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Summary of Thesis submitted for Ph.D. degree 

by J.A. Cooper 

on

Laser-Generated Ultrasound with Applications 

to Nondestructive Evaluation

The generation of ultrasound by laser interaction with materials 

was first studied by White in 1963. Since this time work has been 

published on both generation in liquids and solids using CW and pulsed 

lasers. It was first noted by Bondarenko in 1976, that laser 

generated ultrasound could be applied usefully to non-destructive 

evaluation (NDE). This method of generation has a major advantage 

over conventional methods of ultrasonic NDE, which involve the use of 

piezoelectric transducers acoustically bonded to material surfaces; 

the laser source is non-contacting giving it a wider range of 

applications. The present study was undertaken to fully characterise 

the acoustic source for its use as a new tool in NDE, and to explore 

some of the potential NDE techniques most suited to the laser-acoustic 

source.

A neodymium/YAG laser has been used to produce pulses of infra-red 

radiation which then interact with a metal surface to generate 

ultrasound. Such acoustic disturbances contain fast transients in 

contrast to conventional piezoelectric transducers. The transient 

nature of the source allowed a range of accurate "time-of-flight" and 

imaging techniques to be employed for NDE after first characterising 

the directional behaviour of the various acoustic modes.



In order to fully utilise the acoustic transients it was necessary 

to use wide bandwidth displacement transducers as acoustic detectors. 

Ideally these detectors should themselves be non-contacting so that 

both generation and detection can be carried out remotely. Results 

have been obtained using a laser interferometer developed by UKAEA, 

Harwell. However, other investigative work used a modified form of 

the capacitative type transducer. This capacitance transducer has 

been developed and characterised and has proved invaluable for the 

time-of-flight techniques.

Using displacement transducers it has been possible to compare 

acoustic disturbances from different generation mechanisms with 

displacements predicted by extended theoretical models originally used 

in seismology. It was found that the laser-acoustic source simulated 

natural impulsive acoustic emission events and could therefore be used 

as a diagnostic model in the development of acoustic emission 

applications.

A range of NDE techniques have been investigated: including 

visualisation of laminar defects with high spatial resolution, depth 

measurement of surface breaking cracks, thickness measurement of metal 

foils and plates, and imaging techniques to detect bulk flaws.
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CHAPTER 1 

INTRODUCTION

Generation of acoustic waves from the interaction of a laser beam 

with matter has been known since the early days of the development of 

the laser in I960. For a solid, these acoustic waves propagate both 

into the bulk and along the surface of the material, and if the solid 

is within a gaseous environment, then acoustic waves also propagate 

into the gas. This latter phenomenon is known as the photo-acoustic 

effect and the acoustic waves - which depend upon the laser 

parameters and the physical properties of the surface material - have 

been investigated extensively. The acoustic waves that propagate in 

solids have been studied less thoroughly. From lasers producing 

short pulses these waves have a wide range of frequency components, 

extending well into the ultrasonic range, (> 30KHz) and it is this 

phenomenon which is the subject of this thesis.

The acoustic energy generated by the interaction of a laser beam 

with solids has been suggested as an acoustic source for 

non-destructive evaluation (NDE). Conventional methods of acoustic 

generation in NDE are dominated by the use of piezoelectric 

transducers. These transducers require acoustic bonding to the 

sample over a relatively large area of contact and are restricted to 

certain operating environments. The non-contacting nature of

laser-acoustic sources can circumvent these problems and these 

sources could prove to be a valuable tool for NDE.

The collimated optical beam from a laser provides a versatile 

method of transporting energy to a particular site where it can be
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concentrated by optical means. The acoustic waves generated by this 

source of optical energy possess well defined and unique 

characteristics. It is these fundamental properties, as we shall see 

later, that provide a potentially useful acoustic source for the 

non-destructive evaluation of materials.

The first demonstration of the generation of acoustic waves by 

the interaction of a laser beam with an opaque solid material was by 

White (1962) following shortly after the invention of the laser 

itself in I960. Many workers have subsequently investigated the 

phenomenon of laser generated acoustics. Calder and Wilcox (1973) 

and Giglio (1973) were the first to report the possibility of the use 

of laser generated acoustics for flaw detection.

1.1 A SHORT REVIEW OF LASER GENERATED ACOUSTICS

White (1962) demonstrated the existence of high frequency 

elastic waves produced by the irradiation of a solid with a laser 

light pulse. This was followed by an analysis of the generation 

mechanism (White, 1963) which considered a one-dimensional model of 

thermal absorption, expansion and elastic wave propagation from the 

absorption of the laser light pulse. Ready (1965) carried out a 

similar one-dimensional study and predicted temperature changes and 

elastic wave generation at the surface of a metalic solid, and also 

included a calculation of material ablation at high laser power 

densities with the resulting elastic wave generation from the 

different mechanism of material recoil rather than thermally 

generated forces. Brienza (1967) demonstrated experimentally the 

existence of very high frequency elastic waves from the interaction 

of a picosecond pulse train from a mode-locked laser with a metallic
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film. Brienza measured acoustic frequencies of 200MHz due to the 

repetition rate of the laser output and 2GHz generated by a single 

mode-locked laser pulse. Percival (1967) used the in-depth 

absorption of a laser beam in a glass rod to produce thermally 

generated elastic Love waves. The Love waves were then used in the 

first application of the laser-acoustic source, to predict the 

elastic constants of the glass material. Lee (1968) was the first to 

detect the existence of laser generated surface acoustic waves using 

an aluminium film as the absorption surface and a 5MHz interdigital 

transducer to detect the Rayleigh surface wave. These Rayleigh 

surface waves are an important product of the laser-acoustic source. 

Peercy (1970) also used a picosecond laser pulse from a mode-locked 

laser to produce acoustic transients by material ablation and noticed 

an increase in acoustic amplitude when the absorption surface was 

constrained by a transparent covering. O'Keefe (1972) noted similar 

enhancements with the irradiation of volatile coatings on metallic 

substrates.

Giglio (1973) and Calder (1973) were the first to report the 

possibility of using the laser acoustic source for flaw detection and 

their systems incorporated a laser interferometer for the detection 

of the surface displacements produced by the acoustic waves. 

Similarly Bondarenko in 1976, used 50MW laser pulses and a laser 

interferometer to detect the surface displacements of the order of a 

nanometre. Bondarenko used this remote generation and detection 

system for measuring the thickness of steel plate and to look at 

scattered signals generated by an artificial laminar bond between two 

steel plates, and he noted the possibility of using the wideband 

acoustic transients for flaw detection using spectroscopic
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techniques. Von Gutfeld (1977) demonstrated the use of thermally 

generated acoustic waves for the evaluation of bonded materials and 

described an experiment using the laser source and a conventional 

piezoelectric transducer to detect the acoustic scatter from an 

artificial bulk defect. Von Gutfeld concluded the article by 

pointing out the important advantage of using an optically steerable 

acoustic source for NDE. Calder (1978) used a laser source and an 

interferometer to measure the velocity of sound in liquid lead at 

320°C. This experiment would be difficult to perform using 

conventional methods incorporating piezoelectric transducers because 

these devices fail at these elevated temperatures. Calder also used 

the system to detect the acoustic scatter from a 1.75mm diameter hole 

in a block of metal. Bar-Cohen (1979) used a laser-acoustic source 

and a piezoelectric transducer to monitor the integrity of 

micro-welds, 0.5 - 1mm in diameter, between thin sheets of metal. 

Wellman (1980) used a laser source and interferometer to look at 

scatter signals from a sub-surface drill hole and acoustically 

detected the presence of a 2mm deep surface breaking crack in an 

artillery shell casing. All of these demonstrations of the use of 

the laser-acoustic source for the detection of defects were 

qualitative in nature; no attempt was made to relate the form of the 

acoustic scatter to the characteristics of the defect.

Work at the University of Hull has produced a more detailed study 

of the generation mechanisms and characteristics of laser-acoustics 

with the aim of developing a more quantitative approach to 

non-destructive evaluation. Scruby et al (1980) gave details of the 

epicentre acoustic displacements generated by the thermal expansion 

mechanism along with a theoretical description of the process.



5

Hutchins et al (1980) presented a technique for estimating the depth 

of liquids by laser-acoustic generation in a metallic membrane 

adjacent to a liquid and subsequent detection of the echoes within 

the liquid column by a piezoelectric transducer. Aindow et al (1981) 

showed the existence of longitudinal, shear and surface acoustic 

waves from the thermal expansion source (thermoelastic source) at low 

incident laser beam energies (3mJ) ranging through increasing 

energies and power densities to the ablation source (plasma source). 

The paper also described an experiment using the thermoelastic source 

to detect acoustic scatter from an artificial buried defect. The 

modifying effect of coating the surface of a sample with various 

materials has been investigated by Hutchins et al (1981a). An 

increase in acoustic amplitudes was found when the surface of the 

sample was coated with a transparent constraining layer, various 

volatile substances, and a layer of matt black absorbing paint. The 

far-field radial directivity of the various acoustic source 

mechanisms, measured by piezoelectric transducers have been compared 

with a theoretical description by Hutchins et al (1981b). The 

agreement between the epicentre displacements for different source 

mechanisms and the displacements predicted by elastic wave theory for 

simple surface force distributions is discussed by Scruby et al 

(1982a) and the laser source is suggested as an acoustic standard for 

modelling acoustic emission events (Hutchins 1981c ). The 

generation of directional surface waves by focusing the laser into a 

line source has been demonstrated by Aindow et al (1982).

These lists of the published work on laser-acoustics are not 

exhaustive and many of the experimental results have been confirmed 

by other workers. The work cited here concentrates on the



6

generation of acoustic waves in metallic solids by laser beam 

irradiation and the applications of the phenomenon, but there has 

also been work on acoustic generation in glassy solids and liquids. 

A more detailed review of the relevant literature may be found in two 

articles by Scruby et al (1982b) and Birnbaum et al (1984).

1.2 WORK COVERED BY THE THESIS

The work presented in the first part of this thesis 

characterises the laser acoustic source with respect to its potential 

use for NDE. It develops an understanding of the physical processes 

underlying the different generation mechanisms, bringing together 

some of the previous work and including new representations of the 

acoustic source with resulting predictions of displacement fields. 

In the second part of the thesis those aspects of laser generated 

acoustics which may provide potential advantages over conventional 

methods of acoustic generation for NDE are identified and 

investigated. The experimental results substantiate some of these 

proposed advantages and demonstrate quantitative evaluation of 

artificial flaw characteristics both within and on the surface of 

materials.

Chapter 2 presents some of the basic properties of acoustic 

propagation in isotropic elastic solids and provides a foundation for 

later detailed discussions of laser-acoustics. Chapter 3 examines 

the interaction processes between an incident laser beam and the 

surface of a metallic solid, and a distinction is made between the 

different possible acoustic generation mechanisms. The thermal 

absorption and material expansion processes are investigated giving 

the resulting surface force distributions. In addition, a
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qualitative description is presented of the ablative-recoil forces 

generated at higher incident laser intensities. The surface force 

distributions and their time histories are used in Chapter 4 to 

evaluate the expected far-field acoustic displacements. This chapter 

demonstrates the use of transient acoustic wave theory to predict the 

material displacements for both the epicentre and surface positions 

for the various acoustic source mechanisms, and these displacements 

are compared with those measured using wideband displacement 

transducers. Chapter 5 presents a comparison between the 

experimentally determined directivity of the acoustic wave arrival 

amplitudes for the various acoustic source regimes, with the 

corresponding expected directivity deduced using the force 

representations derived in Chapter 3. The partition of acoustic 

energy between the various modes is evaluated using the directivity 

information. Chapter 6 presents a brief introduction to the current 

methods used in the acoustic evaluation of material defects and

discusses the application of the laser-acoustic source to this

problem. Some consideration is given in Chapter 7 to the

construction and performance of the wideband acoustic transducers 

used to measure the surface displacements. Capacitance, thick 

piezoelectric and EMAT devices are described which are not 

commercially available. A brief description is also given of a 

laser interferometer which was used for some of the experimental work 

in collaboration with the NOT Centre, AERE, Harwell. Chapter 8 

presents experimental results on the application of the 

laser-acoustic source for the testing of laminar defects in thin 

plate materials and for measuring the thickness of thin plates. A 

comparison is made between experimental results and known defect
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areas for artificial cavities in thin aluminium plates and induced 

de-bond areas in alumina coated steel substrates. Chapter 9 looks at 

more sophisticated experimental techniques for characterising surface 

defects using laser generated surface acoustic waves. The surface 

defects are visualised using a pulse-echo method employing some of 

the advantages of using an optical beam for acoustic generation. The 

interaction of a surface acoustic wave with a surface breaking slot 

is investigated experimentally using both spectroscopic and 

time-of-flight techniques. These techniques are only possible 

because of the brief time duration of laser generated acoustics. 

Information about the interaction process is used to estimate the 

depth of surface breaking slots. Finally, a summary of the work 

covered in this thesis is presented in Chapter 10.
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CHAPTER 2

ACOUSTIC PROPAGATION IN SOLIDS

For the characterisation of the laser-acoustic source, and its 

possible applications to non-destructive evaluation, it is useful to 

first describe the nature of the acoustic transients generated from 

the laser-surface interactions. This section presents the basic 

theory of acoustic propagation in solids including the various types 

of bulk and boundary waves and concludes with a description of the 

more complex problems of transient acoustic propagation in various 

geometries of solids.

When a force doe3 work against a body, energy is distributed such 

that the body reaches a state of equilibrium within itself and with 

its environment. Mechanics, specifically the dynamics of rigid 

bodies, deals with the macroscopic way in which the body as a whole 

reaches equilibrium with its environment and considers any applied 

forces to act instantaneously on every particle of a body. 

Acoustics, the dynamics of deformable bodies, deals with the way in 

which a body reaches equilibrium within itself due to an applied 

force. Information about the applied force is not transmitted 

instantaneously to every particle in the body, but is carried by 

acoustic waves. These acoustic waves are simply a progressive 

deformation of the atomic structure and are characterised by the 

physical properties of the material.

The following discussion considers acoustic propagation in a 

perfectly elastic, isotropic solid. These simplifications are valid
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for our purpose of studying propagation within metals with a fine 

grain structure and for frequencies typically in the range 1-10 MHz.

2.1 STRESS-STRAIN RELATIONSHIPS

First consider the static relationship between the applied force 

per unit area, stress, acting on an element of a body and the 

resulting elastic deformation, strain (e.g. Timoshenko, 1970). Fig. 

2.1.a shows components of stress acting on a unit cube of an 

isotropic solid. Txx, Tyy, Tzz are the components of normal

hydrostatic stress and Txy, Tyx, Tzx, Tyz, Tzy are the six components 

of shear stress acting in the plane, where for Tjj, i denotes the 

normal to the plane and j the direction of the applied force. The 

number of shear stress components reduces to three if we look at the 

force equilibrium of this static situation, fig. 2.1b. For no 

resultant rotation Tzy » Tyz, and similarly for the other terms.

Now consider the components of strain generated by this stress, 

fig. 2.2.a. If the body undergoes a deformation then the point 

P(x,y,z) will move to a point P'ix'.y'.z*) given by

x' = x + u, y' = y + v, z' = z + w

where u, v, w are the components of displacement in the x,y,z 

directions respectively. u,v,w will each be functions of the 

position, (x,y,z). Consequently, if P(x,y,z) moves a distance v in 

the y direction to the point P' , then an adjacent point 

A(x + dx, y, z), will move a distance v + dv(a) in the y direction to 

the point A’, where dv(a) is the distortion due to the relative 

positions of the points P and A. Similarly the point P will move a



Fig. 2-1

The components of stress acting on a unit cube.

The components of stress acting on a plane.



Fig. 2 2
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The displacement of a plane under a strain.
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“  ÒX
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One of t he components of shearing deformation.
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distance u in the x direction to the point P' and the corresponding 

displacement of A to A' in the x direction will be u + du(a). To 

the first order du(a) = 3u/3x dx, consequently the resultant 

extension of the element PA in the x direction is 3u/3x dx and the 

component of linear strain, extension per unit length, exx = 3u/3x. 

When the element is deformed not only will there be a compression or 

extension but also a shearing of the parallelepiped. Now, consider 

the resulting distortion of the angle between the segments PA and PB. 

The component of extension of A to A' in the x direction is given by 

u + du(a) where du(a) = 3u/3x dx and the component of extension of A 

to A' in the y direction is v + dv(a) where dv(a) = 3v/3x dx. 

Assuming that the deformation is small then dx + 3u/3x = dx and the 

distortion of P'A' relative to PA, fig. 2.2b, is given by 

0(a) = 3v/3x, and similarly for the distortion of P’B' relative to 

PB, giving 0(b) = 3u/3y. The overall angular distortion between PAB 

and P'A'B' = 0(a) + 0(b) = 3v/3x + 3u/3y. For small strains this 

angular distortion is defined as the shear strain, exy, between the x 

and y segments. In conclusion the components of linear shear strain 

are

exx = 3u/3x, eyy * 3v/3y, ezz = 3w/3z

xy ' eyx * 3u/3y + 3v/3x

xz = ezx * 3u/3z + 3w/3x

zy = Gy z = 3v/3z + 3w/3y

(Timoshenko, 1970, P7)

2. 1

The relationship between applied stress and resulting strain can 

now be derived in the case of a perfectly elastic medium. In the
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simple case of the extension of a wire due to an applied force, 

exx = Txx/E, where E is defined as Young's modulus. The extension 

will be accompanied by a thinning of the wire given by

eyy =~oTxx/E

ezz "O^xx^E

where o is defined as the Poisson's ratio of the material. If a 

cubic element of material is subjected to hydrostatic stress from all 

sides then the component of strain in the x direction will have a 

contribution from the stress in that direction, producing a strain 

Txx/E and contributions from the two components from stress in the y 

and z directions causing strain extensions in the x direction through 

the Poisson's ratio relationship, -oTyy/E, -oTzz/E. The combined 

strain in the x direction will be given by

exx = (Txx ~ a(Tyy + Tzz))/g

simmilarly for the other components. This has given a relationship 

between linear strain and hydrostatic stress. Now consider the 

relationship between shearing strain and shearing stress. The 

stresses in 2D acting on a square, fig. 2.3(a) will produce a pure 

shear deformation on the square sub-element ABCD. Calculating the 

components of force acting on one side of this element of length a, 

fig. 2.3b, there is no normal component of force along BC and the 

tangential component of force is given by F * Ta//2, thus the stress 

in this direction, T(BC) = (Ta//2)/(a//2 ) = T. The distortion of 

the square element, fig. 2.3c, is given by the shearing angle and by



Fig.2-3

t z

Y

B

The shearing deformation of a square element.
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definition eyz = Tyz/G = 0, where G is the modulus of rigidity. For 

the element of the distorted square, fig. 2.3d, 

OC/OB = tan(ir/4 - 6/2). Now the change in length of the elements OC 

and OB can be obtained from the previous expressions relating 

hydrostatic stress to strain, for 2D eyy and ezz may be written

Eyy = (Tyy oTzz)/E 

Gzz = (^zz “ oTyy)/E

now T = -Tyy = Tzz consequently

eyy = —T(1 + o)/E 

ezz = T (1 + o )/E

The ratio of the deformed sides of the elements may be written 

OC/OB = (1 + Eyy)/(1 + Ezz) “ tan(ir/J4 - 0/2)

Substituting for eyy and ezz from above

tan(ir/4 - 0/2) = (1 - T(1 + o))/(1 + T (1 + o)) 

expanding the multiple angle

tan(irM - 0/2) = (1 - tan0/2)/(1 + tan0/2) * (1 - 0/2)/(1 + 0/2) for 

small 0. From this, 0 » 2T(1 + o)/E. If 0 = eyz, the shear strain 

between the y and z segments, then T will be the applied stress Tyz. 

Thus the relationship between shear stress and shear strain may be
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written

eyz - 2Tyz(1 + o)/E

In summary, the relationship between stress and strain for the 

deformed unit cube

EXX = (^XX “ °(Tyy + Tzz))/E 

Cyz * 2Tyz(l + 0)/E

(Timoshenko, 1970, P10) 2.2

and similarly for the other components.

2.2 THE EQUATION OF MOTION FOR AN ISOTROPIC ELASTIC SOLID

The equation of motion for a solid can now be obtained from 

Newton's second law and the derived expressions relating applied 

forces and the resulting material deformation. Consider the 

following situation of the forces acting in the x direction on a 

stationary cube. The applied stresses being Txx, Txy, Txz and the 

resulting opposing stresses on the opposite faces adjusted by an 

appropriate amount to take into account the finite separation of the 

stresses, fig. 2.4.

T '1 XX = Txx + 9Txx/9x dx

T **xy “ Txy + 3Txy/3y dy

T 'Xxz - Txz + 9 "xz/9z dz

The sum of forces acting in the x direction then becomes

IF = T^x dydz - Txx dydz + T£y dxdz - Txy dxdz + T£z dydx - Txz dydx



Fig.2-4

The X -d i re c t io n  components of stress acting on a unit  cube.
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EF = (9Txx/3x + 3Txy/3y + 3Txz/3z) dxdydz, (dxdydz = V = volume)

Newton's second law then gives

p32u/3t2 = 3Txx/3x + 3Txy/3y + 9Txz/3z + Fx/V

and similarly in the y and z directions.

p32v/3t2 = 3Tyx/3x + 3Tyy/3y + 3Tyz/3z + Fy/V 

p32w/3t2 = 3Tzx/3x + 3Tzy/3y + 3rzz/3z + Fz/V

Where p is the density of the material; u,v,w are the component 

displacments in the x,y,z direction respectively and Fx, Fy, Fz are 

the components of body force. A body force is non-contacting and 

acts on an interior volume of the bulk of the body, e.g. gravity. We 

can usually ignore the effect of uniform body forces; and so for 

small displacements we have, in the x direction

p32u/3t2 - 3Txx/3x + 3Txy/3y + 3Txz/3z

Returning to the relationship between stresses and strains for small 

deformations

exx => 3u/3x, exz - 3u/3z + 3w/3x, eXy = 3v/3x + 3u/3y 

and also that

Txy - Ecxy/(2*(1 + o))
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and

exx = (Txx - a(Tyy + Tzz ) )^

eyy = CTyy - o(Txx + Tzz))/E

ezz = (Tzz °(Txx - Tyy))/E

re-arranging these three equations gives

Txx = E ( 1 — a ) exx/((1+o)0-2o)) + Ea(eyy + ezz)/( (1+o) (1-2 a))

At this point it is useful to introduce two constants to reduce the 

complexity of the algebra. These constants are known as the Lamé 

constants and may be defined as

X - Eo/((1+o)(1-2o)), m - E/(2*( 1 +<j)) (e.g. Achenbach, 1980)

In terms of these constants the relationships between stress and 

strain may therefore be written

Txx “ 2Pexx + X(£xx + eyy + ezz)

Txy " Pexy 2*3

and similarly for the other terms. The equation of motion in the x 

direction can now be written out in full

p32u/3t2 - p02u/3 x2+ 32u/3y2 +32u/3z2) +

(X + p) 3/3x(3u/3x + 3v/3y + 3w/3z) 

po2u/3t2 - pV2u + (X + p)3D/3x
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Where D, in the limit, is the increase in volume per unit volume, and 

similarly for the other components

p92v/9t2 = yV2v + (X + y)9D/9y

p92w/9t2 = yV2w + (X + y)9D/9z 2.4

Now considering a harmonic solution to these equations consisting of 

a plane wave travelling in the x direction, these equations reduce to

2 2p92u/9t2 = (X + 2y)9u/9x
2 2

P92v/9t2 = y9u/9x2, p92w/9t2 = y9w/9x 2.5

The solution to the first equation is a wave of dilatation travelling 

with velocity, Vp = ((X + 2y)/p)1/z, in the x direction termed the 

compressional wave. The second wave corresponds to a wave of shear 

strain travelling in the x direction with a velocity, V3 = (y/p) /2, 

termed the shear wave.

These two types of wave motion characterise acoustic propagation 

in solids, with further wave motion arising purely from boundary 

restraints on the solid.

2.3 BOUNDARY REFLECTIONS

The effect of a free boundary on these two types of wave motion 

will now be considered, and from this the types of wave motion that 

arise from the existence of one or more boundaries can be

demonstrated.
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The fundamental requirement for the reflection of a wave at a 

boundary is that the displacements in the wave should remain 

continuous from the incident to the reflected waves. At a free 

surface it is also required that no normal component of stress may be 

supported, i.e. the final layer of the material is not restrained by 

an adjacent layer. With the introduction of a boundary it is 

necessary to distinguish between two possible types of shear wave 

motion relative to that boundary; shear waves with a component of 

particle motion perpendicular to the plane of the boundary, termed SV 

waves, and shear waves with a particle motion parallel to the 

boundary, termed SH waves.

The acoustic equivalent of what Is known In optics as Snell's law 

becomes more complicated due to the existence of two wave types. In 

the first Interaction, fig. 2.5a, consider the reflection of a 

compressions! P wave and the possibility of a new "mode converted" SV 

wave as a result of the Interaction at the surface. For the boundary 

conditions of a continuous displacement and disappearing normal 

stress It Is possible to determine that, (Achenbach, 1980, P175)

0pi " 0pr

sin0svr =* (sinBpi)/k

where k is the apparent wavenumber given by k - Vp/V3 . The angular

a „ ... i fiifift? of the various waves can bevariation of the relative amplitudes oi

found from, (Achenbach, 1980)

Apr sin2epi sin293Vr ~ ** cos^263vr ^

“ sin20pi sin20SVr + k* 003



Fig. 2 5

i -  incident wave P -  longitudinal wave

r -  re f lec ted  wave S V -  shear wave

The re f lec t ion  of plane waves from a boundary.
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ASVr 2k sin20pi cos 20gyp

Apĵ  sin20pi sin20gyp k cos 20gyp

Horizontally polarised shear waves are reflected from the 

boundary in a simple manner with no mode conversion or change of 

amplitude. The reflection of SV waves is more complex, fig. 2.5(b), 

resulting in a reflected mode converted compressional wave as well as 

the reflected, SV, shear wave. The angular variation of the relative 

amplitudes of these waves is given by the following expressions 

(Achenbach, 1980, P179)

Apr -k siniJ03vi

Agyi ~ Sin20gyi Sin20pp + k2COS220gyi

Agyr sin20gyj_ s m 20pp k cos 20gyj_

A^i = sin203vi sin20pr + k2cos220svi

where 0svi = 03Vp and sin0pr = k sin03vi.

These equations will have some relevance when the directional 

behaviour of the acoustics generated from the laser-surface 

interactions are analysed in Chapter 5. Notice from the latter 

equations, for the reflection of incident SV waves, that 0pr is real 

valued only if 0SVi remains less than a critical angle 

0cr * sin“  ̂ (1/k)

For angles greater that this, the mode converted P wave becomes a 

wave that is confined to the surface region of the material, its 

amplitude decreasing exponentially with depth. This 

surface wave has arisen purely from the boundary conditions.
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2.4 THE RAYLEIGH SURFACE WAVE

»Rayleigh (1887) was the first to consider the possibility of a 

unique wave confined to the surface of an elastic half-space. The 

form of this wave can be found by considering it to be a linear

combination of compressional and shear components satisfying the 

boundary conditions at the surface (Timoshenko, 1970, P505). In the 

following discussion consider a wave confined to the surface y = 0 

and travelling in the x direction, there are assumed to be no

particle motion components in the z direction. The directional 

components of the longitudinal part of the solution may be written 

U1 = s ery sin(pt-.sx), V] - -r gry cos(pt-sx)

This is the usual form of a wave solution propagating in the x

direction. p, r and s are constants and the exponential term

restricts displacements to the surface. The wave is travelling with 

a velocity Vr = p/s, and is known as the Rayleigh surface wave. 

These components will be a solution to the expression for 

compressional wave motion, eq. 2.5. Similarly a solution to the

shear wave motion can be given by

u2 - Ab eby sin(pt-sx), v2 - "As 3by cos(pt-sx)

where A and b are constants.

By superposition, the combined displacements in the surface are 

then given by

u * ut + u2, v ** Vt + v2

These expressions will satisfy eq. 2.5 if, for the compressional 

component,

p2 = a2 ^(pp2)/(x + 2\i)

using the notation h^ *> (pp^)/(A + 2y) =» p^/Vp2
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„ 2 „ 2 K 2 r = s  - h

and for the shear component 

b2 ■= s2 - k2

where k2 =» (pp2)/p = p2/Vs2. The values of the constants A, b, s, 

p, r can be found such that they satisfy the boundary conditions. 

The boundary, being free, cannot support any normal component of 

stress.

TXy “ peXy = p(3v/3x + 3u/3y) = 0

and

Tyy “ 2pEyy + X(Gxx + Eyy) “ 0

Using the expressions for h and k the following relationship can be 

derived

y - X/(k2/h2. - 2)

the boundary condition then becomes

23v/3y + (k2/h2 - 2)(3u/3x + 3v/3y) - 0 

substituting the differential expressions for u and v evaluated at 

y = 0 , we find

(2s2 - k2)2- M s 2 - h2)‘/2 (s2 - k2 ) 122 s2= 0

or (2 - k2/s2)4 - 16(1 - h2/s2) (1 - k2/s2) = 0

now k2/s2 = Vr2/Vs2 and h2/s2 - Vr2/Vp2, thus

( 2 - Vr2/ Vs2 )4 - 16(1 - Vr2/Vp2) (1 - Vr2/Vs2) - 0 2-8

This is known as the Rayleigh equation, (Achenbach, 1980, P189) and 

will be encountered in the discussion on transient acoustic 

propagation in Chapter H.

Now, assuming that X =■ p, corresponding the o = 0.25, then the 

resulting simplification reduces the algebraic manipulation required 

to solve the Rayleigh equation. The Rayleigh equation reduces to a
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simple quartic with three roots, only one of which satisfies the 

condition that the wave displacement should decrease exponentialLy 

with depth. The velocity of the Rayleigh surfacewave is given for 

A = y by

Vr2/Vs2 = 2 - 2//3

Characteristic wave velocities can be obtained in a similar, if 

more involved manner, for acoustic propagation in plates, rods and 

other simple geometries. In general the velocity of propagation of 

these waves will decrease with an increase in the number of 

boundaries.

2.5 PROPAGATION OF ACOUSTIC TRANSIENTS

So far the characteristic or "normal mode vibrations" of an 

elastic solid in the absence of any external forces has been 

investigated. In considering the acoustic disturbance generated by 

the laser interaction with the material surface, it is the 

displacement of the solid under the influences of the external 

driving force of this interaction that is of interest. In general 

this driving force will be transient in nature; by transient the 

arbitrary definition is taken that the duration of the applied force 

will be of the order of the time taken for a compressional wave to 

travel from the acoustic source to the detector. An acoustic system 

stimulated by a transient force will eventually "ring" at its normal 

modes of vibration, analogous to the tone of a bell when it is struck 

by a hammer. If we wish to characterise the acoustic source, and 

utilise its transient nature, for example, to examine defects 

localised within a material, then it is necessary to determine the 

"first motions" of the material before it settles down into
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resonance. The problem may be formally stated as: the transient 

response of an elastic solid under the influence of a transient 

driving force and subject to the boundary conditions of one or more 

free surfaces.

Historically this type of problem was first investigated in the 

field of seismology to determine the motion of the Earth's surface in 

the vicinity of an earthquake. The initiative was taken by 

Lamb (1904), who calculated the displacement of the surface of an 

elastic half-space due to an impulsive normal load. The calculated 

displacements showed distinct features at times corresponding to the 

characteristic velocities of the compressional, shear and Rayleigh 

waves with continuous displacements for all other times. Lamb's 

approach to solving the problem involved synthesising the effect of 

an impulse using a Fourier summation of the harmonic response. The 

solution was lengthy and approximate and it was not until 1939 that 

Cagniard developed an exact and general method for solving this type 

of problem. Dix (1954) applied the method of Cagniard to solve the 

seismic pulse problem. Referring to Cagniard's work he states "The 

mathematics involved in this book is, in many instances, so difficult 

and complicated as to render the book inaccessible to a great many 

readers who really need to understand the material in it." Numerical 

calculation of the final results has become easier but the method is 

still lengthy and will be considered in more detail in Chapter 4. 

The general approach to the problem is to use Laplace and other 

integral transforms to get the appropriate equation of motion into a 

form where the variables may be separated. The transformed equations 

are then solved subject to the transformed boundary conditions and 

the inverse integral transforms are applied to obtain a real
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solution. The main difficulty in the process is usually that of 

finding the inverse Laplace transform, and numerous exact and 

approximate methods are used to obtain a solution, generally in 

integral form, which may be evaluated numerically.

Using Cagniard's method as a basis many authors have evaluated 

solutions to Lamb's problem. Pekeris (1955) generates an exact 

solution for the horizontal and vertical displacements of an elastic 

half-space due to normal force with step-function time dependence. 

Knopoff (1958) gives an exact solution for the similar problem of the 

displacement of a plate at an epicentral point due to step-function 

source. Chao (I960) solves the more difficult non-axisymmetric 

problem of the surface displacement due to tangential loading. 

Afandi and Scott (1972) calculate surface displacements due to 

dipolar surface forces and Johnson (1974) gives a general expression 

for the displacements due to a variety of sources and their spatial 

derivatives.

Breckenridge et al (1975) applied these solutions, developed for 

seismology, to the problem of acoustic emission. The 

characterisation of acoustic emission events has become an important 

area of research; the phenomenon and the relevance of the 

laser-acoustic source to this topic will be described in Chapter 6 .

The latest development in the solution to these types of problems 

has been by Pao et al (1979) who have applied the "generalised ray 

theory" to solve the displacement of a plate due to various sources. 

They approach this complex problem by separating the acoustic 

disturbance at some point on the plate into groups of ray paths 

consisting of longitudinal and shear segments arriving from the 

source. The displacements are then evaluated in terms of integrals
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for each ray group. A comparison of theoretically predicted 

displacements with those using the laser source will be made in 

Chapter Jj.

With the development of increasingly larger, faster, and more 

accurate computers it has become possible to apply numerical 

techniques to directly solve the partial differential equations 

describing the problem. Most successful amongst these techniques has 

been that of finite-difference methods in which the partial 

differential equation is replaced by its approximate 

finite-difference form. These equations are then used in conjunction 

with a numerical grid to represent points in space, and deformations 

of this grid are then calculated as the disturbance propagates from 

some initial condition. The accuracy of the technique is affected by 

several factors: the model adopted to describe the boundary 

conditions, where various methods have been used with differing 

success (Ilan, 1975); the ability of the technique to handle sharp 

discontinuities in the material boundary; and the accuracy of the 

approximations at the high frequencies corresponding to the first 

motions of the material.

The method has been applied to the otherwise intractable problem 

of the interaction of a surface pulse with a surface crack (Bond, 

1979) and a comparison of this work with experimental results using 

the laser-acoustic source will be made in Chapter 9 .

University
Library

Hull
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CHAPTER 3

SURFACE FORCES GENERATED BY LASER-SURFACE INTERACTIONS

This chapter presents an investigation of the processes by which 

incident laser energy is converted into surface forces on the 

metallic solid. It is these transient surface forces which are then 

responsible for the generation of acoustic displacements.

It has been pointed out in many publications (review by Scruby et 
b

al, 1 9 8 2) that the generation of acoustics by laser irradiation falls
A

into two distinct regimes. At relatively low incident power

densities, say < 10? W cm-2, the laser energy is partially absorbed 

at the metallic surface, resulting in surface heating with no change 

in phase of the material. The energy is absorbed in a thin layer at 

the surface and the accompanying thermal expansion of the thin disc 

of material gives rise to a stress distribution generating acoustic 

transients. This type of acoustic source will be referred to as the 

thermoelastic source.

At higher incident power densities, say > 10® Wcm"2, the absorbed 

energy rapidly creates an expanding ionised vapour above the surface 

of the material and the development of acoustic transients in this 

case is dominated by stresses generated from surface recoil as 

material is evaporated to form the plasma. This type of source will 

be referred to as the plasma source.

It is also possible to modify the acoustic source using various 

thin layers on the metallic surface (Hutchins et al, 1981). The 

modified interaction tends to increase the amplitude and transient
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nature of the acoustic disturbance. An acoustic source of this type 

using a thin layer of grease or oil on the surface is used 

extensively in some of the experiments described in later chapters. 

This type of acoustic source will be referred to as the oil layer 

source.

For the purpose of this thesis it is necessary to derive the 

force distributions resulting from the various interactions, which 

will then be used in conjunction with transient acoustic theory to 

predict the resulting acoustic displacements (Chapter 4). The 

derivations of force distributions presented in this chapter are 

approximations which give reasonable agreement between theory and 

experiment. They are not intended to be a rigorous analysis of the 

complex interaction processes.

In the following discussion the laser pulse is taken to be that 

from a Q-switched Nd/YAG laser, generating at 1.06pm. The pulse has 

an energy of about 30mJ and a time duration of about 30ns with an 

approximately Gaussian temporal and spatial distribution.

3.1 THE THERMOELASTIC SOURCE

The incident electro-magnetic energy is absorbed by conduction 

electrons in the metalic surface, penetrating to the electro-magnetic 

skin depth. The absorbed energy is then re-radiated minus the 

losses due to the electron-phonon collisions within the lattice. The 

absorbed laser energy (7? of the incident energy for 1.06pm on 

aluminium) thus appears as heat within a very short time, ~ 1 0'" 13a, 

(Ready 1971) confined to the volume defined by the beam radius and 

electro-magnetic skin depth of 2-5nm. This heat is rapidly 

distributed throughout the material by thermal conduction. Over the
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timescale of the incident laser pulse, 30ns, the heat penetrates to 

the thermal skin depth, /?kT, typically in the range 0.5 - 10pm, 

three orders of magnitude greater than the depth over which it is

magnitude greater than this penetration depth and the heat flow 

problem can be considered to be one dimensional on the timescale of 

interest.

The one dimensional heat flow distribution due to a laser pulse 

of arbitrary time duration and spatial distribution at the surface of 

an infinite block may be written as (Ready 1971)»

where T(x,y,z,t) is the temperature at a point x,y,z and time t, 

z = 0 defines the surface given by the plane xy at z * 0 ,

IQis the peak absorbed laser intensity,

C is the specific heat,

p is the density,

k is the thermal dlffusivity,

p(t) is the normalised laser temporal profile,

s(x,y) is the normalised laser spatial profile.

Assuming a Gaussian spatial distribution this may be re-written in 

cylindrical co-ordinates as

absorbed. The diameter of the beam is still many orders of

I0S(x,y) t e-z2 Akt'
T(x,y,z,t) - -  p?jSr- jo 7 i , p(t-t')df 3.1

ft -z2 A k t '
7 7 7 p(t-t') dt'

o
3.2
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where a is the Gaussian radius of the beam and r is the radial 

position. Evaluation of this expression for various materials, 

laser energies and beam radii used in later experiments are such that 

the maximum surface temperature rarely rises above a hundred degrees 

centigrade so that there is usually no permanent damage to the 

material surface.

One method of calculating the acoustic displacments due to the 

thermal expansion of this heated surface material would require 

solving the thermoelastic form of the wave equation subject to the 

boundary conditions which include extended source distributions. 

Some work has been published on the transient motions of an elastic 

solid from extended source distributions in relation to displacements 

expected from seismological disturbances (e.g. Maiti, 1978, 1979; 

Mitra, 1964) but none have considered a thermoelastic stress 

distribution as the acoustic source. The thermoelastic source has 

been previously modelled as the sum of three co-incident edge 

dislocation loops (Scruby et al, 1980) and more recently as a 

surface, point volume expansion (Rose, 1984). Rose has calculated 

displacments due to a "surface centre of expansion" without giving 

the full explicit solution for the surface displacements. The 

surface displacements are characterised by the finite area of the 

source and in order to make reasonable comparison with observation it 

is necessary to account for this distribution. The extended force 

distribution is derived in the next section and a representation of 

this will be used in Chapter 4 to synthesise the expected surface 

displacements.

The incident laser energy is assumed to instantaneously heat a 

thin surface layer of material with uniform thickness corresponding
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to the thermal skin depth. The incident energy and resulting 

temperature distribution is axially symmetric. The absorbed laser 

energy density is given by

Ed
Ej

na 2 e-r2/a2 3.3

where, E-p is the total absorbed energy and a is the Gaussian radius 

of the beam. Consider an annulus of material Ar wide such that there 

is uniform irradiation across its surface, fig. 3.1. The energy 

absorbed at the surface of this annulus will be given by

E = E<j *  7r((r + Ar)2 - r2) = 2ur Ar E^

2r Ar ET _p2/a2 
E « — ---- e 3.U

This energy is assumed to be uniformly distributed throughout the 

volume of the annulus, resulting in a uniform temperature rise

T _JE_ ^  -r /a .
CpV “ a 2Cpirh 3,5

Each annular element in the surface will thermally expand against the 

surrounding material giving an overall force distribution.

The force representation for volume expansion sources is 

discussed by Aki and Richards, 1980. The representation relies on 

the following concepts. First the source volume is imagined to have 

been cut free from the surrounding material, the source material then 

undergoes a transformational stress free strain, in our case this is 

a thermal expansion of the annular element, finally a stress 

distribution is applied to the surface of the source volume such that



Fig. 3-1

A thin annular e lement of the surface material is

un iformly  hea ted  by th e  lase r  pulse.
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the resulting strain deformation allows the volume to be replaced 

exactly in the cavity from which it was cut. The seismic source can 

now be modelled as this resultant stress field. Rose (1984) 

calculates the stress distribution from this type of bulk volume 

expansion in the limit of the volume being a point and approaching a 

stress free surface. In our case the thermally expanding annular 

element is already at a free surface and must therefore be allowed to 

expand freely in the vertical direction. The stress distribution 

required to shrink the annulus back to its original radial dimensions 

will be a radial stress evenly distributed around the sides of the 

annulus.

If the annulus were free to expand in the radial direction then 

its new radius and width would become

r -» r + rap

Ar Ar + Ara-p 3*6

where a is the coefficient of linear expansion. The radial and 

tangential elastic contraction (strain), required to counteract this 

expansion becomes

“ap1
er - - V + aT = ”aT 3.7

The only remaining components of stress for this axially symmetric 

problem are Trr, Tee, Tzz. All three shear strains and stresses 

being zero because of the symmetry about the axis and in the 

z-direction. The stress-strain equations related to those derived in
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Chapter 2, eq. 2.3, in cylindrical coordinates may be written 

(Achenbach, 1980, eqs. 2.144-2.146, 2.140)

Trr = (i+0)(i_2o) err + °(eee + ezz))

Tee = (i + 0) (i- 2 a )  eee + °(err + ezz)) 3.8

Tzz ~ (1 -a) (i - 2 a ) ezz + °(err + eee))

For a thin disc at a free surface the vertical stresses are relieved, 

eq. 3 . 7 and 3 . 5 then give the vertical strain as

£zz = (1 -0 )  aT 3,9 

The radial stress may now be derived 

-Eaj

Trr = T T ^  3 , 1 0

Substituting for the temperature from eq. 3*5, the radial stress for 

the annular element is given by

E a E'p *r2/a2
lrr 3.11

(1 -o )a2Cph-rr

The total radial force acting on the sides of the resultant ring is 

given by

2r E a Et 2 , 2
F(r) = 2irrh Trr « --------- e 3.12

(1-a)Cpa2

This is the radial force distribution required to model the 

thermoelastic source at a free surface and the stress follows the 

form of the Gaussian irradiation with the forces acting symmetrically 

out from the maximum stress at the centre. The total radial force
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produced by the thermal expansion may be estimated from eq. 3 .1 2 .

Integrating the expression over the surface, using the values of 30mJ

for the incident laser pulse and 7% absorption at the surface, gives

-4a total dipole moment of 3 x 10Nm. This moment, if it were

concentrated at a Gaussian radius of 1mm, would produce a radial 

force of 0.3N.

The time dependence of this resultant force distribution will 

depend on the rate of thermal diffusion into the material. When all 

the material has reached a uniform temperature then there will be no 

resultant stress. Taking the thermal skin depth as a measure of the 

heat penetration with time then it can be shown that the thermal 

velocity will decrease with distance from the source. The assumption 

that there is a predominantly radial stress distribution at the 

surface relies upon the fact that within the time duration of the 

laser pulse, the heated region consists of a thin disc, with a 

diameter that of the incident beam and a depth corresponding to the 

relevant thermal penetration depth. This assumption will no longer 

hold when the penetration depth is of the same order as the diameter 

of the beam, (neglecting lateral heat flow). This condition 

corresponds to a time duration of 50ms for a 4mm Gaussian diameter 

beam incident on aluminium. The acoustic events which are the

concern of work presented in this thesis will rarely exceed 3 0 jjs from 

the onset of laser irradiation. This is the time taken for the 

slowest bulk wave to travel through 9cm of aluminium, approximately 

the maximum size of a sample under test. On these timescales the 

stress distribution is changing only very slowly and for the purposes 

of evaluation of the displacements due to this source, the stress 

distribution can be considered to have a Heaviside, step function
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time dependence.

3.2 THE PLASMA SOURCE

At high incident power densities the optical radiation is 

sufficiently intense to directly ionise the surface of the solid. 

The exact nature of the interaction involves many processes and 

depends on the duration, wavelength and energy of the laser pulse, as 

well as the nature of the target material. Ready (1971) has reviewed 

this area of work.

High speed streak ph'otographs for the particular case ofa 30mJ, 

30ns pulse on an aluminium surface have indicated that the luminous 

front on the plasma expands with a supersonic velocity of

1 . 6  x lO^ms-  ̂ throughout the duration of the laser pulse, fig. 3 .2 . 

The direction of the plasma expansion is anisotropic, tending to 

follow the direction of the incoming laser pulse. High speed 

framing photographs show a luminous ball of material forming at the 

surface during the first few nanoseconds which then migrates in the 

direction of the incident beam (Ready, 1971). The expanding 

material remains luminous for about 1 ys, well after the termination 

of the incident laser pulse at 100ns. When the laser pulse has 

terminated the expansion velocity decreases rapidly to the sound 

speed of about 3 x 10^ms-  ̂ and the vapour expansion now becomes 

isotropic.

An "order of magnitude" calculation can be carried out using 

simplifications in order to determine the expected magnitude and time 

history of the driving force at the surface. If we calculate the 

laser energy required to heat a small volume of material through its 

various phases and into a plasma which is singly ionised, then the
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amount of material ablated from the surface can be approximated in 

the following way.

Et “ Es + Esl + El + E^y + Ej 3.13

Where E^ is the energy/mole required to ionise the material from room

temperature. E3 is the energy/mole required to heat the solid to its

melting point. Esi is the energy/mole required to melt the solid.

Ei is the energy/mole required to heat the liquid to its boiling

point. Ely is the energy/mole required to vapourise the liquid.

Ei is the kinetic energy/mole required to ionise the vapour.

Es = T 1 x C3 = 1.6 x 10^ J/mole, where C3 = 25 J/mole/K, and is the

specific heat capacity of solid aluminium. T1 - 642K, and is the

difference between room temperatue at 290K and the melting point of

aluminium at 932K. Esi = 10^ J/mole, and is the latent heat of

fusion of aluminium. E]_ » T2 x = 5 x 10^ J/mole, where

Ci - 29 J/mole/K, and is the specific heat capacit y of liquid

aluminium. T2 is the temperature difference between the melting

point and boiling point of aluminium at 2673K. Eiv 3 x 1 0  ̂J/mole,

and is the latent heat of vapourisation of liquid aluminium.

Ej = 5.8 x 105 J/mole, and is the energy required for the single

ionisation of the aluminium atoms. Physical data was taken from
Stull

"The Thermodynamic Properties of the Elements"^(1956). Assuming that 

all the laser energy goes into producing the plasma then E^ can be 

calculated from these values as, E^ ** 9.6 x 10  ̂j/mole.

The derivation does not take into account some processes which 

are known to occur. For example, no allowance has been made for 

heat loss due to thermal conduction. AI3 0, the build up of a
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pressurised vapour above the surface of the material can 

substantially increase the boiling point. The creation of a plasma 

proceeds by an inverse Bremsstrahlung interaction with the incident 

light field to give multiply ionised species (T.P. Hughes, 1975). 

Within the plasma a boundary can be created acting as perfect 

reflector for the laser wavelength, thus shielding the surface and 

the bulk of the plasma from further heating by the laser pulse.

Neglecting these effects, the mass of material ejected by a 30mJ 

laser pulse can be calculated to be 8.4 x 10"7g with a corresponding 

volume of 3 x 10— ̂3 m3. Electron micrographs of surface damage due 

to the focussed laser pulse show that a pit is formed with a radius 

of approximately 25pm and a depth of about 5pm, corresponding to a 

volume of 1 x 10~ 1 ^m3 , or equivalent to 2 . 7 x 10“®g of removed 

material. This value indicates that the interaction is not as 

efficient as has been presented.

The initial reaction at the surface will be the recoil force as 

this volume of material is evaporated. Assuming that the evaporation 

process is fast compared to the laser pulse, then the rate of 

evaporation and hence the recoil force will follow the form of the 

laser pulse, ie. the force on the surface will be of the form 

F(t) = F0 e“fc2/â , where F0 is the peak force and a is the rise time 

of the laser pulse. The corresponding impulse, J F(t) dt = F0/tt̂ 2  

equivalent to the momentum acquired by the evaporated material. 

Taking the experimentally calculated mass of material and the average 

velocity of the expanding vapour plume as 1 . 6 x 1 0  ̂ ms'^ then the 

peak force delivered by a 30mJ laser pulse can be estimated to be 

about 20 N. We shall see in Chapter 4 that forces of the same 

magnitude can be calculated from the acoustic displacement
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measurements by a deconvolution process.

On timescales longer than the incident laser pulse the plasma is 

continuing to expand and will be exerting a pressure on the surface. 

The corresponding force will follow the ratio of the pressure within 

the gas to the circular area over which it is acting. The pressures 

within the cooling volume of gas will be aproximated by its ideal gas 

law value of P = nRT/V, with V=|-nr^for a hemisphere. The value of 

the force acting on the surface will then be approximated by

F , i n R l t r i  „ 1  3.14
2nr3 r

The velocity of the expanding vapour will eventually be 

decreasing from lO^ms"^ to the sound speed at 3 x lO^ms"^ and below, 

but assuming that it is constant on the timescale of interest, then 

the force on the surface will fall as the inverse of the time, F*1/t.

To summarise, the normal force developed by the plasma 

interaction should be an order of magnitude greater than that 

developed by the thermoelastic interaction and will therefore 

dominate the latter, and its time dependence will consist of two 

basic components. First the recoil force of evaporating surface 

material which will follow the laser temporal profile, and secondly a 

longer timescale decreasing force due to the pressure exerted over an 

increasing circular area by the expanding gas.

3.3 THE OIL LAYER SOURCE

The application of a thin layer of oils or grease to the surface 

will affect the interaction process in several ways. At high 

incident flux densities the oil vapour will form a plasma and the 

resulting acoustic displacements are similar to those obtained in the
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case of a metal vapour-plasma. At lower incident power densities the 

interaction will be similar to that of the thermoelastic source. 

The oil layer will be substantially transparent to the incoming 

radiation and the absorbed energy at the metal-oil interface will 

induce a rapid thermal expansion of the metal surface. However, this 

thermal expansion is now constrained in the vertical direction due to 

the presence of the oil layer above and this will result in normal 

forces. In this latter case of oil ablation there is no visual 

emission that usually accompanies the formation of a plasma, and 

there is no visible damage to the metal surface, but oil droplets are 

ejected from the surface probably by the rapid acceleration of the 

expanding metal.

A value for this acceleration may be evaluated in the following 

way. The vertical thermoelastic strain of the thin heated disc of 

metal in the central region of incidence is given by eq. 3.9 33 

ezz “ 2aoT/(1-a). Which for a ** 1/3 and T0 at the centre from eq.

3.5 then the vertical extension of the central element is given by 

AZ = a E-p/a2cpiT. Evaluation of this expression for a 30mJ laser 

pulse, 7$ absorption and a 2mm radius beam give a vertical 

thermoelastic displacement of 1.6nm. This value is in good 

agreement with the experimental value of 1 .75nm ± 20$, obtained by 

interferometric measurements (Aindow, 1984). If this expansion 

takes place in the rise time of the laser pulse, 30ns, then resulting 

average acceleration is given by a » 2 x AZ/t2 = 3.5 x 10^ms“2. In 

view of this fast surface acceleration it is not unreasonable to 

assume that the layer of oil will be ejected from the surface.

There will be a normal impulsive force due to the projection of 

this material, but unlike the plasma source, with its expanding
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vapour cloud, there will be no continuing force. Experimentally the 

amplitude of acoustic signals generated by this type of source are 

larger than the plasma source, indicating that the normal driving 

force is also larger than that of the plasma force. This is because 

most of the absorbed incident energy is now simply converted into the 

kinetic energy of the ejected oil particles without the intervening 

process of ionisation.

The impulsive driving force generates sharp acoustic transients 

with a wide frequency bandwidth. As such these acoustic transients 

are an ideal tool for investigating the interaction processes with 

material boundaries, eg. the reflection and transmission of 

longitudinal and shear pulses at corners, steps and cracks described 

in Chapter 9.
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CHAPTER 4

LASER GENERATED ACOUSTIC TRANSIENTS

In this chapter a comparison is made between experimentally 

measured laser generated acoustic transients and displacements 

predicted by acoustic theory for the force distributions derived in 

Chapter 3 .

Epicentre (on-axis) displacements produced by the laser acoustic 

plasma and thermoelastic sources have been previously compared with 

unpublished, expected displacements predicted U3ing acoustic theory 

(Scruby et al, 1980) and a preliminary analysis has been given for 

the surface waves generated by the laser-source (Aindow et al, 1983). 

In this chapter the description of surface waves has been extended to 

model the effects of a distributed force for the thermoelastic 

source. A new model for the point thermoelastic source is also 

proposed and the displacements predicted by this model are derived 

using acoustic theory. This theoretical description predicts both 

surface and epicentre displacements and these are compared with 

experimental results. Experimental displacements from the plasma and 

oil-layer acoustic sources are compared with predicted displacements 

derived from published results of the theoretically predicted 

displacements produced by a normal surface force.

The transient surface forces generate acoustic displacements 

propagating both into the bulk and along the surface of the material. 

The form of the resulting displacement is characterised by arrivals 

at the wave velocities corresponding to the longitudinal, shear, 

Rayleigh modes etc. Fig. 4.1 shows the pattern of these wavefronts



Fig. 4-1

a -  longitudinal w avefront

b -  shear  n

c -  head waves
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at some point in time from a point source. The longitudinal and 

shear waves form spherically expanding wavefronts geometrically 

decaying in amplitude as 1/r. The Rayleigh surface wave, travelling 

just slower than the shear wave, is confined to a shallow region on 

the surface, the displacements penetrating to about one wavelength. 

The Rayleigh wave amplitude decays geometrically as 1/rl//2, slower 

than the bulk waves because the wave is confined to two dimensions. 

Wave motions in region c of fig. 4.1 are called "head waves", and 

they are generated because the longitudinal wave cannot satisfy the 

boundary condition of vanishing stress at the free surface.

It is possible to predict the absolute displacements anywhere in 

the material using standard acoustic theory. However, the procedures 

are long and complex and rarely lead to closed form expressions. In 

view of this, the work presented in this chapter concerns mainly a 

comparison of experimental and theoretically predicted displacements 

on the surface of the material and on epicentre. For these two cases 

the theoretical treatment is reduced in complexity. Chapter 5 

presents a comparison of experimental and theoretically predicted 

bulk radiation patterns of the wavefront amplitudes for the various 

modes.

Both surface and epicentre displacements are investigated 

experimentally using broadband capacitance transducers developed for 

the purpose of measuring typical nanometre displacements. The nature 

of operation and characteristics of these and other broadband 

transducers used in the experiments is given in Chapter 7.

Some of the computer programs designed to generate displacement 

waveforms from the expressions used in this chapter are described in

Appendix 1.
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4.1 THE THERMOELASTIC SOURCE

4.1.1 SURFACE DISPLACEMENTS FROM AN EXTENDED SOURCE

The surface displacements are characterised by the spatial 

extent of the source, typically 4mm in diameter for the incident 

■unconstrained laser spot of the same diameter. The source is

treated as a collection of independent forces with the form of the 

radial force distribution derived in Chapter 3, eq. 3*12, and is 

taken to act with Heaviside time dependence on the timescales of 

interest. The displacements at some point on the surface can be 

synthesised by adding together the individual displacements due to 

each force. The force at any point in the source is considered to be 

a single force acting radially from the source centre on the surface. 

The force is assumed to appear instantaneously and maintain a 

constant value over the period of interest, i.e. the form of the 

Heaviside function for the force amplitude given by eq. 3.12. The 

vertical displacement, Uz, due to a tangential surface force has been 

calculated by Chao (1960, eq. 67). For a force lying parallel to the 

observer-source direction he gives

/ 6 Ft
uz,T,r - ------- { 6K(m) - 18n (8 m2 ,m)

32ir2ijr

- (4/3^6) H(-(12/3^20)m2 ,m) < T < 1

+ (4/3+6) II( (12/3+20)m2 ,m) }

/Sri Fj
Uz T r *= ------- { 6K(n) - I 8 n  (8 ,n) 4.1

3 2 ir 2 p r

-(4/3-6) n(—(12/3"20),n)

+(4/3+6) n((1 2/3+2 0),n) }
1 < T < Y
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/6n Fj
uz,T,r = ------- {6K(n) - I8n(8 ,n)

32 iT̂ pr

-(4/3-6) n(-(1 2/3-2 0),n) 

+(4/3+6) n((12/3+2 0),n) }

Fj
+ ----------- Y < T

8iTyr(T2-Y2 ) 1 / 2

where Uz>T>r is the vertical displacement at some time, T, and at 

some point r, from the source of magnitude F.

Vs t
T = — ¡7- is the time normalised to shear arrival.

m 3T2-1
2 n Y = j  (3+/ 3)1/2

K(x)
tr/2

____de________

j (1r-x2Sin2e)l/a
n(y,x)

ir / 2
[ __________de______________

J (1-y S in 2e ) d - x 2S i n2e)l/2

K(x) and n(y,x) are standard elliptic integrals.

The form of this displacement is shown in fig. 4.2. The time is 

normalised to the shear arrival and shows a distinct arrival at a 

time corresponding to the longitudinal velocity, the shear arrival 

corresponds to a change in gradient close to the major feature at the 

arrival time of the Rayleigh surface wave. The Rayleigh arrival 

includes a singularity which does not exist physically and is a 

consequence of using a Heaviside source function with an infinitely 

fast rise time. The calculation is made for a Poisson's rate of 0.25 

for which the algebraic manipulation required to solve the preceeding 

integral form of the displacement is simplified. Mooney (1974) 

includes an appendix describing how the formulation for this type of
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problem may be adapted for an arbitrary Poisson's ratio. The 

majority of the experimental work presented here is performed on 

aluminium for which the Poisson's ratio is greater than 0.3. however, 

this difference does not lead to any major discrepancies in the 

waveform shapes but affects the wavefront arrival times (Mooney, 

1974).

The expression given in eq. 4.1 is identical to one calculated 

previously by Pekeris (1955) for the horizontal surface displacement 

due to a vertical force with Heaviside time dependence. The 

equivalence of the two expressions demonstrates the principle of 

reciprocity applied to elastodynamic problems. The principle of

reciprocity will be used in the derivation of the wavefront amplitude 

radiation patterns described in Chapter 5.

The derivation of Chao is for a horizontal force with aribtrary 

orientation with respect to the observer. The results show that for 

a force acting at some angle 0, to the line joining the source and 

observer, the displacement is equivalent to that given by eq. 4.1 

with a cosine weighting term, ie. a force acting perpendicular to the 

direction of the observer gives rise to no vertical displacement at 

the observation point. Using this fact, the surface displacement may 

be synthesised by adding the displacement components due to point 

elements of the source. An observer at some position, 0, fig. 4.3, 

will receive displacement information from each set of equidistant 

points lying on arcs across the source distribition. The radial

force acting out from the centre of the source, S, is given by eq. 

3 . 1 2  but only the component of this force lying in the direction of 

the observer gives rise to any displacement at 0. The total

displacement at 0 is numerically calculated for the component force
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distribution across the arc and a set of arcs are scanned to include 

the area covered by six Gaussian beam radii from the source centre.

From fig. 4.3 the components of the force F, acting in the 

direction of the observer is given by FcosG. The force components 

are integrated across the major arc defined by constant R out to the 

limits of the source at r(max) = a* From the cosine law, 

r2 = R2 + D2 - 2RDcos<}), or cos<|> = (R2+D2-r2l/2RD, and <t>max for r = 6a 

is given by

♦max
- 1 ( R2+D2~i ( 6a ) 2 1 

Cos I 2RD 1 4.2

Again from the cosine law, D2 = r2 + R2 - 2rRcosi>, or

Cosí» = r2+R2-D2
2rR

R-D Cosi»

(R2+D2 - 2RDCos<j>)1 / 2
4.3

Now Cos0 = -Cosi>, and for the force distribution of eq. 3.12 of the 

-r2/a2form F(r) = F0 e , the total force contribution from any arc of

constant R is given by

♦max

F(R) = 2F0R e-(R2+D2-2RDCosi>)/a2 x D Cosd>-R
(R2+D2-2RDCoS(j))1/2

d<Ji 4.4

where F0 is the local radial force line density, calculated from eq. 

3 . 1 2  as

E a Ef
Fq = --------- — - 4.5

ir(1-o) cpa2

The total force for each arc element across the source is evaluated 

numerically. This force is then used to generate the expected 

displacements at the observer position and these displacements are
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overlayed for each arc as R extends from one side of the source to 

the other, from R = D - 6a to R = D + 6a. The displacement for a 

particular force is calculated from eq. 4.1.

Numerically it is unnecessary to re-evaluate eq. 4.1 for each new 

position of R because the form of the displacement is fixed, 

requiring only a simple adjustment to take into account different 

source-observer separations. The following method helps to minimise 

computational time. For variations in source-observer distance the 

displacement will be temporally distorted, fig. 4.4. If the source 

force moves a distance r closer to the observer then displacement

events will arrive at earlier times. For example, if the

source-observer distance is R the the arrival time of the

longitudinal disturbance will be given by tp = R/Vp, where Vp is the

velocity of the longitudinal wave. If the source now moves a

distance r, closer to the observer then the arrival time of the 

longitudinal disturbance will be given by

t'p = R-r
fcP " Vr¥P “P

or for any general time

tpO - R)

t(1 -£) 4.6

The variation in amplitude of the surface displacement with 

source position may be neglected if it is assumed that the movement 

of the source, r, is a lot smaller than the source-observer 

separation. This is not the situation shown in fig. 4.4, the large 

value of r is used simply to illustrate the temporal distortion.

The simplification allows the displacement to be calculated for 

any position on the force distribution without the need to
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re-calculate the complicated displacement function corresponding to 

the new positions. The displacement at some position, 0, is thus 

produced by summation of displacements generated by the expression in 

eq. 4.1, incorporating the force contribution from the arc 

corresponding to this position given by eq. 4.4 and temporally 

adjusted according to eq.4.6 for the position on the source.

Evaluation for various source radii and a source-observer 

distance of 3.3cm are shown in fig. 4.5, (the computational details 

are given in Appendix 1 ). The Rayleigh arrival, which has been 

inverted with respect to fig. 4.2, is now bipolar and it can be seen 

from the two waveforms that the width of the Rayleigh arrival 

increases with increasing beam diameter. The amplitude of the 

Rayleigh arrival in these figures is not absolute in that the effect 

of the singularity in the displacement function expression has not 

been considered. For comparison, the experimentally determined 

displacements for two beam radii are shown in fig. 4.7, using the 

experimental arrangement shown in fig. 4.6. The laser energies 

required for the various acoustic source regimes and the absolute 

displacements that they produce, are discussed in section 4.5. The 

experiment was carried out on an aluminium surface using a ball 

capacitance detector (see Chapter 7 for the details of this 

detector). There is broad agreement between the figs. 4.5 and 4.7, 

the theoretical waveforms predicting the form of the wave arrivals 

and in particular the broadening of the Rayleigh bipolar pulse due to 

the increase in diameter of the source. Differences in relative 

arrival times between the theoretical and experimental waveforms is a 

consequence of the value of Poisson's ratio chosen to model the

problem.
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For any physically realisable driving force source function the 

singularity, shown in fig. 4.2, cannot exist in the expressions for 

displacement. This requirement has been shown to be satisfied for 

the mathematical expressions leading to the displacement function by 

Mooney (1976). The effect of an arbitrary driving force time 

dependence may be evaluated by finding the impulse response of the 

half-space - the time derivative of Chao's solution - and convolving 

this with the driving force time dependence. The effect of the 

singularity in the impulse and Heaviside response may be minimised by 

the numerical convolution process (Mooney 1976). The singularity at 

the Rayleigh arrival will have a finite area associated with it. If 

the displacement function is numerically sampled in the convolution 

sufficiently accurately that the summation covers most of its area 

without any sampling point being at the singularity, then numerical 

convolution of the displacement function with any well defined 

function will result in finite amplitude displacements.

To make a comparison of predicted displacements with experiment 

it is also necessary to take into account the bandwidth of the 

capacitance detection system, 6MHz, (see Chapter 7). This bandwidth 

limitation is equivalent to temporally convolving the input to the 

transducer with the device impulse response, taken to be the 

appropriate width Gaussian distribution (3ee Appendix 1 for the 

numerical details). These considerations become important when it is 

necessary to make comparisons of the measured absolute displacements 

with those predicted by theory. Absolute displacements produced by 

the various laser-acoustic sources will be considered in section 4.5.
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A.1.2 SURFACE DISPLACEMENTS FROM A POINT SOURCE

It was shown in the previous section that the extended 

thermoelastic source can be modelled by numerical summation using 

Chao's solution for the displacement due to an unbalanced tangential 

surface force. A more practical and elegant comparison can be made 

between the experimental thermoelastic displacements and a point 

thermoelastic source model.

A point thermoelastic source is experimentally difficult to 

realise. Reducing the surface area of the source and maintaining a 

thermoelastic rather than plasma interaction process decreases the 

absorbed energy. Less absorbed energy leads to smaller acoustic 

displacements which fall below the limit which can be measured 

experimentally. Theoretically the acoustic displacements due to a 

point thermoelastic source can be predicted from first principles 

using some of the general methods that are applied to transient 

elastic displacement problems.

The proceeding derivation follows the outline of a method used by 

Achenbach (1973) in which he derives the surface displacement of a 

half-space due to a normal point load. Here the method is expanded 

considerably and applied to a point, radial, tangential loading of 

arbitrary magnitude, corresponding to a point representation of the 

thermoelastic source.

An isotropic half-space, Z < 0, fig. A.8, has a free surface 

which is subjected to a concentrated tangential, radial loading of 

magnitude Q and Heaviside time dependence. The boundary conditions 

at Z = 0 may be expressed as



Fig. U 8
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Tzz ~ 0

Tzr = QH(t) H.7

where the first equation signifies that no normal component of stress 

can exist for a free surface. The second equation denotes the source 

moment of magnitude Q, acting radially outwards from a point on the 

surface, defined by the derivative of the spatial delta function in 

the cylindrical coordinate system. The delta function in cylindrical 

coordinates is represented by 6(r)/27rr. The spatial derivative of 

the delta function is used to indicate that there is a radial ring of 

forces acting out from a single point at the centre. H(t) indicates 

that the force is acting with Heaviside time dependence.

The following expressions will be required in order to find the 

displacement. The equation of motion in vector notation for the

solid, for which eq. 2.̂  is the x-component, may be written 

(Achenbach, 1973)

p y 2  u + ( A + p)  V V . u  «  p u ^ . 8

where u is the displacement vector. For ease of manipulation it is 

convenient to express this displacement vector in terms of a vector 

and scalar potential.

u = V<j> + Vxij;  ̂.9

This decomposition of the displacement vector satisfies the equation 

of motion. <p is the scalar potential and is associated with the 

longitudinal motion. ij; is the vector potential and is associated
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with the shear motion. The component displacements of the general 

displacement vector, u, can be written in terms of these potentials 

in cylindrical co-ordinates as (Achenbach, 1973)

14 , ] 94z 94e
3r r 30 3z

1 14 +
d\pr 94z

r 30 3z 3r

14 + 1 3(40r) _L 94r
3z r 3r r 30

and the wave equation in terms of these potentials becomes 

V2tp = — — ¡j)
V

V24r -
4Yr 2 340 1

2r r2 30 V

^0 2 34r 1

r2 + r2 30
ss '

v32

4r

40 4.11

V 2 4> 1 V z Ä “  4Z 
V«2

where, in cylindrical coordinates the Laplacian is given by

32 j 3  ̂ 1 a 2 + a2

3r2 r 3r r2 302 3z2

The stress-displacement relations were given in Chapter 2, eq. 2.3
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and their equivalent in cylindrical coordinates are

T , (9u u 1 9v 9wx , 0 9w 
Tzz - U p  * -  * 7 - s *  - z l * 2p - z

Tpp - X (9u u 1 9v 9w
+ —  + —

9r r r 96 9z) + 2p
9u
9r

x * u * 1 £v 9wx _ ( u j_
•00 = U 3r + r + r 90 + 3zJ + lr + r 90J

•u . 1 9v'

p _  v  ^  1 0 U - ,
r0 ~ H l3r r r ggJ

t _ (J. JtH . iLZ'i0z  ̂ Ip 3z 3zJ 4.12

Tzr - P (
9u 9w> 
9z + 9r"

For the axi-symmetric problem being considered, terms in 0 will be 

zero and only the vector component ipQ exists. Finally, if the 

half-'Space is at rest before t = 0 then, everywhere except the 

source, the potentials and their derivatives will be zero.

(j>(r,z,o) - 4>(r,z,o) = \jj0(r,z,o) » ^Q(r,z,o) « 0 4.13

These basic equations, 4.7 to 4.13 inclusive, provide all the 

information that is required to solve the problem. The method of 

solution requires using Laplace and Hankel integral transforms to 

reduce the appropriate equations to a form where they may be solved, 

and then applying the inverse transforms to obtain the real solution. 

The Hankel transform, based on the Bessel functions, is chosen 

because of the cylindrical symmetry of the problem. The wave
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equations for the axi-symmetric case are

+ 1 ii + „ 1__ jj,’
9r2 r 9r 9z2 Vp2

9^0 -| 3^0 92^0 ip0 ! ..

9r2 r 9r 9z2 r2 V32

The one-sided Laplace transform is defined as

?(p) - £ [ m > ] j  f(t) e"Pt dt 
o

4 . 1 4

4.15

where the bar denotes the transform variable, and p is the transform 

parameter. Applying this transform to equations 4.14, the wave 

equations become

&  „ l i S . S i t  , £ L ? (a)
9r2 r 9r 9z2 Vp2

4.16
92^0 t 3^0 32$0 ip0 d2
---- + -----+ ---------- « -£- ipQ (b)
9r2 r 9r 9z2 r2 V32

These equations are further reduced by applying the Hankel transform 

with respect to the variable, r. The Hankel transform of order n of 

a function f(r) is defined as

fHnU) - / Jn(£r)r dr - Hn [f(r)] 4.17
o

Sneddon (1972) proves the following useful relationships between 

Hankel transforms of derivatives of functions.

Hi g(r)] - - £ H0[g(r) ]

H-, g(r) + 1 —  g(r) - ^ Jl1] - -$2 H1[g(r)] 
9r2 r 9r r2
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M r  (rgir*) ) ] - £ H-! [g(r) ] 4.18

H0[”—  g(r) + - —  g(r) ] * -Ç2 H0[e(^)]
9r2 r 9r

Applying the zero order transform to equation 4.16(a) and the first 

order transform to equation 4.16(b), the wave equations simplify to

These equations may be seen to be satisfied by solutions of the form

where i> and T are the modified transform scalar and vector 

potentials. These solutions show appropriate behaviour for large 

values of z. Application of the Laplace and appropriate Hankel 

transforms to the displacement components, equation 4.10, for the 

axi-symmetric case, gives the transformed vertical and horizontal 

displacements as

dz^

2
where a2 = (ç2 + ^— ) and g2 = (ç2 +

4.19

<P̂ 0 » $>(£;,r) e az, (pgH1 = T(5,r) e~&z 4.20

¡¡HO, ¡SÏÏ2 t e feH1
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OHI - ’ e »"° • „z 1|-21

The required stress equations from equation 4.12 are

^ZZ ~ »  * £  * »/' * £ *

Tzr =

Taking Laplace and appropriate Hankel transforms, substituting from 

eq. 4.21 and remembering that

A + 2u' ss
p

V
--- , gives
Vs2

? HO. 1 zz
dip0H1

p((Ss2p2 + 2£2 ) + 2E dz )

T z r . H 1  .  . u ( 2 5  M 2  ♦ ( S 3 2 p 2  ♦ 2 5 2 )  J0H1) „ . 3 3

where S3 is the inverse shear wave speed. The boundary conditions, 

eq. 4.7, are transformed in the following way

-1
1

N N
m O H 0

T zr = J
T H11 zr

00

= j  6 1 (r) Jj (£r) dr 4.24 
11,3 0

" Jì(5r)) " (j° (?r) " f c  J1(5r))
lim r-*o lim r+o

-QE
4np

Applying these boundary conditions to eq. 4.22 gives
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<SsV  * 252)?HO , - 25 g®!'

W  ‘ 25 * (S=2p2 + 2ea)iSH1 H.25

At z = 0 and introducing eq. 4.20 these equations become 

(Ss2p2 + 2S2)4> - 25 3 ¥

3 L
4irpp - 2£a<i> + (Ss2p2 + 2E,2 )V 4.26

on re-arranging, these give the modified transform vector and scalar 

potentials

Q£(2£2 + Sg2p2)
¥ = ----------------------------

4irpp((2£2 + Sg2p2)2 - 4£2ct$)

4ttpu( (2£2 + Sg2p2)2 - 452a6 4.27

Substitution of these into eq. 4.21 gives the vertical displacement 

as

52((2£2 + Ss2p2) - 2aB)
WHO „ ----------------------- 4.28

,’p>1 ((252 * Ss2p2)2 , 452aB)

This is the Laplace-Hankel transform of the vertical displacement of 

the half-space. To obtain a real solution it is now necessary to 

apply the inverse Hankel and Laplace transforms. The inverse zero 

order Hankel transform is straightforward and gives

W ss _Q__
4irpp , 

o

?3((252 + Sg2p2) - 2a3)

(2£2 + S32p2)2 - 4£2a6
J0U D  d? 4.29
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A change of variable is now made to extract the Laplace transform 

parameter £ * pn.

n3((2n2+Ss2) - 2(Ss2+n2)MSp2+n2^  )
----------------------- ---;-------- r J0 (pnr) dn 4.30
((2n2+S32)2 - 4n2(S32+n2)*(Sp2+n2)2)

o

In general the Laplace transform is now found by coercing the 

expression, eq. 4.30, into the form of the Laplace transform equation 

4.15, from which the inverse transform may be seen by inspection. 

This inversion procedure is known as the Cagniard-de Hoop method 

(Achenbach, 1973). First the integral is simplified by making the 

change of variable n « m Ss. The integral, eq. 4.30, then becomes

m3((2m2+1) - 2(m2+1)1/2 (m2+(^)2)1/23
bs

----------------------------- -------  JQ (pm Sar) dm

((2m2+1)2 - 4m2(m2+1)l/2 (m2+(t̂ -)2)1/2)
s

4.31

W 4irp

The algebra in the following procedures is greatly simplified if it 

assumed that X = p, corresponding to a Poisson's ratio of 0.25, and 

for which the inverse wave speeds are related by (Sp/Sg)2 ■> 1/3. 

Multiplying the top and bottom of the integrand expression in eq.4.31 

by

(2m2+1)2 + 4m2(m2+1)1^2 (m2+ 1/3)1̂ 2

for X = p gives
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_ QpSs2 m3((2m2+1 )-2(m2+1 )2 (m2+1/3)2)( (2m2+l )2+4m2(m2+1 (m2+1/8)h
4irp ((2m2+1 )4 - I6m^(m^+1 )(m2+1/3))

o

* J0(pm S3r) dm 4.32

The denominator of the integrand in equation 4.32 is the Rayleigh 

equation, eq. 2.8, and can be factorised in a simple fashion for the 

case of A = p. Eq. 4.32 may thus be re-written

W
3QpSg2

4*32irp

00 4. | |
m3(3(m2+A2)(m2+B2)-2(2m2+1 )(m2+1 )~ (m2+1/3)* ) 

o (1/4+m2)(m2+C2)(m2+D2)

* JQ(pm Sar) dm

3QpSs2

4*32irp

00

F(m) J0 (pm S3r) dm 

o

where

A2 = 5V12
4 B2 " * = £

C2 - 4
D2 b

4.33

In order to find the inverse Laplace transform, the Bessel function 

is re-written in one of its integral expansion forms, 

(McClachlan, 1955)

LXS
J0(x) " ~  I  [ ~  1> & J (S2„,,1/2

E
ds 4.34

Where 1L denotes the imaginary part of the result of the integral.

Eq. 4.33 can then be written
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W
3QPS32 tt r
6Mi J1 J F(m)

oo

eiPm SSr3 

(S2-1 )1/2
ds dm 4.35

In order to coerce this integral into the form of the Laplace 

transform equation it is necessary to expand the integral into the 

complex plane, z = m+iv, for which eq. 4.35 corresponds to the 

integral along the real axis of the complex function

3QpSa2
64rfy F(z)

o
i eizpS3rs 

(S2-1h
ds dz 4.36

In general the Cagniard->de Hoop inversion method will lead to a 

particular integration path in the complex plane, not necessarily 

along the axes. In the case of the surface and epicentre 

displacements this integration path simplifies. Consider the 

integration contour path shown in fig. 4.9. The path of integration 

along the imaginary axis encounters a pole at iD and two branch 

points at i and 1//3i of the function F(z). The additional poles of 

F(z) at 1/2i and iC do not affect the integral since the numerator of 

F(z) can be shown to also be zero at these points. The path of 

integration excludes the poles and branch points, so by the residue 

theorem the contour integral is zero. The branch points give no 

contribution to the integral along the imaginary axis, and the pole 

gives a contribution of iir times the residue at the pole.

o arc at
real ®
axis

imaginary
axis

ni * Res. (iD)



Fig. 4-9

Integration path in the complex plane fo r  evaluating

the surface displacement from the point thermoelastic source.
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The integral along the arc of infinite radius can be shown to be zero, 

and so the integral along the real axis may be replaced by one along the 

imaginary axis plus the contribution at the pole.

oo

O
real
axis

P

o
imaginary

axis

+ ni * Res. (iD) 4.37

where P  denotes the Cauchy principle value of the integral, excluding 

the pole from the integration path. The displacement may now be written

W
3QSs2

64ifp

00

iF(iv)
o

■ -VpS3rs

■ (S2-1 ?2
ds dv 4.38

The second integral in the first part of eq. 4.38 can now be seen to be 

approaching the form of the Laplace transform equation. The change of 

variable y = VSsrs is now made in this integral.

W =
3QSs2p -

64ir,|j iF(iv)
- p y

vrS<
(y2_v2r2s 2)»/2

dy dv

+ iri * Res. (iD) 4.39

Looking at those parts of eq. 4.39 which involve the Laplace transform 

parameter, the inverse transform may be seen by inspection from the 

following relationship
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J L " [  pi
03

Vr Sc

,-py

(y2_v2s32r2)»/=
dy

- r [p|
r ~ p ye H(y-VrSg) dy ]

L
c} (y2-V2r2Sg2)1/2 J

3 H(t-VrSg)

3 t _ (t2-v2r2Sg2)1 / 2

The displacement is then given by

3QSs 
w - -PTy

2 IT

p I t  i
iF(iv) H(t-VrS3)

dv

M. 40

( t 2- v 2 r 2 S s 2 ) * / 2u

+ X- 1 Ui * Res. (iD) ] 4.41

The time may be normalised to the shear arrival by making the 

substitution t ■ TrS3.

3Q
W P  9 1F( iv)H(T-V)

TT 'i",‘ ' 'dv
(T2-V2)1/264Tryr2 Ji

♦ X " 1 t*1 * Res- (id)] 4.42

The term still containing the inverse Laplace transform may be expanded 

as

iri * Res. (iD) -
3QpSg2

1*32V

-lD3(|[A2-D2)(B2r.D2) + 2n-2D2)(D2^ n >/a(D2-1/3)>/ 8.).

(1/4-D2)(C2-D2)
J0 (iDS3rp)

4.43
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Using the previous method to find the inverse Laplace transform of the 

residue expression leads to the total expression for the displacement as

W ______
64ir\ir2

p —r 3T
0

___ 9 [d3(3(a2

y3(3(A2-V2H B 2-V2)-2(1-2V2)(1-V2)x/2(l/3-V2)t/21 

(1A - V 2)(C2-V2)(D2-V2)(T2-V2)1/2
dv

64'npf’£
9T (1/4~D2)(C2-D2)(T2-D2)l/:

* H(T-D)

4*1

This expression for the displacement may be separated into various time 

intervals giving

W - 0 T < 1//3

W „ -ziS- 1_
32irV2 9T

T
P

1//3

V3((l-2V2)(1-V2)l/2(V2-1/3)I/_^I dy 
(1/4-V2)(C2-V2)(D2-V2)(T2-V2)l/2

1//3 < T < 1

w .---3.Q ... 1 _

32irapr2 3T
P

1//3

vlIilL.2v£lilzlllli21V.2.T.1/3.il̂ lldy dv = J (T)
(1/4-V2) (C2-V2)(D2-V2)(T2-V2)1/2

1 < T < D

4.45

w _ J + 3Q 9_ rp3(|(A2-D2) (B2-D2) + 2(1 -2D2) (D2-1 ) */2 (D2-1/3)1/2 

UT) 6 4mir2 3T (1/4-D2)(C2-D2)(T2-D2)1/2
T > D

Eq. 4.45 gives the first description of the surface displacement due to 

a thermoelastic point source, modelled as a point radial expansion at 

the surface of an elastic halfr-space. The waveform corresponding to 

eq. 4.45 is shown in fig. 4.10. The expression contains a discontinuity 

at the Rayleigh arrival which may be accounted for in the way described 

in section 4.1 by a convolution with the measuring system Impulse



Fig. 4 10

shear normalised time, T X10 ^

T =  Vs t / r ,  Q =  source radial moment 

surface  displacement = W (T ) / 3 2 r r p r 2x3Q x 200

The th e o re t ic a l ly  pred icted surface  displacement 

of a ha l f  -  space from a point rad ia l  loading with

Heavis ide  t im e  dependence.
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response. This leads to the waveform shown in fig. 4.11(a) which may be 

compared with the experimentally observed waveform shown in fig. 4.11(b) 

for a laser spot of approximately 1mm diameter.

The experimental conditions required to generate this and other 

waveforms shown in this and other sections is discussed in section 4.5, 

along with the absolute displacements generated in the different 

regimes.

4.1.3 EPICENTRE DISPLACEMENTS

The effect of the finite size of the thermoelastic source becomes 

less important for the epicentre position. The source consists of a 

thin disc of expanding material lying in the plane of the surface for 

which the maximum acoustic delay between different positions on the 

source is a maximum at the surface and a minimum on epicentre. The

epicentre displacements are thus adequately modelled by the point 

representation of thermoelastic source discussed in section 4.1.2.

Eq. 4.21 gives the Laplace-Hankel transform of the vertical 

displacement anywhere in the half-space as

In order to find the epicentre displacement the zero order Hankel 

inversion is first performed

4.46

00

W - £2 y g-'Bz J0(£r)d£ - 5 a $ e^aZ J0 (5r)d5 4.47

o o

On epicentre, r = 0 and Jo(0) = 1, giving



(a) predicted  
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using a 6MHz 
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d e tec t ion  

system, 
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Fig. 4-11
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A comparison o f  p re d ic te d  and exper im en ta l  po in t

therm oelast ic  displacements.
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W Z2 V e~ßz d5 - 5 a * e"aZ d£

W-| - W2

4.48

The displacement is now given by the Laplace inversion of the integrals 

Wi and W2 . The inversion is achieved again by coercing the integrals 

into the form of the Laplace transform eq. 4.15. Using the notation of 

section 4.1.2, W-| may be written out in full as

f (2£2+s 32p2) c3 e-(Ss2p2+£2)>/2 2

4irpp J

d£

((252*S3V ) 2 "
4.49

changing the variable, 5 « px gives

»1
" x3(2x2+S 2 )e'P(Ss2 + x 2 ) 1 / 2 z dx*

W  l ((2X2+Sg2)2 " 4x2(Sa2+x2)i/*(s 2+x2)»/*)
4.50

now making a final change of variable to extract the Laplace transform 

parameter, t - (S^+x2)1/2 z

On ? t(t2-s32z2)(2t2-Sg2z2)e"Pt dt
Wl „ — SJE- -----------------------------------------------

4ttpz2 S3 z ((2t2-S32z2)2 4t(t2-Sg2Z2) (t2_s32z2+Sp2z2) */»)

4.51

The lower limit of the integration may be replaced by zero by 

introducing the Heaviside function, H(t zS3)

W. Qp

4iryzi

-pt
f(t) H(t-zSs)e dt 4.52
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Eq. 4.52 is now in the form of the Laplace transform and the inversion 

may now be seen by inspection as

W-i (t) = ~ ~  (f (t) H (t - ~ ))
4irpz2 3t 3

— (f (t) H (t - --) + 5(t - " )  f(t))
4ttpz2 V3 V3

4.53

where f(t) is given by

t(t2-Sa2z2)(2t2-S32z2)
f(t) = ------------------------------------------- -

((2t2-S32z2)2 - 4t(t2-S32z2)(t2+Sp2z2-S32z2)

The delta function term in eq. 4.53 reduces to zero because 

f(t « z/V3) » 0. The component of displacement from the first 

expression in eq. 4.48 can now be written

W-| (t) - — f(t) Hit - ~ )  4.54
4irpz2 3

This can be seen to be the component of displacement associated with the 

shear motion. A similar analysis of the second part of eq. 4.48 leads 

to an expression associated with the longitudinal component of 

displacement

W (t) „ — 2—  ¿(t) Hit - — ) 4.55
2ttmz2 VP

where

t2(t2-z2Sp2)(t2+S32z2 - Sp2z2)l/2
git)

(2t2+S32z2-2Sp2z2)2 - 4t(t2-Sp2z2)(t2+S32z2-Sp2z2)1/2
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In terms of the notation used in section 4.1.2 for dimensionless time, 

the displacement may be normalised to the shear arrival in the same 

manner by making the substitution t = SazT.

W(T) Q 9_ 'T2(T2-R2)(T2+1-R2)t/2 H(T-R)_________

2irpz2 3T ((2T2+1-2R2)2- 4T(T2-R2) (T2+1 -R2 )1/2 )

T(T2-1 )(2T2- n  H(T-1 )_____________

2((2T2-1)2 - i4T(T2-1 ) (T2+R2~1 )1/z)

4.56

Where R is the ratio of shear to longitudinal velocities. The waveform 

given by eq. 4.56 is shown in fig. 4.12.

It should be noted that this expression for the displacement is for 

points internal to the bulk of the half-space. Experimental 

measurements are carried out on a plate and the effect of this extra 

free surface at z «* h, the plate thickness, should be recognised. 

Formally this would be accounted for by solving the equation of motion 

subject to the two sets of boundary conditions at z * 0 and z = h. An 

alternative and convenient way of approaching this problem is to take 

the extra free surface into account by means of the reflection 

coefficients for a free surface for the various modes.

In general, a longitudinal disturbance incident on the boundary will 

give rise to reflected longitudinal and mode converted shear motion. 

Likewise, incident shear motion will give rise to reflected shear and 

mode converted longitudinal motion. After reflection from a boundary, 

the wave potential for the half'-space, eq. 4.27 will be modified by the 

interaction in the following way

*1 - (1 ♦ RPP+ RPS) *o e ~ aZ



Fig. 4-12

epicentre  displacement = W ( T ) / 2 r r p  z2x Q 

T = V ; t / z ,  Q=  source radial moment

The th e o r e t ic a l l y  p r e d ic te d  e p ic e n t re  displacement  

o f  a h a l f - s p a c e  from a po in t  radial loading wi t h

Heaviside time dependence.
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4.57
^  - (l + RSS + RSp) \p0 e“ez

Where ^  now represents the new potential associated with the 

longitudinal motion and ^1 represents the new potential associated with 

the shear motion. RPP etc. are the reflection coefficients where the 

first superscript denotes the incident motion and the second denotes the 

reflected motion. <p0 and \p0 are the half-space potentials derived in 

section 4.1.2. The reflection coefficients can be derived from the 

wave interactions at a boundary discussed in Chapter 2.3 and are given 

by Pekeris et al (1965)

RPP = rY2+4s2ctB Rss = _Rpp 

Y2-4ç2aR
4.58

RP3 „ z M i l___
Y2-4ç2a6

r3P m .RYotfl__
Y2-4£2ctB

Y = (2C2+S32)

It is now possible to derive the vertical displacement on a plate by 

substitution of the potentials into eq. 4.21. The inverse

Laplace-Hankel transform is performed in the same way as for the 

half-space leading to an epicentre plate response in dimensionless time 

of

W(T) _ 40 i_ f T2(T2-R2) (1-R2+T2)1/2 (1-2R2+2T2) H(T~R)
iriiZ2 3T ((1-2R2+1+2T2)2 - 4T(T2-R2)(1-R2+T2)1/2}2

T ( T 2-1 ) ( T 2H + R 2 ) >/2 ( 2T2- 1) H ( T - 1 )
((2T2-1)2 - 4T(T2-1)(T2-1+R2)1/23)2

The waveform from this expression is shown in fig. 4.13 and is 

consistent with that derived recently by Rose (1984).



Fig. 4 13
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epicentre displacement = WIT) / TTph2x4Q

The th e o re t ic a l ly  pred ic ted  epicentre displacement 

of the surface  of a p la t e  from a po in t  radia l
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For times up to and including the first longitudinal and shear 

arrival the form of the displacement is identical to that of the 

half-space differing only in an amplitude factor. This is due to the 

fact that for normal incidence of the wave motion on the epicentre of a 

plate there is no conversion of longitudinal and shear motion to other 

modes. This is not generally the case for positions away from 

epicentre.

The waveform shown in fig. 4.13 may be compared with that measured 

experimentally, fig. 4.15. The displacement was obtained using a 32mJ, 

2.5mm diameter, laser spot on a 1cm steel plate. The displacements

were monitored using a calibrated plane parallel capacitance probe

(Scruby et al, 1978) using the arrangement shown in fig. 4.14. The

theoretically derived displacement shows reasonable agreement in form

with that measured experimentally.

4.2 THE PLASMA SOURCE

4.2.1 SURFACE DISPLACEMENTS

From the discussion of the force distribution produced by the 

plasma interaction, Chapter 3, it may be seen that this source may be 

modelled as the transient response of an elastic half-space due to the 

application of a normal, point force at the surface, with arbitrary time 

dependence. This problem was first tackled by Lamb (1904) in order to 

explain some of the effects of seismic events. "Lamb's problem" for the 

surface displacement, as It has become known, has been covered by many 

authors since the introduction of modern integral transform techniques: 

eg. Pekeris (1955); Mooney (1974). The results of Pekeris are quoted 

here for the normal displacement of a surface due to the application of
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a normal driving force with Heaviside time dependence.

W(T ) = 0 T < 1//3

W(T ) = -F

32ir yr
6 -

¿ 1 . Æ I
/t2-1/4 J y i \  + /3/4 -T2 /t2 + /3/4 "/3/4

W(T) -F I" 6 - Ä/3 » 5 

l6iryr /3/H + 73/4 - T2

1/̂ 3 < T < 1 

1 < T < Ï

W(T) . = 2 L .
8iryr ’ T > Y

4̂.60

where Y = ^(3+/3^1/2, T
V3t
--- , shear arrival normalised time.r

These results are derived for Poisson's ratio of 0.25, for which the 

integral form of the displacement may be factorised and evaluated in 

closed form. The form of the displacement given by eq. 4.60 is shown 

in fig. 4.16. The displacement is dominated by the Rayleigh arrival but 

this is of opposite polarity to that generated by the thermoelastic 

source, the longitudinal arrival being of the same polarity.

The theoretical displacement waveform may be compared with the 

experimentally obtained displacement after taking the singularity at the 

Rayleigh arrival into account by imposing a bandwidth limitation on the 

predicted signal. Fig. 4.17a shows the Heaviside response of a 

half-space subject to a 6MHz bandwidth detection system. This may be 

compared with the experimental surface displacement detected using a 

ball capacitance probe and a 30mJ, fully focused (f = 5cm) laser pulse 

in the arrangement shown in fig. 4.6. The two waveforms share the same
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overall features of the small positive longitudinal arrival followed by 

the bigger positive arrival corresponding to the Rayleigh wave. The 

experimental waveform does not have the negative step feature predicted 

using a Heaviside force time dependence and this indicates that the 

driving force differs from the step dependence. The nature of the 

driving force will be examined in more detail in section 4.6.

4.2.2 EPICENTRE DISPLACEMENTS

Lamb's problem for the normal displacement of an elastic 

half-space for an epicentral position, like the surface displacements, 

has been investigated by many authors: eg. Knopoff (1958),

Sinclair (1979). The displacement from a normal force with Heaviside 

time dependence on the epicentral point of a plate was written down in 

full by Knopoff (1958) and the expression includes the effect of 

multiple arrivals. Knopoff's expression derived in terms of the time 

normalised to the shear arrival gives, for the first arrivals

W(T) F
irph

T2(2T2-2R2+1 )2 H(T-R)_________ ________

((2T2-2R2+1)2 - 4T(T2-R2)(T2-R2+1)l/2)2

4T2(T2-1)(T2+R2-1) H(T-1 )_______
((2T2— 1 )2 - 4T(T2-1 )(T2+R2-1 ) 1 / 2 ) 2

4.61

The displacement given by this expression is shown in fig. 4.18. The 

displacement is in the opposite sense to that produced by the 

thermoelastic source on epicentre and is characterised by the step at 

the longitudinal arrival followed by a change in gradient at the shear 

arrival. The predicted displacement may be compared with the 

experimentally determined displacement using the arrangement shown in 

fig. 4.14. Fig. 4.19a shows the predicted displacement after imposing a
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6MHz bandwidth limitation and fig. 4.19b shows the experimental 

epicentre displacement of an aluminium plate from a 32mJ, focused 

(f = 5cm) laser pulse. The waveforms share the same features, although 

the dip in the experimental waveform after the longitudinal arrival at 

0.7ys, and the difference in the gradients after the shear arrival at 

1.4ys indicate that the plasma driving force does not have the Heaviside 

time dependence assumed in the prediction. The nature of the driving 

force for longer timescales approaches that discussed in Chapter 3 and 

is considered in section 4.6.

4.3 MODIFIED SURFACES

The effect of modifying the laser interaction surface has been 

considered in detail (Hutchins et al, 1981). These modification include 

applying layers of various materials to the metal surface. A clean 

metal surface is a poor absorber of optical radiation, especially in the 

near infra-red region emitted by the Nd/YAG laser, and any absorbing 

layer will therefore greatly increase the coupling efficiency. This 

increased absorption invariably leads to the ablation of the layer and 

the resulting normal forces will dominate the acoustic generation. Even 

when the layer is transparent to the incident radiation, the interaction 

surface is no longer a free boundary, and the resulting normal forces 

may increase acoustic amplitudes.

A modified surface interaction was considered in Chapter 3 to 

describe the surface forces generated by applying a layer of oil or 

grease to the sample. It was indicated that the layer of grease would 

produce a normal, impulsive force and may therefore be modelled as the 

transient response of the half-space to a driving force with delta 

function time dependence, modified by the time dependence of the
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impulsive force and, in the limit, by the bandwidth of the detection 

system. The response of a half-space to a delta function, normal 

driving force may be obtained from the Heaviside response, eq. f|.61 , by 

differentiation with respect to time.

Fig. 4.20 shows the experimentally measured surface and epicentre 

responses of a plate using a 3mJ laser pulse focused onto a thin layer 

of grease. The laser energy density was sufficient to cause ablation of 

the grease but there was no visible emission which usually accompanies 

the production of a plasma. A comparison of these waveforms with those 

generated by the plasma and thermoelastic sources show that this type of 

source is dominated by the longitudinal arrival in the bulk and by the 

Rayleigh arrival on the surface, both of which exhibit a sharp 

pulse-like nature. A comparison of absolute displacements, section 4.5, 

with those produced by the other sources, show that this source also 

generates the largest amplitude acoustic displacements. Because of 

these useful properties this type of source is used extensively in the 

experimental investigations, presented in Chapter 9, on the interaction 

of acoustic pulses with material boundaries and simulated cracks.

Theoretically this type of source is described, as mentioned above, 

by a pulse-like driving force. Fig. 4.21 shows the predicted surface 

and epicentre impulse responses of a plate with a 6MHz detection system.

Fig. 4.22 shows the frequency components of the experimental surface 

wave pulse, obtained by the "Fast Fourier Transform" (FFT). The pulse 

contains a broad band of frequency components extending more uniformly 

over a greater range than is easily obtainable by conventional, 

broad-band, damped pieozoelectric transducers, (Silk, 1984). The 

broad-band frequency range allows the investigation of acoustic 

spectroscopy techniques, one of which will be discussed in Chapter 9.
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4 . MULTIPLE ARRIVALS

The theoretical treatments presented in this chapter discuss the 

"first arrivals", ie. the direct longitudinal and shear waves that are 

generated in a half-space. The displacements detected on a plate 

include multiply reflected, mode converted arrivals that occur on longer 

timescales. It is these ever increasingly complex interactions that 

eventually build up into the "normal modes" of resonance of the 

structure.

In the field of NDE the structures to be tested are rarely simple 

geometric shapes. The interpretation of acoustic displacement in 

complex shapes is difficult and the theoretical treatment of transient 

propagation in all but simple geometries has not been achieved.

The multiple arrival displacements in the plate geometry have been 

considered by Pao et al (1977) using an extension to the basic 

analytical methods presented in section 4.1.2 and 4.1.3. The

"Generalised Ray Theory" presented in Pao's paper allows the

displacements of a plate to be evaluated for any position on either 

surface and for a variety of force distributions. All derivations of 

acoustic displacements in this chapter are for observer positions on 

either the surface or on the epicentre positions. For these two 

positions the displacement, given by the inverse Laplace-Hankel 

transform of some function, is obtained by the Cagniard-de Hoop method. 

For positions away from epicentre this method leads to a general contour 

integration in the complex plane which can be lengthy and involved. 

Pao et al (1977) used this method in their description of the 

generalised ray theory.

The arrivals at some point on a plate are separated into "ray
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groups" for different ray paths, fig. 4.23. The problem is then split 

into various components. A source function is derived for the 

longitudinal and shear motion within the solid due to the type of source 

force. This source function is combined with the appropriate 

reflection coefficients, mentioned in section 4.1.3» for each segment of 

the ray path within the group, depending on whether a longitudinal or 

shear component is reflected from the top or lower surface. Finally, 

this expression is then combined with a receiver function depending on 

which component of motion is being monitored at the surface. The 

expression for the entire ray group is then doubly inverted to give the 

displacement expression. This process is continued for all ray groups 

arriving at the observer position in the time of interest.

The results of this process for various observer positions, for a 

normal force with Heaviside time dependence, are shown in fig. 4.24a. 

The results are taken from Pao et al (1979) and may be compared with the 

displacement measured experimentally, for the same positions, generated 

by the laser plasma source (32mJ, focused) on a 5mm thick aluminium 

plate, fig. 4.24b. The displacements were measured using a parallel 

plate capacitance probe which imposes a geometrical bandwidth limitation 

on the signal, increasing with distance away from epicentre. 

Discrepancies arise from the difference in Poisson's ratio between the 

experiment for aluminium, o = 0.34, and the theoretical waveform, 

o =0.29. This difference will alter the arrival time of the numerous 

ray groups - eg. 31 arrivals within T = 7 for r = 5h (Pao et al, 1977) ~ 

leading to a change in the waveform profile. There is also a 

discrepancy because the laser force is not Heaviside in nature on the 

longer timescales in fig. 4.24b. However, there are similarities and 

the experiment demonstrates a use of the laser source in physically
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simulating seismic and acoustic emission events. This is valuable in 

view of the complexity of the treatment that is required to 

theoretically describe the displacements in all but simple geometries. 

Acoustic emission and its application to NDE are described briefly in 

Chapter 6.

4.5 ABSOLUTE DISPLACEMENTS

The measurements of the absolute displacements produced by the 

various modes of laser generation have been reported previously 

(Scruby et al, 1980). It is convenient to measure these displacements 

for the epicentre position. For this position the geometrical effects 

of phase delay across an extended source are minimised, and consequently 

a plane parallel type capacitance transducer, having a greater active 

area and greater sensitivity than those discussed in Chapter 7, may be 

used (Scruby et al, 1978). It is also more convenient to compare 

epicentre displacements with those which might be expected 

theoretically, since they do not contain the Rayleigh singularity that 

dominates the surface displacements.

Fig. 4.25 shows the epicentre shear and longitudinal arrival 

amplitude, measured by a resonant piezoelectric transducer, as a 

function of incident power density (Scruby et al, 1980). The transition 

from the thermoelastic to the plasma regime can be seen to be 

accompanied by loss in shear wave amplitude and a large gain in 

longitudinal amplitude. The absolute displacements, measured on 

epicentre by a calibrated plane parallel capacitance probe, for the 

various regimes, are shown in fig. 4.26, for the laser energy and 

geometries shown in the figure. The oil layer source dominates the 

displacement magnitudes producing approximately 0.6nm/mJ of incident
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laser energy. The maximum amplitudes produced in the plasmas regime are 

typically about 1/4 to 1/10 of this, and those in the thermoelastic 

regime are again smaller than the plasma produced displacements.

A comparison of amplitudes measured experimentally with those 

expected theoretically is only feasible for the thermoelastic regime, 

for which the interaction processes are well understood. The epicentre 

plate response for the thermoelastic source is described by eq. 4.59, 

for which Q is the point source moment. A value for this point source 

moment can be obtained from the thermoelastic radial force distribution 

derived in Chapter 3. This radial force distribution is given in 

eq. 3,12 as

2r E a Et _r2/a2
F(r) = ----------  e

(1-a)cp a^
4.62

Integration of this expression over all radii leads to the expression 

for the total radial moment delivered by the laser pulse as

E a Et
q = 77— rr- 1)-63(1-o) cp

If this radial moment is assumed to act at a point then it may be 

incorporated into the expression for the epicentre displacement, 

eq. 4.59. The predicted amplitude at the shear arrival for the 

thermoelastic source may be estimated from fig. 4.13

W3 a
2 * 4 * Q
irpĥ

4.64

The expression for Q in eq. 4.63 may be included in this to give the
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epicentre displacement as 

2 * I * E a Et
ws -  -----------------------------------  4 . 6 5

(1-a) cpiryĥ

The displacement may be calculated from the various thermal and elastic 

constants for a steel plate (Kaye & Laby, 1973)

W3 = 2.75 x 10“11 * ET / h 2 4.66

Using the conditions shown in fig. 4.26a; a 32mJ laser pulse incident 

on 1cm thick steel plate, and assuming an optical absorption

coefficient of 36? for the infra-red pulse (Aindow et al 1984) gives the 

displacement at the shear arrival as 3.2nm which is in reasonable 

agreement with the experimentally determined displacement of

approximately 2.5nm, fig. 4.26a. The lower experimental displacement 

may be accounted for by the variability of optical absorption at the 

steel surface and the acoustic attenuation in steel which is not 

considered in the model.

4.6 PLASMA REGIME DRIVING FORCE

Calculation of the absolute epicentre displacments generated in the 

plasma regime is not possible because of the complex nature of the laser 

plasma-surface interaction (Chapter 3). However, it is possible to 

deduce the magnitude and time history of the driving force at the 

surface from a knowledge of the experimental displacements that this 

force produces. The driving force is obtained by deconvolution of the 

experimental displacement with the theoretical impulse response at the 

same position. There are numerous numerical methods for deconvolution
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of data with a known system response (e.g Eisenstein et al, 1976;

Rhoads et al, 1968; Hunt, 1972).

Perhaps the simplest numerical deconvolution technique is performed 

by convolution of the experimental data with the inverse system impulse 

response. The impulse response, in our case, is the displacement 

waveform generated at some point when an impulsive driving force is 

applied to the surface of the plate; the inverse impulse response is 

the time dependent driving force that must be applied to the surface in 

order to obtain an impulsive displacement at some point. The process 

may be written as

F(t) * I(t) - W(t)

W(t) * I"1(t) = F(t)

4.67

Where F(t) is the driving force, I(t) is the impulse response, W(t) is 

the displacement, I~1(t) is the inverse impulse response and * denotes 

the convolution operator. Using acoustic theory it is not usually 

possible to derive explicitly the inverse impulse response, but it may 

be obtained numerically from the impulse response itself. The process 

of convolution may be carried out numerically using the method of serial 

products (Bracewell, 1965).

W(t) = Wj^
jlo FJIU-J) =

f(t') g(t-t') dt 4.68

i * 0,1,2 ...
Using this notation, there exists an identity relationship between the 

impulse response and its inverse
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i
l  Ij I_1(i-j) = { 1,0,0,0,0 ..... } 4.69

j-0

i - 0,1,2,3 .....

The inverse impulse response may thus be determined from the following 

serial product

i-'i*, - i
j=0

where I0-1 = 1/IQ .

This method of calculating the inverse response has the disadvantage 

that successive division quickly leads to large numerical errors 

appearing as oscillations in the result. However, for an impulse 

response for which most of the large displacements are concentrated at 

the beginning of the pulse, then the errors are kept to a minimum and a 

satisfactory inverse is obtained.

In general this is not the case and an alternative approach must be 

adopted. It is a well known property of the convolution theorem that a 

convolution in the time domain may be replaced by a multiplication in 

the frequency domain. Deconvolution of two time signals therefore 

reduces to a division in the frequency domain

F(t) * I(t) «* W(t)

4.71

F(f) x 1(f) - W(f)

Where f denotes the frequency domain and the bar denotes the Fourier 

transform. The driving force may now be written as the inverse

■,<I(J + 1) I_'(i-j)
4.70
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transform of the following frequency division

F(f) = H .72
1(f)

However, care must be taken in evaluating this division numerically. 

Hunt's method (1972) uses this process and gives adequate results. The 

time dependent data is usually transformed to the frequency domain using 

the Cooley-Tukey, FFT algorithm (1965). This algorithm assumes that the 

data is periodic in nature by wrapping around the beginning and end of 

the time window. If the data is aperiodic or shows a discontinuity in 

amplitude levels between the first and last data points, then it must be 

gradually matched in order to avoid the generation of spurious frequency 

components. This is usually achieved by applying a numerical taper to

the beginning and end points of the time domain data. Points at which

frequency components of the impulse response are zero must also be

neglected since the displacement frequency should also be zero in

amplitude at these points, although in practice experimental noise will 

will give rise to finite values. Included in this latter effect is the 

fact that, theoretically, the higher frequency components in the 

displacement will decay in amplitude at the same rate or faster than 

those in the impulse response. In practice it will not, again because 

of experimental noise on the data. This noise is therefore removed 

from the displacement data by digital filtering.

Fig. Jl.27(a) shows the predicted epicentre impulse response for a 

normal driving force on a 1cm thick steel plate. The waveform has most 

of its amplitude concentrated at the initial longitudinal arrival and 

deconvolution may be carried out using the serial product method. The 

inverse impulse response obtained using this method is shown in
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fig. 4.27(b) and convolution of this with the waveform shown in 

fig. 4.26(b) for the epicentre response from the plasma source for the 

conditions shown in fig. 4.26 leads to the time history of the plasma 

driving force shown in fig. 4.27(c). The form of this force can be seen 

to be in reasonable agreement with the simple model proposed for this 

force given in Chapter 3, although there is obviously some degree of 

error in this force function on longer timescales where the force 

appears to become negative. The form of the deconvolved force function 

also agrees with hypothetical force functions used previously for 

simulating the plasma source (Scruby et al, 1982).
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CHAPTER 5

DIRECTIVITY OF THE LASER-ACOUSTIC SOURCE

In Chapter 4 the surface and epicentre displacements of the laser 

acoustic source were investigated. However, if the laser source is 

to be used as an acoustic "tool" in scattering experiments for NDE, 

then it is important to have a knowledge of the directional nature of 

the acoustic field. In general the acoustic modes of the different 

acoustic sources are not omni-directional.

A full theoretical intepretation of the directional displacement 

field would require the methods used in Chapter ¿1 applied to the 

general off-epicentre situation. Using these methods the wavefront 

displacement amplitudes have been determined for various surface 

harmonic driving forces, (Miller & Pursey, 1954; Cherry, 1962) and 

more recently for the laser generated thermoelastic source 

(Rose, 1984). The harmonic displacements predicted by Miller and 

Pursey have previously been used to explain the directional behaviour 

of the laser-acoustic source (Hutchins et al, 1981). However, it is 

possible to adapt a simplified method described by Gutin (1964) and 

Lord (1966) for harmonic excitation and apply this to the transient 

case.

The formal method of solution to these acoustic problems, which 

involves solving the wave equation subject to the boundary 

conditions, is unnecessary in the case of a harmonic driving force. 

The asymptotic expansion of the displacement integrals, in the far 

field, yield the same results as the method of ray tracing using the
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appropriate reflection coefficients. The result is well known in 

geometrical optics (Born & Wolf, 1970) and is a requirement of the 

acoustic generalised ray theory (Pao et al, 1977) and was used in 

Chapter 4 to determine epicentre displacements. Also, for a 

dispersionless medium and point acoustic sources, the directivity 

amplitude will be independent of the driving frequency. The solution 

will therefore also be valid for an arbitrary driving force time 

dependence. In the limit of an impulsive driving force, the 

directivity amplitude will refer to the arrival of this impulse after 

propagation through the medium at the characteristic velocity.

The expected directionality of the laser acoustic source is 

investigated here by first considering a reciprocal problem, ie. the 

displacement of a free surface due to an incident wave propagating 

from the bulk of the material.

5.1 RADIAL DISPLACEMENTS

At a remote point in the bulk of the material a force F acts in 

the direction of the origin at the surface. In the neighbourhood of 

the origin the wave propagated from this source can' be regarded to 

produce longitudinal planar displacement. The displacement in this 

local longitudinal wave, travelling from a direction defined by 6p^ 

can be approximated by (Gutin, 196A)

i(o)t-Ki x sinOpi - K| y cosOp^) 
di = A e 5.1

Where x sinepi and y cosep¿ are the horizontal and vertical 

components of displacment. Kq and are the longitudinal and shear 

wave numbers. The same notation and geometry that was used to 

describe reflection from a free boundary is used here. Chapter 2,
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fig. 2.5. The amplitude of the longitudinal wave is given by

p iK1R
A = 4ttR(A + 2u ) 6 5'2

At the boundary this incident wave will be reflected to give a 

longitudinal wave at a corresponding angle, 0pr, and it will be mode 

converted to give a shear wave at some angle, 03Vp, 2.5a. The

displacements in these reflected waves will be given by

i(oit - K^xSin0pp - K^yCos0pp)
d2 = B e

i(¿ut - K2xSin03vr -1 K2yCos03vr)
d3 = C e 5.3

The components of displacement of these waves in the x and y 

directions are

U-j — d-|Sin0pj[, U2 x d^SinOpp, U3 51 d3Cos03yp

W-| = -diCos0p¿, V¡2 = -d2Cos0pr, W3 53 d3Sin0avp 5.4

where the subscripts, 1,2,3» will refer to the incident, 

longitudinal, reflected longitudinal and mode converted shear waves 

respectively.

Thus, the total tangential and normal components of displacement 

at the origin are

Ux » Ui + U2 + U3 = diSin©i + d2Sin02 + d3Cos03

W-| + W2 + W3 =* - d - |C o s 9 i  + d 2 C o s 0 2  ~ d 3 C o s 0 3 5.5
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and 01 = 0 3.

To maintain a normal stress free surface at the origin there must 

exist particular reflection coefficient relationships between the 

wave amplitudes A, B and C. The reflection coefficients for plane 

harmonic waves at a free boundary were considered in Chapter 2, eq. 

2 . 6 . ■

B Sin201 Sin203 - K2 Cos203
_ _ ----- »-------------------  5.6

Sin20i Sin203 + K2 Cos^2®3

c 2K Sin20^ Cos203
«— jj. 1. .. n,r— 1— --.mwj-t -i. i ...... .. I'

A Sin201 Sin203 + K2 Cos2203

The acoustic form of Snell's law may be written

! K2 vP
Sin03 = - Sine^, where K = = y ~

The normal displacement at the origin from eq. 5.5 is thus given by

Uy = -A Cos0i + B Cos©i - C Sin03

= A[(| - 1) Cos©, - f I Sin0-| ] 5.7

This expression may now be re-written using the reflection 

coefficient relationships, eq. 5.6
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Cos0i (K2 - 2Sin201)

( K ^ S i n 2©! )2 + ^Sin2©! (I-Sin2©! )1/2(K2-Sin201

5.8

The denominator in this expression can be seen to have the familiar 

form of the Rayleigh equation, eq. 2.8.

Similarly the tangential displacement at the surface is given by

„ -iKiR 
U - = 2 - $Uy 2ttuR

Ux = A [ ( f  + 1) Sin©! - j  Cos03]

Sin20i (K2 - Sin2©i) 1 / 2

(K2-2Sin20-| )2 + 4Sin20i (1-Sin20i )̂/2 (K2-Sin20-| )^2

5.9

It is possible to obtain the bulk radiation distribution due to a 

surface force from the surface displacements due to a bulk source by 

invoking the principle of reciprocity. The principle of reciprocity 

for acoustic problems of this type was discussed by Burridge and 

Knopoff, 1964. For the case at hand this principle allows the 

source and observer to be interchanged. Thus the displacement in the 

radial direction, at an angle, 0, due to a normal force acting at the 

origin, is given by the expression in eq. 5.8, and the displacement 

in the radial direction at an angle, 0, due to a surface unbalanced 

tangential force is given in eq. 5.9.

The displacements due to the plasma source can be modelled by the 

expressions for the normal driving force and the displacements 

produced by an unbalanced tangential force can be modified in order 

to model the thermoelastic source.

n J U T * *
U* " 2irpR
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The thermoelastic source can be considered to consist of two 

orthogonal surface dipolar components (Scruby et al, 1980). However, 

only the dipole component lying on the surface, in line with the 

observer contributes to displacements at the observer position. The 

displacements due to a surface dipole may be obtained in the 

following way from those for the unbalanced force given by eq. 5 .9. 

Consider two forces separated by a small distance, 6X, with the 

configuration shown in fig. 5.1. The combined displacements at some 

point 0 due to these two forces will be given by

UR - F f(9)e"lKlR 
R

F f(8)e 
R+5R

-1K1(R+6R)

where f(0) is the directivity amplitude term. 

But 6R = 6xsine, consequently

5.10

Ur = F f (0)
R e-lKi (R+6xSin0 )_ e*-iK̂ R (R+<5xSin0) 

(R + 5xSin0)R 5.11

as 6xSin0 -*■ 0, then

- F f(0) e"iKlR fix Sin0 (1 + i^R)

The longitudinal radiation field due to a surface, tangential dipolar 

force, from eqs. 5. 9 and 5 . 1 1 is therefore

Sinfl Sin20(K2 - Sin20)1_/_2_________________
(K^-2Sin^0)2 +. J4Sin̂ 0 ( 1 -Sin^O )* (K^-Sin^o)

5.12

Where M is the source dipole moment. The form of the radial 

displacement amplitude due to a surface normal force from eq. 5.9 is

Ur =
-M e 1 (1+iK^R)

2ir p R ^



Fig. 5-1

The geom etry  f o r  calculating fhe  acoust ic d isplacement

f ro m  a surface fo rce  dipole.
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shown in fig. 5.2a and the form of the radial displacement amplitude, 

due to a surface dipole, from eq. 5 .1 2 , is shown in fig. 5 .2b.

5.2 TANGENTIAL DISPLACEMENTS

The displacements corresponding to the shear arrivals for the 

two fundamental generation mechanisms may be considered in a similar 

fashion. In this case, consider a vertically polarised shear wave 

incident on a free boundary and producing mode converted longitudinal 

and reflected shear waves, fig. 2.5b. For a free boundary the 

relationships between the incident and reflected wave amplitudes are 

given by eq. 2 . 7 as

- K2 SinHei

Sin201 Sin203 + K2 C o s 2 2Q-\

Sin201 Sin203 - K2 C o s 2 2 Q } 

Sin20i Sin203 + K2 Cos2201

5.13

and Snell's law in this case becomes Sin03 = K Sin©i . The 

components of displacement in the x and y direction are

U1 = -di Cos0i, U2 = d£ Cos0 2» U3 = d3 Sin03

Wt = -d! Sin01f W2 = d2 Sin02, W3 = d3 Cos03

5.14

and 0  ̂ = 03<

Thus the tangential and normal components of displacement at the 

origin are given by



F ig . 5 2
(a) o°

(b) o°

P red ic ted  longitudinal d ire c t iv ity  fo r two surface  forces.
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Ux = - A Cos0i + B Cos02 + C Sin03

Uy = - A Sin0^ - B Sin02 + C Cos©^ 5 , 1 5

F e-iK2R
Where the amplitude, A, is now given by A = “¡¡“ fj—  •

Following through in a similar manner to the derivation for the 

radial displacement gives the displacement components as

-F e-iK2R
2ttpR

C o s 0 j  C o s 2 0 i

K(1-2Sin201 )2 + iiSin2©! (1-Sin2 01 ) (l-K2Sin2 6i )*j

5.16

Uy
-F e~iK2R F Sin201 (1 -K2 Sin2©!) *

2iruR .K(1-2Sin20! )2 + ^Sin20! (1-Sin201 )' (l-K2Sin20! )

Again, using the principle of reciprocity, Uy will be equivalent to 

the far field tangential displacement, U0, due to a normal surface 

force at the origin. The thermoelastic dipole source may be obtained 

from the expression for Ux in the same manner as the previous section 

to give the bulk tangential displacement field for a surface dipole 

as

”0
- M ( 1 +  i  K 2 R ) e~1 ^ 2 R 

JJirpR2

K Sin20 (1-2Sin20)

iJSin20(1-Sin20) * (1-K2Sin20) ̂ + K( 1 -2Sin20 )2_

5.17
These expressions for the radial and tangential displacements contain 

components which can become complex and the modulus of the function 

is then evaluated. The form of the tangential displacement amplitude 

due to a normal surface force, from eq. 5.16 is shown in fig. 5.3a 

and the tangential displacement amplitude due to a dipolar surface



Fig. 5-3
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force is shown in fig. 5.3b.

The expressions for the radial and tangential displacements due 

to a surface dipolar force given by eqs. 5.12 and 5.1 I sne the same 

as those obtained recently by Rose (1984) for his asymptotic 

expansions of the wavefront integrals due to a transient surface 

thermoelastic source.

It should be noted that the displacement expressions are for the 

bulk of the material and not those for a free surface. However, if 

displacement measurements are t3ken on a free surface of constant 

radius, ie. a cylindrical or spherical surface, then the wavefront 

propagation from a line or point source respectively will be normal 

to that surface and no mode conversions of waves will take place. 

Under these conditions, the displacements in the bulk of the material 

are related to those at a free surface by a simple numerical factor, 

as was the case for the epicentre displacements derived in Chapter 4.

5.4 EXPERIMENTAL DIRECTIVITY

Experimental measurements of directivity patterns were made 

using the arrangement shown in fig. 5.4. The plasma source was 

created by focusing a 30mJ laser pulse onto the surface of the 

aluminium sample. The thermoelastic source was generated by focusing 

the laser spot down to a spot 2 or 3mm in diameter or into a line 

1 cm x 0.2mm, and the intensity of the beam was then reduced by 

neutral density filters until the pulse no longer produced visible 

damage to the sample surface.

Longitudinal and shear, resonant piezoelectric transducers were 

used to measure the displacements at the longitudinal and shear wave 

arrival times. The shear wave transducers were orientated such that



Fig. 5-4

The experimental arrangem ent fo r  measuring the acoustic source d irectiv ity .
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the direction of polarisation coincided with the displacement 

component to be measured; for example, when using a thermoelastic 

line source on a cylindrical sample, the shear wave transducer was 

orientated such that the direction of polarisation was orthogonal to 

the axis of the line. A rotation of the transducer in this case

results in a decrease in signal amplitude indicating that a line

source produces shear waves polarised orthogonal to the line axis, as 

would be expected from geometry of this source. Both the

longitudinal and shear wave transducers were bonded to the sample 

using the appropriate bonding material. In the case of the shear 

transducers, a silicone bonding material was used to couple shear 

waves into the transducer. These bonding materials lead to some 

error in the measurement of displacement amplitudes due to the

irreproducibility of the bond at different measurement points. The 

amplitude measurements were taken as the maximum amplitude of the 

transducer "ring" at the wave arrival times and each plotted 

experimental point corresponds to the average of five measurements 

with the corresponding error indicated.

Fig. 5.5a shows the longitudinal radiation pattern measured for 

the plasma source for the conditions and source geometry indicated in 

the figure. This may be compared with the expressions derived 

earlier and shown in figs. 5.2a. There is good agreement between the 

predicted and experimental directivity with the acoustic energy 

directed forward in a broad lobe.

It was not possible to detect a measurable component of 

tangential motion due to the plasma Bounce; In this case most of the 

energy appears In the longitudinal and Rayleigh modes as oan he seen 

from the forms of the epicentre and surface displacements In
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Chapter 4.

The experimentally measured shear and longitudinal radiation 

patterns due to the thermoelastic line source are shown in fig. 5.6 

for the conditions and source geometry shown in the figure. These 

may be compared with the expressions derived earlier and shown in 

figs. 5.2b and 5.3b. Again there is reasonable agreement between 

the predicted and measured directivity for the longitudinal arrival, 

with the acoustic energy now directed into a lobe at about 60°. 

Agreement is not so good for the shear arrival from the thermoelastic 

source although a maximum in the directivity is predicted at about 

30°. A factor leading to experimental error at large values of 0 for 

the shear arrival is the confusing influence of the head waves and 

Rayleigh surface wave shown in fig. 4.1. The head waves are 

generated as the longitudinal wave travels across the free surface 

and their effect on the resonant transducer interferes with amplitude 

measurements at the shear and longitudinal arrival times. The 

Rayleigh wave, travelling slightly slower than the shear wave, 

dominates the displacement signal very close to the surface.

The effect on directionality of modifying the surface using a 

grease layer is difficult to measure by scanning a single detection 

transducer, since the amplitude of the waves generated by this source 

varies considerably from pulse to pulse. However, the effect of 

constraining the surface may be shown by placing a transparent solid 

layer over the surface of the sample. A glass cover slip was 

attached to the surface of the aluminium sample using cyanoacrylate 

"super" glue. The laser pulse is transmitted by the glass and 

creates a buried, constrained thermal expansion source at the metal 

surface. A laser pulse, of sufficiently low intensity that it caused
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no damage to the glass or the surface, was directed at the 

glass-sample interface. The longitudinal radiation pattern from this 

source is shown in fig. 5.5b. This buried, explosive source 

produces a radiation pattern similar to that for the normal driving 

force of the plasma source although the constrained sources produces 

greater amplitude displacements and the radiation is more 

concentrated in the forward direction. The predicted radiation 

field from a buried expansion source - or a spatially extended 

acoustic source -> has not been considered.

All the experimental results presented in fig3. 5.8 and 5.6 

indicate the transducer signal amplitudes; these values should not 

be compared with each other because of the variability of coupling 

and transducer sensitivity. It is possible to assess the relative 

magnitudes of the shear and longitudinal wave amplitudes by referring 

to the absolute displacement measurements made using calibrated, 

wideband transducers for the epicentre position presented in 

Chapter 4.

5.4 WAVEFRONT ENERGIES

The ratio of energies in the different wave arrivals provides a 

useful comparison between the different modes and generation 

mechanisms. The power radiated into the half space for a particular 

mode is given by, (Miller & Pursey, 1954)

ir/2

U = »/* | A |2 It (2TfR2Sin 0) de 5.18

Where Ii * is the specific mechanical impedance of the medium for 

the acoustic mode, and A, the wave amplitude, may be evaluated for
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the different modes and generation mechanisms from the previous 

expressions for the wavefront amplitude directivity. Consider the 

harmonic thermoelastic source, the displacements for this source are 

given by eq. 5.12 and 5.17 as

Ur
- M e'la)R/VP (1 + iw/VpR) e(0) 

2irpR2

where e(e) Sine Sin20 (K2 - Sin20)l/2_____________
(K2-2Sin20)2 + 4Sin20(1-Sin20)1/2 (K2-Sin20)1/2

-MKe"iti)R/Vs ( 1 + iW/VsR) (f (0) + ig(0 ) ) 

4irpR2

where f(0) + ig(0) » _________Sin20 M-2Sin20)t/2_______________

K(1-2Sin20)2 + 4Sin20(1-2Sin20)1/2 (l-K2Sin20)1/2

The directionality term of U0 is complex for KSine > 1. Taking the 

real terms of Up + U0 and retaining only those components which decay 

geometrically as 1/R, since higher order terms will be relatively 

negligible in the far field, then the longitudinal and shear 

displacements may be written

-M a) Sin(a)tp) e(0)
Ur . --------------------

2ttuR Vp

U0 - (f(0)Sin(wts) - g(0)CosUt3) 5.20

Where tp and t3 are the shear and longitudinal arrival times. The 

time averaged energies in the different modes then become
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Püî  M2 
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i r / 2

e(0)2 SinG d0

P o

pm4 M2 K2 ir/f2

I6iry2 Vc
(g(0)2 + f(0)2) Sin0 d0 5.21

and the ratio of energies in the longitudinal and shear modes is

P 11

ir/2

Í  e(0)2 Sin0 d0

K3 n/,2
J (g(0)2 + f(0)2) Sino do

5.22

The real components of the displacements for the plasma source, 

from eqs. 5.8 and 5.16 may be written as

Ur
-F Cos(ojtp) 

2 ttpR 4(0)

where i,(e) - Cose (K 2 - 2Sin20)

i1Sin20(1-Sin20)I/2(K2-Sin20)l/2 + (K2-2Sin 20)2

5.23

u0
-F
2tt pR (m(0) Cos(utg) + n(0) Sin(a)t3))

where m(0) + in(e) ______Sin20f1 - K2Sin20)1/2_____________

HSin20(1-Sin20)l/2 (1-K2Sin20)l/2 + (K2*2Sin20)2

and the ratio of the time averaged energies for the plasma source

becomes



Pg TT/2

J (m(0)2 + n(0)2) Sin0 d0
o

These expressions for the energies carried by the wavefronts are 

independent of frequency and are therefore true for a transient as 

well as a harmonic driving force. The expressions in eqs. 5.22 

and 5.24 have been evaluated numerically for different values of 

Poisson's ratio of the sample material and the energy ratios are 

shown in table 5.1, (see Appendix 1 for the numerical details). The 

values for the thermoelastic source agree, in the main, with those of 

Rose (1984) for his corresponding calculation and the table includes 

his value for the energy radiated by the thermoelastic surface wave 

relative to the shear wave.

From the results of the energy partition of the thermoelastic 

source it may be concluded that a substantial amount of energy is 

radiated as surface waves, which will always be dominant over the 

bulk waves in the far field since they decay less rapidly. Energy 

partition for the bulk waves for the thermoelastic source shows that 

more energy is radiated as shear rather than longitudinal waves as 

might be expected from the geometry of the source. Similarly for 

the plasma source, more energy appears to be radiated as shear waves. 

It is not intuitively apparent why this should be the case, 

especially in view of the fact that it was not possible to 

experimentally obtain a shear directivity measurement for this 

source. The Rayleigh wave partition energy ha3 not been calculated 

for the plasma source although it may be concluded from the surface 

measurements presented in Chapter 4 that this source also radiates a



Table 5.1

Poisson's
ratio

plasma
source

thermoelastic
source

cr
longitudinal

shear

longitudinal

shear

Rayleigh

shear

0-2 0 293 0-536 6 93

0-25 0-267 0-311 4-65

0-33 0-185 0-093 3-58

0-4 0-968 0-019 3 14

P artitio n  of w avefro n t energy fo r  the la se r-ac o u s tic  source.



97

considerable amount of its energy in the surface wave.

A comparison of the overall acoustic energy generated by the 

different mechanisms indicates that the grease-layer source is most 

efficient, producing mainly Rayleigh and longitudinal radiation, 

followed by the plasma source which behaves similarly. The

thermoelastic source produces the lowest amplitudes although it 

should be noted that this source produces prodominantly shear 

displacement and the broadband transducers used to obtain the results 

in the following chapters are devices which respond to normal surface 

displacements and are therefore not suited to this type of source.
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CHAPTER 6

ACOUSTICS IN MATERIALS EVALUATION

The previous two chapters described the directional and temporal 

characteristics of the various laser-acoustic source regimes. A 

knowledge of these characteristics allows the investigation of the 

aplication of this new acoustic source to NDE. Some of these 

applications will be considered in the remainder of the thesis.

A brief review of the acoustic techniques currently in use for 

NDE will be given before going on to describe the experimental 

applications using the laser-acoustic source. The review is intended 

to cover the general methods of acoustic NDE which are common to most 

of the acoustic sources currently in use. There are many specific 

techniques for investigating particular problems, but these are 

usually extensions to the general methods discussed here. Emphasis 

is also placed on those methods which could be usefully adapted to 

the laser-acoustic source, especially those in which the acoustic 

source could provide some advantage over the conventional methods.

Acoustic wave energy at ultrasonic frequencies has been 

successfully employed over the past 35 years for locating internal 

defects in metal plates, forging3 and welds. The present, common use 

of acoustics for evaluating materials falls into two distinct 

groups. Firstly, there are those techniques which employ externally 

generated acoustics to locate and characterise defects, ie. 

ultrasonic non-destructive testing. Secondly, there is the 

relatively new and less common method of detecting the acoustics
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generated internally by materials, either from spontaneous crack 

propagation or from externally applied stresses, and then using this 

"acoustic emission" information to evaluate the material integrity. 

The methods of acoustic non-destructive testing also fall into two 

groups: those which use an acoustic field, propagated within a 

material, to cast shadows of cavities and defects; and those which 

rely upon the echo of acoustic pulses from cavities and defects. 

Both of these methods require a source of pulsed acoustic energy.

6.1 PIEZOELECTRIC TRANSDUCERS

By far the most common method of producing and receiving 

acoustics for non-destructive testing is by means of piezoelectric 

transducers. These transducers provide a relatively efficient means 

of producing acoustic energy when compared with other methods, eg. 

electrodynamic, magnetostrictive and optical techniques (Krautkramer 

1983 has a review of the methods and instrumentation U3ed in NDE). 

However, piezoelectric transducers possess some properties which make 

their use undesirable in some circumstances. These transducers are 

inherently resonant devices and they will ring at some characteristic 

frequency determined by both their mechanical and electrical 

properties. A great deal of effort is put into manufacturing damped 

piezoelectric transducers which are less sensitive than undamped 

devices but which produce a pseudo-pulse consisting of a few cycles 

at the resonant frequency. However, the residual ringing creates 

misleading interference effects in using the shadow technique and it 

also introduces uncertainties when accurate "time of flight" 

measurements are to be made in pulse-echo methods. Piezoelectric 

transducers have also to be acoustically bonded to the sample under
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test. This acoustic bond usually consists of some liquid smeared 

between the transducer and the sample. These bonds are variable in 

their properties and introduce uncertainty when relative acoustic

amplitudes have to be determined. Another disadvantage of

piezoelectric transducers is that they cannot operate in high
O

temperature environments. Above some critical temperature (370 C for 

PZT5) the piezoelectric nature of the material is destroyed and also 

at high temperatures there is the problem of creating a durable

acoustic bond.

6.2 THE SHADOW TECHNIQUE

The shadow technique is usually applied to the testing of plates 

for laminar defects. The transmitted intensity of an acoustic field 

is monitored as the material passes between a transmitter and

receiver, and any intervening discontinuity within the material will 

cause the acoustic field to be reflected leading to a decrease in the 

transmitted signal. The surface of the material can be scanned to 

build up a limited internal picture of the object. This two 

dimensional representation of the object is referred to as a C-scan 

and the process is shown diagrammatically in fig. 6.1. The

technique cannot estimate the vertical position of a defect within a 

sample and the accuracy of the 2-D scan is limited when conventional 

piezoelectric transducers are used. Piezoelectric transducers 

usually have a large area of contact which introduces uncertainties 

in the estimation of the lateral position of a defect detected by the 

drop in the transmission signal. The diffraction of the qua3i-pulse, 

produced by these transducers, at the edges of the defect leads to 

interference which modulates the detected signal and obscures the
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edge position. Both these effects are minimised by using a small 

acoustic source generating a single pulse of a short time duration 

when compared with the transit time across the characteristic 

dimension of the defect. The application of the laser-acoustic 

source to the shadow technique is considered in Chapter 8.

6.3 THE PULSE-ECHO TECHNIQUE

The extra information, provided by monitoring both the amplitude 

and time of flight of acoustic pulse echoes from defects, allows a 

range of more sophisticated techniques to be applied to 

non-destructive testing. It is possible, in principle at least, to 

use this extra information to locate and characterise defects both 

within the bulk and on the surface of the material. Fig. 6.2a shows 

the general principle of the pulse-echo method. The acoustic pulse 

from the transmitter may encounter a defect in its path; if the 

defect is smaller than the cross-section of the acoustic beam then 

part of the beam bypasses the defect, strikes the back wall of the 

sample and is reflected back to the receiver; the defect in turn 

reflects an echo pulse which, depending on the defect form and size, 

will be detected by the receiver. The transmitter and receiver need 

not necessarily be separate transducers placed at different points on 

the test piece, but may be combined into a single probe. The echo 

pulse is visually displayed according to its transit time from the 

transmitter to the defect and back to the receiver and also by its 

amplitude. This kind of representation is referred to as an A-scan 

and is shown diagrammatically in fig. 6.2a. The amplitude of the 

reflected signal contains information on the position and size of the 

flaw although it is difficult to extract this information from the
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signal. If a directional, narrow beam is transmitted, then only 

defects within the beam area will reflect pulses, and information on 

the lateral dimensions of a defect may be obtained by scanning the 

probe. A combination of this shadow method with the pulse-echo 

method allows a full 3-D interpretation to be built up of the 

internal structure of the object. A linear scan of this type is 

referred to as a B-scan and is shown diagrammatically in fig. 6.2b. 

This technique is limited by the uncertainty in the time of flight 

measurements introduced by the quasi-pulse, and also on the 

directionality and width of the acoustic beam, which again depends on 

the transducer dimensions.

Both the shadow and pulse-echo techniques suffer from the problem 

of occultation of one defect by another; measurements from several 

orientations are usually made in order to fully test a region of 

interest.

Chapter 9 presents an experimental investigation of the 

interaction of laser generated surface acoustic pulses with surface 

defects, and "time of flight" techniques have been employed 

extensively.

6.i) ACOUSTIC EMISSION

Acoustic emission is the production of elastic waves in a 

material from atomic rearrangements occurring during deformation or 

cracking (Williams 1980). The process is usually due to steady loads 

beyond the elastic limit of the material or a fluctuating load. 

Acoustic emission from spontaneous crack growth consists of irregular 

bursts of the order of microseconds in duration and their number can 

range from a few occasional single bursts to about one hundred
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thousand per second. Both the amplitude and the frequency spectrum 

of acoustic emission varies greatly and there has been much work in 

correlating the acoustic properties to the physical properties of the 

defect concerned. The monitoring of acoustic emission allows large 

structures to be continuously tested for signs of mechanical failure 

- an impossible task using ultrasonic NDE techniques. One role of 

the laser-acoustic source in modelling these events was discussed in 

Chapter ij.

6.5 APPLICATION OF THE LASER-ACOUSTIC SOURCE TO NDE

The laser-acoustic source has some unique properties which, in 

certain situations, provides an advantage over conventional methods 

of non-destructive testing. These advantages are as a result of two 

properties of the laser-acoustic source; the generation mechanism is 

non-contacting and the acoustic transients that it produces are 

broadband.

The non-contacting nature of the source circumvents the bonding 

problems associated with piezeoelectric transducers. The acoustic 

transients are reproducible In amplitude and, because of this 

property, the use of the laser-acoustic source as a standard by which 

other transducers may be calibrated has been previously discussed 

(Scruby et al 1981). The acoustic source may be used to generate on 

hot material where conventional transducers become inoperable. The 

laser beam, because of its coherent nature, is an efficient and 

versatile means of depositing energy at a distance. Consequently, 

the beam may be directed into hostile situations, eg. corrosive or 

radioactive environments, or under water. The laser beam may be 

steered easily by optical means to rapidly scan materials in a far
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more efficient manner than is achieved conventionally by moving 

probes. The non-contacting nature of the source also means that it 

may be used to generate acoustics in complex shaped test pieces or 

those with a rough surface, eg. casts and ceramics.

The broadband nature of the source also provides some advantages. 

Accurate time of flight measurements can be made in pulse-echo 

techniques, because there are none of the uncertainties associated 

with the quasi-pulses produced by damped, resonant piezoelectric 

devices. Again, because the laser-acoustic source can be made to 

produce single acoustic pulses, there are no interference effects in 

the shadow technique. The single, narrow pulses also allow acoustic 

spectroscopy techniques to be used, and the increase in accessible 

information that is provided by single pulses means that more 

sophisticated defect imaging techniques may be investigated. The 

possible imaging techniques would require the use of computer 

processing to manipulate the large amount of data that is available. 

This latter point has some relevance in that there is a present trend 

in acoustic NDE to move away from "operator experience" in 

interpeting the data, to a more systematic data analysis by computer 

or microprocessor, and the display of the relevant information in an 

"easy to understand" format.

The laser source also has disadvantages associated with it. 

Overall efficiency of the laser system is far less than its 

piezoelectric counterpart, and in the thermoelastic regime at least, 

the acoustic displacements are less than those produced by 

conventional transducers. The laser and ancilliary equipment tend to 

be more expensive and bulkier than piezoelectric systems, although 

laser devices are becoming smaller and more efficient. A battery
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operated, hand held, laser device has recently been suggested for 

probe calibration (Dewhurst et al, 198 3). The point acoustic source 

generates all modes at once, unlike piezoelectric transducers which 

are more or less selective in their ability to produce longitudinal, 

shear or surface motion. The directivity of the source, discussed in 

Chapter 5, is poor when compared with the ability of conventional 

transducers to produce narrow, directional lobes of acoustic energy. 

From the work presented in Chapters and 5 it is seen that the

Rayleigh surface pulse is the dominant feature produced by the 

laser-acoustic source. Unless a testing method uses this mode then 

the testing will have to be restricted to relatively small objects, 

(geometric and material attenuation restrict acoustic propagation to 

less than about a metre); on large samples geometric spread dictates 

that the slower decaying surface waves will dominate the bulk waves. 

The useful, broadband property of the source also restricts testing 

to small samples, since attenuation over large distances will remove 

the high frequencies and broaden any acoustic pulses.

Chapters 8 and 9 present some results on the application of the 

laser source to some of the NDE methods mentioned in this chapter. 

Most of the work has been carried out on artificial defects, laminar 

de-bond areas in plates and milled slots to simulate cracks. The 

results emphasize features of the fundamental acoustic pulse - defect 

interactions arising from the laser-acoustic source.
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CHAPTER 7

WIDEBAND ACOUSTIC TRANSDUCERS

Wideband acoustic transients generated by the laser-acoustic 

source can be best exploited using wideband transducers as receivers. 

It has previously been mentioned that the commonly used piezoelectric 

devices are resonant in their nature of operation and that it is 

possible to damp these resonances by various mechanical and 

electrical techniques (eg. Silk, 1984). These damped piezoelectric 

devices are in general not sufficiently wideband to make best use of 

the laser source, and several types of other wideband transducers 

were used to perform the experiments described in Chapters 8 and 9, 

including capacitance, electromagnetic acoustic, thick piezoelectric 

and interferometer devices. A plate capacitance probe, described 

elsewhere (Scruby et al, 1978) and the ball capacitance probe, 

described here, were used to obtain the displacement waveforms shown 

in Chapter 4.

7.1 CAPACITANCE TRANSDUCERS

A capacitance displacement transducer is formed by placing a 

conducting probe in close proximity to the metallic surface of a 

sample and any change in the dielectric filled gap between the 

surface and the probe due to an acoustic disturbance will result in a 

change in capacitance of the system. This is the basic principle of 

all acoustic-capacitance detectors from audio microphones to acoustic
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emission sensors and there are various ways of monitoring the change 

in capacitance and relating it to the absolute form of the acoustic 

displacement of the surface.

Some of the earlier reported work on laser generated acoustics 

employed a calibrated plane-parallel capacitance device to measure 

the epicentre displacements produced by the various laser sources 

(Dewhurst et al, 1982). This device consists of a flat, 6mm dia. 

disc that is positioned by a micrometer, within a few microns and 

parallel to the surface of the sample. Any change in this gap

results in a change in capacitance which is monitored by a charge 

sensitive amplifier. Operational details of this device have been 

published (Scruby et al, 1978). The instrument does have some 

limitations. In order to calibrate the probe it is necessary to 

ensure that the surface of the sample is polished flat to within a 

fraction of a micron over the area of the probe surface and it is 

also necessary to ensure that the probe head and the sample surface 

are parallel to within the same limitations. The probe will also 

integrate the detected signal across its area. This will have a 

negligible effect in the case of a plane wavefront incident in a 

normal direction to the probe surface, but for non-planar wavefronts 

or wavefronts incident in different directions, eg. a surface wave, 

this introduces a geometric limitation on the bandwidth of the 

device. Several alternative designs of capacitance probe have been 

considered to overcome these disadvantages.

7.1.1 THE SPHERICAL CAPACITANCE TRANSDUCER

Replacing the flat plate in the plane parallel capacitance 

devices with a spherical conductor offers several advantages. The
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capacitance of such a device is predominantly from the relatively 

small surface area of the sphere which is adjacent to the surface of 

the sample. This active area can give a typical device a

geometrically limited bandwidth approaching 10MHz. The main

advantage of this geometry is that the sample does not need to meet 

the stringent, and sometimes impractical, requirements of being 

polished optically flat, and consequently the positioning of the 

sphere against the surface becomes an easier operation. The penalty 

paid for this versatility is a reduction in sensitivity of the device 

in comparison to a plane parallel capacitance probe. However, a 

typical transducer is capable of measuring the normal displacement of 

a surface with a sub-nanometre resolution. The device employed in 

the experiments presented here consists of a ifmm diameter steel ball 

bearing held about 10pm above the earthed surface of the metal sample 

by a micrometer head, fig. 7.1. The sphere is maintained at a 

constant bias potential by a highly stabilised voltage supply, and as 

a consequence, any change in capacitance of the arrangement due to a 

change in the gap between the sphere and the surface results in a net 

flow of charge to or from the sphere. This charge variation is 

monitored by a charge sensitive amplifier of the type used in 

semiconductor radiation detectors with some additional high voltage 

breakdown protection on the input stage.

The transducer sensitivity can be analysed in the following way. 

The charge flow, dq, from a capacitance transducer operated at a 

fixed voltage, V, is given by VdC, where dC is the change in 

capacitance of the device caused by a change in the air gap. The

capacitance of a sphere next to a plane separated by a perfect 

dielectric is given by the series solution (Smythe, 1968)
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C = in e a sinh a £ Csch(na) 7 .
n-1 '

Where a is the radius of the sphere, d Is the distance between the

centre of the sphere and the plane,

a - Cosh“1 d/a = Jin (d/a + (d^/a^ - 1)1/2)

and, g, the air gap « taken to be a perfect dielectric - is given by 

g - d -i a. The variation of the capacitance with gap is given by 

the differential of the expression in eq. 7.1 with respect to g.

00

~  - iJn e £ Csch(na) [coth a - n Coth na] 7.2
g n-1

Substitution of a into the exponential form of eqs. 7.1 and 7.2 

yields

C - JJtt e (d2-a2)‘/2 l 2Rn

n-1 R2n.
it it e (d2-a2)t/2 I

n-1
1 1

Rn+1 Rn-1

dc
dg 8tt

00

e I
n=1

Rn R̂2+i
r2^i r2_ -|

R 2 n + 1 j  

R 2 n - 1
7.3

where R - d/a + (d2/a2 -* 1)I/2.

In the case of a small gap between the sphere and the plane, 

where (g+a)/a = 1, the expressions converge slowly, (see Appendix 1 

for the numerical details). Fig. 7.2a shows the capacitance 

evaluated from these expressions for various air gaps, and fig. 7.2b 

shows the sensitivity, the change in capacitance with air gap, as a
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function of the air gap. In a practical set up the air gap is 

narrowed until breakdown occurs and then the ball bearing is 

withdrawn a little, thus achieving a maximum working field strength.

When the device is to be used as a calibrated probe, the air gap 

is measured experimentally by setting up the device at the operating 

position, in the manner mentioned previously, for a particular value 

of bias voltage, and then adjusting the micrometer head until the 

sphere makes contact with the surface, a3 monitored by a low voltage 

resistance meter. The value of the air gap is read from the 

micrometer as the difference between these two positions. For a 

polished surface and a typical bias voltage of 200V, the optimum 

operating position corresponds to a gap of 10 ± 3pm. The mean gap 

is likely to be greater than this since any surface roughness peaks 

will result in premature contact of the sphere with the surface.

The capacitance of a 4mm diameter ball bearing with a 10pm air 

gap can be seen from fig. 7.2a to have a value of 0.8pF, and the 

change in capacitance with gap for the 10pm static gap can be seen 

from fig. 7.2b to be 1.1 x 10“®F/m. For a 200V bias voltage and a 

charge sensitive amplifier with a sensitivity of 250mV/pc this 

corresponds to a voltage sensitivity for the device of 0.55mV/nm and 

any underestimate in the air gap will reduce this value.

The frequency response of the device is limited geometrically by 

the time taken for the progressive surface deformation to cross the 

active area under the sphere. The worst situation of interest 

corresponds to the propagation of the Rayleigh wave along the surface 

under the sphere and the frequency response will be evaluated for

this case.
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For small acoustic deformations of the surface relative to the 

static air gap - nanometres compared to microns - the active area 

under the sphere will be directly related to the induced charge 

density on the earth surface of the plane under the sphere. This 

charge density can be calculated from the method of images, which 

models the extended charge distribution a3 being due to an infinite 

number of point charges at varying distances from the centre of the 

sphere which maintain both the surface of the sphere and the plane a3 

equipotentials.

The charge distribution for a plane separated from a sphere is 

equivalent to two spheres separated by twice the distance. The 

image charge distribution will maintain both the spheres and the 

mid-plane as equipotentials, fig. 7.3a (Page and Adam3, 1969). A 

charge q is placed at the centre of sphere 1 and gives an 

equipotential surface at r «a on sphere 1 but not along the plane AB.

A charge of -q at the centre of sphere 2, in conjunction with the 

first charge, will give the plane AB as equipotential but not the 

spherical surface r - a on sphere 1. Adding another charge, q1 , the 

image of q in sphere 1 restores the spherical surface as an 

equipotential but disturbs the plane. The process may be continued 

indefinitely to give both the sphere and the plane as equipotential. 

The following image charges and their positions are obtained

q at x = 0

qi - a/d q at x - a2/d

at x ** m a / 1 - m 2q2 “ m 2 / 1 - m 2 q
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A capacitor is formed by the metal surface and the arc element with 

an air gap produced by mylar film strips. Circularly diverging acoustic 

surface waves created at the focus of the arc vary the air gap and 

consequently the capacitance of the device.

The arc capacitance transducer.
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a few microns clear of the sample surface by polyester film spacers. 

The change in air gap and hence the capacitance of the arrangement is 

monitored by a charge sensitive amplifier in a similar fashion to the 

spherical probe.

For a circular segment of length l ,  width Ar, and radius r, the 

surface area of the arc is given by

SL-Jir+Ar)2 - r2) _ i r  Ar
2ir(r+Ar) = (r+Ar)

The charge sensitivity for a device operated at fixed voltage may be 

found from the relationships between the area and capacitance of a 

plane parallel capacitor

dg

sr e VQ Hr Ar 

(r+Ar) g2
7.11

Where V0 is the bias voltage and g is the gap between the arc element 

and the surface of the sample. The voltage sensitivity, when using a 

charge sensitive amplifier producing 250mV/pc, is given by

. - e V0 Hr Ar x 2.5 x 10"11
~  - -------------------------  7.12
g (r+Ar) g2

In operation, the distance g is fixed using small strips of 

polyester film of known thickness to separate the sample from the 

surface.

The frequency response of the arc probe is limited by the 

integration of the transducer output over the width of the arc 

electrode. For a Rayleigh wave with a velocity of 3.2 x 103ms1, 

travelling across the active element 0.25mm wide, the bandwidth of 

the device will be limited to approximately 13MHz.
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7.2 ELECTRO-MAGNETIC ACOUSTIC TRANSDUCERS

The main advantage of the electro-magnetic acoustic transducer 

(EMAT) lies In the fact that this device is non-contacting. 

Piezoelectric devices require acoustic bonding to the sample to be 

tested and this leads to disadvantages discussed previously. 

Capacitance devices are non-contacting but require very close 

proximity to the sample surface of the order of tens of microns. 

EMAT devices also require some degree of proximity to the sample 

surface in order to operate efficiently, but the limitations are not 

as stringent as those required for capacitance transducers. EMATs 

can operate with transducer-sample gaps of the order of millimetres. 

This non-contact operation is advantageous since the speed of 

scanning a sample need no longer be controlled purely by the 

mechanical considerations of maintaining acoustic contact with the 

sample surface.

The main disadvantage of the EMAT is its relatively low 

efficiency in comparison with piezoelectric devices, and the complex 

nature of the generating mechanism limits its usefulness a3 a 

calibrated, displacement transducer

Some commercially available EMAT transducers were tested for 

their suitability but failed to produce the required bandwidth or 

sensitivity to perform the C-scan experiments described in Chapter 8. 

EMAT transducers were then constructed using high strength permanent 

magnets in the simple design 3hown in fig. 7.6 (Levett, 1984).

A permanent magnet produces a static magnetic field which is 

directed through the surface of the non-magnetic, electrically 

conducting sample. An acoustic wave will cause a displacement of the
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electrical charges in the sample and the movement of these charges in 

the static magnetic field will induce eddy currents to flow in the 

sample. The effect of these eddy currents in a thin layer near the 

surface can be detected by means of an external coil wound in the 

appropriate sense, and the output from this coil will be related to 

the acoustic displacement. The ability of this coil to pick up the 

effect of the eddy current flow is restricted to the magnetic skin 

depth at the surface, which is typically much smaller than the 

acoustic wavelength of interest, and therefore the output from the 

coll is related to the surface displacement only. Szilard (1982) and 

Dobbs (1973) contain a general discussion of the operational details 

of electromagnetic transducers. The operation of these transducers 

on magnetic materials must include the effect of magnetostriction 

within the sample (Silk, 1984).

The output from an EMAT device operated on an aluminium plane, 

6mm thick, is shown in fig. 7.7a for the laser generated oil ablation 

source. This source was shown in Chapter 4 to produce a 

longitudinal impulsive motion of the epicentre position, when 

measured with a wideband capacitance transducer. A comparison of 

fig. 7.7a with fig. 4.26c indicates that the EMAT transducer produces 

an output which approximates to the time differential of the actual 

surface displacement. This is to be expected since the voltage 

produced in the EMAT solenoid will be related to the rate of change 

of magnetic flux produced by the acoustic displacement induced eddy 

currents.

The frequency response of the device is difficult to deduce since 

it will be geometrically limited by the active area over which the 

EMAT solenoid can detect eddy current fields, and this will vary with
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both the static magnetic field distribution and the gap between the 

surface and the solenoid. The intrinsic frequency response of the 

device will depend on the electrical characteristics of the EMAT 

solenoid in combination with the associated amplification system. 

Experimentally the EMAT was found to have an adequate frequency 

response for the "time-of-flight" measurements described in Chapter 

8. Fig. 7.7b shows the Fourier transform of the impulse produced 

epicentre response, fig. 7.7a» and it shows detected frequency 

components extending from the KHz region to in excess of 6MHz.

7.3 THICK PIEZOELECTRIC TRANSDUCERS

The resonant nature of standard piezoelectric transducers is 

produced by the successive reflections from the boundaries of 

acoustic waves within the active element. The resonance can be 

reduced by the use of suitable backing materials on the active 

element to effectively broaden the useful bandwidth of the device.

An alternative approach to this problem is to use a thick 

transducer. The thickness of the piezoelectric material is chosen 

such that the propagation time of a pulse through the transducer is 

greater than the time window of interest. Thick piezoelectric 

transducers have been evaluated by several authors, eg. Redwood 

(1961); Baboux (1977); Dewhurst et al (1983).

In the form of an isolated, thick piezoelectric element the 

transducer remains a resonant device producing repeated echoes at 

time intervals defined by the thickness of the element. However, a 

large element may be surrounded by damping material to eliminate 

these echoes. This arrangement differs from the technique of damping 

the higher resonant frequency transducers in that a substantial
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amount of damping material may be placed along the length of the 

transducer so removing the acoustic energy efficiently within one 

traversal of the acoustic pulse along the element. This damping is 

achieved by using the construction shown in fig. 7.8. The active 

element consists of a 2.5cm by 1cm cylinder of poled PZT obtained 

from AMTE, Holton Heath. The end of this cylinder was ground into a 

conical shape for two purpose; firstly, the end of the cone has a 

small surface area - 2mm diameter - which makes acoustic contact with 

the sample surface, and this increases the geometrical bandwidth of 

the device; secondly, the acoustic pulse which propagates into the 

device cannot reflect back to the element tip to generate spurious 

echo signals from this coned sidewall. The remaining cylindrical

section at the opposite end of the transducer contains several 

saw-cuts; these cuts and most of the element are surrounded by 

tungsten loaded epoxy resin. The epoxy resin contains sufficient 

tungsten powder to match the acoustic impedance of the PZT element to 

the surrounding composite material (given by approximately a 5:1 

ratio by weight of tungsten powder to araldite epoxy). Acoustic

energy travels along the transducer and is absorbed by the highly 

attenuating tungsten-epoxy composite along all the boundaries of the 

sidewall and saw-cuts, thus preventing the acoustic pulse from 

reaching the backwall where it would generate an undesirable signal 

at the electrode. Electrical connections are made to the electrode 

on the backface of the element and to the copper container which 

itself makes electrical contact with the surface of the metallic 

sample.

The signal produced by this transducer for the laser-oil ablation 

source on the epicentre of a 1cm aluminium plate is shown in
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fig. 7.9. A comparison of this waveform with that measured by a 

capacitance transducer for the same source, fig. 4.26c, shows that 

the thick PZT transducer produces an output which is consistent with 

the time integral of the surface displacement, ie. the form of the 

plate Heaviside response, fig. 4.18. It is not clear why this 

should be so; no detailed equivalent model of the device ha3 been 

studied, eg. the Mason or KLM piezoelectric equivalent response 

circuits (Silk, 1984). The rise time of the longitudinal arrival, 

fig. 7.9, is about 120ns; this is slower than the capacitance 

transducer but quite adequate for the laser-acoustic experiments, 

described in Chapter 8, for which this transducer was used.

7.4 LASER INTERFEROMETER DETECTORS

The use of a laser beam to both generate and detect acoustic 

energy would seem to be the ideal combination in providing an 

entirely non-contacting technique with all the versatility and unique 

properties of the laser-acoustic source. The use of laser 

interferometers for measuring surface displacement is a relatively 

common technique; displacements measured are generally larger than 

the optical wavelength and there is not always the requirement for a 

wide bandwidth. An interferometer must be capable of measuring 

sub-nanometre surface displacement with at least a 10MHz bandwidth to 

be a useful device in conjunction with the laser-acoustic source.

Using a light from a He-Ne laser operating at 633nm requires the 

interferometer instrumentation to be capable of detecting 1/3000 of 

one fringe shift or a heterodyne beat frequency of about 5MHz with an 

interferometer bandwidth of 20MHz. Devices capable of measuring 

these small surface displacments with more than adequate bandwidth
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have been constructed (eg. Bondarenko 1976; Drain 1977; 

Hutchins 1983). The interferometer experiments reported in Chapters 

8 and 9 were carried out on an instrument based on the design of 

Drain et al (1977), at the NDT Centre, AERE, Harwell. The basic 

design of this interferometer is shown in fig. 7.10. This particular 

device uses a 5mW He-Ne laser and is capable of measuring 

displacement as small as 10pm from distances as large as 60m and with 

a bandwidth in excess of 20MHz.
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CHAPTER 8

LAMINAR DEFECT TESTING

8.1 THE TESTING OF PLASMA-SPRAYED COATINGS

The testing of thin plates for laminar defects, using the 

methods outlined in Chapter 6, is a common technique in 

non-destructive evaluation. The experimental work presented in this 

chapter concentrates on one application of the laser-acoustic source; 

the testing of the bond between a sheet metal substrate and an 

applied layer of alumina. The samples, containing known areas of 

de-'bond, are produced by spraying the coating material, in powder 

form, through a high temperature plasma flame, and allowing the 

molten material to build up as a layer on the substrate 

(Almond et al, 1981). These plasma sprayed coatings, of various 

materials, eg. alumina, chromium, nickel, are used to provide an 

inert coating for components which are to be used in corrosive or 

abrasive environments. The integrity of the bond between the coating 

and the substrate must be monitored, and this presents difficulties 

for conventional techniques, the alumina coating is granular in its 

composition with a rough finished surface. This makes it difficult 

to obtain any acoustic bond between a conventional piezoelectric 

transducer and the surface, and for the purpose of obtaining an 

accurate C-scan, it is necessary that the acoustic bond is 

reproducible in its acoustic properties. There is also the problem 

that, because of its granular nature, the coating layer is highly 

attenuating to ultrasound and it is therefore necessary to have an
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efficient coupling of acoustic energy into the layer.

In the past, samples have been tested for de-bond areas using 

piezoelectric probes and water-bath immersion, C-scan equipment. 

The technique involves immersing the sample, transmitting and 

receiving transducers in a water-bath to provide efficient and 

reproducible acoustic coupling into the sample (Almond et al, 1981). 

The technique cannot be readily applied to in situ testing and has 

limited spatial resolution. However, it provides some comparison for 

the results of the new technique presented here.

Preliminary experiments were carried out in order to evaluate the 

application of the laser-acoustic source to this problem. A sample 

was investigated which consisted of a 3mm thick steel substrate 

coated with a 0.6mm thick layer of alumina and which contained a 

known defect region created during the formation of the coating. An 

immersion scan, using a 10MHz transducer, is shown in fig. 8.1 and 

depicts an approximately circular region of clearly defined de-bond. 

A laser pulse was focused onto the alumina coating, creating acoustic 

transients by material ablation, and the acoustic signal transmitted 

through the coating and substrate was detected using a co-axial 

wideband, thick, piezoelectric transducer. This thick PZT 

transducer (described in Chapter 7) was acoustically bonded to the 

backface of the metallic substrate using a layer of grease in the 

basic arrangement shown in fig. 8.2. It was necessary to use the 

plasma acoustic source in order to generate acoustic transients of 

sufficient magnitude to be transmitted by the attenuating alumina 

layer. This focused laser-acoustic source produced negligible damage 

to the rough alumina surface. The signals detected by the transducer 

for different source-defect positions are shown in fig. 8.3.
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Fig. 8.3a shows the detected waveform at the edge of the sample in a 

well bonded region; fig. 8.3b shows the wavew orm over the edge of 

the de-bond area; and fig. 8.3c is the waveform over the middle of 

the de-bond region. As one would expect, the arrival time of the 

acoustic signal increases as the source moves over the de-bond 

region, corresponding to the longer transit time of the signal around 

the defect region. Also apparent from the waveforms shown in fig.

8.3 is the change in shape and magnitude of the waveform at the 

different positions, corrresponding to the geometric attenuation for 

the different path lengths and interference effects of the incident 

and reflected wavefronts with both the edge of the sample and the 

buried defect.

8.2 AMPLITUDE VERSUS TIME-OF-FLIGHT MEASUREMENTS

The detected acoustic signal has two important parameters; the 

time taken for the first acoustic signal to travel from the source to 

the detector; and the general amplitude variation of the acoustic 

signal arriving at the detector. An experiment was carried out to 

compare two sets of data based on these parameters obtained from a 

scan of an alumina coat de-bond area. An arrangement based on that 

shown in fig. 8.2 was used to enable the sample to be manually 

scanned in a raster fashion under the laser and transducer assembly. 

The waveform at each position was digitised, and information on the 

two parameters was extracted from the waveform and stored on magnetic 

disc for later analysis and display by computer. The data 

acquisition and storage system consisted of a Tektronix *1912 

digitiser, capable of producing a 512 by 512 point sampled waveform, 

a Tektronix LSI-11 based minicomputer and twin 300 kbyte floppy disc
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storage. Using this system it was not possible to store entire 

waveforms for an average scan and it was therefore necessary to 

reduce the information to give the two sets of characteristic 

parameters.

Firstly, the transducer and laser assembly was positioned over a 

known good region of the material and a sample waveform was 

recorded. From this waveform the time of arrival and amplitude of 

the first maximum in the signal was stored. The scanning procedure 

was then initiated and from the waveform at each position the times 

taken for the signal to reach various fractions of the maximum 

amplitude measured over a good region was recorded. A second set 

of data was recorded form each waveform corresponding to the 

amplitude of the signal at various times around the expected earliest 

arrival time recorded over a good region. Thus the first set of 

data, consisting of different arrival times, is a time-of-flight 

measurement, and the second set of data, consisting of amplitude 

measurements at a particular time, is more dependent on the shape 

variation of the waveform. An alumina coated sample was used in 

this experiment for which the immersion C-scan is shown in fig. 8.1. 

The C-scans obtained using the laser-acoustic source are displayed in 

fig. 8.4 using a simple grey scale to denote different amplitudes and 

arrival times. Fig. 8.4a is a display of the variation of the time 

taken for the acoustic signal to reach half its expected maximum 

amplitude. Fig. 8.4b is a display of the variation in acoustic 

amplitude at the expected arrival time. A comparison of fig. 8.4 

with fig. 8.1 would indicate that fig. 8.4a, the time-of-flight 

variation measurements, shows the greater correlation, clearly 

depicting an area of de-bond corresponding to that shown in fig. 8.1
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for the conventional scan. The results shown in the immersion scan 

do not give the lateral dimensions of the sample and the 

correspondence between the de-bond areas has been inferred.

In order to clarify the situation, a laminar defect in a thin 

plate was simulated by a circular saw-cut, fig. 8.5a. This plate 

was scanned using the same arrangement used for the alumina coated 

sample, fig. 8.2. The data sets giving the best correlation with 

the known defect areas are shown in fig. 8.5b and c. Again it can 

be seen that the better correlation is given by fig. 8.5b, produced 

from the time-of-flight information.

A qualitative assessment of the information provided by these two 

experiments would suggest that, for the simple data gathering methods 

used, the time-of-flight information gives a greater indication of 

material integrity for the testing of laminar voids. The overall 

shape of the waveform, on which the amplitude measurement is based, 

would provide more information about the interaction because it 

includes both the amplitude and phase effects from the defect 

interactions. However, the information is not readily accessible in 

a simple numerical form and this method has not been investigated 

further. Emphasis was then placed on improving the system using the 

time-of-flight information.

8.3 AUTOMATED, TIME-OF-FLIGHT, C-SCANS

Spatial resolution is limited in the laser-acoustic source 

scans presented previously, by the need to minimise the time 

consuming process of manually scanning the sample through the 

laser-detector arrangement. This manual arrangement was replaced by 

an X-Y translation table operated under computer control as indicated
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in the experimental arrangement shown in fig. 8.2. Furthermore the 

laser trigger was interfaced to the computer so that the entire 

process of scanning the sample, firing the laser and collecting, 

analysing and storing the data could be done automatically, thus 

allowing an increased resolution in the scanning process. Another 

problem with the earlier arrangement was the reproducibility of the 

acoustic bond with the thick piezoelectric receiving transducer. A 

non-contact transducer is ideally required and consequently 

electro-magnetic acoustic, EMAT, transducers were investigated as an 

alternative. The commercially available devices were found to have 

neither the sensitivity nor the bandwidth required to perform the 

experiment and the possibility of improving the efficiency of these 

devices was examined (Levett, 1984) with the result that substantial 

increases in both bandwidth and sensitivity were achieved. The 

construction and operation of these devices is discussed in Chapter 

7. It is possible to achieve high spatial resolution with good 

acoustic reproducibility by using one of these EMAT devices in the 

scanning assembly. Fig. 8.6b shows a scan of the region of the 

artificial laminar defect discussed earlier, fig. 8.5 for the area 

shown in fig. 8.6a. The key to the grey 3cale used in this 

experiment is shown in the figure. The dark area corresponds to an 

acoustic arrival within one to approximately three times the arrival 

time in a known good area, and it contains isolated, spurious results 

due to electrical interference in the sampled waveform. The edge of 

the saw-cut is delineated by the dramatic increase in the arrival 

time of the signal. The width of the region over which the 

time-of-flight signal increases, indicating the edge of the defect, 

correspond to approximately 3mm or about the thickness of the plate.
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A more stringent test of the technique was made on an artificial 

defect consisting of a 4.5mm thick aluminium plate containing a 2mm 

diameter drill hole lying planar to the surface, fig. 8.7a. The 

circular cross-section of the drill hole makes it difficult to detect 

because the smooth boundary creates the minimum disturbance of the 

incident acoustic field. The laser-acoustic source C-scan, fig. 

8.7b, clearly shows the defect shadow.

The automated C-scan technique employing the EMAT transducer was 

then applied to the alumina coated plates containing less obvious 

areas of de-bond. The same arrangement was used for this experiment 

and the conventional, immersion ultrasonic scan for the sample is 

shown in fig. 8.8. The sample geometry and laser-acoustic source 

scans obtained from this sample are shown in fig. 8.9. The de-bond 

areas, indicated by the conventional scan, fig. 8.8, to the right and 

down the middle of the sample are evident in fig. 8.9b. It is 

envisaged that in a practical system, a sample would be coarsely 

scanned by some optical system for likely de-bond areas, after which 

any areas of interest would be scanned in greater detail. Fig. 8.9c 

shows a more detailed scan of the area of the sample indicated in 

fig. 8.9a. All the scans presented here are given equivalent grey 

scale definitions corresponding to a division of the measured arrival 

times into five groups between the minimum and maximum times. The 

scans may be shown in varying degrees of contrast by altering the 

grey scale divisions.

The dominant feature of both the scans shown in fig. 8.9 is the 

overall, gradual retardation of the signal arrival, from the bottom 

to the top of the scan. On examination of the sample, this 

retardation was found to correspond to an increase in thickness of
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the alumina deposit from one side of the sample to the other. The 

metallic substrate was measured by micrometer to be 3.16mm thick, and 

the thickness of the alumina coating varied from one edge to the 

other, from 0.47mm to 0.54mm, giving a change in coating thickness of 

0.07mm. It is possible to estimate this change in thickness from 

the change in delay of the acoustic signals demonstrated in the scan, 

so providing a means for monitoring coat thickness as well as the 

occurrence of the defects.

For the purposes of characterising the laminar defects, this 

retardation of the acoustic signal confuses the picture and tends to 

mask the defect features. A simple numerical enhancement of the 

C-scan data was performed to distinguish the areas of rapid signal 

delay from slowly varying delays such a3 those caused by changes in 

coating thickness. The numerical enhancement was carried out by 

differentiating the picture data in both the X and Y scan directions. 

Digitally the differentiation consists of substracting adjacent pairs 

of data points in the rows and then in the columns, dividing by the 

distance between adjacent data points and then overlaying the two 

sets of data. The effect of the process is shown in fig. 8.10a for 

the data from the saw-cut laminar defect pictured in fig. 8.6. The 

obvious effect of the differentiation process is to pick out the edge 

of the defect region where the rate of change of retardation of the 

acoustic signal is a maximum. The process does have the disadvantage 

that it increases the effects of spurious noise as can be seen from 

the regions in the top right hand side of the scan. The C-scan data 

for the alumina coat depicted in fig. 8.9b was differentiated in the 

vertical direction only since the variation in coat thickness can be 

seen to occur in this direction only. The enhanced scan is shown in
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fig. 8.10b. The defect areas towards the right and down the middle 

of the scan are now clearly depicted together with a band along the 

top edge which corresponds to the edge of the sample introducing 

interference effects in the detected signal.

8.4 LASER GENERATION AND DETECTION

The laser-acoustic source C-scan results indicate that it is 

possible to detect laminar defects in plates with good resolution and 

with the advantages over conventional methods that this source can 

provide. The laser can be optically steered, enabling rapid 

scanning of large areas, and the method is non-contact giving 

acoustic source reproducibility and good acoustic coupling into rough 

finished surfaces. The acoustic source can be made to be very small 

- tens of microns for the diffraction limited, 1.06pm, Gaussian 

profile laser beam. Because of this, the spatial resolution is 

limited by the defect interaction processes interfering with the rise 

time of the detected acoustic pulse. The absolute limit for the 

time-of-flight measurement is limited by the acoustic rise time of 

the pulse leaving the source, which cannot exceed the laser pulse 

rise time of 30ns. The distance propagated by a longitudinal wave in 

aluminium in this time is about 0.2mm.

The technique, as described, suffers from the disadvantage that 

close access to the surface of the plate is required in order to 

operate the EMAT transducer. However, experiments have been 

performed with a displacement sensitive laser interferometer which 

allows optical scanning of both the source and detector and the 

possibility of performing the measurements on the same surface. The 

characteristics of the interferometer used in the following
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experiment are described in Chapter 7. Fig. 8.11 shows the focused 

laser source, laser interferometer detector arrangement and results 

from an artificial laminar defect. Over the bulk of the material 

the surface wave arrival shows the characteristic form described in 

Chapter ¿1. The waveform over a 2mm layer of material above the 

defect shows a gradually increasing displacement after the Rayleigh 

wave arrival. The fine structure of the first arrivals over the 

defect area show succsssive reflections of the longitudinal wave 

within the layer, allowing time-of-flight measurements to be made in 

order to estimate the depth of defect below the surface.

8.5 PLATE THICKNESS MEASUREMENT

The resonance of the longitudinal wave within the plate region 

shown in fig. 8.11 suggests the use of this feature to monitor plate 

thickness. The technique is used in conventional systems 

(Krautkramer, 1983) but again, the laser does provide some advantage 

over these conventional systems. The fast rise time and short 

duration of laser-acoustic pulses allows measurements to be made on a 

wide range of thicknesses of material with the advantages of having a 

non-contact technique. Fig. 8.12b shows the waveform produced by 

the laser-plasma source and detected by the ball capacitance probe on 

the far surface of a 0.98mm thick steel sheet, fig. 8.12a. The 

overall ramp time dependence of this waveform is due to the extended 

lifetime of the force produced by the plasma source. The modulation 

corresponds to multiply reflected longitudinal waves. The thickness 

of the steel sheet, h, should be related to the modulation period, t, 

as



Fig.8 11

R /
S C A N
— >

5 i  nm

/
-y—y

2
/  /  /

PLANAR DEFECT 
2mm BELOW 
SURFACE

3 mmi

LU
O
CC
Z>
O
</)

DC
LU
tO
<

DC
LU
>
UJ
o
LU
DC

o; v v ^ v v v \ j
/ 1

/
/

/
/ /

/
DC
LU
i n

5 '

/ /
#  /

/

/
/

/
/

%

' / / ,  //

T. 7~> T V Ifa-TJ-CU XL

/ / //
///// x/

'  J /  /W >  ! ' / V  
//// /// / /// 

■y / '//.
X '/ / /
' /A/ / /

//// -I//// /// / f  /  /  r + ,
//,/>!/ n  ' / ' / ‘ / / / / , X,

r /  /  / .  / /  ' /  '  /  h  /  1 1 /  t  
!  !  t  ! '///// //, //////
/ / ! / > / / r / / / / ' / / / 1 /,

/  !  ,  / ' / / / / ' / '  
// /

6mm

Detection of su b 
surface flaw  using 
in terferom eter 
detecto r & laser- 
plasma source

Rayleigh a r r iva l

\

long i tud ina l
r e f l e c t i o n s

0
T “
2

-T-4
TIME jus



Fig. 812
30m J 4 0 n S  Nd:YAG pulse

Thickness measurement of thin (0,98mm) steel sheet  
using a laser plasma source.



131

t Vr

or in terms of the modulation frequency, v, as

_P
2v

-i
Substituting for the longitudinal velocity in steel of 5940ms and the 

modulation frequency of 3.03MHz from the FFT of the modulation 

waveform shown in fig. 8.12c, indicates an accurate estimate of the 

plate thickness of 0.98m ± 0.1mm. The thermoelastic source does not 

produce such a strong modulation, fig. 8.13, although the modulation 

that does exist still corresponds to longitudinal resonance. Using 

the plasma source on thinner samples, including a brass shim 0.21mm 

thick, gave similarly accurate results, Table 8.1. It would be 

reasonable to assume that acoustic measurements of this type are 

limited ultimately by the distance propagated by the acoustic wave 

over the rise time of the acoustic source, giving a maximum 

resolution of approximately 0.2mm for most metals. The values given 

in Table 8.1 show thickness measurements of this order with little 

loss in resolution probably as a result of taking measurements from 

spectral peaks; the time domain equivalent of averaging over the 

entire modulation train. However, the depth of modulation will 

rapidly decrease as the acoustic propagation time across the plate 

approaches the acoustic rise time. This proved to be the case in 

practice when times of < 0.1mm produced no discernable modulation. 

It has been recently reported (Tam, 1984) that a somewhat more 

sophisticated, but similar arrangement, using a 1ns rise time 

nitrogen laser pulse, is capable of producing acoustic pulses to 

measure film thicknesses as thin as 12pm with a 1$ accuracy.



Thickness measurement o f  thin (0,98mm) steel sheet 
using a thermoelastic laser source.



Table 8-1

Material Measured thickness
(mm)

resonance thickness 
(mm)

Steel 0.98 ± 0.02 0 98 ± 0.1

Spring steel 0.65 ± 0.02 0.65 ± 0.1

Spring steel 0.4 ± 0.02 0.4 i 0.1

Brass
CMoo-HCNJO

0.3 ± 0.1

Alumi ni um 1.23 ± 0.02 1.2 ± 0.1

Aluminium 1.57 i 0.02 1.6 ± 0.1

Al umi ni urn o 1+ O o ro 0.95 ± 0.1

Aluminium 0.45 ± 0.02 0.28 ± 0.1

longitudinal v e l o c i t y

steel 5940 m/s
aluminium 6320 
brass 4700

Resonance thickness measurement of thin p la te  using the 
la se r -p lasm a source.
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CHAPTER 9

SURFACE WAVE - DEFECT INTERACTIONS

In this chapter some experimental results are presented on the 

application of laser generated surface waves to NDE. It was noted 

in Chapter 5 that a substantial amount of the laser generated 

acoustic wave energy, from any of the acoustic sources, is radiated 

as surface waves and these waves will therefore be an important part 

of any proposed NDE technique employing the laser-acoustic source.

The majority of the work presented in this chapter was directed 

at the use of laser generated surface waves for the investigation of 

surface breaking cracks. Shallow surface cracks represent the origin 

and early growth stages of the majority of fatigue failures and it is 

therefore essential to have a reliable NDE technique to examine 

material surfaces. Surface acoustic waves provide a useful tool for 

investigating surfaces because the acoustic energy is confined to the 

surface region. This property also gives surface waves the advantage 

of being used over longer distances than bulk waves because the 

geometric decay of the wave energy is less rapid.

Surface cracks are detected conventionally by employing designs 

of piezoelectric transducer that specifically produce Rayleigh 

surface waves, and the generated waves are then used in either a 

pulse-echo or a pulse-transmission configuration. The presence of 

the crack is shown in the first case by the reflection from the 

crack, or in the second case by a reduction in the transmitted signal 

amplitude as the pul3e is partially or wholly blocked by the crack
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according to its depth relative to the depth of wave penetration.

Amplitude measurements of reflected and transmitted waves from 

cracks may be carried out using some of the laser-acoustic source 

generation mechanisms, usually with a greater reliability than with 

piezoelectric transducers because there are no bonding problems. 

However, it was observed from the results of the C-scan technique 

presented in Chapter 8 that it is usually more beneficial to use a 

time-of-flight based method.

9.1 CONVENTIONAL METHODS OF CRACK DEPTH ESTIMATION

Several surface wave, time-of-flight techniques have been 

suggested in order to determine the depth of surface breaking cracks. 

When a surface wave reaches a discontinuity such as a crack opening 

or tip, part of the energy is mode converted and radiated as bulk 

longitudinal and shear waves and part will be reflected back as a 

surface wave, leaving the remainder to continue around the crack as a 

surface wave. Cooke (1972) measured fatigue crack depths down to 2mm 

by monitoring the time taken for the surface wave to pass underneath 

the crack. Morgan (197*0 used a spectroscopic technique on 

reflection signals obtained using a wideband interdigital surface 

wave transducer to produce acoustic pulses which were incident on a 

slot in an aluminium surface. The acoustic pulse was not brief 

enough to separate out the expected echoes from the different 

features of the l.Hmm deep slot and the signal was frequency filtered 

to extract the relevant information. Lidington et al (1975) measured 

slot depths in the range 2mm to 30mm using the time delay between 

Rayleigh surface wave reflections from the opening and base of the 

slot. More recently Burger et al (1981) have employed a
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spectroscopic technique to estimate crack depth. They based their 

technique on the fact that a broadband surface pulse will have 

frequency components which vary with depth below the surface - all 

frequencies at the surface and only low frequencies in deeper 

regions - and a shallow crack will selectively reflect a larger 

proportion of the high frequency than the low frequency energy. The 

crack will therefore act as frequency filter and a Fourier transform 

of either the reflected or transmitted pulse will reveal missing 

frequency components which may be related to the crack depth. Using 

this method Burger determined crack depths as small as 1,03mm using a 

wideband piezoelectric transducer.

The work in this chapter concentrates on the use of the reflected 

or transmitted Rayleigh wave to investigate surface slots. 

Experimental photoelastic visualisation, (Reinhardt, 1970) and 

theoretical numerical modelling, (Bond, 1979) of the interaction 

process shows that an appreciable amount of the surface wave energy 

is mode converted at the slot tip and is radiated as bulk wave 

energy. Time-of-flight techniques based on the combination of 

incident Rayleigh wave and crack generated bulk waves have also been 

used to estimate crack depth, eg. Hudgell (1974); Lloyd (1975).

In the following investigative experiments the surface breaking 

cracks are modelled as slots cut into the surface of aluminium 

samples by means of a slitting saw.

9.2 PULSE-ECHO SURFACE DEFECT LOCATION

The surface of a sample may be scanned by Rayleigh waves to 

produce echo information that will reveal the location of surfaces 

breaking slots. The laser pulse will produce a circular, expanding,
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surface acoustic wavefront in its usual geometry of a point or small 

circular spot source, from which it is not a simple process to 

pinpoint surface defects from echo information. One of the

versatilities of the laser-acoustic source, because it is produced 

optically, is that the source geometry may be altered by manipulation 

of the optical beam. Aindow et al (1982) has shown that focusing the 

laser beam into a line source alters the directional nature of the 

surface acoustic wave amplitude. If the line source is treated as a 

combination of independent point sources producing acoustic 

displacements approximated by the delta function, then an observer at 

a position broadside to the array will receive signal contributions 

from all point emitters with minimum time delay, whereas an observer 

at a position in line with the source will observe maximum delay 

between signals from different parts of the line, fig. 9.1a. 

Fig. 9.1b shows the experimental arrangement and observed 

directionality of the acoustic amplitude measured as the maximum of 

the ring produced by the resonant piezoelectric transducer. The 

Rayleigh pulse directionality is seen to consist of two narrow lobes 

of increased displacement amplitude, broadside to the line source.

The directional beam of Rayleigh waves may be used as the 

acoustic source to produce a pulse-echo representation of the surface 

features. A practical way of scanning the directional surface pul.3e 

is to rotate the cylindrical lens and use a co-incident detector to 

pick up echo returns from boundaries and defects. The process is 

analogous to sonar and radar techniques and produces a visualisation 

of the surface features. Fig. 9.2 shows the arrangement for the 

scan. A cylindrical lens is used to focus the laser beam into a line 

x 0.1mm. The energy density was insufficient to create a plasma



The line source is assumed to consist of an infinite 

number of independant point sources with equal 

strength and J(t) time dépendance.
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The experimental arrangement and the measured directivity for  a 

laser-acoustic  line source-
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The experimental arrangement for producing a r o ta t io n a l  
scan of the sur face  of a material containing a defect  
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and directional surface waves are produced by the thermoelastic 

expansion process. Ideally the experiment should be performed using 

a co-incident laser interferometer as the acoustic detector, however, 

in this experiment a central, senstive, PZT element was used as the 

detector. The element consisted of a small section of a 3MHz 

longitudinal PZT which was damped by backing it with tungsten loaded 

epoxy resin. The cylindrical lens was arranged such that the line 

source could be rotated around this element. A slot with the 

dimensions shown in fig. 9.2 was cut into the surface of an aluminium 

cylinder to simulate a defect. Acoustic signals detected by the 

central element, for each angular position of the lens, were 

digitised and stored by the computer for display after processing.

The numerical data was adjusted in the following way before 

producing a surface visualisation. The first few data points in 

each echo signal were set to zero because they contain the outgoing 

pulse from the line source which would intefere with the 

visualisation. Each element in the signal array was multiplied by a 

weighting term related to Its position in the array. The reason for 

this was as follows; the position of a defect is indicated by the 

time delay of the pulse from the line source to the defect and back 

to the central receiver, and the amplitude of the reflected signal is 

also primarily determined by this distance, which for a defect 

reflection at normal incidence would introduce a 1/rl/2 geometric 

attenuation dependence for the Rayleigh wave amplitude (which becomes 

a 1/tl//2 dependence in the echo signal). This dependence is removed 

by multiplying the signal array by a tl/2 weighting factor, thus 

normalising the amplitude of the Rayleigh wave echo signals. Any 

differences in echo amplitude will now be due to other factors such
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as a reflection from a discontinuity at an angle to the incident 

beam. This adjustment process enhances echo returns until the 

background noise swamps the signal on long timescales. Additionally, 

the form of the signal detected by the PZT transducer is oscillatory 

and for display purposes the signal modulus is taken.

It should be noted that using the arrangement shown in fig. 9.2, 

two lobes of directional Rayleigh waves are produced on either side 

of the line source. The consequence of this is that the signal 

detected by the central transducer will be an overlay of the echo 

returns from either side of the line source. In a practical system 

such ambiguity could be removed by repeating the scan at a different 

position on the surface.

Two ways of displaying the data are shown in fig. 9.3. 

Fig. 9.3a is a three-dimensional representation of the data obtained 

by using the arrangement shown in fig. 9.2. The radial direction in 

fig. 9.3a is the time dependence of the return signal and corresponds 

to distance along the material surface, and the Z direction gives the 

modulus of the echo features with the geometric attenuation factor 

removed. The circular edge of the block is clearly defined and, in 

the centre of the figure, the reflection from the saw-cut may be 

seen. This saw-cut produces an area of occultation or shadow zone 

which obscures the back wall echo. A less impressive but more 

practical display of the data is shown in fig. 9.3b. In this 

display a discrimination level has been chosen, such that signal 

amplitude levels above this value are displayed whereas those below 

this level are not. A discrimination level is chosen to produce the 

maximum contrast between the echo signal and the background noise. 

The information may now be displayed as a two dimensional plot of the
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surface. Using this information the lateral dimensions of the 

saw-cut may be estimated to be 15mm which compares with measured 

value of 13mm. The backwall echo in fig. 9.3b may be seen to 

consist of two signals. These two signals correspond to the echoes 

produced by the two Rayleigh lobes on either side of the line source 

from the circular side-wall. The small distance separating these 

two signals is due to the fact that the line source is not quite 

centrally placed on the circular test block; this is because the 

position is occupied by the receiving transducer. This effect is 

also the reason for the slightly curved nature of the echo return 

from the linear saw-cut.

The acoustic line source has some similarity to the broadside 

array aerial arrangement used for the directional propagation of 

radio waves, and the idea of using aerial analogies may be extended 

further.

9.3 MULTIPLE SOURCE-DETECTOR ECHO ENHANCEMENT

Fig. 9.4 shows the experimental arrangement for the 

laser-acoustic source equivalent of an end-fire array; a set of 

discrete sources are arranged in a linear fashion. In an experiment 

to generate the direct equivalent of an end-fire array, the sources 

would be fired in a sequence from one end to the other, such that the 

time delay between successive firings corresponds to the time delay 

of the acoustic surface wave between the sources. In this way a 

pulse of surface wave energy would be selectively built up in the 

direction of the array firing sequence. The acoustic source array 

could be generated by the output from a repetitively pulsed laser 

scanned at the required velocity by an optical scanning system,
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however, the same result may be achieved by digitially storing the 

waveforms produced by each of the discrete sources and then 

numerically taking into account the time delay between sources. The 

same process may also be carried on the waveforms detected at 

different capacitance probe positions for a fixed source position. 

In this configuration, the acoustic signals propagating in line with 

the source or receiver array may be enhanced or 'focused' using the 

'synthetic aperture' corresponding to the combined source-detector 

array. Synthetic aperture focusing techniques (SAFT) are becoming 

increasingly used in ultrasonic NDE for the characterisation and 

display of defects (Sharpe, 1984). The general form of SAFT may be 

used to enhance echo returns from any acoustic mode propagating from 

any direction either on or within the bulk of the material. The 

laser-acoustic source, with its ability to be optically scanned and 

to produce brief acoustic transients with a broad directivity, 

provides a useful tool for these type of techniques.

Fig. 9.5a shows the displacement waveforms detected for two of 

the positions of the source depicted in fig. 9.4. The waveforms 

contain three distinct arrivals corresponding to the direct Rayleigh 

pulse and its reflections from the slot and side-wall of the sample. 

Moving the acoustic source in a linear fashion away from the slot 

causes a change in the position of the echo signals, fig, 9.5. 

However, the time delay, At, between the direct Rayleigh pulse and 

the echo reflection from the slot will remain constant, whilst the 

echo from the side-wall will not. The echo signal from the slot is 

therefore enhanced by adding together the array of waveforms after 

removing the time delay due to the movement of the source. The 

result of this "shift and add" method is shown in fig. 9.6a, The
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incident Rayleigh pulse and its reflection from the slot are picked 

out whereas the overlay of the sidewall echoes at different times 

results in a combined, lower amplitude, multiple arrival signal. The 

signal to background ratio may be improved by using a 'shift and 

multiply' method where the waveforms are adjusted for the time delay 

due to the Rayleigh wave propagation and then multiplied together. 

The result of this process is shown in fig. 9.6b and gives a distinct 

arrival corresponding to the slot reflection. This latter method is 

more sensitive to jitter in the different acoustic signal arrival 

times.

A more stringent test of the technique is shown in fig. 9.7. 

Fig. 9.7a is the single shot waveform for a steel plate, 2.5cm thick 

containing a 5mm deep slot, using the arrangement of fig. 9.4. The 

thin plate introduces multiple arrivals, not only from the sidewall, 

but also from the lower surface of the plate and any reflection from 

the slot is hidden in these arrivals. Fig. 9.7b shows the result of 

the shift and multiply method using eight successive source 

positions; the direct and slot reflected Rayleigh pulses are again 

dramatically enhanced.

Using a grid of sources on the surface it would be possible to 

enhance signals from anywhere within or on the surface of the 

material in order to build up a visualisation of the entire sampie.

9.4 ACOUSTIC SPECTROSCOPY

The brief surface acoustic pulses generated by the oil-ablation 

source allow various spectroscopic techniques to be investigated. 

Acoustic spectroscopy in the context of NDE refers to the use of 

wideband acoustic transients to produce signals which may be
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frequency analysed to determine defect characteristics. The 

technique is most useful when acoustic echoes from different regions 

of a defect are not resolved in the time domain. Szilard (1982) 

contains a review article by A.F. Brown on current and proposed 

spectroscopic techniques in NDE, including references to some of the 

articles mentioned in the introduction to this chapter on the use of 

surface acoustic waves for investigating surface breaking cracks. 

Some of these technique for estimating the depth of cracks have been 

evaluated using the laser-acoustic source. The use of frequency 

analysis to determine thin plate thickness from bulk wave resonance 

has already been considered in Chapter 8.

Burger (1981) has demonstrated that a surface breaking crack will 

act as a frequency filter for a broadband surface wave pulse; high 

frequency components are reflected and low frequencies are 

transmitted. This effect was investigated using the arrangement 

shown in fig. 9.8. The oil-ablation source generates a narrow 

Rayleigh pulse containing a wide range of frequency components which 

are incident on a 0.75mm deep slot in the surface of an aluminium 

block. The ball capacitance probe was used as a surface displacement 

detector and the probe is scanned across the surface to pick up both 

the reflected and transmitted pulse. The waveforms detected using 

this arrangement are shown in fig. 9.9. Fig. 9.9a is the waveform 

detected with both the laser-acoustic source and the capacitance 

detector in a line, on one side, and normal to the slot. The 

detector receives first the incident Rayleigh wave and then, at some 

time later, the reflected component from the slot. Fig. 9.9b shows 

the transmitted pulse detected with the laser-acoustic source on one 

side of the slot and the capacitance detector on the other side of
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the slot. The frequency components of the various waveforms were 

obtained by performing a numerical Fourier transform (FFT). In the 

case of the incident and reflected pulses, fig. 9.9a, the waveform 

was split into the component parts before carrying out the FFT. 

Fig. 9.10 shows a comparison of the various frequency components. 

Fig. 9.10a compares the spectrum of the incident pulse with that of 

the reflected waveform and it can be seen that the lower frequencies 

in the reflected spectrum are missing. Assuming that this low 

frequency attenuation starts at 2MHz then this corresponds to a 

Rayleigh wavelength of 1.5mm or about twice the depth of the slot. 

One would expect Rayleigh waves of this wavelength and less to be 

substantially reflected by the crack side wall. Conversely, 

fig. 9.10b compares the spectrum of the Incident pulse with that of 

the transmitted waveform and it is evident in this case that the 

higher frequency components are missing, with the attenuation 

becoming rapid at a frequency of about 1MHz. This frequency 

corresponds to a Rayleigh wavelength of 3mm. The longer wavelength 

components are not affected by the 3lot and continue across the 

surface. It should be noted that the spectra in fig. 9.10 have been 

matched such that incident, reflected and transmitted frequency 

envelopes correspond at the high frequencies in fig. 9.10a and at the 

low frequencies in fig. 9.10b. The reason for this matching is that 

amplitude measurements on spectra are subject to the same 

uncertainties as amplitude measurements in the time domain and the 

oil ablation source does not generate reproducible Rayleigh pulse 

amplitudes. This variation limits the usefulness of this method for 

estimating crack depth although the frequency filtering property of 

the slot is quite evident.
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Viktorov (1967) studied the interaction of single frequency 

Rayleigh waves with a surface slot for various frequencies and found 

a modulation in the resulting spectrum that corresponded to a 

resonant interaction between the wave and the side wall of the slot. 

It is therefore reasonable to expect there to be a strong interaction 

for the laser generated Rayleigh wavelength component corresponding 

to the depth of the slot. For a 0.75mm deep slot this would 

correspond to a frequency of 4MHz and the reflected spectrum has been 

reduced considerably from its maximum value at this frequency, 

fig. 9.10. However, 4MHz is at the limit of the Rayleigh pulse 

bandwidth and the experiment was repeated for a slot depth of 1mm for 

which the incident and reflected pulse and their corresponding 

spectra are shown in fig. 9.11. Again it is possible to see a 

reduction in the low frequency components of the reflected pulse 

compared to the incident pulse, fig. 9.11b,c. The reflected 

spectrum, fig. 9.11c, also contains a discontinuity in the spectrum 

at 2.4MHz which is slightly lower than the point at which the 

Rayleigh wavelength corresponds to the slot depth at 3MHz. 

Hirao et al (1982) have carried out a numerical simulation using 

finite difference methods of the interaction of a Rayleigh pulse with 

a slot and a spectrum of the reflected components indicates a 

decrease in the frequency amplitude at 0.8 h/X, where h is the depth 

of the slot and X is the Rayleigh wavelength. For a 1mm deep slot 

this would correspond to a frequency of 2.4MHz, agreeing with the 

discontinuity in the spectrum that occurs in fig. 9.11. This kind 

of analysis could provide a reliable spectroscopic approach for 

estimating crack depth without the uncertainties introduced by taking 

component amplitude measurements.
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However, the laser-acoustic source produces surface wave pulses 

that Interact with discontinuities - typically with dimensions of the 

order of 1mm - to produce signals which may be resolved in the time 

domain without recourse to frequency analysis.

9.5 TIME DOMAIN ANALYSIS

The measurement of the time-of-flight of acoustic signals from 

the source to a defect and back to a receiver usually provides a more 

accurate means of defect characterisation than those methods which 

rely on the intepretation of the amplitude of acoustic signals. 

Cooke (1972) estimated the depth of surface breaking cracks by 

monitoring the time-of-flight from the source to the receiver; any 

intervening crack lengthens the path because the Rayleigh waves have 

to travel down the crack face and up the other side. This method 

breaks down as the Rayleigh wavelength become larger than the crack 

depth; in this case the wave no longer travels along the crack 

boundaries but passes under the crack with little interaction. The 

method requires a knowledge of the time delay of a surface pulse from 

the source to the receiver in a region where there is no crack. This 

delay is usually evaluated by measuring the distance between the 

source and receiver and using the Rayleigh wave velocity for the 

material concerned. Morgan (1974) attempted to relate time 

dependent features occurring in the reflected surface pulse to the 

discontinuities of the corners of the top and bottom of a slot. 

However, the broadband Rayleigh transducer did not provide a brief 

enough pulse to separate out the expected echoes from a 1.4mm deep 

slot. Lidington et al (1975) used the time-of-f light of the 

Rayleigh waves echoes from the slot top and base to estimate slot
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depths from 2mm to 30mm using a short pulse surface wave probe 

operating at 2.5MHz. This latter approach was adopted in the 

experiments presented here since it should allow the estimation of 

crack depth using the information from a single reflected pulse 

without the need for information on the source-detector separation.

Fig. 9.12 shows a scan of surface displacements measured using the 

experimental arrangement shown in fig. 9.8. The crack is 

represented by a 0.75mm deep slot in the surface of an aluminium 

block, and the figure shows a scan of the displacements as the ball 

probe receiver is moved from one side of the slot to the other. The 

dimensions of the block and the source-slot separation are chosen 

such that there is little interference from bulk waves reflected 

within the block; in fact a longitudinal bulk wave reflection from 

the bottom of the block can be seen to occur at about I6y3 in the 

display. The different waveforms shown in fig. 9.12, and all the 

following displays of this type, have been adjusted to have the same 

incident Rayleigh wave peak to peak amplitude.

The transmitted surface pulse is broadened by the interaction 

because the high frequency components have been reflected by the 

crack; this was demonstrated in the previous section. The 

reflected pulse has the same initial bipolar form as the incident 

pulse but it also contains a second positive pulse feature. 

Fig. 9.13a shows a more detailed reflection scan of the same slot and 

fig. 9.13b is a plot of peak amplitude arrivals in the scan. From 

this peak amplitude information the mean time delay and its standard 

deviation have been evaluated for the time between the positive pulse 

components of the reflected wave, and the Rayleigh wave velocity with 

its error have been determined from the gradient of the incident
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pulse. The second peak feature in the scan can be seen to remain 

parallel to the first reflection peak with a fixed time delay 

indicating that this phenomena is also propagating with the Rayleigh 

wave velocity. For comparison, fig. 9.14 shows the scan obtained 

for a 1.5mm deep slot. A second feature in the reflected pulse is 

again discernable, although the feature is of less amplitude than 

that observed from the 0.75mm deep slot and the time delay is larger. 

It would appear from figs. 9.13 and 9.14 that the time delay between 

the reflected Rayleigh pulse and the second feature is related to the 

slot depth.

Slot depths from 0.3mm to 5mm were investigated in the same way 

and fig. 9.15 shows the waveforms for six slot depths for the same 

source-detector-slot distance. The relationship between the second 

feature and the slot depth is now clearly demonstrated. For slot 

depths below 0.3mm the first and second peaks in the reflected pulse 

are too close to be resolved in the time domain, whilst for slot 

depths greater than 5mm the amplitude of the second feature becomes 

less than the noise in the waveform.

All the slot interaction waveforms were recorded for a slot 

normal to the direction of the incident acoustic pulse. This is not 

generally the situation that would be encountered when testing for a 

real crack. Fig. 9.16 shows the angular variation of the detected 

signal as the source and detector are positioned oblique to the line. 

The double peaked Rayleigh reflection is still apparent at angles as 

great as 80°, beyond which the direct and reflected pulses begin to 

merge.

For a slot depth of 1mm the time delay between the reflected 

features is consistent with the time delay between a Rayleigh wave
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reflected at the top of the slot and a Rayleigh wave travelling down 

the side of the slot and reflected at the bottom of the slot. This 

possible interaction process is shown in fig. 9.17a and gives an 

acoustically determined slot depth, from the waveform shown in 

fig. 9.17b, of 1.03 ± 0.09mm which is in good agreement with the 

depth measured by a mechanical gauge of 1.0 ± 0.1mm. The 

acoustically determined depth of a range of slots was determined in 

this way and the results are plotted in fig. 9.18. The points 

should lie along the 45° line shown in the figure. The ultrasonic 

slot depth estimates are good for slot depths around 1mm but start to 

deviate from the expected values for slot depths greater than 2mm 

suggesting that the interaction process does not simply consist of a 

Rayleigh wave following the contours of the slot.

9.6 SURFACE PULSE - DEFECT INTERACTION PROCESS

The interaction of the laser generated Rayleigh pulse with 

surface breaking slots was investigated in further detail in order to 

determine the mechanism of the complex process. Both experimental 

and numerical studies have been published which visualise the 

Rayleigh pulse - slot interaction.

Bond (1979) presented a computer model of the interaction of 

acoustic surface waves with surface discontinuities. The model is 

based on the finite difference formulation for the wave equations for 

acoustic propagation in an isotropic elastic solid. Fig. 9.19 shows 

the use of this computer model to produce the displacement amplitude 

and time history of particle displacements throughout the interaction 

of a Riker pulse with a 4mm deep slot. The incident Riker pulse, 

fig. 9.19a, contains a smooth wavenumber spectrum with a centre
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frequency of 1MHz. The surface pulse is partially reflected at the 

edge of the slot, and a transmitted Riker pulse can be seen to travel 

down the sidewall of the slot in fig. 9.19b, after which it interacts 

with the base of the slot to form a mode converted shear wave which 

spreads out into the bulk of the material, fig. 9.19c,d. This 

numerical model of the events is in agreement with an experimental 

study by Reinhardt and Daly (1970) who used photoelastic 

visualisation to investigate the interaction of a surface pulse with 

a slot. This experimental study would be expected to show results 

similar to the laser-acoustic source interaction because the surface 

pulse was generated by detonating an explosive pellet, a similar 

process to that which drives the oil ablation process. 

Unfortunately the existence of a second feature in the reflected 

surface pulse is not clear from either of these studies.

Further experimental studies were carried out using the laser 

generated surface acoustic pulse on the interactions with an up-step, 

a down-step and corners. These geometries are the component features 

which make up a slot and the investigation was carried out in order 

to experimentally analyse the interaction process.

9.6.1 REFLECTION FROM NARROW AND WIDE SLOTS

The effect of varying the width of the slot for a 0.5mm deep 

slot is shown in fig. 9.20. In fact there is very little, if any, 

difference between the reflection signals for a 0.3mm wide slot, 

fig. 9.20a, and a 0.7mm wide slot, fig. 9.20b, although Morgan (1974) 

has claimed to measure slot widths from features appearing in the 

"cepstrum" display of the reflection waveform.



Fig.9-20

(a) t E > 3  V

incident and 
re f lec ted  Rayleigh 
peaks from a 
0-46mm deep,
O Bmm wide s lo t

(b) 1 E - 3  V

incident and 
re f le c te d  Rayleigh 
peaks from a 
0-53mm deep, 
07mm wide s lot

The var iat ion of the re f le c t io n  peaks with the s lo t  w id th  
fo r  a s lot depth of a pprox im ate ly  »5mm.
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9.6.2 INTERACTION WITH A DOWN-STEP

Extending the slot width to infinity is equivalent to the 

down-step configuration shown in fig. 9.21a. The reflection and 

transmission scan for a 1mm down-step is shown in fig. 9.21b. The 

interaction can be seen to be essentially the same as that for the 

slot showing both transmitted and reflected components. The

reflected component does contain a second peak which is lower in 

amplitude than might be expected from the corresponding 3lot 

experiment, fig. 9.17b. However, a close examination of the 

aluminium sample showed that the corner of the step was rounded, a 

consequence of the practical limitations of machining the sample, and 

a rounded corner has been shown to interact poorly with Rayleigh 

wavelengths less than the radius of curvature (Viktorov, 1967).

9.6.3 INTERACTION WITH 90° AND 270° CORNERS

The interaction process was split still further into the 90° 

and 270° corners which go to make up the down step configuration. 

Fig. 9.22 shows the reflection scan from a 90° corner which, as one 

would expect, consists of a simple reflection of the Rayleigh pulse, 

although the reflected component is reduced in amplitude relative to 

the direct pulse. Fig. 9.23 shows the transmission scan for a 90° 

corner and it clearly shows the existence of the transmitted Rayleigh 

pulse, although the polarity of the pulse has been reversed with 

respect to the incident pulse. This polarity reversal has been 

predicted in the finite difference model for this interaction 

(Bond, 1979). We may therefore conclude that it is this transmitted 

pulse which then interacts with the bottom of the slot and eventually



(a) Fig.9-21
source The source generates a Rayleigh 

pulse on the upper level of a 
1mm down step and the detector  
is scanned from the upper to 
the lower level.

(b)
d e t e c t o r - s t e p  separation (mm)

The in te ra c t io n  of a l aser generated Rayle igh  pulse w ith  a
1mm down step.



(a)
Fig.9-22

source

The d e tec to r  is scanned in 
in 3mm increments towards  
the 90 corner.

(b)
d e te c to r -c o rn e r  separation (mm)

The re f le c t io n  of a laser generated Rayle igh putse from 
a 90° corner.



(a) Fig.9-23
s o u r c e

The detector  is scanned in 
in 3mm increments from

o
the 90 corner.

( b )

d e te c to r -c o rn e r  separation (mm)

T h e  t r a n s m i s s i o n  o f  a l a s e r  g e n e r a t e d  R a y l e i g h  p u l s e  a r o u n d

a 9 0  c o r n e r .
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leads to a Rayleigh wave component being observed at the detector. 

Fig. 9.24 shows the displacement scan for the interaction of Rayleigh 

pulse with a 270° corner; this configuration corresponds to the 

transmitted Rayleigh pulse travelling down the sidewall of the slot 

to interact the 270° corner at the base of the slot. The incident 

Rayleigh pulse can be clearly seen but there is no detectable arrival 

corresponding to the reflection of the Rayleigh pulse at the corner. 

This result would indicate that it is not possible for the 

interaction process considered in Section 9.5 to occur; there is no 

reflection of the Rayleigh pulse at the base of the slot.

9.7 RAYLEIGH-SHEAR-RAYLEIGH INTERACTION

It has been noted previously from the work of Reinhardt and Bond 

that Rayleigh waves reaching the bottom corner of the slot are mode 

converted to a considerable degree into shear bulk waves. It is 

speculated that a back-scattered component of this shear wave arrives 

at the material surface at some angle and is again mode 

converted into a surface wave. This surface wave produces the second 

feature observed in the experimental scans.

It was shown in Chapter 2 that a vertically polarised shear wave 

incident on a free surface at a critical angle generates a surface 

wave, and calculation of this angle for aluminium gives a value of 

30°. The proposed interaction process is shown diagramatically in 

fig. 9.25. A re-evaluation of the acoustically estimated depth using 

this interpretation was carried out for the range of slot depths, and 

a graph of the mechanically measured slot depth against the acoustic 

estimate is shown in fig. 9.26. Using this interpretation of the 

interaction process the acoustic slot depth data is in reasonable

It was demonstrated by Pekeris et al (1957), that for 
angles greater than this a Rayleigh pulse is generated by 
a buried source.



(a)
Fig.9-24

The de tec to r  is scanned 
in 2mm increments towards 
the 27 0 corner.

(b)
d e te c to r -c o rn e r  separation (mm)

The interaction of a laser generated Rayleigh pulse with 

a 2 70 corner.



An incident Rayleigh pulse interacts with a slot to produce 
various re f lec ted  and transm it ted  pulses.

R R -  Rayleigh pulse ref lected from the top of the slot.

R T -  n ii t ransmitted  by n

TR -  ,, n ii the whole slot.

S -  Shear pulse from mode conversion of Rayleigh pulse at the 

s lo t  bottom-

RS- Rayleigh pulse produced by the shear pulse at some angle 0 £

The time delay between the RR and RS pulses is given by:

d l2 h d d d tan 0 c
At =  Vr + Vs - Vr = Vr ♦ COS 0c Vs - Vr

0C
= 30\ l ß - 1 _2_

At = /3 Vr + Vs

A proposed re f lec t ion  interaction of a Rayleigh pulse with 
a rectangular surface slot.



A comparison of measured and ultrasonical ly  e s t im a te d  s lo t  depths assuming a

"Rayleigh -  shear -  Rayle igh" in te rac t ion .
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agreement with the known values for slots greater than 2mm deep and 

overestimates the slot depth for values less than this.

Several experimentally observed features of the interaction 

process are consistent with the Rayleigh-shear-Rayleigh interaction 

interpretation. For example, it can be seen from the variation of 

the second feature with slot depth, fig. 9.15, that the relative 

amplitude of the feature decreases with slot depth; this behaviour 

is consistent with the inclusion of a mode converted bulk shear wave 

segment in the ray path, for which the geometric attenuation would 

increase with increasing slot depth greater than for a surface wave 

ray path. A scan of the reflection interaction for a 1.5mm deep 

slot, fig. 9.14, shows a decrease in amplitude and shift in position 

of the second feature for detector positions within 1mm of the top of 

the slot. The effect is more apparent for deeper slots. A shear 

wave from the bottom of the slot that is mode converted into a 

surface wave at the critical angle would not appear at positions 

close to the top of the slot - within 0.9mm for a 1.5mm deep slot.

A similar model to describe the transmission of a Rayleigh pulse 

through a slot has recently been proposed by Yew et al (19810. The 

experimental results obtained in this study were from Rayleigh waves 

produced by dropping a small ball bearing onto the surface of a large 

plate containing slots from 1cm to 8cm deep. They concluded that the 

transmitted Rayleigh pulse is reconstructed by the interaction of the 

scattered longitudinal and shear waves from the slot tip.

The interaction of laser generated Rayleigh waves with real 

cracks has not been investigated and it is important to note some 

differences between the slot mode presented here and the 

characteristics of fatigue or weld produced surface breaking cracks:
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only the scatter from a single slot has been considered; the slots 

are uniform and not multi-branched; the slots are open and provide a 

distinct material discontinuity (fatigue cracks are generally very 

tight unless under stress): and any residual surface stress 

encountered in test components would alter the time-of-flight of the 

acoustic pulses. It would be necessary to investigate these 

processes before the method presented in this section could be used 

as a reliable NDE technique. However, results in this chapter 

confirm some of the proposed advantages of the laser over 

conventional methods of acoustic generation and demonstrate the 

versatility of the acoustic source for investigating complex defect 

interactions.
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CHAPTER 10

SUMMARY AND CONCLUSION

An Investigation into the use of laser generated acoustics and 

its application to non-destructive evaluation has been presented. 

Previous studies have concentrated on aspects of the 

generation-interaction process and have been largely qualitative in 

nature. Similarly, few published articles have described the 

possible application of this acoustic source to NDE, and again these 

articles have been qualitative in their conclusions.

The first part of the thesis unifies the physical mechanisms 

underlying all aspects of laser generated acoustics and presents a 

general model for the acoustic generation process. This work allows 

the relative merits of the acoustic source to be assessed in 

comparison with the conventional methods of NDE. The second part of 

the thesis shows some of the areas of NDE in which laser-acoustic 

generation might play a useful role.

The generation of acoustic transients by the laser irradiation of 

a metallic surface has been characterised by two extreme situations 

depending on the laser intensity. Low power densities, < 10? Wcm-2 

of 1.06pm radiation, cause a rise in temperature of the surface of 

the material with no change in phase, and acoustic generation is due 

to the stresses resulting from the thermal expansion of the surface 

material against the surrounding colder material. At higher power 

densities, > 10® Wcm“2, the surface heating is sufficient to form a 

plasma and the acoustic generation is due to the recoil force as
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material is evaporated into a plasma. A third mechanism of acoustic 

generation is discussed which arises from the constraint of the 

surface of the material by a transparent covering layer. The spatial 

dependence, magnitude and time histories of these different 

mechanisms have been derived in order to predict the consequent form 

of the generated acoustic transients.

The far-field surface displacements arising from these surface 

force distributions have been derived and compared with those 

measured experimentally using wideband calibrated acoustic 

transducers. Conversely the acoustic displacement data has been 

used to evaluate the form of the plasma driving force arising from 

the complex laser-plasma interactions. The derivation of the 

predicted acoustic displacement fields have included the first 

representation of the surface displacements produced by a point and 

extended thermoelastic expansions. The acoustic displacements on the 

surface of the material are seen to be dominated by the Rayleigh 

surface wave arrival, the form of which is determined by the spatial 

extent of the source in the thermoelastic regime, and the epicentre 

displacements are dominated by the longitudinal and shear wave 

arrivals.

The amplitude directivity of these bulk acoustic waves for the 

different generating mechanisms has been determined experimentally 

and shows the longitudinal motion in the plasma regime to be directed 

forward from the source in a wide lobe, whilst both the longitudinal 

and shear motion for the thermoelastic source is described by 

narrower, off-axis lobes. The wavefront directivities have been 

compared with a theoretical model of the process. This directivity 

model has also been used to determine the energy partition between
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the acoustic modes for the different acoustic sources. These 

predictions and the experimentally observed acoustic displacements 

show that the oil-layer source produces the largest displacements 

followed by the plasma source and finally the thermoelastic source. 

For a 32mJ, 35ns, 1.06pm laser pulse incident on the surface of a 1cm 

steel plate the'epicentre displacements were found to be of the order 

of 20nm for the longitudinal arrival from the oil-layer source, 5nm 

for the focused laser plasma source and 2nm for the shear arrival for 

the unconstrained beam thermoelastic source. The surface wave 

displacements were found to dominate the bulk acoustic waves in each 

of these cases.

The characteristics of the laser-acoustic source are now 

sufficiently well understood to enable it to be applied to NDE. 

However, these characteristics are somewhat different to those of 

conventional transducers and it is therefore advisable that new 

techniques are developed which are best suited to this new acoustic 

source. Some of the possibilities have been investigated 

experimentally using artificial defects, and new methods have been 

demonstrated which enable defects to be located and characterised 

both within the bulk and on the surface of materials.

The application of the acoustic source to NDE is demonstrated by 

some experiments incorporating unconventional wideband receiving 

transducers which have been constructed and characterised and are 

capable of detecting sub-nanometre displacements with a bandwidth in 

excess of 5MHz. The presence of laminar defects in thin plates is 

demonstrated by time-of-flight measurements on transmitted acoustic 

pulses. The use of time-of-flight, rather than amplitude 

information, is a new approach to this type of NDE technique and is
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only possible because of the brief nature of the laser generated 

acoustic transients. The high spatial resolution together with the 

scanning ability of the laser-acoustic source is demonstrated by 

experiments to determine the integrity of alumina coated steel plates 

and artificial defects in aluminmium plates. The edge of an 

artificial laminar flaw in a 3mm thick plate has been resolved to 

less than the plate thickness and, similarly, a 2mm diameter hole in 

a 14.5mm thick plate has been equally well resolved using the same 

technique. Areas of de-bond in alumina coated plates have been 

located which agree with those determined by conventional methods 

and, additionally, changes in coating thickness of < 0.1mm have been 

resolved. The same system was used to measure the thickness of thin 

plate by the resonance of the longitudinal acoustic pulses; a brass 

sheet 0.2mm in thickness was measured using the method.

High amplitude, brief, surface wave pulses generated by the 

oil-layer source are used to investigate surface breaking slots. 

The versatility of acoustic generation using an optical beam is 

demonstrated in a pulse-echo experiment to determine the position of 

surface defects by scanning directional surface pulses produced by a 

line-acoustic source. The position and length of a 13mm long surface 

slot is determined using this scanning technique. Directional 

enhancement is also achieved by numerical adjustment of the 

pulse-ehco information from multiple source positions; the technique 

is demonstrated by picking out surface wave reflections from 3lots in 

echo signals containing many different arrivals. The interaction of 

the wideband laser generated surface acoustic pulse, generated by the 

oil-layer source, with a surface slot has been investigated 

experimentally. Spectrum analysis of the wideband acoustic transient
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after reflection from, and transmission through, a surface slot 

reveals the dispersive nature of the process. Analysis of the time 

signatures of the interaction of the laser generated surface acoustic 

pulse with slots, steps and corners reveals the mechanism of the 

interaction. This information enables a new interpretation of the 

interaction process between the surface pulse and the slot to be used 

to predict slot depths in the range 0.3mm to 5mm. These 

experimental techniques for NDE using the laser-acoustic source 

demonstrate some of the possible applications and they require 

further evaluation using real defects before they could be 

incorporated into a practical system. There are many potentially 

useful techniques yet to be investigated.

One of the major advantages of the laser-acoustic source its 

non-contacting nature - cannot be fully developed until a practical 

system incorporating a laser source and a remote detector, eg. a 

laser interferometer, has been developed. Laser interferometers 

capable of measuring acoustic displacements have been constructed 

elsewhere, but they have been less sensitive than the piezoelectric 

counterparts. The laser-acoustic source, in the thermoelastic regime 

at least, generates lower amplitude displacements than piezoelectric 

transducers and there is therefore a requirement to improve present 

interferometer systems. A combined laser source and remote 

detection system opens up further possibilities for new NDE 

applications. In particular, the ability to rapidly scan both the 

source and detector would enable large areas to be monitored. The 

scanning ability combined with large data acquisition facilities 

would allow imaging techniques to be used to locate and visualise 

defects with unprecedented resolution.
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The cost of a laser-source, laser interferometer system in 

comparison with conventional methods of generation and detection will 

be a limiting factor in the application of laser generated acoustics 

to NDE. In view of this fact it is important to identify those areas 

of NDE in which the use of a laser-acoustic system would be viable, 

and then to direct the further investigation of the potential NDE 

techniques to these specific areas.

Testing methods incorporated conventional piezoelectric 

transducers are likely to be continued to be U3ed for the majority of 

NDE applications. However, the laser-acoustic source has been shown 

to have unique properties which could be usefully applied to some of 

the problems encountered in NDE.
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APPENDIX 1

NUMERICAL AND COMPUTATIONAL METHODS

This appendix contains a brief description of the numerical and 

computational details required to generate some of the information 

given in the previous chapters. Only those programs are included 

which require an additional explanation to that given in the main 

text.

The programs were written in Algol68-R for implementation on an 

ICL2960 mainframe. A description of the program is given followed by 

the program listing.

A . 1 CHAO'S SOLUTION FOR SURFACE DISPLACEMENT

This program evaluates the vertical displacement of a half-space 

at some point R, due to a horizontal surface force with Heaviside 

time dependence acting at the origin. The program uses the two 

sub-routines PIELLIP and KELLIP given in A.2 to evaluate the values 

of the elliptic integrals. R is the source-observer separation and 

MU is the Lame elastic constant of the material.

■ f"OENE.APTES VERTICAL I»ISPL.ACE.fi 
TO A POINT’ O'

' C ' T ANBENT1 A! LCAP.’ i’G !! 1T H PEA'-'

OF A HALF-SPALL DUL 

::[ TINE DEPENPANOE C
L HAD" -UIT H CO 

KE
FROM’ PO

BEGIN

'RF.AL ’ R , H
[0 ; 4 ? V ]K
MU := 2.781
R := 3.308-
R3 SQPT<
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FRF'  (4 *  R i  + 6 ) J  
FRM : = <4 *  R3 -  6 ) ;
TRP : = ( 1 2  *  R3 + 2 0 ) ;
TRM : =  ( 1 2  *  R3 -  2 0 ) ;
GA : = S O R T (3 + R3) / 2 ;
' F O R -  I ' F R O M '  0 ' T O '  49? ' D O '

BE G I N  T E H  : =  I * 2 / 4??;
M := (3 * TEI] * T E I3 - 1) / 2;
N := 1 / H;
■ 'IF' TCI3 < 1 / R3 
'THEN' UZC I I  0.0 
-ELSE' ' IF  TED < 1

THEN' UZCI] SORT( 6 )  * TCI] / (32 * PI * PI
* HU * R
>;

UZCI] := UZCI ] * (6 4- KELL IP ( H) - 19 * 
PIELLIP(8 4 H 4 H,

H
) - FRM * P IELLIP!-
1 * TRH * H •» fi,
n
) + FRP 4 pI ELL 3 P( 
TRP 4 H 4 H,
M
)

ELSE • 'IF TCI] < GA 
•THEN' UZC13 : SORT ( c  *  N) 4 TCI] 132

4 FT 4 PI  * MU 4 R
} ■
• »

UZCI] 4 (6 * KELLIF<N)
- 18 * P1ELLIP<8.0, 
N
) - FRH * PIELLIPt- 
1 * TRH,
N
> + FRP t. p I ELL IP ( 
TRP,
N

£̂LSF' UZCI] := SPRKfc! f N5 1 TCI] / (32
t p: i  PI i HI 4: R

( è * KEL LJPifi
- 1 g JL f
i  1

T1-LL I
N
) - FRH 
I 4: TRH »

4 PIE

) 4 FRF ; r IET! p. f
N
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U Z C 1 3 ' P L U S '  T CI 3 /  (8 *  P I  *  HU
*  R * SQ RK TC I3
*  T C I ]  -  GA *  GA
)
)

' F I '
' F V

' F I ' ;

P R I N K  ( N E U L I N E ,  T C I I  *  R / 3 1 3 0 ,  U Z C I D )
' END- '

' END-'

' F I N I S H '

A. 2 THE ELLIPTIC INTEGRALS

These two sub-routines evaluate the complete elliptic integrals 

of the first and third kinds respectively using a 100 point composite 

Simpson's numerical integration.

' C ' G E N E R A T E S  CO MP L E T E  E L L I P T I C  I N T E G R A L  OF THE T HI RD K I N D ' C '
K E L L  I P

'B E GIN '

' i n k  i :
- FROC- KELLIP = ( 'REAL' K)'REAL':

' B E G I N '  ' R E A L '  H ,  K1 ;
' I N T '  j ;
J ;* i m ;
K1 := 0.0;
H : =  P I  / 2 / J ;
' F O R '  I ' B Y '  2 ' T O '  J -  1 ' D O '

<K1 'PLUS' (4.0 / SORT(1 - K * K * SIN(I * H) * SIN(I

) :
'FOR' I 'FROM' 2 'BY' 2 'TO' J - 2 
' D O '

0'1 ' P L U S '  (2.0 / S O R T( 1 -  K * K •+ SINK *  H) * SIN(I

>;
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K1 'PLUS' (1 + 1 / SORT(1 - K * K)); 
K1 'TIMES' (H / 3);
< K1)

'END';

I := 1 

'END'
'KEEP' KELLIP 
'FINISH'

' C  GE N E RAT E S COMPL E TE  E L L I P T I C  I N T E G R A L  OF T HE  F I R S T  K I N D  C 
F ' l E L L I P

'BEGIN'

' I NT' I;
'PROC' FUN = ('REAL' Y, X, TH) 'REAL':

'BEGIN' (1.0 / (1 + Y *  SIN(TH) * SIN(TH)) /  S O R T (1 -  X * X *  SIN(
TH
) * SIN(TH)
)

)
'END';

'PROC' PIELLIP = ('REAL' Y, X)'REAL':
'BEGIN' 'REAL' H, PY;

'INT' N := 100;
PY := 0.0;
H := PI / 2 / NJ
'FOR' I 'BY' 2 'TO' N - 1 'DO'

(PY 'PLUS' 4 *  FUN(Y, X ,  I *  H ) ) ;
'FOR' I 'FROM' 2 'BY' 2 'TO' N - 2 
'DO'

(PY 'PLUS' (2 * FUN(Y, X, I * H)))J 
PY 'PLUS' (FUN(Y, X, 0.0) + FUN(Y,

X.
PI / 2
)

>;
PY 'TIMES' (H / 3);
(PY)

'END';

I := 1 

'END'
'KEEP' PIELLIP 
'FINISH'
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A.3 THE EXTENDED THERMOELASTIC SOURCE

The program uses the data generated by the program given in A.1 

for the vertical displacement of a half-space due to a horizontal 

force. The effect of an extended force distribution is simulated by 

numerically integrating across the distribution using eqs. 4.5 and 

4.6. DI is the Gaussian diameter of the source and D is the 

source-observer separation.

'C' SIMULATES EFFECT OF A GAUSSIAN DISTRIBUTION, EXTENDED'C' 

'C' THERMOELASTIC SOURCE'C'
THERMO 'WITH' DEVEND, GRAF, DEVPAP, CCB1 'FROM' : LIB. GIN0-A68

'BEGIN'

'REAL ' DI := 18-3, D : = 3.3*_ n , E 7189, AL := 23*
EA := 38-3, C : = 913. RH := 2.7*3;

'REAL ' F, F0, SD 1 r r ;
'INT' I, K, l ;
[1 : 5001'REAL' A, t , b ;i
SD : = DI / ?•*- f
F 0 : = E * AL * EA * 3 / (2 * c * RH * PI * SD * SD);
'PROC ' ARCINT = ('REAL' RR, D, DI)'REAL':

/ BEGIN' 'REAL' THM, TH, B, c, E, s d ;
SD := DI / :) •- f
B : = D - RR;i
THM : = (B * B + D * D - 36 * SD + SID /
'IF' ROUND (1000 * THM) = 1000
'THEN' THM ::= 0.0
ELSE' THM := ARCCOS(THM)
'FI';
C := 0.0;
E := 0.0;
'FOR J 'TO' 500 'DO-'

'BEGIN' TH := THM * < J - 1 ) / -499;
TH := COS(TH);
E : = E X P ( - 1 * ( B * B + H * D - 2 * B * B  

* TH
) / SD / SD

) * (D * TH - B) / SORT(B * B
+ It *  p -  2 *  B 
* U * TH 
>;
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E := E * THM / 500 ; 
C "PLUS' E

'END';
C := C * B * 2;
( C )

'END';

'FOR' I 'TO' 500 'DO'
(READ(< TCI 3, ALI]));
BEI3 := 0.0
>;

'FOR' L 'FROM' 0 'TO' 299 'PO'
'BEGIN' RR := 6 * SD - L * 12 * SD / 299;

F := F0 * ARGINI(RR, D. DI) * 12 * SD / 300;
'FOR' I 'TO' 500 'DO'

'BEGIN' K : = 'ROUND' (I * (1
'IF' K > 500
'THEN ' K := 500
'FI';
BEI] 'PLUS' F * A E K ]

'END'
'END';

'FOR' I 'TO' 500 'DO'
(PRINT((NEULINE, TEI], BEI] / 300)))

'END'

'FINISH'

A.H THE POINT THERMOELASTIC SOURCE

The program evaluates the expression for the vertical 

displacement of a surface due to a point, radial loading, given by 

eq. N.N5. The integrations are carried out using a 100 point 

composite Simpson's routine which is arranged to avoid the 

singularities in the expression.

i

' C  GENERATES VERTICAL DISPLACEMENT DUE TO A POINTRADIAL 
LOADING'C'

"C'OF A HALF-SPACE UITH HEAVISIDE TINE DEPENDANCE'C 
POINT

- BEGIN'

' I N T '  S I ,  S 2 ,  S3;
'REAL' RAT, U1. F, F I,  G, GP. CO. A. B. C. D:
El  : 4 0 0 D ' R E A L ' U ,  TJ
'PROC' INTEGRATE = ( 'PROC'('REAL', REAL ". 'REAL') 'REAL' FUNC,

'REAL LL. UL, TI. RAT. INT NU)
' R E A L ' :
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'BEGIN' 'REAL-' H, INSTEP, INT, CHECK;
INSTEP := INT := CHECK := 0.0;
'IF' 'ENTIER' (1000 * (UL - LL)) > 0 
'T H E N' H := (UL - LL) / NU;

INT 'PLUS' FUNC(LL, TI. RAT);
'FOR' J 'BY' 2 'TO' NU - 1 
'DO'

(INT 'PLUS' 4 * FUNC(LL + J * H,
T I ,
RAT
)

>;
'FOR' J 'FROM' 2 'BY' 2 'TO' NU - 2 
'DO'

(INT 'PLUS' 2 * FUNC(LL + J * H,
TI,
RAT
)

>;
INT 'TIMES' (H / 3)

'ELSE' INT := 0.0 
'FI';
(INT)

'END';

'PROC' FUNC1 = ('REAL' N, T, RAT)'REAL':
'BEGIN' 'REAL' F U N ;

FUN := N * N * N * (1 - 2 * N * N) + SORT(1 - N * N) * 
SORT(N * N - 1 !  3?;

FUN := FUN / ((0.25 - N * N) * (C * C - N * N) * (D * H
- N * N
) + SORTÎT * T
- N * N
)

>;
(FUN)

'END';

'PROC ' FUNC2 = ( 'REAL' N, T, RAT) 'REAL':
'BEGIN' 'REAL' FUN;

FUN := N * N * N * ((A *  A - N * N) * (B * B - N *  N)
+ 2 * (1 - 2 * N * N) + SORT(N * N

- 1
/ ) * SORT(N * N

- 1 / 3  
)

>;
FUN := FUN / ((0.25 - N * N) * <C # C - N * N) * SORTÎT

* T - N + N
)

>;

END';
(FUN)
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RAT := SORT(1 / 3);
D := 0.5 * SORT( 3 + SORTO) ) ;
A := 0.5 * SORT(5 + SORT<13));
B := 0.5 * SORT(5 - SORT(13) > ;
C := 0.5 * SORT(3 - SORT(3> ) ;
51 : = 'ROUND' (RAT * 400 / 2);
52 := 'ROUND' (400 / 2)J
53 := 'ENTIER' (D * 400 / 2);
'FOR' I 'TO' 400 'DO'

'BEGIN' T[13 := I / 200;
. 'IF' I <= SI

'THEN' UII3 := 0.0 
'ELSE' 'IF' I < S2

'THEN' UC13 := INTEGRATE(FUNC1,
RAT, 
TCI 3,
7 n  3, 
RAT , 
100

'FI
'END';

)
'ELSE' 'IF' I = S2

'THEN' ULI3 := UCI - 13 
'ELSE' 'IF' I <= S3

'THEN' UL13 := INTEGRATE<FUNC1,
RAT,
2 * S2 / 400,
TEI3,
RAT,
100
)

'ELSE' UCI3 := INTEGRATE<FUNC1,
RAT,
S2 * 2 / 400.
TLIJ,
RAT ,
100
) ♦ FT /  4 *  F U N C 2 ( I | , 
T [ 13,
RAT
)

'FI"
'FT

"FI"

'FOR' I 'TO' 399 'DO'
(PRINT((NEULINE, TEI3 , 200 * (WEI + 13 - UCI3) 7 2 / 400)))

END'

FINISH'
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A.5 NUMERICAL BANDWIDTH LIMITATION

The sub-routine simulates the effect of a finite bandwidth 

detection system by taking the original waveform and convolving it 

with an approximation to the system impulse response.

A particular system bandwidth could be imposed on a signal by 

Fourier transforming the time signal, multiplying the resulting 

spectrum by the frequency response of the system, and then Fourier 

transforming back into the time domain. A simpler numerical method 

is carried out here by imposing the bandwidth limitation on the time 

domain signal directly. The multiplication by the system frequency 

response in the frequency domain may be replaced by a convolution 

with the system impulse response in the time domain, and this 

convolution may be carried out by the relatively simple method of 

serial products. The impulse response may itself be obtained from 

frequency response by a Fourier transform. If the frequency response 

is assumed to have a Gaussian profile centred on zero frequency then 

the Fourier transform may be evaluated explicitly. The system 

frequency response is given as

R(f)
~f2/Af2e A1

where R(f) is the system response as a function of frequency, and Af 

is the Gaussian frequency bandwidth. The Fourier transform of this 

gives

R(t)

CO

-f2/Af2 “ift e e df A  if e-t24f2A A2
— 00
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where R(t) is now the system impulse response in the time domain. 

This impulse response is centred on t - 0 and is therefore shifted 

six standard deviations towards the positive time direction. After 

convolution the resulting time signal is shifted back by the same 

amount. The convolution of the displacement waveform with this 

function is carried out using the method of serial products described 

in section 4.6.

'C' IMPOSES A BANDWIDTH LIMITATION ON A TIME DEPENDANT S IG NA L 'S '
'C 'B Y CONVOLUTION WITH THE SYSTEM IMPULSE RESPONSES'
BANDWIDTH

'BEGIN'

'PROC'  BANDWIDTH *  ( U ' R E A L '  DATA, 'REAL'  DF,
MT)C3'REAL' :

'BEGIN'  "REAL' DT, SD;
' I  NT'  CENT, L,  UJ 
L r= 'LWB' DATA;
U : = ' UPB'  DATA;
[0  j U -  L 3 'REAL'  IMP,  DAT;
CL : U3'REAL'  OUT;
'FOR'  I  'FROM' L ' T O '  U 'DO '

< DATE I  -  L I  := DAT AC 1 3;
OUTC11 s= 0 . 0  
1J

DT := MT /  (U -  L + 1 . 0 ) ;
SD := 2 /  DF /  DT;
CENT := 'ROUND' ( 6 . 0  *  SD) ;
'FOR'  I  'FROM' 0 ' T O '  U -  L 'DO'

( I M P C I I  := DF *  SORT (P I ) *  E X P ( -  1 *  ( I  -  CENT) t  2
/  SD /  SD
)

>;
'FO R'  I  'FROM' CENT 'T O '  U -  L 'DO '

'BE GIN '  'FOR'  J 'FROM' 0 'T O '  I 
'DO'

'BE GIN'  0UTC1 -  CENT + L I  'P LUS '  DATEJ3 
* IMPCI -  JO *  DT

'END'
' E N D ' ;

'FOR'  I  'FROM' U -  CENT + 1 'T O '  U 
'DO '

(OUTCI I  : *  0 . 0 ) ;
(OUT)

' E N D ' ;

' S K I P '

'END'
'KEEP'  BANDWIDTH 
' F I N I S H '
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A.6 WAVEFRONT AMPLITUDE DIRECTIVITY

These sub-routines calculate the amplitude of the wavefront 

arrivals for the different acoustic modes for the normal and 

tangential driving forces. The form of the directivities are 

described by eqs. 5.8, 5.12, 5.16 and 5.17, and where the result is 

complex, the sub-routine returns both the real and imaginary 

components.

'C'AMPLITUDE DIRECTIVITY OF RADIAL DISPLACEMENT'^
'C'DUE TO NORMAL SURFACE LOAD'D'
PLRAD

BEGIN'

' PROC' PLRAD = ("REAL' TH, K) 'REAL':
'BEGIN' 'REAL' D1, D2. D3, S1 

SI := SIN(TH) ,

D1 := COS(TH) * (K *  K -  2 * SI * S1! :
D2 := 4 * SI * SI * SORT(1 - SI * S1) * SORT(K * K

- SI * S1 
) :

D3 := (K * K - 2 * SI * SI) 1 2; 
in / (D2 + D3 )

'END':

'SKIP

'END'
'KEEP' PLRAD >
•- F  T «  T S  H -
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'C AMPLITUDE DIRECTIVITY OF RADIAL DISPLACEMENT'^ 
'C ' DUE TO DIPOLAR SURFACE LOAD'C'
THRAD

'BEGIN'

"F’ROC ' THRAD = ('REAL' TH, K) 'REAL':
'BEGIN' 'REAL-' D1, D2, D3, S i;

SI := SIN(TH);
D1 := SI * SIN(2 * TH) * SORT<K * K - S1 * S1); 
P2 := 4 * SI * SI * SORT(1 - S1 * S1) * SORT(K

- SI * S
>;

D3 := <K * K - 2 * SI * SI) ♦  2;
D1 / (D2 + D3)

'END';

'SKIP'

■ 'END'
-KEEP' THRAD 
'FINISH'

•'C'ANPLITUBE DIRECTIVITY OF TANGENTIAL DISPLACEMENT'C'
•'C'DUE TO NORMAL SURFACE LOAD'C'
PLTHET

'BEGIN'

'PROC' PLTHET = ('REAL' K, TH, 'REF 'REAL' DIRIM.
DIRRE) ' VOID':

'BEGIN' 'REAL' P I , D2, D3, SI ;
SI := SIN(TH);
' I F '  K * S1 < 1
'THEN' D1 := SIN(2 * TH) * SORT(1 - l< * K * SI

P2 := 4 * SI * SI * SORT(1 - K * K * SI
SORT(1 - si •+• sn;

B3 := K * (1 - 2 * SI * S I ) t 2;
DIRRE := D1 / (D2 + P3);
DIRIM := B.B

'ELSE D1 := SIN(2 * TH) * SORT(K * K * Si *  S
D2 := 4 * SI * SI * SORT(1 - SI * SI) *

* K + SI
-  1

D3 : = K * (1 -  2  * SI * SI ) ■t 2 ‘
DIRRE := D1 * D2 / (D2 * D2 + D3 * D3)
DIPIH := D1 * • D3 / (D2 *  D2 + D3 * D3)

'F I '
'END';

'SK IP '

■ END'
'KEEP' PLTHET 
' FINISH'

* SI);
* S1) *

-  i ) ;  
SORT( K 
* SI
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'C"AMPLITUDE DIRECTIVITY OF TANGENTIAL DISPLACEMENTS' 
•'C'DUE TO A DIPOLAR SURFACE LOAD'C'
THTHET

'BEGIN'

'PROC' THTHET = ('REAL' K, TH, 'REF''REAL' DIRIM, 
DIRRE)'VOID':

'BEGIN' 'REAL' PI, D2, D3, SI;
SI := SIN(TH);

, 'IF' K * SI < 1
THEN' D1 : = SIN ( 2 * TH) * (1 - 2 * SI * si > ;

D2 : = 4 * S1 * SI * SORT(1 - SI * Si ) * SORT(1
- t 
\ •

; * k * SI * SI

D3 : = K * (1 _ 9 * S1 * SI )
* f

t 2;
DIRRE := Dt / ( D2 + D3 )•f
DIRIM := 0.?

ELSE' D1 : = SIN (2 * TH) * (1 - 2 * S1 * si ) ;
D2 : = 4 * SI * SI * SORT ( 1 - SI * SI) * SORT (K

* \( * S1 
!

* S1

P3 : = k * n - 2 * S1 * SI )
); 

t 2;
DIRRE := D1 * D3 / <P2 * D2 + D3 :1 D3) ;
DIRIh := - 1 * D1 * D2 / ( D2 * D2 + D3 * D3)

'FI'
'END';

'SKIP'

'END'
'KEEP' THTHET 
'FINISH

A.7 ENERGY PARTITION OF THE LASER-ACOUSTIC SOURCE

The program evaluates the ratio of energies in the wavefront 

arrivals for the plasma and thermoelastic sources from eq. 5.18. The

angular variation of the wavefront amplitudes are given by the
;

sub-routines in A.6. The magnitude of the directivity term is taken 

if the value is complex. The wavefront energy is numerically 

integrated between 0° and pi/2 by simple addition. The integration 

step is not included since it would be removed in the ratio process.
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'C'CALCULATES ENERGY PARTITION BETWEEN DIFFERENT'!!'
'C'ACOUSTIC MODES AND DRIVING FORCES'C'
POWER "WITH' PLRAD, THRAD, PLTHET, THTHET •'FROM-' ROUTINES

'BEGIN'

"REAL" CT, K, POIS, INTP, INTT, AN, E, F, M, N, 
RE, im;

CT := 3.2X3;
POIS := 0.2;
K := SORT((2 - 0 * POIS) / (1 - 2 * POIS));
E := F := M := N := 0.0;

/ F O R '  I •'FROM' 0 'TO' 360 ''DO'
"BEGIN" AN •  ** 

■ : I * PI / I8 0 / 4;
RE := PLRAD(AN, K);
E "PLUS" {RE * RE * SIN(AN));
PLTHET(K, AN, IM, RE);
F 'PLUS-' ((RE * RE + IM * IM) * SIN (AN)); 
RE := THRAD(AN, K);
M •'PLUS'' (RE * RE * SIN( AN));
THTHET(K, AN, IM, RE);
N "PLUS" ((RE *  RE + IM * IM) * SIN(AN))

'END';
INTP := K * E / 
INTT := 4 * M / 
PRINT((NEWLINE, 
PRINT((NEWLINE, 

INTP)); 
PRINT((NEULINE, 

INTT))

f;
(K * K * K * N); 
"POISSON'S RATIO = 
"PLASMA-L/S ENERGY

"THERHOELASTIC-L/S

", POIS)); 
RATIO a ",

RATIO = ",

END'

FINISH'

A.8 THE SPHERICAL CAPACITANCE PROBE

The following programs calculate the static capacitance, 

variation of capacitance with gap, and induced charge density on a 

plane for a spherical conductor adjacent to a plane conductor from 

eqs. 7.3 and 7.9. The series solutions are evaluated by iteration 

until there is convergence to within 1 part in 10^.
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'C'CAPACITANCE OF SPHERE NEXT TO A PLANE'C'
' C ' l S  CALCULATED FROM A SERIES SOLUTION BY IT ER AT IO N 'S '  
CAPAC

BEGIN"

[1 : 499 3 'REAL'  GAP, CAP;
'REAL'  E, A, R, CO. DR, CA, D, RN;
' I N T '  i ;
E := 8.854X-12;
A := 2.0X-3;
'FOR' J 'TO' 499 'DO'

'BEGIN' GAPCJI := J / 49? * 205-6;
D := GAPEJ] + A;
R := D / A + SORT'D * D / A / A - 1);
CO := 0.0:
CA r= 0.0;
PN := 1.0:
I := 1:

'WHILE' 'ADS' CO < 156 
"DO

'BEGIN' RN 'TIMES' R;
DR : = 1 / (RN + 1) + 1 / ( RN - 1); 
CA 'PLUS' DR;
I 'PLUS' 1 ;
CO := CA / DR

'END";
CAF'tJI CA * 4 + PI * E # SORT'D * D - A * A) 
PRINT ( (NEWLINE, GAPUI, CAPUT))

'END'

"END

"FINISH'

'C ' CHARGE INDUCED ON A PLANE UNDER A SPHERE CALCULATED 
BY ITERATION'C'

CHARGE

'BEGIN'

'REAL' A, Q. X0, M, G, P, XN, DN, ON, RHO, RHD1,
co;

[- 200 : 2003'REAL
YiNT i ;

0 : = 1 .0;
X0 : 0.0;
A ; = 7 .05-3;
G : = 1 .01-5;
D : = 2 * (G + A);
M ; = A / D ;
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'FOR-' J 'FROM' - 200 'TO' 200 'DO'
'BEGIN' XCJ3 := J * A / 200;

RHO := 0.0J 
CO := 0.0;
I := 0;
ON := o; 
xn := X0;

'WHILE-' CO < 1.0X6 
'DO'

'BEGIN' XN := M * A / (t - XN / D);
QN := ON * XN / A;
DN := (D / 2 - XN);
RH01 := SQRKXEJ3 * XCJ] + DN * DN) t 3; 
RHO1 := - 1.0 * QN * DN / (RH01 * 2 + P I) ;  
RHO 'PLUS' RHOl;
CO := RHO / RHOl;
I 'PLUS' 1

'END';
R[J] := 'APS' RHO;
PRINT(<NEWLINE, X [J ] ,  R[J3))

'END'

'END'

-FINISH'

C'VARIATION OF CAPACITANCE WITH GAP CALCULATED'C' 
' C FROM SERIES SOLUTION BY ITERATION'C'
CAPAC

■ BEGIN'

[1 : 4993''REAL' GAP. CAP;
'REAL' E, A. R, CO, DR, CA, D, F:N;
•'Int' i;
E := B.8548-12?
A := 2.008-3;
-FOP' J 'TO' 49? 'DO'

'BEGIN' GAPEJ] := J / 4?? * 108-6 + 28-6;
D := GAPEJ] + A:
R := D / A + SORTED * D / A / A - 1); 
CO := 0.0;
CA := 0.0;
RN := 1.0;
I := 1;

WHILE 'APS' CO < 186 
'DO'

'BEGIN' RN 'TIMES' R;
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DR := RN / (RN + RN - 1) * <(R * R + 1>
* R - 1
) - i * ( < RN
+ 1
) / (RN * RN
- 1
)
)
>;Ì

CA 'PLUS' DR;
i ' plu s ' i ;
CO := CA / DR

'END';
CAP E J 7 := CA *  8 * PI * E;
PRINT((NEWLINE, GAPCJ3, CAPCJ]))

'END'

END'

/ (R 

RN

FINISH
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