the optical axis and the axis
of the knife edge, effectively mapping the acoustic image. The
deflected light is captured by lens L3 to form an optical image of
the disturbance in the image plane which can be a screen or a video
camera tube face. The images may also be viewed directly with the naked

eye in which case lens L3 is not needed.

According to the above geometrical optics description, if the image of
the slit is just obstructed by the stop then the smallest deflection
should be visible, and by reducing the width of the slit, infinite
sensitivity against a dark background should be achieved. However, this
does not happen in practice as the sensitivity is limited by
diffraction. This is evident from the presence of luminaus. borders on
the circumference of the schlieren lens and opague objects. Therefore
under conditions of high sensitivity, as required in the present
application, the geometrical optics description is no longer valid and a
better understanding may be gained with a physical optics approach
considering the wave nature of light. Here, the refractive index changes
are considered to have caused phase retardations of the wavefront in the
region of non-homogeneity rather than assuming angular deflection of

rays as in the geometrical optics description.

The disturbed wavefront can be regarded as a phase object with
transmittance f(‘z), such thagu

j 8.1
f(n) = expjg(n) . 8.1

The phase retardation }5 (" ) along the direction of the optical axis
wauld be

g (m) = Kk.An.L e e e . (8.2)
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where an = refractive index modulation
L = interaction path length
& = wave number

.Such a phase object is not visible to the human eye because the eye or
any other sensor responds only to the intensity ]f (1 )lzuMich in this
case is unity. The second schlieren lens L2 has the Fourier
transform property (FTP} which transforms the phase object f(* ) at the

focal plane giving a corresponding pattern function F(VU) such that

A

F(U) = Const. J’ f(n) exp
=4

skn u/e (8.3)

. . hd

dn

where f is the focal length of the schlieren lens.

Now some form of spatial filtering is required to remove the free field
diffraction components of the phase object which in this case is

provided by the knife edge, whose transmittance H(U), can be written as

H(U) = %- [1 + sgn(U) } e e e . (8.4)

The pattern function just behind the filter is the product F{U) x H(U)
and by taking the inverse Ffourier transform, which in this case is
performed by the lens L, gives the corresponding image G(V) in the image

plane which is the optlcal conjugate of the phase object, such thaé

G(V) = cOnst.dI’F(U) expjkuv/f avs . . . {8.5)

Aperture

This process of image formation is schematically shown in Fig. 8.3 and
8.4.
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FIG. 8. 2. WAVEFRONT DISTURBANCE BY ULTRASONIC WAVE INTERACTION
AND THE OPTICAL COMPONENTS OF THE DISTURBED FIELD

ftn}

+A -

=A - "
\ Ly SPAOAL FATER AL
H(L)

FIG. 8. 3. SCHLIEREN IMAGE FORMATION.

The relationship between image intensity distribution with the phase

retardation may be understood more readily with a graphical vector
5

representation than by an analytical approacl%,) as shown in Fig. 8.4.
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FIG. 8. 4. VECTORAL REPRESENTATION OF A PHASE OBJECT AND (TS
DARK FIELD IMAGES.

If OF represents a point on the phase object and @ is the phase angle
‘with respect to the free field vector h[i-"', then the image is identical to
the object in the absence of a stop. Assuming the free field component
is now removed by the stop, the resultant image will be the vector ?3.
Hence it follows that for different phase retardations ﬂ, not only the
phase of the image varies but also its amplitude and therefore the
brightness. The amplitude first increases with f and reaches a maximum
of twice the free field when }ZI =T and falls to zero when )Zf =2T.
It is also seen that the image brightness depends only on the degree of
phase retardation as given by equation 8,2 for a given free field

brightness.

8.2.1 Effect of knife edge filter position

The free field diffraction pattern at the plane of the stop is the
Fourier transform of the slit source. If the width of the slit is 2R

and f is the focal length of the schlieren lens, then

A sintRav/f)

F(u) = (Rau/5) . . . {8.6)

The width of the central band in which about 90% of the light energy is
concentrated is therefore f A/ A , where A is the wavelength of the
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light used. When the optical wave front is disturbed by an ultrasonic
wave whose wave length is A , it can be considered as occupying only a
very small spatial width compared to the aperture and hence its Fourier
transform produces a spread out diffraction pattern function at the
plane of the stop., Consegquently the width of the stop required to
filter the free field component does not significantly reduce the
brightness of the image, even if the stop is adjusted to filter the
central and the first few lateral maxima (about 3) as would be required

to produce a satisfactory dark background.

However, in practice there is another important implication with regard
to positioning the knife edge. This arises from the fact that the
schlieren field does not uniformly darken as the cut-off is gradually
increased and much of the diffracted light goes towards the edges of the
field. This means that the threshold sensitivity of the schlieren is
not uniform over the entire field, which is undesirable in the present

application, and therefore a satisfactory solution has to be found.

The free field brightness of the image field when the knife edge stop
covers all the light between -o0 and the first diffraction minimum

with reference to equation 8.7 can be written as”

. 2

tG(V)]z [Const.‘f (Sina , exp jkav/f da] . . (8.7

o

-0l

ka u/f

R
i

This expression has been plotted by Speak and ubltergags shown in Fig.
8.6 for different positions of the knife edge with respect to the free

field diffraction pattern as shown in Fig. 8.5, belod’
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FIG. 8. 6. VARIATION OF THE BACKGROUND ILLUMINATION OF THE
IMAGE FIELD { after Speak and Walters ).

-

Hayman calculated the position of the knife edge required to achieve a
background brightness of the order of 10 times that of the free
field. The requirement was to place the knife sdge up to about 4

diffraction minima. However, his calculations were based on the central
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field illuminpation only, which is not adequate in the present
application requiring a large field of view. As can be seen from the
above plots that adjusting the knife edge to cut off more diffraction
crders to achieve a lower background brightness results in an
increasingly non-uniform field, As such, the threshold sensitivity will
also vary accordingly. Therefore one solution to this problem is to
illuminate a larger schlieren aperture than required but to use only the
central region where the non-uniformity is not too great. Also a
compromise between the desired level of background brightness and field

uniformity with respect to the degree of cutoff would be needed.

An interesting indirect improvement was later made in the desian of the
optical assembly when using a video camera. In the present application
the video camara is generally looking at a high contrast scene with a
low average brightness. Consequently, the ALC (Automatic Luminence
Control) circuits of the camera respond to the scene with the highest
gain levels giving video picture noise and image blur. This situation
was turned to the advantage by allowing some of the unwanted edge
diffracted light to fall on to some areas of the camera tube which is
well separated from the required image area of the tube face. This
restored the average brightness of the scenme to the required level by
proper adjustment giving a very significant improvement in the TV image
quality. Also the possibility exists to provide some degree of
compensation by the design of a suitable ALC circuit responding

preferentially to the background brightness, at least near the borders.

B8,2.2 Schlieren aperture reguired

When one considers only the central region of a schlieren field, the
aperture is not a limiting factor as far as the sensitivity is concerned
as this is primarily limited by an irreducible amount of background
brightness. In such cases a compact aperture schlieren system is as
good as a larger one. However, according to the previous discussion, an
aperture somewhat larger than required to accommodate the acoustic field
would be necessary to overcome non-uniformity problems. There again a

compromise has to be made between the aperture size and acceptable field
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performance, as the larger the aperture, the greater the other
complications such as illumination, aberations, size and cost ete. In

the present application, the actual schlieren aperture required will be:
A =y x t e e e« e« . (8,8

where v 1is the velocity of sound in the schlieren medium, and t
is the magimum pulse echo duration corresponding to the required object
distance. Here t is egual to BBPS and the u of the medium
selected was (.59 mm /}Ls giving an aperture of about 4 9 cm. Hence if
a preliminary estimation of about 0.75 for v/A according to Fig. 8.6
is used, the required aperture to give a reasonable central field
uniformity would be 4.9 / 0.75 = B.5 cm.

8.2.3 Slit width

From a theoretical point of view, slit width within reasonable limits is
not expected to have a significant effect on the sensitivity of
visualization apart from its use in setting a desired average
brightness, most appropriate for the particular set of operating
conditions. S5lit widths in the range of approximately 0.1 mm to 0.5 mm

was found to be satisfactory in the present case.

Attempts have been made to use a strip stop in the stop plane in place
of the knife edge with the aim to utilize light energy from either side
of the stop, but it did not give the desired end results., Instsad, two
separate, closely spaced images were formed, rather than a super~dmposed
single image, apparently degrading the bhard earned image resolution.
Close examination reveals that this is an effect of the finite slit
width. The finite size of the slit causes the image diffraction
patterns on either side passing a strip stop to be spatially separated
and hence the images also. The implication is that, strip stops or
graticule stops may not be very suitable in the case of forming high

resolution schlieren images.
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8.2.4 Optical aberration

Effect of chromatic aberration is often noticeable in schlieren systems
using lenses and therefore the use of a%}omatic doublets are preferable.
Also the diffracted free field light gives rise to bright coloured
borders and some image blur may alsc be noticed. In such situations the
sensitivity of the schlieren may have to be deliberately lowered and
therefore the use of monochromatic stroboscopic illumination has to be
considered. The problem is that such sources are not readily available.
Concave mirrors may be used which elimipate chromatic aberration, but
the need to have much larger focal lengths and dimensions of the optical
assembly to control spherical aberration makes it unattractive in the
present application. However, a suitable mirror schlieren system was
also initially designed as presented in . Appendix i , but the
development of the new LED stroboscope system in the mean time
eliminated the problem of chromatic aberration altogether and promoted

the use of a compact lens schlieren system.

8.2.5 Optical scatter

Hanstead and Hayman showed that one of the basic obstacles against
achieving high sensitivity is the presence of an irreducible amount of
background illumination, mainly caused by optical scatter. This was
noticed in the present work also and the situation is even more
aggravated when using it in an industrial environment due to additional
scattering particles being deposited on the optical surfaces and also
due to optical glare of the indoor lighting. Hence it was necessary to
design a compact sealed schlieren system with external adjustment

facilities and more details are presented in chapter 12.

8.2.6 Schlieren medium

A suitable schlieren medium was chosen by considering the following

areas.

1. Sensitivity
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2. Velocity of sound
3. Acoustic impedance
4, Attenuation

5. Dynamic range

The absolute sensitivity of a given medium is one of the prime
considerations in the present application, but in practice a compromise
has to be made between various other factors involved., For example, a
high absolute sensitivity but low acoustic impedance may not give the
expected improvement due to acoustic mismach losses. On the other hand
higher acoustic impedance requires the prodqct of sound velocity and the
density to be high, but a high sound velocity will oppose a cohpact

sonoptical design.

Hayman defined a thecoretical visualization figurs of merit, M , for a

given ligquid by the formul&”

M= 4 (p3n/%)° / pc> ... | (8.9)
where P = density of the medium
n = refractive index
¢ = velocity of sound

The term (P%%%}) is also known as the elasto-optic coefficient. Based
on experimental observations, Hayman derived an empirical formula for

elasto-optic coefficient as

P(%E) = 1.29n - 1.4 .. .. (8.10)

Usinmg this relationship, he compared a large number of liquids for their

theoretical figures of merit as given in table 8.1.
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Refract- Sound Elnsto~ | Figure- | Acoustid Attenu- |Boiling
ive Density | velocity| optic of«merit{ Imped- | ntion point
index ' Coefl- ance coeflf-
icient icient
n [ c PInSp M Z=pc |Qf a/rz
5
10)kg.m-j Knog™ ' 10'155(3'1 107 Kg.m ] dB.a”! %
& A
1. Vater Hx0 1.33 1.00 1.48 {0.322 (a 128 1.48 0.22 100
2. Carbon tetrachloride CCly 1.46 1.59 0.9% J0.511 (v 790 1.49 b.7 77
I, Bromoform CHBr3 1.60 2.90 0.92(b10.655 (b 760 2.67 2.0 151
4, Chloroform CHCL 1.45 1.50 0.99 |[0.470 (a| 610 1.49 3.5 61
5. Di-icdomethane CHpIS 1.74 3,33 0.96{b[0.863 (b | 1010 3,20 2.2 {b| 182
6. Iodomethane CHzl 1.53 2.28 0.84% {0.57 (e 9% 1.92 2.9 b2
7+ Methanol CHio 1.33 0.79 1,12 [0.329 (a| 390 0.89 0.37 65
8. Carbon disulphide €5z 1.63 1.26 1,140,713 (a| 1090 T | 50.0 (b W7
9, Trichlorethene CaHCly | .- '1.48 1.4 | »1.03(6|0.486 (b | . 50 1,50 1.7 (6] - 87
10. Icdo-ethane CoHsI 1.51 1.9% 0.88 10.55 {1 960 1.71 0.35 72
11, Ethanol C2HgO 1.36 0.79 1.16  [0.351 (b Lo 0.92 0.45 78
12, 1,3-dibromopropane CaHgBra | , 1.52 1.98 1,09(d[0.56 (e| 490 2.16 0.70(d] 167
13. Acetone C3Hg0 «1.36 0.79 .19 |@e.371 (b ] . k10 0.94 0.7 56
14, 1-iodopropane C3HoI 1.51 1,75 0.93(d]0.55 (e|. &60 1.63 0.47¢d] 102
15. 1-propanol C3Hg0 1.39 0.80 .22 {0402 {c| hho 0.98 0.55 97
16, Glycerol CTHz03 1.47 1.26 1.86 1050 (ej 125 2.34 290
17. Ethyl acetate CLHg02 1.37 0.93 1.17 10.361 (b 350 1.09 0.45 77
18, 1-icdo butane Cuigl 1.50 1.62 0.97(d|0.5% (e| 790 1.57 0.50{d| 130
19. 1-butanol CyH00 1.5 0.81 .26 |09 (b| 420 1.02 0.67 118
20. 2-butancl CLHqq0 1.bo 0.81 1.19(b]0.385 (b | 430 0.96 1.2 (4] 100
21, Diethyl ether CyHq0 1.35 0.71 0.96 [0.349 (a| 610 0.69 1.2 4
22, 1,2-dibromobenzene CgHyBr 1.62 1.98 1,12(d|0.69 (e 680 2,22 1.3 (¢] 225
23. Bromobenzens CghcBr 1.56 1.50 1.15(b10.598 (b| 630 1.73 1.3 (b| 156
24, Chlorobenzene 05H§C1 1.53 111 1.29 [0.578 (b| 560 1.43 1.1 132
25. Iodo-benzene CgHsl 1.62 1.83 1.13(d|0.69 (e]| 720 2.07 1.6 (¢] 188
26. Nitrobenzene CgHNOp 1.56 1,20 .48 0.612 (b 380 1.78 0.69 211
27. Benzene CeH 1.50 0.88 1.32 |0.522 (a| 540 1.16 7.3 80
28, Anilene CglioN 1.59 1.02 1.66 |0.654 (v 360 1.69 0.43(p] 184
29. Phenyl hydrazine CeHgha 1.60 1.10 1,74 j0.682 (b 320 1.91 1.50(b] 243
30. Paraldehyde Cgily203 1.40 0.99 1.20(f (041 (e 390 1.19 . 128
31. Hexane CgHqy 1.37 0.66 1.09{b|0. k16 810 0.72 0.52(b] 69
32, Teluene CoRg 1.50 .87 1.32 {054 (e| 550 1,48 0.69 111
33. 2-amino toluene CoHgh 1.57 1.00 1.60(b[0.625 (b| 380 1.60 0.7 200
34, 1-iodo heptane Colljsl 1.49 1.38 1.07(dlo.52 (e| 64O 1.48 o.70(af =zoh
35. O-xylene CgHag 1.51 0.88 1.35 Jo.582 (c] 620 1.17 0.h5 14k
36. Quinoline Cof N 1.63 1,10 1,58(b|0.698 (b | 450 1.74 1.2 (b} 238
17, Cinnamaldehyde Cyligo 1.62 1.05 1.56(bj0,712 (b 510 1.64 6.0 (b] 253
38. t-bromonaphthalene C1glipBr 1.66 1.48 1.36(b]0.770 (b 570 2.01 1.5 (| 284
39. 1-chloronaphthalene  CioHCl 1.63 1.19 1.46(0[0.703 (b | 530 1.74 1.1 (p] 258
40. Tricresyl phosphate  CaqHy MO0y  1.56 1.20 1.50(b|0.596 (v | 350 1.8 | 12.0 (o] 40
41, Phosphorous tribromide PBry 1.69 2.85 0.9%(b|0.798 (b] 1110 2.65 .3 (b] 173
42, Olive oil 1.46 0.91 144 0,48 (e 2350 12.0
43, Turpentine 1.47 0,87 1.2 j0.50 (e 600 1.07

Table 8.1 ACODUSTO-OPTICAL DATA FOR VARIOUS LIQUIDS - (After Hayman)
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It can be seen that some of the liguids having the highest sensitivities
presented in the above table are also toxic. Apart from this, since the
use of a particular schlieren medium is very much dependent on the
requirements as a uwhole, rather than the sensitivity alone, it was
necessary to compare some of the usable media on an experimental basis.
A considerable number of liguids from the above table as well as others
were tested. From this excercise it was possible to choose a particular
liquid by the brand name FC 7§? which gave a satisfactory compraomise

between the required properties, as given below.

Material - FC 75 (a fluorinated organic liquid. Non-toxic
according to published data)

Refractive index ~ 1.28 a8t 20T

Density : = 1.76 gn/ml at 20°C

Sound velocity = 0.53 mn/ps at 20 T

Attenuation coeff. at 2 [MHz. =

Boiling point = 102 ¢

The elasto-acoustic coefficient and the theoretical figure of merit is

calculated using equations 8.9 and 8.10 respectively, to give

1.29 X 1.28 - 1.& = 00251

on
D(:ﬁﬁ

and M 4 (0.251 )* /1.6 x ( 0.59 ) x 10 = 6397

Hence it can be seen from the above that FC 75 is not likely to be the
most sensitive liquid compared to those presented in table 8.1, but it
gives a combination of properties better suited for the present purpose,
particularly with respect to its low sound velocity promoting the design
of a compact schlieren system, yet with much higher sensitivity than

water and less attenuation.

The other important consideration is the dynamic range of the medium
(&)

used, Fig. 8.7 shows some of the response curves plotted by Haymaﬁvfor

some different liquids. These curves are used here for estimating the

dynamic response only as the actual values are clearly subjective.
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FIG. 8. 7. SCHLIEREN RESPONSE CURVES OBTAINED FOR VARIOUS LIQUIDS.
’ (After Hayman, 1977)

These curves suggest that an overall dynamic range of about 28 dB can be
expected irrespective of the medium used. Since this range is
considerably larger than that of a conventional TV monitor system, the
schlieren technique may be used advantagecusly as a useful alternative

method of presenting echo data,

B.3 RE-TRANSMISSION

Having chosen an appropriate schlieren visualizing medium, it is now
necessary to estimate the parameters of the sonoptics for
re-transmission. The geometrical configuration chosen according to
Chapter 4 consists of a curved array and cylindrical 1lens as shown in
Fig. 8.8.
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FIG. 8. 8. RE-TRANSMITTER SONOPTICS OF THE PROPOSED NEW SYSTEM.

The necessary lens calculations are basically carried out in the same
way as for the DUWD with the appropriate modifications for the new

geometry. With reference to design equations given in the table 4.1,

the maximum object distance U is
max
v
1 1
U = (1l + = -— ) £
Max ‘/E V3 1
Here v, = 6.3 mm //us
Vy = 0.59 mm </Ls
and U required = 250 mm
max
£ - 250 = 39 mm
. 1 1+ L (&3
‘/-2- 0.59
But in the present case f, = f, = R, = 29 mm, where R, is the

that of
radius of curvature of the curved array as well asﬁthe first ecylindrical
lens surface due to the new scnoptics. The first focal length of the

second interface fa would be

— = 3.8 mm
f£,= f, Vo vy /Y,

Similarly the second focal length of the second interface ﬁ* would be
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and the radius of curvature of the second interface R2 is

R2= 2 (V3/V2-1) fl- 37 mm

The distance between the two lens interfaces D will be

o
0
h
+
Fh

[

33 mm

The problem with the above set of values is that fé being only 3.8 mm
is unacceptably small. Consequently, the aberrations will be high as
the corresponding F number is very small. However, it is possible to
increase the nominal value of U leading to a better set of
specifications without sacrificing ag$%ﬁing important. There is no need
for a corresponding increase of the schlieren aperture at all as the
required range of target information is the same, although the length of
the medium will be extended by a couple of centimeters. This is not

something significant with regard to the compactness.

After a rumber of iterative calculations a suitable wvalue for U
max
is chosen to be 430 mm., This resulted in the following set of

specifications, calculated as before.

f‘1 = f'a = Ri = 50 mm , Fa o~ 7 mm o, F4 ot 71 mm
Rz =~ . B4 mm , D = 57 mm, Viax & 8 cm.
Since V is 8 cm, the length of the schlieren tank required may

be choségaﬁo be about 10 cm., The thickness of the lens is chosen as 40
mm, this being sufficient to avoid complications due to edge diffracted
waves excessively reflected from the walls of the lens. The width of
the lens is calculated to give a sufficient aperture toc accommodate the
6 cm sector of the re-transmitting array with some allowance again to
avoid edge diffracted waves causing reflection problems. An arc length

of 8.5 cm was chosen giving a corresponding width of the lens to be
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W = 2 x 50 sin (85 x8/2x5)) 2= 75 mm

This completes the basic specifications necessary for the construction
of the cylindrical lens required and also the curvature of the
re-transmitting array. The combination was experimentally tested with
few other different designs and found to be quite satisfactory for the

PUTPOSE.
8.4 CONCLUSIONS

The main conclusions of this chapter concerning the technique of

visualization are the following :
1. The photoelastic technique is not suitable for the present purpose

2, Nothing is lost in the way of sensitivity by designing a compact
schlieren system. However, additional allowance for the schiieren

aperture must be made to reduce field non-uniformity.

3. The possibility of achieving better stroboscopic illumination than
that obtained with the conventional stroboscopes must be thoroughly
investigated. Alsoc the use of monochromatic illumination 1is much

preferable,

4. Use of knife edge cut-off to be preferred over strip stops or
graticule stops as these tend to form somewhat extended images

noticeable in the case of high resolution schlieren images.

3. Although even ordinary lenses can produce schlieren images the
use of high quality lenses must be considerd in the present design

to achieve higher sensitivity by reducing aberrations and glare.

6. Optical scatter must be kept to a minimum by choosing high quality
optical components, ensuring cleanliness of the schlieren tank and
the medium and also providing adequaté shield against dust and

ambient light.
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The following sonoptical design specifications have been derived :

1. The schlieren aperture required (medium being FC 75) = 4.8 cm
2. The aperture of the lens to give an acceptable
central field uniformity _ = 6.5 cm
3. First radius of curvature of the aluminium lens (R,) = 50 mm
4. Second radius of curvature of the aluminium lens (R,) = 64 mm
5. Distance between the two surfaces (D) = 57 mm
6. Width of the lens (W) = 75 mm
7. Thickness of the lens (t) = 40 mm
8. Length of the schlieren tank (1) = 10 cm
These dimensions are as marked in FIG-8-9-
&0mm /s
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1
!
SOmm
& \ . v —i
\
75mm \
b Y
Y
> - ek w i ey =y
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- ——

£16-29 APPROPRIATE DIMENSIONS OF THE SONOPTICAL GEOMETRY.
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-CHAPTER 9 -

DEVELOPMENT OF A NEW STROBOSCOPE

It was emphasized in the previous chapten that good
stroboscopic Lllumination was essential fon the present
application. This chapten deals with the requirements
in quantitative tewms and the siluation with regarnd to
the commencially availalle sirocboscopes, Linally
Leading to the developmeni of a new, high performance,
sub-miniatune stroloscope based on a supen bright
Light Emitting Diode (L.E,D),

9.1 INTRODUCTION

An essential element for visvalizing the path of ultrasound in a
transparent medium by schlieren or photoelastic visualization techniques
is a good quality stroboscope. The conventional stroboscope which
relies on some form of a gas discharge to generate light pulses, suffers
from a series of problems such as too long a flash duration, jitter,
large size and crooked shape of the source resultingmmnon-uniform
11lumination, change of flash energy and duration with the repetition
rate, inconsistency and ageing. Apart from these limitations, other

drawbacks of commercial stroboscopes are bulkiness and high cost.

Providing an accurate time window of short emough duration is an
important requirement to preserve the quality of the acoustic images
formed. The extent to which the above drawbacks affect the images
will now be examined. Particular reference will be made to the General
Radio Strobotac stroboscopg%uhich was available in the Department at the

time, The price of this instrument was in the range of £1000/-.

9.1.1 Flash duration

Fig. 9.1 shows a typical plot of light intensity versus flash duration
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. . €357
for a conventional stroboscope such as the one mentioned above.,

A REPHTITION FLASH
NORMALISED FREQUENCY DURATION
BUTPUT tz) (APPROX]  (MICROSECONDS)
' 2.1 3.0
e = - - n- 70
s T )
00 - 2500 | .5
1/3 PEAX
INTENSITY TABLE. 9. 1.

FLASH DURATION FOR
1/3 PEAK INTENSITY,

FIG. 9. 1. OUTPUT LIGHT INTENSITY vs. TIME
(GR 1538 A handbook)

It is clear from the above that the flash duration is far too long to be
able to resolve one ultrasonic wavelength in the axial direction at 2
MHz in the schlieren field. If the size of the acoustic image I is one

wavelength, then the size of the optical image I' would be
It = v/ f + vt e e« . (8.1)

where v velocity of sound,

frequency of ultrasound,

flash duration,

therefore the effect of the finite flash duration is to stretch the size

of the image and hence decrease the resoclution.
8.1.2 Jitter

Jitter can arise in the case of conventional stroboscopes from the time

uncertainty of the random gas discharge process, which cannot be easily
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contrelled., The result is the spatial flicker leading to degradation of
optical resolution and hence image quality, If £J is the time jitter
present and t is the flash duration, then the size of the optical image
I'' as would be recorded on a photographic film over a considerable

number of exposures will be
It = v/f + vt + 27w .. (9.2)

The effect of jitter and flash duration are shown in Fig 9.2

- .
- -
- .- e -

EFFECT OF FLASH DURATION * v/t T | B (V/F « ¥Vt + 20V)
AND NTTER (t2J) : N ,

I ' '

I ! '

I 1

[ I "

EFFECT OF FLASH DURATION I_ v/t . v _l V/1 o VI
(+)
[
[

ACTUAL SIZE OF IMAGE 2 v/t ' . v/n

( ONE WAVELENGTH )

k

b————-—-——--T
' 2

f= -
hn

o b b TIME , DISTANCE

{trigger) {MEAN POSITION)
FIG. 9. 2. EFFECT OF FLASH DURATION AND JTTER ON .THE IMAGE

RESOLUTION. :
L1} _ I
The percentage change in image size would be ( ) x 100
I;I=fx(t+2J)x100 ... (9.3)
Substituting typical values observed
Y -6
1'-T = 2x10 x (0.8 + 2x0.5) x 10

pandS )

I

360 %
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This is totally unacceptable as the acoustic image resolution is
degraded by a factor of 3.6 or more. (It is useful to compare the
schlieren image of a short acoustic pulse at 2 MHz obtained with such a
stroboscope and that developed by the author Fig.9.7). The above

percentage change is also directly dependent on the freguency.

9.1.3 Possible improvements to the conventional stroboscope

Looking at the construction of a discharge tube e.qg. the one in the
General Radio strobotac and the trigger circuits, one can identify a
series 6F trigger electrodes assembled in the discharge tube to initiate
the discharge process. Supposing a secondary timing circuit is
designed to operate in synchronism with the trigger circuit in a way as
to remove the excitation grid potential a short time after it is being
applied, the discharge cannot occur unless it has already started. 1In
this way out-of-time flashes can be effectively removed reducing the
jitter but at the expense of average intensity and the apparent
reduction in the repetition frequency as a statistical function of the
duration allowed. Further, by deliberate reduction of flash energy,
that is by manipulating the discharge circuits some improvements in the
flash duration may also be achieved. However, these are rather involved

and therefore other possible alternatives are also to be examined.

Anbther spark source giving shorter pulses has been used by Hanstead and
Dtherg? but apart from the low light output and the emission of harmful
LY light, it is not attractive in the present application due to many
operational problems and large size. The other problem with the
discharge devices in general, is that the emitted light is
norn-monochromatic, This leads to significant chromatic aberration when
a lens schlieren system is used. The use of a pulsed laser is
technically feasible, but it is not a satisfactory solution due to the

hazards involved and also due to the size and the cost.

9.2 THE DEVELOPMENT OF A NEW STROBOSCOPE USING A LIGHT EMITTING DIODE '

In the case of a gas discharge tube stroboscope, the long flash duration
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and jitter are caused by the time uncertainties involved with the
discharge process itself. There is uncertainty with regard to the start
of the discharge after the trigger pulse is applied and once the
discharge is started, there is no effective means of control or stop at
a desired point. Thus the advantages of high stability electronic
timing and synchronization possible with electronic circuits cannmot be

fully utilized with this type of stroboscopes

If a light source could be accurately controlled by a trigger signal
whose duration is 10 ns, say, and if the jitter in the the trigger
signal is about 1 ns, then the percentage image elongation as registered

by the light source according to equation 9.3 would be

I -1

x 100 = 2x1¢ (10 x 10+ 1 x 16 ")x 100

~ 2]

This is a satisfactory figure for the present application but as
mentioned above such performance cannot be achieved with gas discharge
stroboscope tubes. Hence it is necessary to have the light emitting
process directly under the control of the e#%tronic triggering and
timing circuits, which can perform to even better specification if

carefully designed.

9.2.1 The concept of L.E.D. stroboscope

It seems at this stage that both comtrel and timing could be accurately
achieved if a Light Emitting Diode (L.E.D.) is used as a source of

stroboscobic light. This is because the current can be controlled by
the forward voltage applied to the diode according to the Ebers Mole

diode equatiorf®”

a4
I = I (exp ° ~-1) . . . (9.4)
where I, = reverse saturation current
q = electronic charge
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forward voltage applied

Boltzman's constant

T = absolute temperature

while the apparent brightnesstgof the light emitted under normal

conditions is directly proportional to the current density through the

Jjunction according to the equationGW)
n A
B = 3240 e’;t L3 = (mits) . . . (9.5
s

where 1laxt = external quantum efficiency
' L - = the luminuous efficiency of the eye
J = the junction current density
Ay / Ay = ratio of the Jjunction area to observed emitting
surface
A = the emission wavelength in pm.

Hence the possibility exsists to control the light flash duration and

its shape by electronic means down to the limits of circuit performarce.

However, the fundamental problem with a L.E.D. in this application
seems to be the very limited light output normally obtainable with the
specified forward currents., To the author's knowledge, there was no
manufacturers liéiature concerning such short pulses yet requiring high
light output, nor other satisfactory attempts that could be directly
related to the reguirements of the proposed system. Therefore the
feasibility of developing a LED stroboscope to satisfy the illumination

requirements of the present system was examined.

According to equation 8.5, the optical output should linearly increase
with the current, but this does not appear to be happening in the case

of DC as can be seen from a typical LED characteristics curver? Fig.9.3.
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RELATIVE
BRIGHTNESS

F.

FORWARD CURRENT
FIG. 9. 3. COMRARISON OF DC AND PULSED OPERATION OF LED.

It is interesting to note that in the case of pulsed operation, the
linearity 1is seen at least over the range of measurements presented,
while the DC curve tends to flatten out quickly indicating diminishing
returns in brightness with increase in forward current. Unfortunately,
the manufacturers data do not cover pulse operation except in a wvery
limited sense for pulsed currents up to about 300 mA and durations in the
range of ms which are far removed from the requirements of the present
application. Therefore, a series of experiments was - carried out to

examine the limits of operation of LEDs in the pulsed mode.

A large number of radiometric measurements was taken with respect to
pulse width, repetition rate and the current passed through a Stanley
H-500 high brightness LEST”Using these data, graphs were plotted such as
the one showed in Fig. 9.4, to assess the maximum safe current. It
was found that very high current could be passed through the diode under
the required conditions and even at 20 A , which was the limit of the
drive circuit used, there was no indication of optical saturation or any

danger to the desvice.
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From these experiménts it was found that the discrepancy between the DC
and the pulsed characteristics is caused by a temperature rise effect at
the diode junction and provided that the current pulses do not raise the
Jjunction temperature excessiuely, the peak optical output Iincreases
linearly with the increase in current, at least up to a several tens of
Amp, Even at such heavy currents no optical saturation was ocbserved and
the optical output is proportional to the duty cycle. Under these
conditions the brightness was more than adequate for the purpose, being
able to register the image field well, even with a single pulse. An
added advantage, not possible with electrical discharge stroboscope is
that there are three parameters now available for controlling the
brightness, namely, the peak current, pulse duration, and the repetition
rate. Hence the average brightness could be maintained reasonably

constant over a wide range of operating conditions.

9.2.,2 Choice of a suitable LED

The efficient performance of an LED in the present application depends

on a group of factors as follous.

1. Luminosity

2. Emissive surface area

3. Thermal mass of the substrate and the heat dissipation
of the device

4, Electrical characteristics such as
(a) Bulk resistance of the substrate, leads and the contacts
(b) Junction capacitance and the diffusion capacitance
(c) Dynamic resistance
(c) 1Lead inductance

5. Spatial distribution of emission

6. Peak wavelength and spectral distribution

7. External surface condition
Apart from a wide variety of LEDs available, the above factors do vary

considerably even within the same type of device. For example, tuwo

high brightness LED of the same type may have a luminous intensity
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variation between 300 mcd to 500 mc(dsq)representing a percentage change
as high as 33%. Although the spatial distribution of some LEDs can be
guite narrow, which is a real advantage over the discharge stroboscope,
the LEDs are not always free from manufacturing defects such as small
mis-orientation of the optical axis, dark spots ect., giving alignment
problems. On the other hand out of the electrical characteristics
mentioned above, junction capacitance,' diffusion capacitance and the
dynamic resistance are all nonlinear quantitiego)and depend on the bias
conditions. Hence high freguency eguivalent circuit analysis under
heavy current conditions is rather involved. The following approximate
representation as in Fig. 9.5 may be considered to examine some of the

features.

(a) IDEAL DIODE
a v

CJ
[
1
N — :
(b) L1 000000 —
N HEAT ENERGY
LIGHT ENERGY

QUANTUM MECHANICAL PROCESS.
HEAT ENERGY

FIG. 9. 5. REPRESENTATION OF A LED AT HIGH FREGUENCY.

[3:r preferentially bypasses high frequency components, while L presents
higher impedance. Furthermore, L and Cscan resonate at high frequency
causing difficulties of extracting charge from the diode jumction. On
the other hand, the higher the rm:the higher the drive required causing

higher internal dissipation. As discussed above, this is the main cause
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of lowering the luminuous conversion efficiency of the LED., All these
mean that for optimum performance, LLEDs have to be chosen by screening
measurements and  trials, Although initially a 5tanley H-500 high
brightness LED was chosen for the experiments, the final stroboscope was
designed later with a much brighter Stanley H-2000 LED which became
available only afterwards. It is expected that even brighter LEDs
will become available in the near future.

9.2.3 Stroboscopic driver design considerations

A closed form approximation for the transient response of a high

radiance double-hetrojunction LED in terms of 10 to 20 percent rise time

may be written as in standard tm=.'><tf‘"J

t10-90 T ¢ +7) fn 9 ] . . (9.6)
Bi

electronic charge

where

= current step for driving the LED

= Boltzman constant

o = - 0o
I

= minority carrier life time

Although the junction capacitance C:‘ is voltage dependent due to the
distributed nature of the stored charge, the rise time according to
equation 9.5 may still be improved by current peaking if necessary.
This can be done by passing current in excess of the desired level for a
short time and also applying a negative bias at the end of the pulse
period for a short time to sweep out the injected carriers. In addition
the application of a small forward bias on the LED would also be useful

in reducing the activation delay.
As estimated before, the current pulses required in the present

application were in the order of 20 A, the duration in the range of 10

ns and a maximum repetition fregquency of about 2 kHz. Generating such

- 138 -



current pulses with very short duration presents major difficulties in
the circuit and layout design. Since the low level trigger pulses can
be readily obtained from the conventional pulse generators, the efforts
were concentrated mostly on the design of a suitable driver. The heavy
current pulses mean that the circuit inductance and the resistance of
critical components and wiring, however small, become a major concern,
while the shortness of the pulses of the order of 10 ns means that the
overall bandwidth must be in excess of 100 MHz. Furthermore, adeguate
protection against sharp spikes and instabilities leading to spontaneous
destruction of the devices must be taken care of. After many trials the

stroboscope driver circuit as shown in Fig. 9.6 was initially designed.

Basic operation of the circuit is briefly described as follows. T, and
T, form a complimentary emitter fogbwer stage designed to give an output
impedance of the order of 3 ohms which drives a UN 10 KM MosFET in the
pulsed mode. The amplified pulse is developed across the primary of a

phase inverting pulse transformer (1 : 1, bifilar winding on a Feralex
'P! grade, MM 623 ring core) with a resistance in parallel, of the order
of 22 ohm. The secondary winding is referenced to ground and also
shunted by a suitable resistance to lower the impedance further to drive
a set of 4 UN 88 AF mosfets in parallel which operates the LED connected
between a higher voltage supply of the order of 50 V and the common
drain. The input impedance of the driver is dominantly resistive and is

in the order of 50 ohm.

This configuration was successfully used throughout to the fimal design.
The main differences have been in the choice of components,
incorporation of an indicator circuit, slightly different biasing
arrangements and the layout (Figs. 9.6 - 9.8). All these circuits
performed extremely well as can be seen from the typical test results.
(fFig. 8.7). Care has been exercised to protect the circuits
adeguately, since any accidental damage would result in painstaking
repair work. Fig.9.7 also shows the assembly of the first prototype on a
bread board and Fig 9.8 shows the finmal subminiature but more powerful

version for the imaging system compacted intc a lens cap.
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| (e)
Fig. 9.7 THE FIRST ASSEMBLY AND TYPICAL TEST RESULTS,
(a) The first prototype LED stroboscope on a bread board

(b) A schlieren image of a long train of pulses
(c) Cylindrical field of a small transducer driven at 2MHz
(d) A pulse approximately one wavelength long

(e) The above pulse as seen with the conventional Strobotac
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Signal Diodes

Light Emitting Diodes

1. Stroboscopic source - Stanley Hi-Super bright H-2000 LED
2. Dual supply indicator - Stanley ESBR 2201 (not critical)

Pulse transformer

1. Core - MM 623 Feralex 'P' grade ferrite ring core

2. Winding - gauge 22 enameled copper wire, 23 turns, 1:1 bifiler

[L.ED STROBOSCOPE

’

IDESIGNED AND CONSTRUCTED BY G-P.P GUNARATHNE|

- "
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Fig. 9.9 THE LED STROBOSCOPE ASSEMBLED IN A LENS CAP READY
7O BE LOCKED IN TO THE OPTICAL ASSEMBLY .
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Fig.9.10 THE LED STROBOSCOPE ON THE HANDLE OF THE STRDBOTAC

After the successful development of this LED stroboscope, it was

published in Ultrasonics, July 1983. See appendix 3.
9.3 CONCLUSIONS

The conventional gas discharge stroboscopes are not suitable for the
present application. A new stroboscope has been successfully developed
based on a Super bright Light Emitting Diode driven with very short,

very high current pulses. Its 1light output is more than adequate for
the purpose, being able to show up the schlieren images well, even with
a single pulse. The advantages compared to ordinary stroboscopes can be

summarized as follows.

(1). Extremely short flash duration, independent of repetition rate; 10
ns or even shorter pulses are possible as assessed by the current
pulses, compared to 30 to 50 ns of a spark discharge stroboscope
or 0.5 to 3{“5 of a commercial gas discharge stroboscope whose
flash duration varies with the repetition rate in the above range.
(2). Completely free from jitter

(3). Nearly monochromatic emission



(4). Well defined shape of source and spacial emission giving uniform
illumination over the entire field of interest

(5). Pulse width and pulse energy can be accurately controlled

(6). Long working life

(7). OSmall physical size

(8).' Very low cost

— /] -
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-CHAPTER 10-

DESIGN AND CONSTRUCTION OF TRANSDUCER ARRAYS

The importance of high qualily transducens in the
present  application was mentioned in Chapten 7.
However, <t was apparent that commercially availalle
transducen arnays and Backings fLall fan shont of the
nequinements. As such, new Lechnigues have HLeen
developed for the construction of high qualily
transducen arnnays using a new type of Backing made of
dental alloy epoxy mixture undern closely controlled
conditions, Analysis of the fLactons .involved and the
details of the process are presented in this chaplen,

10.1  INTRODUCTION

Variability of the properties of ultrasonic transducers is one of the
main problems often encountered in practice. (Fig. 1D.1)T) In the case
of a flaw detector, transducers having rather different characteristics
can still serve the same purpose, while in the case of a conventional
switched array B-scanner, the uniformity of the elements is somewhat
important, although not critical. However, in the present case the
situation is very different as the whole process of image
re-construction depends on the accuracy of the amplitude and phase
information of the echo signals forming images by direct interference of
acoustic waves. As menticned earlier, this depends largely on the

performance of the tramsducer arrays.

When the transducers are physically small, the failure rate and the
variability are even greater. Therefore, it is not difficult to
appreciate the nature of the task to make two transducer arrays, each
consisting of 30 tiny elements with sufficiently identical properties.
It is worth mentioning at this stage that not even the original DUVD has

such requirements as there are no arrays involved.
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Fig. 10.1 VARIABILITY OF ULTRASONIC TRANSDUCERS - Response of two

nominally identical commercial transducer probes, (Silk, 1984)

10.2 EARLY CONSTRUCTION PROCESS

Early attempts were made with transducer crystals backed by tungsten
araldite slugs purchased from the manufacturers. These crystals were
bonded with epoxy to the backings in the usual way and then the array
elements were cut to size. After many time consuming trials it became
evident that the required performance cannot be achieved in this way,
mainly due to the poor quality standards of the raw materials. For
example, the acoustic impedance of the slugs earlier purchased for
making the arrays varied between 17 X 1[]6 Nem > and S x ‘IUb Nsm2 . The
attenuation figures in the pulse echo mode at 2 MHz for a particular
slug for example varied in excess of 23 dB just from one end to the
cther over a length of only 15 to 20 mm indicating severe 1local
variations. On the other hand, crystals even of the same batch were
different too, causing great deal of problems when replacing any

defective elements or making new arrays.

10,3 INVESTIGATIONS OF BASIC PROBLEMS and IDENTIFICATION OF PARAMETERS

In respect of the above, one has to exercise tight control over the
materials, composition and the process adopted. Screening tests had to

be developed to chose the right materials. The materials used include :
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. Pieioelectric material

« Backing materials

Bonding materials

Additives

Surface protection materials

o &~ W N =
-

10.3.1 Piezoelectric material

After several trials, it was found that PZT 5H was better suited for
the purpose., Further experiments showed that some crystals, even if
they are of the same kind and batch, were more difficult to damp than
others. Because it was so important to obtain & bandwidth as wide as
possible, initial damping and banduwidth tests were carried out on
transducer crystals to select the most suitable ones. It was also
observed through many trials that a high degree of initial poling
favours not only the sensitivity but leaves more room for achieving
wider bandwidth. Therefore the selected crystals were re-poled to the
maximum possible limits. Another cobservation was that in the process of
damping a transducer mechanically, a reflection free interface can not
be achieved even if the impedance of the backing material was made equal
to that of the ceramic with an extremely thim bond line. Apart from
these, some other factors influencing performance and uniformity amang

the crystals of the same kind were identified, such as

1. The state of adherence between the substrate and the electrode
2. Thickness and uniformity of electrode layer

3. External surface texture

The efficiency can be severely impaired by poor adherence of the
electrode layer. This situation was clearly demonstrated in some cases
where the transducers did not give wideband response with good backings
and bondings to which other crystals responded very well., Upon
examination, it was found that the state of adherence of the silver
electrode layers was very poor and in some cases they just pesled off
after sticking on a piece of cellotape and then removing it. (Fig.

10.1). Small scale re-silvering and poling gave better results.

- 149 -



Fig. 10.2 A TRANSDUCER WITH A POORLY ADHERED ELECTRODE LAYER

Another important aspect found was the surface texture of a given
crystal. This affects the bond between the transducer and the backing
material both in terms of adherence and effectiveness and hence
the performance. When a crystal having dissimilar surface textures on
each side is cut into two balves and the opposite faces were bonded to
the same backing material under identical conditions, different
responses were given, indicating the influence of the surface texture.
Generally both short spatial roughness and long spatial waviness
variations were seemn on different crystals. {(Figs. 10.3 a and10.3 h).
They differed so much at one stage that the surfaces had to be specially

prepared and characterized further by surface texture measurements,
At the same time excessive thickness and the lack of uniformity of the

silver layers often presented problems. After constant appealing to the

manufacturer, this aspect was sufficiently improved for the purpose.
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Fig. 10.3 SURFACE TEXTURE DIFFERENCES IN SOME TRANSDUCER CRYSTALS
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10.3.2 Backing material

An ideal backing material may have the following properties,

1. Specific acoustic impedance close to that of the transducer material
2. A high attenuation coefficient

3. Freedam from back scatter

These properties, specially (1) and (2) are hard to achieve

simultaneously.

According to classical theory the specific acoustic impedance of a medium

is given by

Z = pc .. .. | (10.1)

where P 1is the density of the medium and ¢ 1s the velocity of sound.

When a travelling wave meets a medium of different acoustic impedance,

not all the enerqgy is transmitted, such that

Transmitted Energy _ 4Z1 ZZ (10.2)

Incident Energy (Zl + Zz)

specific acoustic impedance of first medium

where 21

and Zz

specific acoustic impedance of second medium

Therefore it follows theoretically that if the acoustic impedance of the
backing material is made to be equal to that of the crystal, and the two
surfaces are kept in intimate contact, the damping on the transducer
will be at 1its maximum wvalue and all the incident energy will be
transmitted. However, this condition is not practically achieved as
mentioned before as there is an intermediate electrode layer and a
coupling layer of either oil, an adhesive or a cold weld etc., of finite

thickness separating the transducer and the backing medium. In this
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situation, however thin these layers are, the process of acoustic energy
transmission is a lot more complicated thah that given in equation 10.2.
Classical theory and the basic transducer model presented in Chapter 7,
Fig. 7.9, fail to give an insight into this behaviour and many other
factors outlined previously. Therefore it is worth examining the
situation with more appropriate transducer models such as Mason's
equivalent circuit model and Krimholt , Leedom and Matthaei™ (KLM),
eguivalent circuit model to identify the influence of various parameters

concerning the construction of arrays.

10.3.3 Transducer modelling - Mason's equivalent circuit

The Mason's model relies mainly on the use of transmission line analogy
to acoustic wave propagation and represents all the three ports namely
front and back acoustic ports and the electrical port of the transducer.
Fig. 1D.4@shows‘the Mason's equivalent circuit for a thin transducer in
one dimension, In this model, the mechanical and electrical properties
of the transducer are represented by separate branches limked by an
ideal transformer having a turns ratio 1 : N, where N = C:,oh35 s C =
static capacitance, h33= piezoelectric deformation coefficient. The
impedances Z, , Za and Z, include cyclic terms governed by the thickness
of the piezoelectric disc and represent the effects of the reflection of

ultrasonic energy at the boundaries of the disc.

Electrodes /Piezoelecfric Material

R

medium (a) - |—» medium (b)
Port (1) —» <«—— Port @

I Port@
\'

-

FI1G.10.4(A) TRANSDUCER GEOMETRY SHOWING THE THREE PORTS
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FIG. 10. &4(b). MASON'S EQUIVALENT CIRCUIT (ELECTRIC FIELD
PARALLEL WITH PARTICLE VELOCITY).

With this model, there is provision for incorporation of the additional
layers such as electrode layer, bond line and face plates etc. by
appropriate electrical counterparts so that bhetter approximation to the
real operation could be made., For a layer of material having finite
thickness t, the impedance Zim is given as in standard tex%)and with

reference to Fig. 10.5.

Z_ + 2, tanh (@t

)
7. =2|-8 ¢t . e (10.3)
in y Z. + Z_ tanh (@8+%)
L B *
$§ = a+ j2ri/c .. . (10.4)
where ZB = acoustic impedance of backing medium
Z, = impedance of the layer material (e.g. a bond layer)
o = attenuation coefficient
f = centre freguency
c = velocity of sound
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ELECTRODE LAYER (BACK FACE)

7 1
PZT
BACKING MATERIAL
ty 1 t,
7 ELECTRODE
’ BOND LAYER
LAYER « L™ -——T—— (FRONT
FALE)
TRANSDUCER

FIG. 10. 5. ACOUSTIC IMPEDENCE PRESENTED BY LAYERS
OF FINITE THICKNESS.

It is also shown that the characteristic impedance of an attenuating

medium is no longer f)x c, but is given bfw

zZ = Zo[l/(lﬂf) -jr/(1+r2)] . . . (10.5)

r =&/ 2nf . . . (10.6)
where Z%is the impedance of an equivalent non-attenuating medium.

This could be followed successively through to any number of layers. It
is now not difficult to see the dependence of acoustic transmission on
parameters such as finite thickness, attenuation and acoustic impedance,
bond layers and electrode layers which the classical theory fails to
represent. It could also be seen that in the case of making arrays any
local variations of the above parameters are far more significant and

could easily cause non-identical behaviour.

One of the problems with Mason's model is that it is rather difficult to
interpret the effects in the reverse order. That is to say what would
be the implication of modifying the electrical model in terms of

constructional features. In this respect the transducer model developed
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by Krimholtz, Leedom and Matthaei, (KLM model) as shown in Fig. 10.6 is
more flexible to be used in interactive transducer design. Here the
piezoelectric element is represented as a lossless acoustic transmission
line of length L coupled at its mid point to 2 lumped network,
representing the electrical properties of the disc. Any other layers
can be added to these acoustic outlets as acoustic transmission lines by
their acoustic impedance and the thickness as a function of phase.
Mechanical and electrical branches are again linked by an ideal

P
transformer of turns ratio 1 ¢ N

’ -1
h e = T T s i ,

and the reactance of C,, Xg is given by

— 2 L3
X, = &T Sinc (£/£)/2nfC_

» L2 + L/2 ﬁ

o ()

) T, ———— —ly

vl

Vi z,.v Z,.v

C 0

ACOUSTIC TRANSMISSION LINE

at——mee— [DEAL TRANSFORMER

X, = 2o (_;_"z‘._)'m (harV?)

FIG. 10. 6. KLM TRANSDUCER CIRCUIT MODEL.
For optimum bandwidth, the Q wvalues of the mechanical and electrical

tranches are matched. The mechanical Q value Q,, is

Z
(—E— ... (10.7)
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where Z, 1is the impedance of the ceramic material, ZF and Z; are the
equivalent impedance seen by the transducer at the front and the back

ports respectively. Electrical [ value is given by

Z.+ 2
Q = “——2- ( —‘g'?"‘—F > . . . (10.8)
e kg P

Equating 0 and Q@ for optimum bandwidth gives

B

(10.9}
= A . . .
A 2 pﬂg‘_'

Substituting typical values for Z and kT as 28 and 0.68 respectively,

2. +37 = 27 x10° Nsm—3

This means that in the present case, the object medium being steel with
an impedance of about 4B x 106 Nsnf3, bandwidth and efficiency cannot be
optimized without some impedance transformation at the front end e.g.
using matching layers. However, for the feasibility study this may be
omitted due to the large amount of work involved. For the time being if
aluminium is used as the test object medium, whose impedance is only
about 17 x 105 Nsm > sbandwidth optimization according to equation 10.9
can still be done without any matching layers and therefore the system
performance could be evaluated without loss of generality., This is the
case for the re-transmitting array any way, as it is to be directly

coupled to the aluminium lens.

Hence if the impedance at the front face is assumed to be about 14 x 1Db
Nsm>, (taking into account, the drop from the nominal value of aluminium
due to protective layers and bond layers, cf. equation 10.3), then the
required back face impedance according to equation 10.9 would be about
13 % ‘IDb Nsﬁa. ARgain considering the effect of bond layers, the reguired
impedance of the backing itself in this case would be about 16 X 10b
Nsﬁs. ~This agrees with experiments where the optimum bandwidths were
obtained with backings whose acoustic impedance was not equal to that

6 .
of the ceramic, but considerably less in the range of 14 to 20 x 10 Nsme
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Apart from the impedance one other important consideration has been the
attenuation of the backing medium, Impedance, attenuation and the path
length required are clearly related. Normally the higher the impedance,
the lower the attenuation and therefore the longer the length of the
medium required to prevent significant reflections back to the
transducers. However, in the case of making arrays with conductive
backings, this presents a crucial problem due to increased inter-element

capacitive cross-coupling as will be shown below. See Fig. 10.7.

A

BACKING STRIP
[conductive)

Lo 25mm

PIT ARRAY ELEMENT
{bonded}

5

FIG. 10. 7. CAPACITIVE CROSS-COUPLING OF TRANSDUCER ELEMENTS

The capacitance formed between two backing strips as in Fig. 10.7 can be

. {4
written as

C = A& g /a . . . . (10.10)

where A is the surface area of the backing, d is the element spacing
t - -

and € is the permitivity of air ( = 8.85 x 107 F m ). Substituting

typical values, gap width = 0.2 mm, backing length = 25 mm, the value of

the capacitance C would be

C = 15 x 25 x 8.85 x 10'70.2

~ 20 PF
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Therefore, at 2 IMHz, the reactance of the cross-coupling capacitance
would be

-1
X, = l/21EC = 1/21 2 x 10% x 20 x 10712

= 4000 R

Assuming the transducer impedance is approximately 500 Ohm resistive at

the centre frequency, two consecutive elements may be represented as in
Fig. 10.8.

4000 9 R, Ry
o- 1o o—1 F11 1+
Iy  }
- \ 5000 5000 pu— Viu Ry Your
= = =

FIG. 10.8. AN EQUIVALENT CIRCUIT REPRESENTATION OF INTER-ELEMENT
CAPACITIVE CROSS-COUPLING.

If a voltage V;, is induced in . element 1, the voltage transmitted to

element 2 via cross-coupling would be

Yout = Ry / (Rp ¥Ry v

uhere K = Ry, / ( Ry + Ry) may be treated as the cross-coupling
factor. By star delta transformation,

R = R = 4000 x 500 / S000 = 400 Ohm

- 159 -



500 x 500 / 5000 = 50 Ohm

o
3
Qa
ms ]
I

-

-

=
H

(50 / 550) 100 ~ 10 %

Although the actual figure will be somewhat less than this in the
present application, the influence of inter-element capacitive
cross-coupling can be quite serious if lower width/gap ratios are to be

implemented and/or at high frequencies.

Earlier trials were made with tungsten loaded araldite, but the
attenuation at the reguired impedance was rather low for the purpose and
therefore various attempts were made with materials to achieve better
attenuation vs impedance figures. From this exercise, a better
compromise was found with a fine grain dental alloy mixed with epoxy in
appropriate proportions and made under closely controlled conditions and

the details will be presented later in the chapter.

Further attempts were made to develop non-conductive backings using
aluminium oxide powder with the aim of avoiding capacitive
cross-coupling all together. One of the problems with the aluminium
oxide backings were some backscatter and reflection from non-homocgeneous
sites as a result of using fairly coarse grain powder which was already

available at the time.

10.3.4 Adhesion and bond line effects

One of the most serious problems faced inm the constructien of the array
was due to the variability of the properties of bond line between the
transducer and the backing and also the protection layers at the front
face. Some preliminary experiments were carried out using carefully

prepared glass samples bonded by various adhesives and mixtures of
adhesives and suspensions to study the nature of variability of bonds

under controﬂpd conditions. (Fig. 10.9).
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Fig. 10.9 EXAMINING BOND EFFECTIVENESS USING GLASS SPECIMENS

One of the observations was that not even a near reflection free
interface was formed in any occasion. The minimum reflection aobserved
did not fall anything below 15 to 20 % of the incident amplitude and
also the variabilities between the samples were very significant.
Because the samples were glass, it was possible to observe how easy to
form patchy bonds and alsoc how to avoid them. There was evidence that
the structural strength of the bond also played a significant
role in acoustic transmission through the interface. Additives with the

aim to increase the impedance of the bond material did not always go

according to the expectations. Although the impedance was raised in

this way, the consegquant loss of structural strength and increase in
‘bond line thickness at higher prop%&ions of the additives counteracted

a possible improvement in performance. Factors of importance are
1. Bond line thickness and its uniformity over the required area

2. Structural strength of the bond

3. Acoustic impedance of the bond materlal
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4, Attenuation coefficient - «

5. Acoustic wavelength - N

Classical approach again does not give any insightinto these but
examinatiogféquations 10.3 and 10.4, reveals the important features of a
bond line. As tanh (iﬂg) —_— E&v for small bond thicknesses t» ea.
10.3 can be re-written as

7. = ZL(ZB + ZL @ tO

in e e e . (10.11)
ZL + ZB ﬂt1

where Z,,is the impedance seen by the prabe at the back face.

If Z, << Z,

(10.12)

2 ¥ 2/ (14 (ze/zMY) - 0

i.e. for Z;, to be equal to Z, , ( Zg/ Zy ) ﬁﬂinmst be small. For the
present case ( Z, / Zy ) is about 5.5 and if about 20 % reduction in

apparent backing impedance Zh\is permitted as before, then from 10.42

lpe | = 0.25/5.5 ~ 0.045
But g = a+ i2nf
c

For the epoxy mixture used the attenuation coefficient « is in the range
of 1.2 nepers mﬁdand“(Z M f/c)=~5mmat 2 MHz. Substituting the
appropriate values for |ﬂ§]

7 .3
t, =~ 0065/ (1.2 + 5 )% = 8.7x10° mn

This is anm unfavourable situation as the bond line thickness has to be
maintained below a few microns, and even at the above value of 8.7}Am,
the apparent reduction in effective backing . impedance is 20 %. Now

turning to the surface texture measurements, Fig.10.3, the importance
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of careful surface preparation before bonding is self evident. The
local variations in the transducer crystal alone is sufficient to cause

enough problems.

It must be mentioned at this stage that in the manufacture of probes,
such local variations are of a much less serious nature as far as the
uniformity of two probes are concerned due to the averaging effect over
a comparatively large surface area. But the situation becomes more and
more prominent when the size of the transducers is small, comparable to
the type of spatial surface variations of the crystal leading to

increased non-uniformity in the case of arrays.

On the same reasoning, not only the transducer but the surface texture
of the backing is just as important and the experiments showed that this

is even more difficult to control.

Fortunately, technigues were developed later to improve the surface
texture of the backings leaving only short term spatial roughness within
limits and 1little long term spatial waviness. The effect of local
uariafions on a small transducer can be treated as increasing the
average bond line thickness., MNow if representative values obtained from
surface texture measurements are substituted to give am average bond
line thickness of about ZD/Am, then the effective impedance as seen by
the transducer for the same backing in the present case would be about
368 % less than that of the backing itself, which is totally
unsatisfactory. i.e. for a change of bond line thickness of only 11/Am,
the effective backing impedance was varied by about 16 %. This type of
change is typical but if .. great care is not taken, the situation could

te far worse.

Although the absolute impedance values are different, some idea of what
reduction in backing impedance alone means in terms of performance can
be gained by comparing theoretically expected pulse shapes of two
transducers as seen in Fig. 10.10, after Silﬁn(1984). The difference of
impedance between the backing from 1st to 2nd in Fig. 10.10 is- only

about 12 % and the bond line thickness is assumed to be zero.
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Fig. 10.10 VARIABILITY OF PULSE SHAPE AS A FUNCTION OF ACOUSTIC
IMPEDANCE OF THE BACKING, ASSUMING ZERO BOND LINE THICKNESS. (Silk,1584)

Apart from the apparent reduction of the backing impedance, the finite
bond line thickness seems to have far more consequences particularly if
wideband performance is required as in the present case. It was
observed in experiments that when the mechanical damping was gradually
increased, the corresponding improvement in the bandwith was not
symmetrical about the centre freguency. The low freguency response is
readily enhanced while the high freguency side was relatively much
poorer (Fig. 10.15 a through d). This can also be understood in terms
of bond line properties. Returning to eq. 10.4, where ﬂ = X +

12A$ / c, it is seen that the bond line thickness limit is a function of
frequency because the attenuation in polymer materials like araldite
is prop%}ional to frequency. Hence the effective damping impedance will
fall with frequency leading to high frequency energy being trapped
within the PZT material. This explains the experimental observations
where mechanical damping gave little improvement towards the high
frequency end of the tramsducers. Therefore on the same argument it
must also be mentioned that whatever the layers involved in the front
end must be extremely thin and well coupled to the test object to
irradiate or receive short pulses. It also seems to be an advantage to
force the transducers to operate gomewhat below the nominal resonance

freguency to achlieve better phase performance because in effect
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mechanical damping preferentially improves the low frequency spectrum of

the transducer.

10.4 THE CONSTRUCTION PROCESS

The fundamental areas of critical importance that need to be handled in

the construction process are

1. Transducer material
2. Backing material
3. Bond line

The transducer material selected was PZT SH and after screening tests
and re-poling as mentioned previously, the thickness of the silver
electrodes was further reduced as far as possible by careful scraping
and polishing. The surface to be bonded was carefully treated with
degreasing agents and the surface texture measurements were repeated
They were then stored in acetone to prevent oxidation and contamination

of surface until ready to be used.

10.4.1 The development of high gquality transducer backings

As mentioned before, the earlier transducers were made with tungsten
araldite slugs purchased from manufacturers. These slugs uwere
cylindrical in shape and therefore the surface required for bonding was
prepared initially by milling along the length. However, it was later
found that the impedance of the slugs varied severly from one end to the
other. Experiments suggested that this is mainly caused by the metbhod
of compacting the powder. Usually these slugs are made by compacting
the tungsten araldite powder mixture by applying pressure from one side
of the charge in a cylindrical mould. Due to the frictional forces
mainly set up at the interface between the charge and the wall of the
mould, the powder is not compressed uniformly leading to the type of
changes observed along the slug. To avoid this problem, a steel mould
was designed such that pressure could be applied along a rectangular

surface having dimensions slightly larger than that of the transducer
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to be bonded. Any impedance variation down the slug in this case is
largely irrelevant and may well be used to an advantage to achieve
higher attenuation for a given backing length, without affecting the
impedance presented to the transducer. In fact this was deliberately

"done at a later stage.

Many trials were made with different materials to achieve suitable
attenuation vs impedance characteristics for a length of the medium not
exeeding the limits discussed previously. As mentioned before, dental
amalgam showed a better compromise for the purpose but it was soon
gvident that whatever the material used, achieving the required
hroperties and the uniformity are largely dominated by the process
adopted. The earlier backings made with the dental amalgam still showed

very high non uniformity.

By adding more powder and applying differential pressure to the sections
where there is low impedance, it was found possible to restore
uniformity along a plane just below the top surface which can be
accessed by milling. However, the problem was to know exactly how
much mixture should be added, when and to what extent the differential
pressure should be applied and also what changes in temperature and
curing time etc, are to be made. To overcome these praoblems, a
technique of monitoring the properties of the backing while it is being
made inside the mould was developed, as trial and error construction
proved expensive, time consuming and giving 1little success. To the
author's knowledge, such monitering and adjustment techniques are not

carried out in the industrial manufacture of transducer backings.

In order to monitor the properties, the mould was re-designed to
accommodate a set of 6 small closely identical transducers on either
side of the mould forming three pairs facing each other (Fig.10.11).
These transducers were coupled to control and monitoring circuits so as
to send and receive ultrasonic pulses in the reflection and through

transmission mode separately.
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Fig. 10,117 MOULD FOR MAKING HIGH QUALITY TRANSDUCER BACKINGS

When the mixture is placed in the mould and pressure is initially
applied, the transducers were activated to send pulses across the charge
at different places along its width. The acoustic impedances at those
places could be measured in this way by considering the reflected
amplitudes at the steel/backing interface, while the attenuation figures
were obtained by examining the transmitted signal amplitudes received by
the opposite set of transducers. It so happened that the attenuation
measurements were far more informative and accurate than the impedance
measurements and also monitoring attenuation only was sufficient to make
any necessary adjustments to achieve uniformity, the required impedance
and other properties of the backing before the completion of the curing
process., the mould is made in three parts, each fitted with internal
heaters. The temperature of the mould is sensed by a thermistor fixed
inside and was used to regulate the temperature of the mould fairly
accurately by a prop%@ional temperature controller designed to supply
the required heater current at the temperature set on the dial. See
Figs. 10.12.
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Fig. 10,12 THERMOSTAT CONSTRUCTION

Unlike the case of tungsten araldite, the dental alloy/epoxy mixture has
three variable constituents, namely the metallic powder mixture, mercury
and epoxy so that better control over the required properties may be
achieved. A typical amalgam slug made for this purpose has the

following approximate composition,

Fine grain dental alloy = 80 gms
Mercury = 40 gms
Slow setting epoxy o~ 7 gms

These components are thoroughly mixed and sieved with a 500 microns

sieve and packed into the mould, The process conditions were as follows.

Curing temperature 85 °C + 0.5 °c

[}

Pressure o 350 psi
Curing time o 2 to 3 hours
Relaxation time o 30 hours

Fig. 10.13 and 10.14 shouw the set ups for monitoring the properties and

making these backings according to this new approach.
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Fig., 10,13 THE EQUIPMENT MADE FOR CONTROLLING AND MONITORING
THE ACOUSTIC PROPERTIES OF THE BACKINGS.

m

Fig. 10.14 THE NEW APPROACH OF MAKING HIGH QUALITY TRANSDUCER BACKINGS
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As there is provision to make adjustments to correct non-uniformities
when detected by the ultrasonic monitoring system, the backings made in
this way gave much superior uniformity and performance. In the case
of an amalgam backing mercury plays an important dual role, i.e. as a
sensitve ingredient to control the acoustic properties as well as in
structural bonding of the slug. The addition of slow setting epoxy in
this case is mainly to modify the attenuation characteristics. Therefore
there is a great deal of flexibility in achieving the required overall

properties compared to the conventional tungsten araldite backings.

However, one of the most difficult problems with the dental amalgam is
that it hardens too quickly leaving very little time to prepare the
mixture correctly and to transfer in to the mould to start the process.
Also it was noticed that the components of the dental powder were not
the most favourable with respect to the required end results althougﬁ it
was good enough for the purpose. It is worth mentioning at this stage
that as mercury amalgamates with a large number of metals and alloys,
there is the possibility to make even better backings with other allaoy
materials having more favourable acoustic properties and slower

amalgamation rate than dental amalgam.

10.4.2 Bonding material and bond layers

As mentioned before, this was the most critical subject to be dealt
with. Experiments carried out with glass samples suggest that addition
of small amount of fime grain high density metallic powder to epoxy gives
some improvements in the acoustic properties of the bond line. These
improvements are to be expected according to eq. 10.41 which in effect
means a relaxation of bond line thickness due to a possible increase in
the acoustic impedance.  However, on the contrary, when tungsten powder
is added in larger proportions, the performance gradually dropped in
spite of the increase in acoustic impedance of the bond material. This
could well be due to the inmability to achieve small layer thickness as a
result of amn inmcrease in viscosity of the epoxy mixture. Also these

bonds tended to be very patchy. Hence it is not possible to improve the
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performance of a transducer meaningfully in this way.

However, an interesting method was developed to achieve higher bond line
impedance without leading to higher layer thickness as follouws.
Firstly, the surfaces were prepared until the roughness of the mating
surfaces were comparable with the size of the particles being added.
Then tungsten powder (average particle size of approximately 0.5
microns) was lightly added taking care not to add too much to cause
any significant increase in viscosity. This mixture was warmed to
about 55 °C in partial vacuum for about 20 minutes. The crystal and the
backing were alsc maintained at this temperature throughout. Then the
epoxy mixture was applied to both the surfaces and brought into contact
under moderate pressure. After this the backing was massaged with the

erystal under pressure until at one point it was caught by the backing.

Since the surface roughness is comparable to the particle size, the
hills and the voids of the mating surfaces offer greater resistance to
the movement of the particles when the massaging is done. Therefore, a
certain amount of filtering or separation of tungsten particles from
epoxy within the bond layer can be expected, causing the tungsten
particles to be deposited in the voids which would have otherwise been
filled mostly with low density epoxy. The result is therefore, an
increase in the effective impedance of the bond layer without increasing

the layer thickness and hence the performance.

The sandwith 1is then allowed to cure at a fairly elevated temperature
of about 70 °C and under pressure for about B hours and then allowed to
cool down to the room temperature, but without releasing the
external pressure. After the transducer is cooled, the pressure is
released and the resulting transducer is left to relax for a period not
less than 12 hours before being used in the next stage of
construction. The reason for this period of relaxation is that the
amalgam slug changes its properties significantly in re-heating

operations and takes a considerable length of time to settle douwn.

Casting a backing on a crystal has also been tried as an alternative
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approach, but it never gave good results anywhere near to that obtained
by separately bonding the crystal to the backing as described above.
This was mainly due to the uncontrollability and the patchiness of the

bond layer formed and therefore the idea of casting was abandond.

On top of the backing a thick layer of tungsten loaded epoxy was added.
The transducer was then cut right through including the backing with a
high speed diamond impregnated saw, to form the reguired dimensions of
the array element as obtained in Chapter 5. The crystals used were
originally made with a small bevel along cne edge (about 0.5 mm margin)
so that very fine electrodes could be soldered to the front face of each
element without leaving any protrusions above the plane of the crystal.
Soldering was necessary for reliable operation and to prevent failures.
However, the area available for soldering was very small ( 0.5 x 1 mm
approx.) and alsc had to be completed within a time no more than a
second making it a very strenuous task. Solder itself had to be first
prepared by dissolving silver to near saturation so that the thin silver
layer on the element is not dissolved away within the time of soldering.
According to the author's experience, conductive epoxy and silver paints
are not switable for making connections to the array elements as they
lower the reliability of the probe array. Furthermore, if used as
bonding adhesives they often degrade the efficiency and the performance

significantly.

After making the arrays, the elements were individually tested for
performance. The earlier arrays made by conventional technigues showed
a great deal of wvariability, low bandwidth and high failure rate.
Figs. 10.15(a) to 10.15(d) show the gradual improvements achieved by
developing this new process of transducer construction presented in this

chapter.
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(a) UNBACKED TRANSDUCER ELEMENT (2 MHz)

(b) ARRAY ELEMENT BACKED BY TUNGSTEN ARALDITE (conventional
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(d) NEW APPROACH - AMALGAM BACKING (bonding as described above)

Fig. 10.15 BRIEF COMPARISION OF TRANSDUCER PULSE PERFORMANCE

(conventional technique vs new technigue)
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In the case of the receiving array, a protective surface layer is
necessary. Ihin saé%ire plates may be used for this purpose, but as it
"Ih time, a thin aluminium shim was bonded in
a similar fashion as described above to go ahead with the feasibility

was not possible to obtaiﬁ

study. This was not necessary for the re-transmitter array. Howsever
the problem with the re-transmitting array was to make and maintain the
curvature accurately as esven a slight error dramatically degraded the
performance. The earlier re-transmitting arrays showed unacceptable
changes in curvature with ambient temperature variations. This was
later eliminated by applying a bond material along a sector on the upper
part of the assembly which provided just the right amount of expansion
to counteract the changes. Figs. 10.16@and 10.168show a straight
receiving array of 30 elements and a curved re-transmitting array with

15 elements constructed by this process.

(a). A HIGH QUALITY 2 MHz RECEIVING ARRAY OF 30 ELEMENTS
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(b). A HIGH QUALITY 2 MHz, 15 ELEMENT RE-TRANSMITTING ARRAY

Fig. 10.16 HIGH PERFDRMANCE TRANSDUCER ARRAYS DEVELOPED ACCORDING TO
THE NEW TECHNIQUES, WITH STANDARD EDGE CONNECTOR PLUG IN
ASSEMBLY

It is worth mentioning here that, although the technigues adopted were
only briefly described, all the stages of making these arrays to the
required specifications were extremely involved and time consuming.
Until an array is finally completed, tested and proved to be operating
satisfactorily, catastrophe could occur all the way to the end
particularly due to the constraints set by the tight specifications and
the uniformity reguired. However, the improvement in performance
achieved by the development of these new techniques was overwhelming.
Some idea may be gained by comparing a set of images of the same object
produced by the system with the new and the earlier arrays as shown in
Fig. 13.3. This in effect justifies the theoretical estimation of array
parameters carried out earlier for the present purpose and the

construction technigues developed to achieve the expected end results.
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10,5 CONCLUSIONS

The problems concerning the performance and construction of transducers
with particular emphasis on arrays were analyzed using equivalent
circuit models. It was found that in the case of a backed transducer,
the properties of the bond and the bond line thickness between the
transducer and the backing have critical influence on the performance of
the transducer. Variations of the bond line properties has been
identified as the main cause of variability between transducer elements
in an array. The practical difficulties involved and the ways of

improving the bond line properties have been discussed.

It was also noticed that in the case of arrays, the length of the
backing medium that can be used is more restricted than for ordinary
transducers due to inter-element capacitive cross-coupling. Hence the
impedance vs. attenuation characteristics of the békings are of a more
concern in the construction of wideband transducer arrays. In this
respect, it is found that better compromise can be achieved by using
materials other than conventional tungsten loaded araldite backings.
One such material found was the dental alloy amalgam mixed with slow
setting epoxy 1in appropriate proportions and made under closely
controlled process conditions. Non-conductive backings have also been
developed using aluminium oxide powder., If the right particle size is
used, these backings have potential use particularly in high frequency

arrays and/or at low width to gap ratio of the elements.

It was also found that what_ever the material used in the construction
of backings, closely controlled process conditions are essential to
achieve the desired properties and uniformity. For this purpose,
special techniques for monitoring the properties of the backings while

they are being made was successfully developed.
The far superior performance of the arrays developed according to this

new approach is demonstrated and the results justify the analytical and

constructional techniques adopted.
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-CHAPTER 11 -

DESIGN AND CONSTRUCTION OF ELECTRONIC CIRCUITS

This chapten briefly presents the essential design and
construction details of wideband amplifiens, power
supply and several other electronic cincuils including
indicaton, controf and protection. Mosl of these
components wene Linsl Built fon Lthe purpose of
Leasillility study followed By Lunthen development
towarnds the construction of a working prototype.

11.1 INTRODUCTION

Apart from the difficulties already faced in the design and construction
of various parts of the system as described in the previcus chapters,
the design and successful operation of the eﬁ?tronic circuits to the
retuired specifications were also very involved. Breaking into high
frequency oscillations and thermal problems were more than usual when
the power amplifiers were assembled in the system. Hence to avoid
building the basic functional elements of the system over and over again
and to ensure fail safe operation, various protective measures had to
be taken. However, much of these complications could be aveided in the
design of a final system when the problems involved have been studied

through the assembly of the first prototype.

11.2 Design and construction of amplifiers

Several amplifier designs have been tried since achieving the required
specifications were difficult due to many constraints. Not even the
physical size of the amplifiers could be ignored in this case as the
assembly of 30 amplifiers can become unacceptably bulky. Furthermore,
if care is not taken, it may even introduce significant differential
phase errors as a result of excessive differences in connecting cable

lengths. For example, each one meter difference in cable length betuween
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tue channels leadsﬁo about 3.6 degrees phase difference between the
two. On the other hand, having a considerable power dissipation, the
amplifiers cannot be packed too closely due to difficulty of heat
extraction. Besides high frequency interference problems may also lead

to instabilities,

Considering the time, money and various other constraints, the
configuration as shown in Fig. 11.1 was designed and built. This design
requires only a small number of readily available components which
helped to keep the cost below £20 per‘channel. Although some

relaxation in specifications with respect to terminal impedances had to
be made, these amplifiers were acceptable to proceed with the
feasibility study., The idea at the time was to change over to G*

amplifiers in the fipal stage of the system design.

Fig. 11.2(a) shows the p.c.b. version of these amplifiers while Fiq.
11.2(b) shows a thick film version, but using standard components,
developed with the aim to achieve a greater number of channels within a
given space. Thick film circuits were more difficult to develop in
this case due to high frequency layout and heat dissipation problems.
However, after developing the thick film version, there were not enough
funds to produce a complete set of amplifiers due to a rise in the thick

film component price. Therefore the p.c.b. version was adopted.

Having completed the construction of the above amplifiers, 15 of them
were assembled in a main frame and the feasibility of the proposed
system was demonstrated for the first time using a laboratary bench type
set up. fhe results of this study will be presented in the next chapter
together with the results obtained from the first working prototype to
compare the vast improvements made by the development of the new array
technology, improved optics and the overall design of the system. Apart
from establishing the conceptual validity of the system, this
feasibility study was particularly useful in identifying the areas of

improvements required in the design of the first imaging system.
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Fig. 11.2 CONSTRUCTION OF CHANNEL AMPLIFIERS, - (1) Standard

p.c.b. version. {2) A thick film version

COMPONENTS LIST

Resistors Capacitors
R, = 180 0.025 w C, = 2 F 50 V  ceramic
R, = 270k " C, = 2-10 pf Trimmer
Ry = 4.7k v C, = 1 F 50V ceramic
R, = 1k 0.5 U C, = 47 F 35y tantalum
R, = 680 0.025 W Cs = 2 F 50V ceramic
R, = 1 k r C, = F 50V ceramic
R, = 100 v c, = 2 F 50V ceramic
Rg = 2.7k t C, = F 50V ceramic
Ry = 22 " C, = 47 F 35V Tantalum
R, = 330 0.5 W
R, = 130 L e P PR PP R
R = 68 k 0.025 W Transistors
Ry = 270k e T, = ITX 320
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Ry = 1.8k C-o2sw T, = ZTX 320
s = 94 ~3 W T, = ITX 314
p = 8.2 T T, = UN10KM ( v-MmOS FET )

One of the problems with the above amplifier being a small unit, the
thermal conduction from the power stage to the rest of the circuit was
rather excessive., Also due to overall feedback and wide bandwidth the
tendency to oscillate was fairly high. Also it was not possible to
separate the receiving probe array from the amplifiers over a
considerable length due to capacitive loading and the attenuation of the
received signals degrading the sensitivity and the bandwidth
performance, Ffurthermore, the need to increase the output voltage swing
to enhance the effective dynamic range as predicted in Chapter 7 uwas
evident. Therefore in order to overcome these difficulties a new design
was made where the amplifiers were separated into three miniature stages
and used in cascade. Also local negative feed back was adopted in the
designs rather than overall feedback. This approach also helped to
interchange different designs more easily to asses their suitability.

The three separate modules were :
1. Pre-amplifier module
2. Inter stage amplifier module

3. Power amplifier module

11.2,1 Pre-amplifier module

The use of the preamplifiers in this case was mainly to match the
transducers to the cables and to provide sufficient gain to compensate
for the attenuation losses in the cables over a considerable distance.
A useful facility that had been incorporated was transceiver mode of
operation so that the receiving probe array could be used as the
transmitter as well. A problem with the transceiver mode amplifiers in
general is the dead zone, for example 5 s is typical in commercial
amplifiers. An advancement in the new design is that a dead zone of

typically less than U.5)JS was achieved with an input protection
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up to 1 kV insonifying pulses and a bandwidth in excess of 60 MHz.

+30v
O

CUTPUT

9 COAXIAL
CABLE
[RG1798/U)

Designed by
© G.P.P. GUNARATHNE

Fig.11. 3. ARRAY HEAD AMPLIFIER CIRCUIT DIAGRAM

The primary specifications and ratings are as follows.

8.
g,
10.

Gain

Input impedance
Output impedance
Bandwidth

Input protection
Dead zone (Tx/Rx)

Maximum undistorted
output

Supply voltage
Supply current

Operating temperature

H

1]

8.5 dB

37k [/ 3 pF

10 &L or S50 22,
over 60 MHz at 3dB
upto 1 kY

0.15 -~ 0.5 ps
1.25 ps  (max.)
~Z2 Y

+ 30V

25 mA

75 °C (max.)

( selectable )

(typical),

When all the channels were assembled as shown in Fig. 11.4, it was small

enough to be clipped on to the operators lower arm.

were also provided with channel select, impedance

These amplifiers

trimming and switch

selectable transceiver mode facilities in the final assembly.
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[30. WIDEBAND ARRAY HEAD AMPLIFIERS] '

[DESIGNED AND CONSTRUCTED BY G-P.P GUNARATHNE

Fig. 11.4 THE ASSEMBLY OF 30 MINIATURE WIDEBAND ARRAY HEAD AMPLIFIERS

Although the above amplifiers were rated upto 75 °C, the assembly was
fitted with overheat sensors to protect against any accidental damage.
With these amplifiers, a cable length of upto 50 m ( RG179B/U ) can be
used giving freedom for remote operation. Fig. 11.5 shows the modified

arrangement for transceiver operation.

» LOW IMPEDANCE MATCHING

= _% 5 TR A

PULSE
TRANSMITTER

BAW
62

INPUT INPUT INPUT
— @ "—-—;O @ - —— - }...__0 @
INPUTS TO HEAD AMPLIFIERS
Eg Eg / Designed by
k8 TRANSDUCER ARRAY ELEMENTS G.P.P. GUNARATHNE
e [ aaicd i

p— —
- -

Flg.11. 5. CONFIGURATION FOR PARALLEL TRANSCEIVER
MODE OF OPERATION

- 184 -



11.2.2 Inter-stage amplifier

The purpose of this stage is to provide sufficlent gain and low output
impedance required to drive a V-MOS power stage at high frequency and
over a wide bandwidth., Also it is convenient to introduce in here

variable gain as discussed in chapter 7 and also other facilities such
as signal gating and modulation which will be uéeful in later

experimentation.

However, for the feasibility study, variable gain facilities were not
introduced due to the additional amount of work. The inter-stage
amplifier circuit diagram and a thick film adaptation of this design are
shown in Fig, 11.6 and 11.7.1 respectively. The p.c.b. version was
better in terms of the high frequency response, but needed a little more
space. In both these versions the circuit laybut design was rather
critical due to the high frequency wideband requirements as well as size

and thermal dissipation aspects.

The primary specifications and the ratings of the above amplifier are as

follows.
1. Gain = 24 dB
2. Bandwidth = over 50 MHz
3. Input impedance = 50 Obm
4, Output impedance = 10 Ohm
5. Maximum undisterted output = 15 V p.p.
6. Supply voltage L= 40 v
7. Supply current = 50 mA
8. Operating temperature = 75°C  (max.)
9. Dimensions (thick film)} = m x 2"
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11.2.3 Power stage

Array elements have to be driven at a low impedance of the order of 75
Ohm. Being a class A output stage, most of the power is dissipated in
here with low efficiency and heat extraction problems when all the 30
channels are assembled. Therefore it is an ideal place to introduce ér
amplification (chapter 7). The o may be implemented in different ways
and in combinpation with other circuits where duty cycle operation is
applicabhle to save power and cost. As the active elements are now
operating in a power switched mode, (not simply signal gating), the
devices can withstand much higher currents during the ON period and
therefore the output reguirements can be satisfied with a feuwer number
of stages,making the design cheaper but far more efficient. Therefore d*
has the greatest potential in low duty cycle applications such as in
most ultrasonic instrumentation and sonar. Fig.11.8 shows the circuit

a* . .
diagram of a G configuration designed for the present purpose.

o O
+50V {(MAX}
300 CT 2uF
56K ‘\F—i l—o —
To TLEMENTS
YNBSAF|
SIGNAL
INPUT WF
. GATMG 1,
ov
O & -I- 0O
Designed by

FIG.11. 8 A G POWER AMPLIFIER STAGE ~ Ooee summarwe
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In the above circuit, TR is an auto transformer of bifilar construction
using a high freguency ferrite ring core (Ferelex "P" grade) with the
wingding shunted by 300 Ohm to give an output impedance of 75 Ohm,
required to damp the transducer elements correctly as discussed in
Chapter 7. The biasing and coupling to the driver is established by the
capacitve/resistive network at the input of the VY-MOS power FET, Ti.
Power switching is accomplished by the Y-MOS FET T, in the lower chain

which is driven with the appropriate sequence as shown in Fig. 7.13.

When T, is fully switched on, it can be replaced by r, (on) presenting a
total source resistance of the order of 20 Ohm to T, and the output
stage first responds in a way similar to a pulse amplifier. Timing is
arranged according to Fig.7.13 such that when the drain voltage returns
to Vss, the echo signals are received by the amplifier. During the 83
ps signal period, this dﬁ stage behaves as a class A amplifier, except
for its ability to handle much higher power levels compared to an

ordinary continuously driven amplifier.

When the stage is switched off, another pulse is produced due to the
free-wheeling action of the transformer. Since these pulses are
coherent in all the channels, they have the effect of producing a
straight linme schlieren image at the beginning and the end of the field.
These are by no means a problem in this case as they can either be
arranged to fall outside the field of the image or deliberately allowed
in the field of view as ultrasonic markers’indicating the top and the
bottom of the test ocbject. In the latter case, the switching speed of T,
is adjusted such that there is only a little spectral enerqy around 2
MHz so that the resulting markers are not excessively bright. Fig. 11.7

(2) shows a thick film version of this amplifier.
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Fig. 11.7 THICK FILM IMPLEMENTATIONS. (1) INTER-STAGE (Driver)
(2) A G AMPLIFIER STAGE

The specification of this stage are as follows

17.5 dB
26 MHz at 3 dB

i

1. Gain

1

2. Banduwidth (scurce

impedance 10 Ohm)

3. Input impedance = B2k //50 pF

4, Output impedance = 75 Ohm or 300 Ohm selectable

5. Max. undistorted output = 45 V pp

6. ‘Max. rep. rate = 2 kHZ at 30% duty cycle

7. Supply voltage = 850 V d.c.

8. Operating temperature = 75 T Max.

8, Dimensions = 1" x 2" x 0.5" , (on thick film)

The modifications to the basic imaging system if the above three stage

amplifiers are to be used are shown in Fig, 11.9.
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However, after the completion of the design of the above three stage
amplifiers, there were not enough funds to make a complete set of 30
units except the set of pre-amplifiers, Therefore the system had to be
designed with pre-amplifiers and the earlier set of class A amplifiers
made for the feasibility study. However, provisions were made in the
design of the system to accommodate the new amplifiers, if sufficient

funds were received before the completion of the project.

11.3 POWER SUPPLY DESIGN

The main requirements of the power supply were as follows

1. 30V, 8A
2, 50V, 500 mA
3, 11.5V, 100 mA
4, 15V, 1 A

5 5V, 0,75 A

In addition to good regulation, the supply impedance at high frequencies
had to be kept low, particularly on the 30 V and 50 V supply lines.
Hence, apart from satisfying the nominal power requirements, the general

layout was also an important consideration.

After a market survey it was found that purchasing power supplies to
meet the requirements cannot be done mainly on the grounds of cost.
Hence a tailor-made design was called for. First the possibility of
designing a switched mode power supply was examined with the aim to
reduce the size and achieve higher efficiency. However, it became clear
that the cost and the amount of work involved in designing a suitable
switched mode power supply would be considerably more than building a
conventional power supply unit. Also the residual high frequency
interference in the case of a switched mode power supply could lead to
undesirable effects in the present application. Hence a conventional
power supply was designed. A small ready made Harwell power supply unit
was already available at the time which was also modified to supply a

few boards to reduce the demands on the main power supply unit.
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Although not needed in the design of a final system, many protection
circuits had to be incorperated to awvoid catastrophic failures during
the assembly of the first prototype system. The design is such that in
the event of a failure such as an accidental short circuit or overheat
etc., the power supply is automatically suwitched off and indicate ths
fault on a panel of LEDs., Fig. 11.10 shows the basic supply arrangement
and Fig. 11.11 shows a schematic circuit diagram of the main power

supply unit.

70V UNREGULAT 50 Y
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Y
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S00Y A TRANSFORMER/
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FIG. 11. 10. SUPPLIES TO VARIOUS PARTS OF THE SYSTEM
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Fig.11.12 shows the front panel layout of the power supply.
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The main functions of the front panel components are as follows.

Component

KS

Description

Mains switch
Key switch
Main fuse
Re-set button
Re-set button

Bi-colour L.E.D,

Flashing L.E.D.

Potentiometers

Volt meter

Ammeter

L lE-DI (LﬂTCHJ

indicators
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Function

supply
including the Harwell module
d.c. ON/OFF to the main frame

Isolate a.c. mains

Switches on the

Re-sets relay (2)

Re-sets relay (1) and (2)
(re-sets the main power supply)
red - fault exist
green -~ fault cleared
Visual alarm

Over-load trip set for the
two main supply lines
indicate the input voltage to
30 V regulators

indicate the total current drawn
from the 30 V supply lines
indicate faulty conditions in

the system as described before



11.4 0OTHER CIRCUITS DESIGNED FOR THE SYSTEM

11.4.1 Freguency control and counter circuits

Trimming the frequency of operation was found to be useful during the
feasibility study to achieve optimum results. The sinuspidal pulse was
generated by a voltage controlled oscillator (Harwell 95/01582/6).
Voltage sweep necessary for this module was obtained using a linear high
stability potentiometer connected between + 5 V and earth. The
operational frequency was monitored on an 8 digit LED display using a
frequency counter built into the system. The design of this frequency

counter and the fregquency control arrangement are shown in Fig. 11.12.

11.4.2 Stroboscope protection

Many pulse generators produce a stream of spurious pulses just after
switching on or switching off from the mains. Such pulses are not
normally visible on a CRT due to their shortness of existence, but long
enough to damage the stroboscope almost instantly, This was also the
case with the pulse generator used in the system (Lyons PG 71).
Therefore some protection had to be provided. This was achieved by
delaying the supplies to the stroboscope through a relay network givimg

sufficient time for the transients to die down (Fig. 11.13).

Although the imput is grounded within a short time, this protection
alone is not always adeguate to prevent damage in the event of a mains
failure. This is to be improved at a later stage, preferably by

designing a tailor-made pulse gererator for the present purpose.
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I11.5 CONCLUSIONS

Electronic and electrical circuits necessary for the feasibility study
and the assembly of the first working prototype, including amplifiers,
power supply, control and protection, frequency monitoring and control
etc, have been successfully designed, A future system can be
considerably compacted and made more efficient by adopting the é*
category of amplifiers whose performance and suitability in this
application was established. These amplifiers may also be useful in
other low duty cycle applications, particularly in battery operated
systems. The thick film adaptation of the three stage amplifiers
with the optional transceiver operation facilities, as discussed, offer

even greater flexibility and better performance.
Extra care must be taken in the assembly of high frequency wideband and

pulse circuits due to the possibility of high frequency instabilities

and heat dissipation problems.
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-CHAPTER 12 -

THE ASSEMBLED NEW IMAGING SYSTEM

This chaptern deals with the general assembly of the
Linst working prololype imaging system to be used as a
practical instrument in the industrnial environment.
Ergonomical aspects have also feen considened as far
as possible in the overall design of the system,

12.1 INTRODUCTION

Apart from the work that has already gone into the development of
various building blocks of the system, the influence of the non-ideal
conditions of an actual testing enviromment, such as vibrations, ambient
light, electrical noise etc. must be avoided as far as possible by
appropriate design technigues. Due to the limitations of time and
resources not all the requirements could be met at this stage except the

most essential areas as outlined below.

12.2 ASSEMBLY OF THE SCHLIEREN OPTICAL SYSTEM

This is one of the most cruclal areas of the present system because
schlieren instruments normally require precision mounting and
adjustments. This also means that they are wvulnerable to vibrations.

Hence kimematic mounting and rugged construction were essential.

Optical disturbances such as dust accumulation on optical elements,
stray light from the environment or unwanted internal reflections are
the common difficulties faced in the design of a high sensitivity
schlieren system. Nagy described a technigue by which the background
illumination of schlieren systems could be considerably reduced. Here a
closg circuit TV system is used with a camera consisting of an image
ort on video tube which is operated in the form of a locking

amplifier. However, the relatively low sensitivity of the image
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orthicon compared to the newly developed camera tubes and the additional
complexity of the circuits involved, do not make this technique
attractive for the present application. Hence light tight construction

was also essential.

On the other hand, the schlieren tank itself needSto be sealed while
taking care of any expansion of the liquid due to the changes in ambient
temperature. This was achieved by an integral design consisting of a
schlieren tank built on the aluminium lens to which the re-transmitter
array was bonded as shown in Fig. 12.1. The schlieren tank is filled
with FC 75 and sealed with a layer of RTV rubber cast on the liguid
surface without trapping any air. The design is such that the expansion
of the liquid is taken care of by the deformation of this seal without

rupture within a temperature range of 10 - 35 y

Fig. 12.1 THE SCHLIEREN CELL FILLED AND SEALED.

(50 p coin to compare the size)
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The schlieren system itself was made very compact by the choice of a
pair of wide aperture high quality camera lenses (focal length 80mm,
aperture 1.2). The lenses were kinematically mounted on high precision
optical railings to achieve precision adjustments and vibration
immunity. All the necessary precision adjustment facilities were
provided. In order to display the schlieren images on a closed circuit
TV system, a small video camera (RCA TC 2014/UX) was fitted. If direct
viewing is required, this camera can be easily removed and replaced

afterwards without having to go through any elaborate adjustments again.

The assembly of this compact schlieren system is shown in Fig. 12.2.

Fig. 12.2 THE ASSEMBLY OF THE SCHLIEREN OPTICAL SYSTEM

On the extreme right of the above photograph is the L.E.D. stroboscope
mounted inside a lens cap. The slit controlling the light input and the
.knife edge filter on the other side of the second lens are all inside
light-tight bellows. The design is such that no appreciable amount of

ambient light gets into the optical assembly and hence the system can be
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operated in full day-light without the need of any dark environment.

12.3 THE MAIN FRAME

The main frame is fitted with a dual pulse generator (Lyons PG 71) and
all the necessary modules for generating a gated pulse of required
duration and frequency, attenuator to control the output transmitter
energy, frequency control and display, an A-scan display CRT, a 5" video
monitor, power and signal sockets, the 30 channel power amplifiers,
interfaces for external video equipments to record and display test

results., The front view of the assembly is shown in Fig. 12.3.

Fig. 12.3 FRONT VIEW OF THE NEW IMAGING SYSTEM

The power amplifiers are assembled in the back of the system and forced
ventildation is provided by an extractor fan sucking air into the
housing beneath each amplifier compartment. The rate of air flow is

automatically adjusted to the inside temperature by a feedback control
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network. This helps to prevent excessive reduction of output signal
amplitudes as a result of thermal shut down properties of the V-MOS

transistors. The assembly of the amplifiers is shown in Fig. 12.4.

Fig. 12.4 REAR VIEW OF THE SYSTEM

12.4 CONCLUSIONS

Implementation of the new technique to suit the requirements and
conditions of industrial testing environment has been a prime
consideration. A key area of development which made it possible to
utilize the full potential of this new technique outside the laboratory
was the design and construction of a compact schlieren system
incorporating a powerful L.E.D. stroboscope and a sealed compact

schlieren cell. This assembly is insensitive to typical vibrations of
all kinds experienced on a shop floor giving perfectly steady images.
Furthermore, it can be operated in full daylight without the need of any

dark environment. The general assembly of the whole system is such that
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it can be conveniently operated with controls and displays ergonomically
arranged to aid the operator. The overall dimensions of the first
prototype assembly are 1 m x 0,52 m x 0.5 m, With further advances in
the electronics already described and other constructional techniques,

any future model can be comparable in size to that of a conventional

flaw detector of the early type.
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-CHAPTER 13 -

RESULTS AND CONCLUSIONS

This chaplen presents the details of the operational
procedune of the new imaging system followed Ly the
results achieved, Its unigue featurnes and the areas
of special applications arne cullined, Prospective
futune development togethen with Linal conclusions are
also presented.

13.1 INTRODUCTION

As mentioned in the previous chapter, care has been taken in the
development of this new imaging system to promote its use effectively as
a practical inspection instrument in the industrial environment. This
was only possible as the result of developing all the different areas
involved as separate b%§$ding blocks giving due considerations to
technical and ergonomical aspects. Operation and manipulation of the
system is therefore straightforward and the operational procedures with

respect to the first prototype system are outlined below.

Performance of this new imaging system as presented later in this
chapter reveals its wnigue capabilities in spite of the fact that it was
the very first working prototype operating with only half the number of

channels assembled.

13.2 OPERATIONAL PROCEDURES

Fig. 13.1 shows the system block diagram and Fig.A.2.1 shows a schematic
diagram of the assembly except the schlieren optics. When testing, the
receiving probe array is coupled to the test object with a liquid
couplant such as oil or jelly, The initial settings to be ensured
before switching on the system with reference to Figs. 13.1 and A.2.1

are given in Appendix 2.
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Either separate transmitter / receiver or transceiver mode of operation
may be selected with the appropriate D.I.L. switches fixed on the array
head amplifier module. It is alsoc possible to use shock-excitation if
required, instead of the gated sinusoidal excitation. However, as
discussed in chapter 6, the gated sinusoidal excitation gave far better
results and flexibility of operation. In this case the only change
required is to use the oscillator gate trigger pulse to synchronize the

shock-excitation device directly, which is to be connected to the system

in place of the power amplifier.

The test object is insonified with a short pulse of ultrasound and the
delay of the stroboscope is set appropriately such that, the images are
optically 'frozen' in time at the instant of best focus. The required

delay t» in the present case would be :
t a~ 2 x 250/ B + 57 / B o= QU)us

An A-scan display of signals derived from the elements of the array is
provided for quick monitoring of targets and the state of the coupling
between the test object and the receiver probe array. The corresponding

images are seen next to it in real time on the TV monitor.
13.3 RESULTS

Some results obtained during the feasibility study and with the first

working prototype are presented below. These demonstrate ¢

(a) The conceptual validity and the unique capabilities of the
new imaging system.
(b) The remarkable improvements achieved since the first

demonstration of the feasibility.

13.3.1 Verification of linearity, isochronicity and sagnification

Fig 13.3{(a) shouws an aluminium test block with a set of holes drilled at

an angle of 45° to the test surface. The aperture of the probe used is
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only sufficient to illuminate about four holes as shown in the diagram.
Fig. 13.3(b) is the corresponding image formed. (Since the aperture
used is small, the two holes at the centre are preferentially
illuminated giving much brighter schlieren images compared to the outer
ones. Therefere these two holes are seen apparently smeared since the

dynamic range of the video monitor system is not sufficient to

accommodate this range of brightness.)

ar 'APERTURE |
'

(a) TEST BLOCK (b) IMAGE OF FOUR HOLES
FIG., 13.1

The straightness and the correct relative positions of the imageare
clearly seen uwhich demonstrates the linearity aspect of the system.
Isochronicity is also obvious since a number of image positions can be

seen at the same time.

The axial and lateral magnifications ML and MA according to

equation 3.11 are related by
M /M = 2 . . . . (3.11)

Since the angle of the linme joining the holes in the test object is 45°,
and if of is the corresponding angle of the image to the horizontal axis,

then it can be shown that

MA/ML = tan o . . . . (13.1)
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At the instant of best focus, the angle of the image as in Fig. 13.1 {b)
is approximately 55° . Since tan 55 = 1.4128 sfé- s the relationship
between the two magnifications derived using paraxial ray optics is

verified.,

The inequality of the two principal magnifications in genmeral do not
cause any problem as far as the numerical values remain constant.
However, the magnifications may be equalized if necessary by adopting
cylindrical viewing lenses or by altering the horizontal or the vertical

magnifications of the video monitoring system.

13.3.2 Accuracy, yesolution, sensitivity and +ield of view

Accuracy )

An example of the spatial accuracy of the images formed can be seen from
Fig.13.2. Fig.13.2(a) is an aluminium test block containing drilled
holes. Fig. 13.2(b) is an image of the three holes at the centre of the
block marked 1, 2 and 3 which are about 6 cm below the test surface.

The holes 1 and 2 are marginally closer than 2 and 3, by about 2 mm.

This is clearly revealed in the image.

(a) TEST BLOCK (b) IMAGE OF THREE HOLES

FIG, 13.2
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Lateral ‘esolution

The lateral resolution was experimentally assessed by imaging a series
of drilled holes with different spacings at different depths and was
found to comply with the theoretical expectations. For example the
lateral resolution obtained with an aperture of only 3 cm around a depth
of 6 cm from the test surface was about 2 wavelengths., The ability to
give lateral resolution close to theoretical limits is the result of

the full aperture contributing to image resolution.

Axial resclution

The axial resolution is around a wavelength in the object medium.
Results showed that these achievements were mainly due te introducing
the high guality transducer arrays and the L,E.D. stroboscope, developed
after the initial feasibility study. This is clearly evident, for
example, when comparing the images of the three holes in Fig 13.2(b)
with that obtained during the initial feasibility study (Fig. 13.3). It

can be seen that both the resolution and the spatial accuracy of the

images have been greatly - improved.

RESULTS WITH THE PROTOTYPE SYSTEM RESULTS DURING FEASIBILITY STUDY

FIG. 13,3 COMPARISON OF THE RESULTS ACHIEVED WITH THE FIRST PROTOTYPE
SYSTEM AND THAT OBTAINED DURING THE FEASIBILITY STUDY.
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Temporal resolutian

The temporal resclution on the other hand has reached the highest limits
possible in ultrasonic imaging., This is another unique feature of
the new system being capable of producing a complete image of the whole
object field with a single pulse, practically within its time of flight.
The repetition frequency in the first prototype could be varied up to 1
kHz or even more, depending on the requirements. The light output from
the L.E.D. stroboscope is well adequate to register the whole image
field even with a single flash, which is particularly useful in high
speed photography. During experiments concerning real time aspects, it
was also possible to image some moving targets with this system,
although the conditions were far removed from what it had been designed
for. Demonstration of its unigue real time capabilities have been
recorded on VYideo and already presented at some seminars and at

. . (4, iy
international conferences, ™’ "®

Sensitivity

The sensitivity of the system is also very high, for example, the three
holes showun in fig,13.2 are imaged with an insonifying pulse of the
order of 50 V pp only, while the present circuits allow at least 20
times as much. Another example is that it was possible to image a
drilled hole of the size of about 1.5 mm diameter at a depth of 25 cm
from the test surface. As mentioned above, all these results are
obtained with only 15 channels and when all the 30 channels are in

operation, ewven better results can be expected.

Field of view

The axial field (depth range) accommodated by the system is very large.
As mentioned previously, the first prototype accommodates at least 25 cm
deep object field in steel for any one setting of the schlieren aperture
while the sonoptics has a maximum target depth range of 40 cm.
Furthermore, it$S lateral field of view is also large as is evident from

the feollowing,
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Fig. 13.4{a) shows a test block containing some drilled holes where the
first hole at the top is only 3 cm below the test surface. As can be
seen, the receiving probe array is not directly above any of these
targets. Fig.13.4(b) shows the corresponding image which demonstrates

the ability of the system to examine a large lateral field of view,

{
1 . )
] i
'
‘4 : i
' 1.
3 .
: .
TEST BLOCK
1

© 31 21 3 4 s & cms

TEST BLOCK IMAGE OF HOLES
FIG. 13.4

Vertically orientated defects

The large lateral field of view together with the ability of the system
to image targets which are one beneath the other are favourable features
in the examination of uertically-orientated defects - an area which is
fraught with difficulties in practice. Again, this become possible due
to the very nature of the present technigque of image re-construction
where all the channels are operating in parallel. Here the targets

which are not seen by a few elements are still exposed to the others.

Fig. 13.5 shows a steel T-weld which contains some natural weld defects.
Fig.13.5(a) and {b) show the shapes, sizes and the orientation of two
cracks found inside this T-weld. (Fig. 13.5 b appears to be rather
smeared as it was re-photographed during a video demonstration while
Fig.13.5 a is a direct polaroid photograph from the main frame video

monitor during a testing session, hence of better quality.) However,
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the C-shaped crack in Fig.13.5(b) is an interesting one as it further
demonstrates the ability of the system to display vertically orientated

as well as shadowed targets.

!

!

Fig. 13.5 CRACKS FOUND IN A T-WELD

Further results have been recorded on video tape demonstrating the
unigque real-time and single pulse imaging capabilities, lateral
resolution, repeatability, off-axis imaging and testing of a cast iron

machine bed which contained a number of natural defects.
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13.4 FINAL CONCLUSIONS

It is seen that the present day imaging systems in general are moving
more and more towards the use of digital computers and sophisticated
signal processing techniques. Although such systems have many
attractive features, there can be inherent drawbacks too, such as low
speed. inadequate image quality these being the result of involved
Iengthy processing and other limitations arising from the particular

technique used.

In this respect the new imaging system presents obvious advantages
mainly due to it5 fundamental simplicity which requires just analogue
and optical image processing., The sonoptical schlieren arrangement does
all the image re-construction in place of the digital computers and the
like with remarkable speed and accuracy. The technique offers an
unusual combination of useful features such as extremely high speed,
high resolution, large field of view, and compactness as given above.
Its temporal resolution is such that a single pulse produces a complete
image of the whole object field, practically within it$S time of flight,
hence the ultimate Iimit of speed possible in ultrasonic imaging has
been reached, Furthermore, the new technique possessesthe ideal
characteristics of the DUVD namely linearity and isochronicity. These
benefits taken together with its relatively low cost, makes this system

unique in the field of ultrasonic imaging.

The introduction of transducer arrays and electronic amplification in
to the concept of DUVD have been the key factors in the development of
the new system. This eliminated the low sensitivity of the DUVD
technique while the design of the new sonoptics enabled the system to
give focused B-scan type images., Another feature 1is that unlike
in the case of DUVD, where the images are always inverted, the use of
arrays made It possible to form the images in the correct relative

order.

Various areas have also been developed in the course of this work which

included wide aperture compact sealed schlieren system, miniature L.E.D.
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stroboscope, wideband miniature transducer head amplifiers, wideband
power amplifiers, a new category of amplifiers named . G* featuring
high efficiency and low power consumption, high quality transducer

arrays and transducer backings.

‘Special applications

Apart from its wuse as a general inspection tool in NDT, the new system
could also find application in a variety of special areas, utilizing
its . unique capabilities. For example, as a result of introducing
transducer arrays, the system sonoptics can be designed to take into
account non-planar test surfaces as well, This possibility could be
particularly useful in testing non-planar, but uniform geometrical
objects such as pipes or axles. Also this adaptability to non-planar
surfaces together with its unique real-time performance may be utilized
in another interesting area, not explored so far in NDT imaging, is
fatigue testing. A typical example would be: real time monitoring of
fatigue cracks developing in critical components or part of a system in
service. The remote operation is also possible as the receiving probe
array could be separated over a large distance when using the head
amplifier module. This could be particularly useful in situation where
the access 1is restricted or in applications such as underwater

structural testing.

Medical applications

Another spécial area out side NDT which needSto be examined in depth is
the fields of medical applications. The factors that great promote
its use 1in this direction are the excellent real time imaging
capabilities, high resolution and sensitivity. Furthermore, proper

coupling is not difficult to achieve compared to NDT work.

However, in medical applications the object medium, being biological
tissues, possesses widely different and unfavourable characteristics
compared to most NDT materials. For example, the attenuation in tissue

is comparatively - high while the medium itself is non-homogeneous
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and the impedance contrast between the targets of interest could be very
low., The sound velocity is also very Jlow and therefore, for a given
operational frequency, much smaller element spacings and gap widths are
needed. Furthermore, unlike in NDT, the insonifying energy cannot be
increased beyond specified dosages due to the hazards involved. This
means that as the echo signals are generally much weaker than in NDT,
the sensitivity and the gain bandwidth product must be raised
sufficiently in order to achieve useful results. Although this could be
well within . reach, the main problem appears to be the construction
of arrays to the required specifications as this would largely determine

the quality of the images and the artefacts formed.

In principles the use of this technique in medical applications would be
attractive, However, the whole subject must be studied in depth as
simply forming images may not be sufficient to justify development; the
quality of imaging must be at least comparable or better than that

produced by the exsisting systems,

Areas needing further development

Cne of the problems that need to be solved is to establish a method of
ensuring good coupling between the receiver probe array and the test
object. Although achieving good coupling is a common problem with all
ultrasonic contact testing equipment, the errors that could be
introduced by inadequate or non-uniform coupling in the present case are
more significant, This is mainly because the present system relies
totally on amplitude and phase information of echo data. One
possibility to improve coupling is to allow a certain amount of
flexibility or relative movement between the elements of the receiving
array. It may also be possible to translate such relative displacement
into appropriate changes in delay between the channels by electronic
means so that the effect of changes in surface profiles within limits
are automatically compensated. The possibility of using PVDF
transducers must also be considered although this would require much

higher gain to compensate for the loss of sensitivity.
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As mentioned before, the present system was developed with some
important limits such as phase tolerance, gain-bandwidth product
assigned on the basis of what can be practically achieved so that the
full potential of the technique in practice may be revealed. It is
therefore now important to carry out system optimization. This would
involve further theoretical and experimental work concerning parameters
such as maximum allowable phase tolerance, gain-bandwidth product,
reduction of transmission losses, for example by using matching layers
wherever applicable, Obviocusly any possible relaxation of such
parameters would ease the constructional work and expand the range of
application. Such studies could also indicate the possibility of
amalgamating standard techniques such as dynamic compression, a degree
of electronic focusing or phase angle alterations which would be quite

useful in practice.

Another area that maly be worth studying is the use of shear waves for
insonification and reception of echo data as this could improve image
resolution and even enhance the detectability of axially orientated
defects. The incorporation of Time Varying Gain (TVG), remote
sensitivity control, improving the effective dynamic range and the use
of G* type amplifiers as emphasized in previous discussions are some
other areas that would promote the immediate usefulness of this new
system, The assembly can be further compacted and it is likely that a
future model could be designed with the size comparable to that of a

conventional flaw detector of the early type.

Finally with the results achieved, it may be concluded that the new
imaging system developed in this project would find wide acceptance as a

practical inspection tool, in the field of ultrasonic imaging.

S S
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-APPENDIX-1-

MIRROR SCHLIEREN DESIGN CONSIDERATIONS

The advantages and disadvantages of using mirrors compared to lenses in

the present application are given below.

Advantages

1. No chromatic aberration
2., Larger field of view possible
3. Lower background illumination

4, Lower cost

Disadvantages

1. Spherical aberration
2. Substantial increase in the dimensions of the system
3. Astigmatism

4, Mounting and alignment difficulties

In the case of mirrors, the overall dimensions of the arrangement is
largely determined by the separation of the mirrors required. Front
face aluminised concave mirrors with focal length 100 cm and diameter 15
cm were chosen for the present purpose. If the angle of obliguity of
parallel light beam is arranged to be about 4° ,then the combination

gives a usable circular field of view of about 10 cm.,

Obviously the schlieren mirrors have to be kinematically located to
achieve the required precision and accuracy of adjustment., Hence an
experimental kinematic mirror mount with four degrees of freedom (two
translational and two rotational) as shown in Fig.A.1.1(a) and (b) was
designed. However, the development of the L.E.D. stroboscope in the
mean time promoted the use of a lens schlieren system. Therefore the

mirror schlieren arrangement was not further developed.
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-APPENDIX-2-

The initial settings that have to be ensured before switching on the

first prototype with reference to Figs, 13.1 and A.2.1 are given below.

Initial settings

Description Setting
Stroboscope trigger pulse duration 10 to 30 ns
Trigger pulse amplitude 5 to 10V
Oscillator gating pulse duration 0.5 s - approx.
Gate pulse amplitude I V max.
Repetition frequency (depends on application) 2 1 kHz
Delay between the trigger and the gating pulse 95 s approx.

Head amplifier module

D.I.L miniature power switches, 1 - 10, (as on the module) ON
D.I.L miniature switches, 14 - 20 (impedance trimming) OFF
D.I.L switch 12 (Tx / Rx) selector | ON for Tx/Rx
D.I.L switches 11 and 13 (Tx/Rx and two additional ( ON for the
insonifying probes on either side of the composite)

receiving array - Composite probe)

Miscelleneous

Insonifying energy control (input attenuation) -20 dB
Frequency of operation 1.8 MH=z
Dual trace A-scan monitor (channels selected) 1 and 30
Main frame video monitor set to video
Power supply key switch (KS) OFF

Either separate transmitter / receiver or transceiver mode of operation

may be selected with the appropriate D.I.L. switches fixed on the array
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head amplifier module. It is also possible to use shock-excitation if
required, instead of the gated sinusoidal excitation. However, as
discussed in Chapter B, the gated sinusoidal excitation gave far better
results and flexibility of operation. In this case the only change
required is to use the oscillator gate trigger pulse to synchronize the
shock-excitation device directly, which is to be connected to the system

in place of the power amplifier.

GENERAL LAYOUT OF COMPONENTS AND CONTROLS. (REF. FIG, 13.2)

Repetition rate controls (coarse and fine)

Delay control 1

-

Gate pulse width and amplitude controls (coarse and fine)

Delay control 2

Stroboscope trigger pulse width controls (coarse and fine)

Stroboscope trigger pulse amplitude control

Gate pulse out

Stroboscope trigger pulse out

b= I B = Y S R I S L
-

Main frame oscillator frequency control

bs
L]
-

Frequency counter (8 digit) L.E.D. display

e
L)
.

Frequency counter sampling gate width and d.p. selector

[,
N
L]

Gated sinusoidal pulse output socket

—
(S
.

Internal/external power amplifier selector

b
&
-

External (excitation) pulse input
15. RF/Video selector

16, Main frame TV/Video monitor power switch
17, Power supply status indicator

18, Power supply reset 1

19, Power supply reset 2

20, Main switch

21. 30 V line overload trip set

22, 50 V line trip level set

23, Main fuse

24, Key switch

25, Visual alarm

26, External power amplifier input

27. External power amplifier output
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28,
29,
30,
31,
32,
33

34

35.

Extractor fan (forced ventilation to channel amplifier compartment)
Video input to an external monitor (if used)

Video input from an external monitor (if used)

External and internal monitor selector

RF input (optional)

and 37, a.c mains link from power supply to main frame

and 36. d.c power link from power supply to main frame

Cables out to the head amplifier/receiving probe array

/
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- APPENDIX-3-

LIST OF PUBLICATIONS

The following publications have already been made.

1.

A new stroboscope for schlieren and photoelastic visualisation
of ultrasound : G.,P.P, Gunarathne and J., Szilard, Ultrasonics July,
1983, pp. 188 - 190, and Ultrasonics International 83 conference
Procedings, pp. 74 - 78, Butterworth and Co (Publishers) Ltd,

A real time high frame rate ultrasonic imaging system :
G.P.P., Gunarathne and J. Szilard, Ultrasonics International 85
Conference Proceedings, July 1985, pp.9g8 - /04 ( oral presentation

by the author followed by a video demonstration).

A new ultrasonic imaging system. - G.P.P. Gunarathne and J, Szilard
Ultrasonics symposium, Oct. 1985, San Fransisco, USA. (oral

presentation by the uthor),

A real time ultrasonic imaging system. = (invited paper)

G.P.P. Gunarathne and J. Szilard, Colloquim on "Developments in
tomography for NDT and medical applications". 11 March 86, The
Institution of Electrical Engineers, London, Digest No: 1986/34.

(Oral presentation and a video demonstration by the author).
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Research note

A new stroboscope for schlieren and
photoelastic visualization of ultrasound

G.P.P. GUNARATHNE and J. SZILARD

Conventional stroboscopes, when used for visualizing the path of ultrasound in a
transparent medium, suffer from many problems including too long a flash duration,
jitter and inconsistency. To overcome these limitations a new stroboscope has been
developed which is based on a light emitting diode driven with very short, very high

current pulses.

KEYWQRDS: ultrasonics, visualization, stroboscopes, light emitting diodes

Introduction

An essential element for visualizing the path of ultrasound
in a transparent medium by schlieren or photoelastic
visualization techniques is a good quality stroboscope. The
conventional stroboscope, which relies upon some¢ form of
a gas discharge to generate light pulses, suffers from too
fong a flash duration, inconsistency, change of flash energy
with repetition rate, jitter and aging, Apart from these
limitations, other drawbacks of commercial stroboscopes
are bulkiness, and high cost. ‘

As an attempt to overcome these limitations a new strobo-
scope has been developed using super-bright light emitting
diodes. The average output power of LEDs is too small for
them to be used effectively as stroboscopic light sources,
but if the flash duration is short enough and the duty cycle
is such that the average power dissipation is within the
specified limits, the peak currents can exceed the rated
average current by a factor of 10° or more. Under these
conditions, the light output obtained is well adequate for
most schlieren applications. The flash duration can be as
short as 10 ns and free from jitter. This enables resolution
far superior to that possible with gas discharge or spark
light sources. A further advantage is the monochromatic
light, which helps to reduce the cost of optics in the
schlieren system. The far superior performance of the LED
stroboscope makes it a natural choice for ultrasonic
visualization purposes and many other applications.

Pulse operation of LEDs

The light emitted by a LED is the result of a process of
recombination of carriers taking place at the forward biased
diode junction in the presence of injected minority carriers,
The apparent brightness B is given by the formula’

The authors are in the Department of Electronic and Electrical
Engineering, University of Technology, Loughborough,
Leicestarshire, UK, Paper received 30 March 1983,

_ 3940 L 4

B X 4,

cd m™* (Nits)

where Ty, is the external quantum efficiency, L the lumi-
nous efficiency of the eye, S the junction current density

A cm™, 4;/A, the ratio of the junction area to observed -
emitting surface, and X the emission wavelength in um.

Actording to the above formula, the optical output would
increase linearly with the current. However, as the junction

_ temperature increases due to the current, efficiency

decreases, resulting in diminishing retumns of the output
light power with current. Hence, in the case of normal dc
operation, the maximum light cutput obtainable from a
given LED is primarily limited by the thermal dissipation
of the device, Therefore under steady state conditions the
optical output also depends on the thermal resistance
between the diode junction and the environment, and
also on the ambient temperature,

Figures 1 and 2 show a simple equivalent circuit and

r
o-——«»——D{ VAN * o
H’ Haat energy
Ufr)
Light energy

b quantum
Heat energy | mechonical process

Fig. 1 a — |deal diode; b — squivalent circult of practical diode
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2 General current-voltage characteristics of a diode

ent ~ voltage characteristic for a light emitting diode.

3 shows the relationship between the relative intensity
mission against the current through the diede in the
tinuous and pulse modes up to about 50 mA for a

sP LED, Since heat dissipation within the LED is a
1ary limiting factor, it is clear from Figs 1 and 2 that
diode forward resistance is an important consideration,
refore, in order to obtain a better optical output:

LED with a low intemal resistance may be selected,
1e LED may be operated in a low temperature
nvironment.

er ordinary practical conditions, only the first remedy
propriate, Certain LEDs now available inthe market

r remarkably high efficiency. Stanley Hi-Super Bright

s are some examples. They offer a continuous light

ut? of typically 500 mcd at 20 mA compared to 2bout
'd from an ordinary LED at the same current. For this
m and for their good linearity over an extended current
:, red LEDs of this kind have been used for the first
atype stroboscope made, which gave a very satisfactory
yrmance,

re 3 reveals two further important characteristics of a
. Firstly, in the pulse operation, the LED is far more
ent than in the continuous mode and secondly, it is
1 more linear over an extended range of currents.

it is observed in experiments that if the average power
ration is well below the permissible limit, the apparent
al saturation in the case of the dc operation is removed
at highly elevated currents. These features are of great
rtance as far as the design of a stroboscope is concermned
enormous current pulses can be passed through the

g if the flash duration is short enough and the duty

is such that the average power dissipation is within
vecified limits. This results in very bright light flashes
elevated conversion efficiency. By way of comparison,
) which is rated for a maximum forward steady

1t of 50 mA at 25°C could take 100 ns pulses of

1t as high as 20 A or even more at a duty ¢ycle of
:0.2% (2 kHz repetiton). If the pulse width or the

tion rate is reduced, the current may be further

ised to compensate to some extent for the drop in

1e brightness.
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Our Stanley Hi-Super Bright LED gave an output energy
per flash of 0.03 uJ when drven by 100 ns, 19 A pulses,
It is observed that the uitrasonic fleld was clearly visible
when illuminated by a single flash of a pulse mentioned

above,

LED driving circuit

Switching times of LEDs can be as short as a few nano-
seconds if the driving circuit is designed carefully. For
stroboscopic applications the maximum pulse current
capabilities of the circuit is a primary limitation. Attention
must also be paid to avoid excessive distortion of short
pulses and the circuit must be stabilized against various
interferences due to high current pulses and transients
generated, etc.

The assembled device is shown in Fig. 4, Approximate
dimensions are 7.6 x 5.1 x 2.5 cm. It is capable of switching
pulses up to about 20 A, The circuit consists of only four
active elerments in three stages and this indicates the low

cost involved. Total power consumption is less than 1 W.

A low impedance pulse generator typically of the order of
50 0 triggers the device.

The above stroboscope is successfully used in ultrasonic
schlieren systems. This is illustrated in Fig. 5 showing two
examples of clear and stable images that could be easily
obtained with a simple schlieren system using this strobo-
scope. Because of the nearly monochromatic light of the
LED, it is relatively easy to produce high contrast schlieren
images even with ordinary non-achromatic lenses rather
than mirrors,

Conclusions

A new stroboscope has been successfully built based on a
LED driven with very short, very high current puises. The
advantages compared to ordinary stroboscopes can be
summarized as follows.

(1)  Extremely short flash duration, independent of
repetition rate; 10 ns or even shorter pulses are
possible as assessed by the current pulses; compared
to 30 to 50 ns of a spark discharge stroboscope?® or
0.5 to 3 us of a commercial gas discharge tube
stroboscope® whose flash duration varies with the
repetition rate in the above range,

ol

Relative brightness

Forward current
Fig. 3 Cormparison of pulse and dc operation of a GaAsP LED

189

226 -



Flg. 4 Stroboscops on a breadboard

() Completely free from jitter.
(3) Nearly monochromatic emission.

(4) Pulse width and pulse energy can be accurately
controlled,

(5) Longworking life.

(6) Small physical size.

{7) Very low cost.

If still more light is needed, an array of LEDs may be used.
A further publication is planned to cover more detailed
aspects of the stroboscope.
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Fig. 5 a — A gated burst of ultrasonic waves amitted from a large
2 MHz transducer; b — cylindrical field of a small 2 MHz transducer
driven by a long train of sine waves
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A REAL TIME HIGH FRAME RATE ULTRASONIC TMAGING SYSTEM

G.P.P, GINARATINE AND J, SZILARD

Department of Electrical amd Electronic Engineering, Loughborough University
of Technology, Loughborough, Leicestershire, LE11 37U, England

Many problems are found in-present day ultrasonic imaging
systems such as. low .speed, high oost, large size ete. A new
system Ras been developed to overcome many of these limitations
by extending the principle of Hanstead's Direct Ultrasonic
Visualisation of Defects’’[DUVD] system. The inherently low
sensitivity of the DUVD is eliminated by intorducing electronic
amplification using transducer arrays while preserving its ideal
features by adopting a new sonoptical design., The first
experimental model has a nominal depth ramge of uvp to 40 an in
steel and takes only 0.15 ms to produce a high resclution
focused B-scan type image of the whole cbject field.’

1 INTRODUCTTON

The inherent potential of ultrasonic imaging in non destructive testing and
medical applications leaves plenty of room for further development. The new
system described here offers many advantages such as high speed, good resolution,
large field cof view, compactness, ease of operation ard low cost etc.

The basic principle is an extension of Hanstead's Direct Ultrasonic Visualisation
of Defectd'DUVD] system. The main problem with the DUVD is its low sensitivity.
Further work on this technique has also been reported by Hayman® in 1977 and by
Bar-Cohen et.al? in 1978. Even so, at its best, the cbject field is only a few cms
in width, length and depth. Therefore in spite of its attractive features and
simplicity, the DUVD has not been implemented in practice.

Developing further the basic ooncept of the DUVD by introducing electronic
amplification between a set of receiver ard re-transmitter arrays, the problem of
low sensitivity is eliminated, while preserving the ideal characteristics of the-
concept, namely the linearity and isochronicity., Ancther feature of the system is
that it is showing a slice of the DOVD display and presenting it as a very high
resolution B-scan type image.

A number of areas have been developed during the course of this work, some of
which are also hriefly outlined. These include a high performance wide aperture
campact  schlieren system, a new miniature L.E.D. stroboscope,  wide band rf
amplifiers, miniature widebard transducer head amplifiers, high quality transducer
arrays ard backings etc. i

2.1 THE BASIC CONCEPT OF DUVD

DIVD essentially consists of a pair of acoustic lenses, [Fig.1] designed in such
away as to produce a 3D image with two other special properties called linearity
and isochronicity, as mentioned above. The term linearity here refers to its ability
to maintain a constant object-to-image spatial relationship, while isochronicity
means that when the cobject is insonified with a short pulse, all the echoes from
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different targets (defects), irrespective of their Qistances, arrive simultanecusly
at their respective image points, thus giving the system its ability to display the
whole image at once. The ultrasonic image is made visible either by the photoelastic
technique or by the schlieren technigue using a stroboscopic flash of light.

3 THE NEW CONCEPT
*)

The new concept is aimed at maintaining the ideal characteristics of the DUVD,
namely the linearity and isochronicity, while eliminating the problem of low
sensitivity. This is done by designing a new sonoptical geometry and introducing
electronic amplification between a set of receiver and re-transmitter arrays. The
concept may be summarized as follows,

{1) SIGNAL INTERCEPTION
(2) AMPLIFICATION
(3) RE-TRANSMISSION

It is apparent “that the new technique is a great deal more involved than the
DUVD, due to the requirements to be met in each of the ahove areas. The basic
parameters investigated are listed below,

3.1 SIGNAL INTERCEPTION

(1) No. OF CHANNELS
(2) TRANSDUCER ELEMENT SPACING

(3) ELEMENT WIDTH TO GAP RATIO

(4) PHYSICAL SIZE, SHAPE, AND THE TRANSDUCER MATERIAL
{5} CENTRE FREQUENCY etc,

The first two parameters were estimated by a preliminary computer simulation
using the model shown in  Fig.(2). The aim here was to obtain an idea of the
sharpness of the images and the extent of artefacts that may be formed in a given
image space as a function of the number of channels and element spacing., The
rathematical model used is

e

Where P, ,,is the pressure distribution at point (¥,y) in the image space, ¢, is
the distance frcm the 1i'™™ element of the array and k is the wave number. For the
first prototype a centre freguency of 2 MHz was chosen with element spacing of 0.7\,
and thirty channels,’ although the feasibility study was carried out with only
fifteen, The results were excellent as can be seen from Figs.8 and 9.

3.2 AMPLIFICATION

With short pulses the received signals contain a broad band of frequencies,
Ralsing the power of these signals to a level sufficient for visualisation without
distortions and differential phase errors between channels need careful attention.
In this respect variocus areas have been investigated as listed below, from which the
amplifier design specifications were formilated.

{1) TYPICAL AND WORST CASE INPUT SIGNAL LEVELS
{2) OUTPUT SIGNAL LEVELS

{3) PHASE DISTORTION AND BANDWIDTH CONSIDERATIONS
(4) DYNAMIC RANGE
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(5) INPUT AND CUTPUT IMPEDANCES
(6) DAMPING CHARACTERISTICS

{7) NOISE LEVEL

(8) POWER CQONSUMPTION

(9) SIZE

(10} QOST, etc.

A set of widebard rf power amplifiers operating in class A was designed for early
experiments, Although these are still in use, a new category of amplifiers here
named as G giving higher efficiency and dynamic range has been developed and
tested for this particular purpose. It operates in switched mode but retains the
ideal characteristics of class A during the pulse period when the signal
transmission takes place. A set of 30 miniature wide band array head amplifiers
Fig.3 were also developed which matches the transducers to the cables up to a
usable length of 50 metres. Thus remote operation is also possible. These
amplifiers have a 1 kV surge protection at the front end with short dead zone
enabling them to be used in transceiver mode of operation as well. The amplifier
assembly can be clipped to the operators lower arm for easy operation.

3.3 RE-TRANSMISSION

In addition to the basic parameters investigated under {3.1], the sonoptical
_ gecmetry had to be determined. After examining a few possibilities a final geometry
consisting of a curved array and a c¢ylindrical lens was designed in place of the two
lens arrangement of the DUVD, This curved array replaces one of the two lenses in
the DUVD set up, thus simplifying it further and enhancing the sensitivity even
more. .

3.3.1 VISUALISATION

The schlieren technique was adopted using a sensitive liquid as the visualising
medium, One of the most significant improvement has been the development of a new
L.E.D. stroboscope™ which greatly improved the performance and compactness of the
whole system, It is capable of outputting light far in excess of what is required
for the purpose. Even a single pulse shows the whole image field, This stroboscope
is assembled inside a lens cap as shown in Fig.4.

4 OONSTRUCTTION OF ARRAYS

This is an area of great importance in achieving good results close to
theoretical limits. For example the axial resolution is directly dependent on the
pulse width and consequently the wide band performance of the array elements is
paramount. It is well known that nominally identical transducers very often
differ widely in performance. The situation is even more acute when the transducers
are physically small as lateral modes of vibrations become more significant. One can
therefore envisage the difficulties of making two 30 element arrays with
sufficiently identical characteristics between the individual elements.

After investigating the bisic requirements, a oonsiderable amount of work has
been done in developing high quality arrays. This includes a new approach in the
development of high quality transducer backings. Both conductive and non-conductive
backings were developed. The non-conductive backings are specially meant for the use
in higher frequency arrays to achieve low electrical cross coupling. This work is
intended to be published later.

5 THE ASSEMBLY AS A WHOLE

Figs.5 and 6 show the assembly of the first experimental prototype. Fig.7 shows
the system block diagram. A high performance, wide aperture, compact schlieren setup
is designed and kinematically mounted such that it is insensitive to typical
vibrations of all kinds experienced on a shop floor, hence the images are perfectly
steady., Furthermore, this particular setup can be used in full daylight without the
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need of any dark environment., Overall dimensions of the whole assembly are 1 m by
0.5 m by 0.5 m. With further advances in electronics and construction techniques any
future model may be camparable in size to that of a conventicnal flaw detector of
the early type.

5.1 OPERATION

When testing, the array is coupled with oil to the test object. Either separate
transmitter/receiver or transceiver mode may be selected, The test object is
insenified with a short pulse of ultrasound and the delay of the strcboscope firing
circuit is set appropriately. An A-scan display of signals is provided for quick
detection of targets in the test object. The corresponding images are seen next to
it in real time on the TV monitor. These images can be recorded on a VIR if
necessary, The image field may alsoc be seen with the naked eye directly fram the
schlieren without the CCIV.

6 RESULTS

Two examples of images produced by the first system at an early stage of
development are shown in Figs 8 and 9. Fig.[8] shows images of three holes drilled
in an aluminium test block and Fig.9 shows an image of an actual crack found in a
T-weld. Note that in Fig.8 the holes marked 1 and 2 are closer than 2 and 3 by about
3 mm and the vertical offset of 1 and 3 about 2 mm which are clearly shown in the
image. The longitudinal resolution is very close to a wavelength; this being the
result of the development of wideband high quality arrays and amplifiers.

7 DISCUSSTON AND CONCLUSIONS

From what is seen in the market today and during the past few years it is
apparent. that the present day imaging in general is moving more and more towards the
use of digital computers and sophisticated signal processing techniques. Although
they have many attractive features, there can be inherent drawbacks such as low
speed arnd inadequate image quality, these being the result of imvolved lengthy
processing, loss of information and other limitations arising from the particular
technique used.

In this respect the new imaging system presents obvious advantages mainly due to
its fundamental simplicity which requires only analogue processing. The sonoptical
schlieren arrangement does all the image re-construction, in place of digital
computers and the like at a fraction of the cost and with remarkable accuracy and
minimum time, Even in its present form with only 15 elements operating, its
resolution is high, typically in the order of a wavelength in the Jlongitudinal
direction and about 1.5 wavelengths laterally at a depth of around 6 cm in the test
block. Its sensitivity is also high, for example tKe three holes shown in Fig.8
are imaged with an insonifying pulse of around 50 V p.p. only while the present
circuits allow 20 times as much. It operates in real time, i.e, a complete image
is formed by a single pulse, thus 1in a section of steel 40¢ mm deep an image is
formed in about 0.15 ms and the frame rate can be as high as 1kHz or more. This is
just the time of flight of the pulse. Compare this with mimutes or hours taken by
other existing systems, Furthermore the  interpretation of results are
straightforward and less pperator-deperdent. These benefits, taken together with
its remarkably low cost, make the system unique in the field of ultrasonic imaging.

211 these features are ideal for medical applications as well and this
possibility is intended to be explored in depth, as the work done so far is
concerned with NDT only. Further work has also been planned on system optimization
and coupling to non-uniform surfaces.
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A NW LLTRASONIC IMAGING SYSTEM

G.P.P, GUNARATHNE AND J. SZILARD

UNIVERSETY OF TECHNOLOGY

LoucHBOROUGH, . LETCSt LE 11 3TU, UK

£y

A REAL TIME ULTRASONIC [MAGING SYSTEM FEATURING
GOOD RESOLUTION, HIGH SENSITIVITY, LOW COST . ETCy
HAS BEEN DEVELOPED. N TESTING, THE TEST OBJEGT
IS INSONIFIED WITH A SHORT PULSE- OF ULTRASOUND
AND THE ECHO,5IGNALS_ARE, (RECELVED,. WITH AN ARRAY
OF TRANSOUCERS.” THESE ~ SIGNALS ARE AMPLIFIED IN
PARALLEL CHANNELS.AND.'ARE!I\RE>TRANSMITTED INTO A
TRANSPARENT MEDIUM USING A SPECIAL ARRANGEMENT
OF A SECOND TRANSDUCER ARRAY AND AN ACOUSTIC
FOCUSING SYSTEM, . (THIS HiIN:T TURN £ PRODUCES A FULL
ACOUSTIC [MAGE OF ,THE. TEST OBYECT E)FLD AND IS MADE
VISIBLE BY SYNCHRONISED STROBOSCOPIC ILLUMINATION'
THE FIRST EXPERIMENTAL)OURROTOTYPE: . HAS A NOMINAL
DEPTH RANGE OF UP TO 40 CM IN STEEL AND TAKES ONLY
0.15 MS TO PRODUCE A HIGH'RESOLUTION FOCUSED B-sca,n!‘1
TYPE IMAGE OF THE WHOLE‘O?JECT FIELD, -
!
NTRCCLUCT ION
SEEN IN ULTRASONIC IMAGIN

. ERAY

g
3

1

.|

AR %

i
1

1l

MAaNY PROBLEMS ARE OFTEN 7
© SYSTEMS SUCHIAS.LOWSSPEENT WNXDESTATE YRESOC A
LARGE PHYSICAL SIZE, HIGH COST ETC. THE NEW SYSTEM!
DESCRIBED HERE- 1S ~CAPABLE- OF - OVERCOMING - MANY--OF
THESE LIMITATIONS AND 15 BASED ON A NEW DEVELOPMENT

ALONG THE - LINES - HAﬂ TEAD s—DIRECT ULTRASON G
VISUALISATION oF DEFECTSJOUMD] PRINCIPLE. "
ALTHOuGH DIND HAS VERY REMARKABLE FEATURES, THE!

FUNDAMANTAL: PROBLEM 1S T LOW-SENS I TIVITY. THIS1S|
MAINLY SO AS THE SYSTEM|IS 'PASSIVE', [N THAT (T
ONLY UTILIZES THE -INSONTFYING ~ENERGY- FOR ACOUSTIC
IMAGE = FORMAT ION AND EAVY ENERGY LOSSES ARE:
INVOLVED. -FURTHER WORK-ON-THIS—TECHNIQUE HAS' ALSO:
BEEN REPORTED BY Ha tN 1977 anp 8y BarR-CoHEN)
ET.ALS IN 1978, EVEN—ISO;,—AT —ITS  BEST; ~THE|
SENSITIVITY OF THE OUVD FALLS FAR SHORT OF THAT'
REQUIRED FOR-PRACT{CAL—INPLEMENTATION:  “THE™ OTHERl
DRAWBACKS ARE THE DIFFIGULTIES N COUPLING AND!
MANIPULAT [ON; ) |

INTRODUG ING -~ ELECTRONIC LIftCAT'ION'BETWEEN'A'SET]
OF RECEIVER AND RE-TRANSMITTER ARRAYS, THE BASIC|
CONCEPT OF - DIMD 1S~ CHANGED ~FROM ~ 'PASSIVE'™ TOi
"ACTIVE', SOLVING THE PROBLEM OF LOW SENSITIVITY,
WHILE THE IDEAL" CHARACTERISTICS "ARE PRESERVED™ BY|
DESIGNING A NEW SONOPTICAL GEOMETRY. IN THIS wAY)
THE PROBLEM OF MANIPULATION IS ALSO SOLVED AS THE:
PROBE ARRAY 1S NOW SEPERA'[ED FROM THE REST OF THE.
SYSTEM, -
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ENGLAND

A NUMBER OF AREAS HAVE BEEN DEVELOPED DURING THE
COURSE OF THIS WORK, WHICH ARE ALSO  BRIEFLY
OUTLINED, THESE INCLUDE A HIGH PERFORMANCE WI!DE
APERTURE COMPACT SCHLIEREN_SYSIEM;- A NEW MINIATURE
L.E.D. sSTROBOSCOPEY’ WIDEBAND RF AMPLIFIERS,
HIGH QUALITY TRANSDUCER ARRAYS AND BACKINGS ETC.

v LT Ve
THIS PAPER ALSO PRESENTS SUPPLEMENTARY TEST RESULTS
TO THE PREVIOUS PUBLICATION AT THE ULTRASONICS
ANTERNATIONAL 85 ConFERENCE™ HELD™ IN® JuLy 1985,
J_MDON- MV

2, BASIC CONCEPT OF DIVD

HansTEAD'S DIMD SYSTEM ESSENTIALLY CONSISTS OF A
:SPECIAL"ARRANGEMENT OF A PA|R OF ACQUSTIC LENSES AS
SHOWN IN Fi6, 1,

LENS 1 LENS 2
3 {
OBJECT FIELD < — IMAGE FIELD
5o o Pots 8’
r B! . . e 'Af

Fie, 1 Two-LENS DUVD ARRANGEMENT,

FALLED 'LINEARITY' AND

APART OF BEING CAPABLE OF PRODUCING 3D ACOUSTIC
IMAGES,” HAS TWO OTHER' ~SPECIAL  PROPERTIES
*1SOCHRONICITY', THE TERM
CINEARITY HERE REFERS TO 1TS ABILITY TO MAINTAIN A
CONSTANT OBJECT-TO-IMAGE  SPATIAL  RELATIONSHIP,
TUE™ ISOCHRONICITY MEANS THAT WHEN THE TEST OBJECT
FN; INSONIFIED WITH A SHORT, PULSE, ALL THE ECHOES
“DIFFERENT TARGETS [OEFECTS}, IRRESPECTIVE OF
THEIR DISTANCES, ARRIVE SIMULTANEQUSLY AT THEIR
ﬁgspscnvr"lmcz POINTS, THUS GIVING THE SYSTEM (TS
ILITY TO DISPLAY THE WHOLE IMAGE AT ONCE. THE
LU TRASONIC TMAGE 1S MADE “'VISIBLE N "A “SUITABLE
TRANSPARENT MEDIUM EJTHER 8Y PHOTOELASTIC TECHNIQUE
R~ SCHLIEREN TECHNIQUE OF WVISUALISATION  USING
BTROBOSCOPIC FLASH OF LIGHT,

i__ 3, THE NEW CONCEPT

ErHE MAIN FEATURES OF THE NEW CONCEPT“’ CAN BE SEEN

FROM F1G. 2, WHICH ARE ALSO SUMMARIZED BELOW,




—

RECEIVER ARRAY RE-TRANSMITTER ARRAY

AMPLIFIERS

OBJECT FIELOD

IMAGE FIELD
oB

A

s

CYLINDRICAL LENS
Frg, 2

{1} EcrO S1GNAL RECEPTION BY MLANS OF A LINEAR
ARRAY OF TRANSDUCERS,

{2} AMPLIFICATION GF RECEIVED SIGNALS IN PARALLEL
CHANNELS .

(3) RE-TRANSMISSION OF AMPLIF(ED ECHO SIGNALS INTO
AN OPTICALLY TRANSPARENT MEDIUM USING A SECOND
ARRAY OF TRANSDUCERS, FORMING A PART OF AN
ACOUSTIC FOCUSING SYSTEM.

TACH OF THESE ARFAS HAD TO BE EXAMINED IN DETAIL (N
CRDER TO IDENTIFY THE DESIGN PARAMETERS OF THE
SYSTEM AS QUTLINED BELOW,

| Pl

(1) No. of cHannees

(27 TRANSDUCER FLEMENT SPACING

{3) ELEMENT WIDTH-TO-GAP RATIO

(4) PwvsSICAL SIZE, SHAPE AND TRANSOUCER MATERIAL
(5) CENTRE FREQUENCY ETC.

THE FIRST TWO PARAMETERS WERE ESTIMATED BY A
PRELIMINARY COMPUTER SIMULATION USING THE MODEL AS
sHOoWN IN F16, 3 BELOW,

e

g - jkri + @i}
=1

Fig. 3

1S THE ACOUSTIC PRESSURE AT POINT [x,v].
i IS THE DISTANCE FROM THE 4, ELEMENT,

1S THE RELATIVE PHASE W.R,T. 1% ELEMENT,
1S THE WAVE NUMBER,

AiM HERE WAS TO OBTAIN AN IDEA OF THME SHARPNESS OF
THE IMAGES AND THE EXTENT OF ARTIFACTS THAT MAY BE
FORMED [N A GIVEN IMAGE SPACE AS A FUNGTION OF THE
NOMBER OF CHANNELS AND ELEMENT SPACING, FOR THE
FIRST PROTQTYPE, A CENTRE FREQUENCY OF 2 MHz was
CHOSEN WITH ELEMENT SPACING OF 0,7 , AND THIRTY
CHANNELS, ALTHOUGH THE FEASIBILITY STUDY WAS
CARRIED OUT WITH ONLY FIFTEEN. EVEN SO, THE RESULTS
ARE VERY REMARKABLE AS CAN BE SEEN FROM TYPICAL
TEST RESULTS PRESENTED. LPAGE 3)

I IF1CATI

POWER OF THE RECEIVED SIGNALS HAS TO BE RAISED TO A
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LEVEL SWFFiZIENT FOR THE PARTICULAR  ACOL
TECHNIQUE ©F  WISUALISATON  USED, I o
ACHIEVE GOCC  RESOLUTICN  AND  IMAGL  QUAL T,
RECEIVED AND RE-TRANSMITTED PLILSES MUST Af & M
AS POSSIBLE REQUIRING FAITHFLL AMPLIFICAT I
BROAD BAND OF FREQUENCIES. THESE TOGETHER wiTH imi
ELECTRICAL DAMPING REOUIREMENTS OF THL  TRANSDUCE=S
TO ACHIEVE wIDEBAND RESPONSE PLACES HEAVY DEMANC.
ON THE AMPLIFIERES. [N THIS RESPECT, VARIQUS AREAS
HAVE BEEN INVESTIGATED, AS LISTED, FROM WHICH THE
AMPLIFIER DESIGN SPECIFICATIONS WERE FORMULATED,

1) TYPICAL AND WORST CASE INPUT SIGNAL LEVELS

2) OUTPUT SIGNAL LEVELS

3) PHASE DISTORTION AND BANOWIOTH CONSIDERATIONS
4) D¥YNAMIC RANGE

5) INPUT AND DUTPUT IMPEDANCES

6) DAMPING CHARACTERISTICS

70 POWER CONSUMPTION

8) Si1z¢

(10) CosT €1¢.

A SET OF WIDEBAND RF POWER AMPLIFIERS OPERATING IN
CLASS A wAS DESIGNED FOR  EARLY  EXPERIMENTS,
ALTHOUGH THESE ARE STILL IN USE, A NEW CATEGORY OF
APLIFIERS HERE NAMED AS G GIVING HIGHER EFF ICIENCY
AND DYNAMIC RANGE HAS BEEN DEVELOPED AND TESTED FOR
THIS PARTICULAR PURPOSE, |T OPERATES IN SWITCHED
MODE BUT RETAINS THE [DEAL CHARACTERISTICS OF CLASS
A DURING THE PERIOD WHEN THE S1GNAL AMPLIF ICATICN
TAKES PLACE. THIS CONCEPT IS5 ILLUSTRATED N FiG, 4,
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F16. 4 SwiITCHED MODE AMPLIFICATION

A SET oF 30 MINIATURE WIDEBAND  ARRAY  KLAD
AMPLIFIERS WERE ALSO DEVELOPED WHICH MATCHES THE
TRANSDUCERS TO THE CABLES UP TQ A USABLE LENGTH OF
50 meTRES. FiG, 5, [Pace 4], THUS REMOTE OPERATION
1S POSSIBLE, THESE AMPLIFIERS HAVE A 1 KV SURGE
PROTECTION AT THE FRONT END WITH SHORT DEAD ZONE
ENABL ING THEM TC BE WSED tN THE TRANSCEIVER MODE OfF
OPERATION AS WELL. THIS AMPLIFIER ASSEMBLY IS SMALL
ENOUGH TO BE CLIPPED TO THE OPERATORS LOWER ARM,

3.3 RE-TRANSMISSION AND VISUAL [SATION

A SONOPTICAL GECMETRY CONSISTING OF A CURVED ARRAY
AND A CYLINDRICAL LENS WAS DESIGNED TO RE-TRANSWIT
THE AMPLIFIED SIGNALS INTQ THE VISUALISING MEDIUM,
THIS ARRANGEMENT (5 CAPABLE OF PRODUCING FOCUSED B-
SCAN TYPE ACOUSTIC IMAGES OF THE TEST OBJECT FICLD.

IN CRDER TQ VISUALISE THE ACOUSTIC IMAGES, THE
SCHL1EREN TECHNIQUE WAS ADOPTED., A SEALED COMPACT
SCHLIEREN SYSTEM WAS DESIGNED AND KINEMATICALLY
MOUNTED SUCH THAT T IS INSENSITIVE TO VIBRATIONS
EXPER IENCED 1N USE, GIVING PERFECTLY SYEADY [MAGES,
TH!S PARTICULAR SETUP CAN BE OPERATED IN FuLL



DAYLIGHT wITHOUT THE NEED OF ANY DARK  ENVIRONMENT,
ONE OF THE MOST SIGNIF ICANT IMPROVEMENTS HAS BEEN
THE DEVELCPMENT OF A nEw L.E.D, STROBOSCOPE wHICH
GREATLY IMPROVED THE PERFORMANCE AND THE
COMPACTNESS OF THE wHOLE SYSTEM. |T 1S CAPABLE OF
OUTPUTTING LIGHT FAR IN EXCESS OF WHAT IS REQUIRED
FOR THE PURPOSE. EVEN A SINGLE PULSE SHOWS THE
WHOLE IMAGE FIELD. THIS STROBOSCOPE 1S ASSEMBLED
INSIDE A LENS CAP AS SHOWN IN F16, 6, [Pace 4].

4. CONSTRUCTION OF ARRAYS

THIS 15 A VITAL AREA tN ACHIEVING GOOD RESULTS. THE
INDIVIDUAL ELEMENTS OF THE ARRAY MUST HAVE,

(1) WiDEBAND PERFORMANGE

{2) Goob SENSITIVITY

(3) MINIMAL CRO5S-COUPLING

(4) SUFFICIENTLY 1DENTICAL BEHAVIOUR

THIS IS DIFFICULT TO ACRIEVE, ESPECIALLY WHEN THE
TRANSDUCERS ARE PHYSICALLY SMALL A5 THE LATERAL
MODES OF VIBRATIONS BECOME MORE SIGNIFICANT, A
CONSIDERABLE  AMOUNT OF WORK HAS BEEN DONE N
ACHIEVING THESE OBJECTIVES. IN THIS RESPECT, A NEW
APPROACH HAS BEEN TAKEN TQO DEVELOP BOTH CONDUCTIVE
AND NON-CONDUCTIVE HIGH QUALITY TRANSDUCER BACKINGS

5, THE ASSEMBLY AS A WHOLE

Fie. 7 ON PAGE 4, SHOWS THE FIRST EXPERIMENTAL
PROTOTYPE. (VERALL DIMENSIONS OF THE WHOLE ASSEMBLY
ARE 1 M BY 0.5 M BY 0.5M. WITH FURTHER ADVANCES IN
ELECTRONICS USED AND CONSTRUCTION TECHNIQUES, ANY
FUTURE MODEL MAY BE COMPARABLE IN SIZE TQ THAT OF A
CONVENTIONAL FLAW DETECTOR OF THE EARLY TYPE,
FiG. 9 BELOW SHOWS THE SYSTEM BLOCK DIAGRAM.

TRIGGER PULSE TO
U - 2 .
cenenstod—> DELAY - -
m
®
[ @
ULTAASONIC BLOCK DIAGAAM a
PULSE g
TRAN’SN”TEJ
1
\ | LI
= TR,
TRANSMIT/RECEIVE 30 channels e ] ScHLIERN
oA .
[FOC USIng
[TRANSMIT & RECEIVE
TEST OBJECT
Fig. 9

WHEN TESTING THE RECEIVING ARRAY 15 COUPLED WITH
OIL TO THE TEST OBJECT. EITHER SEPERATE TRANSMITTER
RECEIVER OR TRANSCEIVER MODE MAY BE SELECTED, THE
TEST OBJECT 15 INSONIFIED WITH A SHORT PULSE OF
ULTRASQUND AND THE DELAY OF THE STROBQSCOPE
TRIGGERING CIRCUIT 15 SET APPROPRIATELY., AN A-5CAN
DISPLAY OF SIGNALS IS PROVIDED FOR QUICK MONITORING

N TADRETEC Tur rApoccommn e PMANCS ARE SO e v

p, RESATS

Fies. 10 10 13 SHOW SOME TYPICAL
OBTAINED WITH THE FIRST PROTOTYPE,
ONLY 15 CHANNELS.

TEST RESULTS
OPERATING WITH

Fig. 10 1S AN IMAGE OF A LINE OF HOLES DRILLED AT

AN ANGLE IN AN ALUMINIUM TEST BLOCK. THIS IMAGE
DEMONSTRATES THE LINFARITY AND  JSOCHRONICITY

ASPECTS OF THE SYSTEM.
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Fls. 10(s)

Fies. 11(a) & 11(8) SHOWS THE ABILITY OF THE SYSTEM
TO EXAMINE A L ARGE FIELD OF VIEW, NOTE THAT THE
RECEIVING ARRAY IS NOT DIRECTLY ABOVE ANY OF THE
DRILLED HOLES. THIS IS A FAVOURABLE FEATURE WHEN
EXAMINING VERTICALLY ORIENTED DEFECTS.

—

Fic. 10(a -

i : .
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L
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Fig., 12(A) SHOWS THREE HOLES DRIELED IN A TEST
BLOCK. NOTE THAT THE HOLES MARKED 1 AND 2 ARE
CLOSER THAN 2 AND 3 BY ABOUT 3 MM AND THE VERTICAL
OFFSET OF 1 AND 3 ABOUT 2 ™M WHICH ARE CLEARLY SEEN
FROM THE IMAGE. THIS GIVES AN IDEA OF THE ACCURACY
ACHIEVED WITH THIS SYSTEM.

11(B

TEST BLOCK

Fig, 12(3

Fie. 13(a) & (B) BELOW SHOW TWO IMAGES OF CRACKS
FOUND IN A T-wELD CONTAINING MATURAL DEFECTS,

+
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THE  SENSITIVITY OF THE SYSTEM 1S HIGH, FUR LXARPLE
THE THREE HOLES SHOWN IN FiG. 13 AJ) ARE YMAGED WITH
AN INSONIFYING PULSE OF AROUND 50 V ONLY, WHILE THE
PRESENT CIRCUITS ALLOW 20 TIMES HIGHER VOLTAGES.
w

EvEN 1IN ITS PRESENT FORM Wi TH ONLY ¢ IFTCEN CHANNELS
OPERATING, TS RESOLUTION 15 ALSD HIGH, TYPICALLY
IN THE ORDER OF A WAVELENGTH IN THE LONGI TUDANAL
DIRECTION AND ABOUT 1.5 TO 2 WAVELENGTHS LATERALLY
AT A DEPTH OF AROUND 5 TO 6 CM IN THE TEST 8LOCK.

IT QPERATES IN REAL TIME, |.E. A COMPLETE IMAGE IS
FORMED BY A SINGLE PULSE, WITHIN A PERIOD REQUIRING

JUST THE TIME OF FLIGHT CF THE PULSE IN THE YEST
OBJECT AND IN THE SONOPTICAL ARRANGEMENT OF THE
SYSTEM. THUS IN A SECTION OF STEEL 400 MM DEEP, AN
IMAGE 1S FORMED IN ABOUT 0,15 M5, THE FRAME RATE
MAY BE RAISED AS HIGH AS 1 kHZ Or MORE,

SINCE THE SYSTEM OPERATES IN REAL TIME AND WITH THE
IMAGES OF ACJOUSTIC DISCONTINUJITIES WHOSE SHAPES
AND POSITIONS ARE KNOWN, EG. DRILLED HOLES, THE
REPEATABILITY ASPECT OF THE SYSTEM COULD EAStLY BE
SEEN. FURTHERMORE, THE INTERPRETATION OF RESULTS
ARE STRAIGHTFORWARD AND LESS OPFRATOR DEPENDENT,

7. DISOUSSIONS AND CONCLUSIONS

IT IS SEEN THAT THE PRESENT-DAY IMAGING SYSTEMS IN
GENERAL ARE MOVING MORE TOWARDS THE USE OF DIGITAL
COMPUTERS AND SOPHISTICATED SIGNAL PROCESSING
TECHNIQUES. ALTHOUGH SUCH SYSTEMS HAVE MANY
ATTRACTIVE FEATURES, THERE CAN BE INHERENT
DRAWBACKS SUCH AS LOW SPEED, INADEQUATE IMAGE
QUALITY ETC,, THESE 3EING THE RESULT OF INVOLVED
LENGTHY PROCESSING AND OTHER LIMITATIONS ARISING
FROM THE PARTICULAR TECHNIQUE USED.

IN THIS RESPECT THE NEW IMAGING SYSTEM PRESENTS
0BVIOUS ADVANTAGES MAINLY DUE TO TS FUNDAMENTAL
SIMPLICITY WHICH REQUIRES JUST ANALOGUE PROCESSING.
THE TECHNIOUE OFFERES AN UNUSUAL COMBINATION OF
USEFUL FEATURES IN IMAGING APPLICATIONS AS GIVEN
ABOVE. THESE BENEFITS TAKEN TOGETHER WITH 1ITS
REMARKABLY LOW COST, MAKE THIS SYSTEM UNIQUE IN THE
FIELD OF ULTRASONIC IMAGING,

ALl THESE FEATURES ARE IDEAL FOR MEDICAL
APPLICATIONS AS WELL AND THIS POSSIBILITY 15
INTENDED TO BE EXPLORED IN DEPTH AS THE WORK DONE
S0 FAR 1S5 CONCERNED wiTH NDT oNLy. FURTHER WORK HAS
ALSO BEEN PLANNED ON SYSTEM OPTIMISATION AND
COUPL ING TO NON UNIFORM SURFACES,
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A REAL TIME ULIRASINIC IMAGING SYSTEM

G.P.P. GUNARATHNE AND J. SZILARD

A new real time ultrasonic imaging system featuring high resolution, good
sensitivity, low cost etc. has been developed. The new system is based'on the
principle of Hanstead's Direct Ultrasonic Visualisation of defects [DUVD]
technique. The inherently low sensitivity of the DUVD is eliminated by
introducing electronic amplification using transducer arrays while preserving its
ideal properties by adopting a new sonoptical design. The first experimental
model has a nominal depth range of up to 40 om in steel and takes only 0.15 ms to
produce a high resolution focused B-scan image of the whole object field.

Introduction

Hanstead's DUVD systefi’ is one which is capable of producing 3D images of targets
in a test cbject medium with two other special properties called 'linearity' and
‘isochronicity'. 'Linearity' here refers to its .ability to maintain a constant
object-to-image spatial relationship, while isochronicity means that when the
test object is insonified, all the echoes from different targets {defectsl],
irrespective of their distances, arrive simultaneously at their respective image
points. The design of the system is such that ultrasonic images are formed in a
transparent medium, made visible by photoelastic technique or by schlieren
technique using stroboscopic flash of light. See Fig. 1.

The main problem with the DUVD is its low sensitivity. This is because the
system is 'passive', in that it only utilizes the insonifying energy for acocustic
image formation and heavy energy losses are involved. further work has also
been reported by Haymaf®in 1977 and by Bar-Cohen et all. in 1978. Even so, the
sensitivity of DUVD falls far short of that required for practical implementation

{7}
The new concept

The main features of the new concept can be seen from Fig. 2, as follows

1. Echo signal reception by means of a linear array of transducers.

2. Amplification of received signals in parallel channels.

3. Re-transmission of amplified signals into an optically transparent medium
using a second transducer array forming a part of an acoustic focusing system

Echo signal reception

The following areas have been examined.

1. Number of channels 4. Length of the elements
2. Transducer element spacing 5. Transducer material
3. Element width to gap ratio 6. Centre frequency

The first two parameters were estimated by a preliminary computer simulation
using the model shown in Fig.3. The mathematical model used is

N -j(kl'i +¢I}
Py =iy @

G.P. P, Gunarathne and J. Szilard ane al the Department of Electrical and
electronic engineening, Loughbonrough lnlversity of Technology, Loughborough, UK.
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where p, . is the pressure distribution at point (x,y) in the image space, r; is
the distance from the ith element, ﬁi is the relative phase w.r.t. 1st element
and k is the wave number. For the first prototype a centre frequency of 2 MHz
was used, From the above simulation an element spacing of 0.7 , and thirty
channels were chosen, although the feasibility study was carried out with only
fifteen. Even so, the results are very remarkable as seen from Figs., 6 & 7.

Signal amplification

Power of the received signals has to be raised to a level sufficient for the
particular acousto-optic technique of visualisation used. In order to
achieve good resolution and image quality, the received and re-transmitted pulses
must be as short as possible requiring faithful amplification over a broad band
of frequencies. These together with the electrical damping requirements of the
transducers to achieve wideband response places heavy demands on the amplifiers.
Following areas have been examined in the design of the amplifiers,

1. Input signal levels 6. Input and output impedences
2, Output signal levels . 7. Damping characteristics
3. Bandwidth considerations 8. Power consumption

4, Dynamic range 9, G&Size

5. Noise levels 10. cost

A set of wideband rf power amplifiers operating in class A was designed for early
experiments. Although these are still in use, a new category of amplifiers here
named G giving higher efficiency and dynamic range has been developed and
tested for this particular purpose. It operates in switched mode but retains the
ideal characteristics of class A during the period of signal amplification. This
concept is illustrated in Fig. 4. :

A set of 30 miniature wideband array head amplifiers were also deéveloped which
matches the transducers to the cables up to a usable length of 50 metres. These
amplifiers have a 1 kV surge protection at the front end with a short dead zone
enabling them to be used in the transceiver mode of operation as well.

Re-transmission and visualisation

A sonoptical geometry oconsisting of a curved array and a cylindrical lens was
designed to re-transmit the amplified signals into the visualising medium. This
arrangement is capable of producing focused B-scan type images of the object
field. Schlieren technique was adopted for visualising the acoustic images.

One of the most significant irrgrovements has been the development of a new
sub-miniature L.E.D. stroboscopd®which greatly improved the performance and the
campactness of the whole system. It is capable of outputting light far in excess
of what is required for the purpose. Even a single pulse shows the whole image.

Construction of arrays

This is a vital area in achieving good results. The individual elements of the
arrays mast have

1. Wideband performance 4, Minimul cross-coupling
2. Good sensitivity 5. Sufficiently identical behaviour

3. Adequate amni-directional response

These are difficult to achieve simaltaneocusly, specially when the elements are
physically small and a considerable work has been done in achieving good results.

In this respect, good quality transducer backings were also developed.
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The operation of the system,

Fig. 5 shows the system block diagram. When testing, contact coupling is used.
Either seperate transmitter receiver or transceiver mode may -be selected. The
test object is insonified with a short pulse and the delay of the stroboscope
trigger circuit is set appropriately. The images are seen in real time on a TV
monitor or may be seen directly through the schlieren system.

Same test results

Fig.s 6 and 7 show some typical test results obtained with the first prototype,
operating with only 15 channels. Fig, 6(a) shows three holes drilled in a test
block and 6{b) is the corrospording image. Note that the holes marked 1 and 2
are closer than 2 and 3 by about 2 mm which is clearly seen from the image. Fig.
7{a) and {b) show the images of natural cracks fourd in a T-weld.

Discussions arnd conclusions

The new imaging system is fundamentally different to any other existing imaging
techniques and offers-an unusual combination of useful features such as extremely
high speed, high resolution, good sensitivity, linearity, good accuracy ard
repeatability etc. A complete image is formed by a single pulse practically
within the time of flight of the pulse. Frame rate may be as high as 1 kHz or
- more giving very high temporal resolution compared to other systems. These
benefits taken together with its remarkably low cost, make this system unique in
the field of ultrasonic imaging.

These features are ideal for medical applications as well and this possibility is '
intended to be explored as the work done so far is concerned with NDT only.
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