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ABSTRACT 

Acoustic surface wave propagation on anisotropic substrates is 

considered. The diffraction pattern is formulated in terms of a 

double integral embodying Huygens1 principle of emanating wavelets. 

The integral over the k-vector surface is approximated by the method 

of steepest descents while the integral over the aperture coordinate 

is solved by numerical integration. The special case of a parabolic 

velocity profile is carried out explicitly, both using the method of 

steepest descents and employing exact integration. This provides a 

comparison of the different techniques. Data are plotted comparing 

theory and experiment for straight and curved transducers on LiNbÔ . 

The trend to be expected in focussing for the purpose of increasing 

intensity and focussing to minimize diffraction losses is discussed 

and numeric data are shown. The method used in fabricating the trans

ducers and the method used in making measurements is discussed in 

detail. 

viii 



CHAPTER 1 

INTRODUCTION 

With the realization in recent years that acoustic surface 

waves in the microwave frequency range can be used in signal processing 

applications previously reserved for the more cumbersome electromagnetic 

components, an ever increasing amount of research has been conducted to 

establish the possible areas of application. 

Central to much of the research is a need for knowledge of the 

propagation and diffraction of the surface wave on its substrate, a sub

strate that is usually highly anisotropic. 

A true determination of absolute attenuation, for example, can 

only be made if it is possible to separate diffraction losses from 

material damping. Likewise the optimum positioning of transmitting 

transducer and receiving transducer in a simple delay line is very 

dependent upon beam steering due to power flow and wave vector being 

noncollinear. A knowledge of the diffraction pattern is also important 

in beam guiding, in which the acoustic signal is allowed to travel 

freely in the form of a beam (in contrast to waveguiding) and is 

directed by reflection and contained, if necessary, by collimation. 

Papadakis [1963] was one of.the first to attack the problem 

in this connection. His effort was directed toward separating diffrac

tion losses from the total observed attenuation and resulted in the 



suggestion that the aiiisotropy of the material could be introduced into 

the exponent of the diffraction integral. Cohen [1967], dealing with 

diffraction and focussing of bulk waves, expanded on the theme of the 

diffraction integral. Using an approximation to the wave vector sur

face which can be deduced from Papadakis and earlier work by Waterman 

[1959], and drawing a strict analogy with electromagnetics, Cohen showed 

the diffraction integral of Papadakis correct to within a multiplying 

constant. Meanwhile, Bergstein and Zachos [1966] developed a Huygens' 

principle for uniaxial anisotropic media for the electromagnetic case. 

Their work, although completely rigorous, is limited to the case where 

the vector wave equation is easily separable into a set of scalar equa

tions. 

The above mentioned techniques, though successful in the area 

of bulk waves and applicable to surface waves, require a knowledge of 

the wave vector surface in closed form. In order to circumvent this, 

Kharusi and Farnell [1971] expressed the diffraction field as a spec

trum of plane waves and employed numerical integration to solve the 

resultant double integral. From a practical standpoint their method is 

restricted to apertures and aperture illuminations which can be inte

grated analytically, in effect to plane surface wave transducers. 

It is the purpose of this dissertation to gather the work of 

previous authors into a unified theory and to extend its range of appli

cation to source configurations with a nonuniform geometry or illumina

tion. In particular, the problem of acoustic surface wave diffraction 

from plane or curved interdigital transducers located on anisotropic but 

homogeneous media is examined. It is shown that the diffraction pattern 



may be formulated in terms of a double integral over the aperture 

coordinate and the k-vector surface. This formulation is an extension 

to the anisotropic case of the well-known Huygens* principle of emanat

ing wavelets. The latter integral is approximated by employing the 

method of steepest descents, whereupon the solution is completed by a 

subsequent numerical integration over the aperture coordinate. 

In order to verify the theory and determine its limitations, 

the analytically predicted diffraction effects are compared with experi

mentally measured results available in the literature and with those 

measured personally in the laboratory. For this purpose straight and 

circular transducers were fabricated and a measuring station was 

assembled. Very acceptable results were obtained by using the electro

magnetic probe technique of Richardson and Kino [1970]. 



CHAPTER 2 

DISCUSSION OF THE PROBLEM 

2.1 Problem Statement 

It was desired to gain insight into the diffraction of acoustic 

surface waves on anisotropic substrates. In particular, a method was to 

be developed whereby it becomes possible to determine the disturbance 

at a point in the radiation field due to a known source disturbance, 

also called the aperture. The geometry of the problem is shown in 

Fig. 2.1. Region 1 is free space and, hence, will not support stress. 

Region 2 is a lossless piezoelastic medium which extends to infinity 

in the -y-direction. The acoustic surface waves are launched by the 

comb structure and propagate along the sharply defined plane y = 0 

between the two media. The field point is shown as P(x,z). 

2.2 The Source 

The most widely used source for exciting acoustic surface waves 

is the interdigital transducer. This structure, resembling two inter

leaved combs, is composed of narrow metallic strips spaced at distances 

of one-half wavelength. The spacing determines the operating frequency, 

and the number of finger pairs helps determine bandwidth and intensity 

of the wave. 

Since the source extends in the z-direction, as well as the x-

direction, it does not fit the description of an infinitely thin 

4 
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Fig. 2.1 Geometry of the Problem 



aperture as required by a Huygens' formulation of the diffraction inte

gral. A proper approach would require the summing of contributions 

from a number of apertures located along z. It has been shown, however, 

[Kharusi and Farnell, 1971] that for the case of straight transducers, 

i.e., those with fingers parallel to the x-axis, this approach yields an 

appreciable difference only when several hundred fingers are encountered. 

Even then, the effect is only a slight smoothing of the diffraction 

pattern. 

For a curved transducer, one whose fingers are segments of cir

cles all with common center, the contribution from several hundred 

fingers would make a somewhat greater difference since beam steering 

causes not only a uniform displacement of the diffraction pattern, but 

varying displacements from different aperture segments as well. 

Since practical transducers rarely exceed twenty fingers, it was 

expected that even in the latter case the assumption of an infinitely 

thin aperture would be justified. An investigation of this matter in 

Chapter 5 shows that the assumption is indeed valid. Hence, in the 

treatment to follow, the source will be considered a thin aperture, 

thus permitting a Huygens' formulation. 

2.3 The Anisotropy of the Medium 

With few exceptions (fused quartz, PZT) the materials used in 

acoustic surface wave propagation are elastically anisotropic. These 

anisotropic properties can be summed up by stating the fourth order 

elasticity tensor C. . For the purpose of a Huygens' formulation, 



however, the necessary information is the relationship between the 

components of the surface wave propagation vector. A typical component 

of a surface wave velocity may be written in the form 

If kx, ky, and kz are real, the wave propagates without attenuation in 

the x and y direction and attenuates in the z direction (into the mate

rial). Since a surface wave is considered a disturbance propagating in 

tion may be found by substituting the wave form above into the tensorial 

wave equation, solving the resultant set of equations, and applying the 

appropriate boundary condition of a stress free surface. A detailed 

method of doing this is given by Campbell and Jones [1968]. Their 

results, expressed in terms of surface wave velocity versus direction 

of propagation, are reproduced in Fig. 2.2. Also shown is the deviation 

of power flow from the direction of the propagation vector [Slobodnik 

and Conway, 1970]. 

The anisotropy is very marked. Measured in terms of percent 

velocity change, the result is 

, » -ikvx - ik̂ y k_z v (x,y,z) = v e x j e z 
x ' xo 

(2.1) 

the y=0 plane, the relation between kjj and ky is sufficient. This rela-

= 9.15% (2.2)  

This equals an index of refraction change of n = 1.1. 
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CHAPTER 3 

PROBLEM FORMULATION 

3.1 Plane Wave Expansion 

For isotropic media the relation between the electromagnetic 

disturbance at a field point and the disturbance at the source 

(aperture) is well known. A useful form of this relation is the 

Rayleigh-Huygens1 diffraction integral [Born and Wolf, 1965]. . Berg-

stein and Zachos [1966] have extended this formulation to uniaxially 

anisotropic material and also presented the results in the form of a 

diffraction integral. Cohen [1967], meanwhile, has treated a special 

case of the anisotropic diffraction integral in the area of bulk wave 

acoustics. 

The physical interpretation of the integral is the same in all 

cases. The actual wavefront radiated by the source is viewed as a 

superposition of plane waves traveling outward in all directions. The 

magnitude of each plane wave is weighted in accordance with the source 

configuration and excitation. The velocity of each plane wave depends 

of course, on the propagation constant in that direction. Hence, this 

representation has also been called the "angular spectrum of plane 

waves". 

Applying this approach to surface waves, a scalar disturbance, 

f(x,z), is expressed as a superposition of plane waves. 



10 

ct \ V -est \ 10 [xu + zw(u) ] , /a i\ f(x,z) = F(u) e du (3.1) 

-.OO 

where lc is the unit vector, and u and w are the propagation vector direc

tion cosines. 

ft" git; k,= [k ,k ] = [u.w] . (3.2) 
X z 

Expression (3.1) has been written as a two dimensional expression even 

though a surface wave does have a component in the third direction. This 

is justified on two counts. First, the acoustic surface wave attenuates 

very rapidly in a direction into the material. Within a half-wavelength, 

for example, the intensity has decayed to e ̂  of its value on the sur

face. Hence, it exists essentially in a plane. Secondly, the experi

mental plots available, Fig. 2.2, are expressed in terms of two 

dimensions even though the third dimension was taken into account in the 

computation. These curves, then, incorporate any minute variance due to 

the third vector component implicitly. 

Up to this point the discussion has been in terms of plane waves 

which are meaningless when presented in the context of waves on a sur

face. It must be established that there exists an analogy in the area 

of surface waves. It will be seen that there does. 

In electromagnetics a plane wave is a solution to the scalar 

Helmholtz equation. 

V2f + k2f = 0 (3.3) 



A superposition of a number of plane waves is also a solution of. the 

scalar Helmholtz equation. In elastic media (3.3) is replaced by a ten

sor equation of the form 

(3.4) 

where is, for example, a component of displacement and t*ie 

fourth order tensor describing the elastic constants. In addition, any 

solution of (3.4) that attempts to describe a surface wave must, also 

satisfy the boundary condition 

In words, (3.5) states that the surface of the elastic media will not 

support a stress. Tiersten [1969] has shown that there exists a set of 

solutions to (3.4) subject to (3.5) that can be considered analogous to 

plane waves. These solutions have been termed "straight-crested" sur

face waves. Physically these waves are a disturbance on the surface 

whose intensity does not vary along the direction normal to the direc

tion of propagation. These waves may be combined to form other solutions 

to the tensorial wave equation. Specifically, then, if f(x,z) in (3.1) 

is a superposition of straight-crested surface waves, it satisfies (3.4) 

and (3.5), and (3.1) may safely be considered as a correct formulation. 

T3j x3=0 C3jk£ Uk,«, " 0 
(3.5) 

It is now only necessary to state the usual restrictions on 

f(x,z). 



1. If F(u)eli2 which is to say it is square integrable, then 

lim f(x,z) = f(x,o) (3.6) 

where f(x,o) is the inverse Fourier transform of F(u), and 

2.  

w * [(k(ie))2 - u2]1̂ 2 for k ̂  u (3.7a) 

w = i[u2 - (k(lc))2]̂ 2 for k < u (3.7b) 

where k(Ic) = , and w is the propagation vector direction 
v(k) 

cosine in the z-direction. 

For most physical sources, No. 1 is satisfied, which allows the 

inverse Fourier transform to be taken. Restriction 2 simply provides 

that the surface waves travel away from the source and that the evanes

cent portion decays in a direction away from the source. 

Hence, writing (3.1) for z=o yields 

roo 
f(x,o) = I F(u) e ̂ xu du (3.8) 

—00 

Inverting this expression, replacing the aperture coordinate x by §, and 

substituting into (3.1) results in 

f(x,z) - §7 f { £(«) e16!&-«)u+z"(u)1 d«du 

-00 5 

(3.9) 



This then is the diffraction integral appropriate to acoustic surface 

waves propagating in anisotropic media. Were an analytic expression for 

w in terms of u available, the required integration might be straight

forward. For certain simple approximations [Cohen, 1967; Papadakis, 

1963] w has indeed been expressed in terms of u and enabled analytic 

integration. In general, however, w(u) is sufficiently complicated that 

only a graphical or localized relationship can be given. (A typical 

plot of w(u) versus u is given in the next chapter in Fig. 4.2.) 

3.2 The k-vector Surface 

The wave vector surface is obtainable from the velocity graph 

of Fig. 2.2 by the simple transformation 

k. = u = ,°, sin a , k = w = —cos a (3.10) 
x v(a) z v(a) 

where v(a) is the velocity in the direction a, vQ is the velocity along 

the k -direction, i.e., a = 0, and u and w are the direction cosines. 
z 

In order to obtain a true and accurate catalogue of points for 

the purpose of numerical integration, the following method was first 

employed. A table of velocity versus angle was generated by carefully 

reading the plot of Fig. 2.2. The first nine data points, from a = -4° 

to a = +4°, were then employed in a multiple linear regression routine 

which fit a curve to those points. For ease and speed of computation 

the curve fitting routine was limited to the constant, linear, and 

quadratic terms only. This means that the highest order curve was a 



parabola. Although nine points were thus matched, only the one degree 

interval between a = -0.5° and a = +0.5° was noted and this was cata

logued at 0.1° intervals. The last data point in the sequence, at 

a = -4°, was deleted, a new data point was added to the head of the 

sequence, at a = +5°, and the new set of points were again matched by a 

parabola. This yielded the interval between 0.5° and 1.5°. Continuing 

in this manner, a table of velocity versus direction was generated which 

reproduced the original plot at 0.1° intervals with sufficient accuracy 

to permit numerical integration. 

For an application of the method of steepest descents the above 

table is not sufficient and tables of the first and second derivative 

are also necessary. An attempt was made to generate these tables by 

numeric differentiation of the first table but this approach failed 

completely, in particular near the w=o axis, the direction of maximum 

forward scattering. A measure of the inaccuracy to be expected may be 

established. From the definition of a derivative it is known that 

f.(u)-£t- lim f(u + - f(u) = lim 
u Au-*o u (u2-ui)->o u2 U1 

(3.11) 

For a change of 0.1° in a, the change in u is 

_2 - û  = Au = vQ(v(a) Asin a - Av(a) sin a) v(a) . (3.12) 

For v(a) approximately constant, i.e., Av = o 
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U2 " U1 v(a) 
sin a 

a « 0.10 

a * 0 
0.175 x 10 

-2 
(3.13) 

Hence, an error of, say, 0.01% In or would not affect Au by more 

than 5%. At the same time, however, 

W2 " W1 = v(o) 
cos 

a = 0.1 
= 5 x 10 -6 

(3.14) 
a = 0 

An error of as little as 0.0001% in or ŵ  will cause an error of 20% 

in the first derivative. Practically, the error was on the order of 

several hundred percent. The second derivative is similarly affected. 

To circumvent this difficulty, an alternate method of finding the deriva

tives had to be employed. The correct first derivative could be gener

ated from the plot of power flow deviation versus angle since, as is 

seen in Section 4.1, the latter is related to the derivative of the wave 

vector surface. The second derivative had to be established in a dif

ferent manner. This was accomplished by using the method of steepest 

descents itself in a sort of bootstrap treatment. Considering a point 

source the disturbance at f(x,z) is written 

f(x,z) = j" e"xptlu T wvu/ du . (3.15) 
-igr[u sinG + w(u) cos0] 

By the method of steepest descents, detailed in Chapter 4, the integral 

is approximated by 
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ffir _\ | [ ~2iri 11/'2 -i3r[uo sin0 + w(uQ) cos0] 
f(x'z) = |_3rf"(u0)J e (3*16) 

where the un is a particular u. 

« «-v.> • sfcl? • <3-17) 

2 
Since f"(u ) = cos0 —, the second derivative may be written 

° du2 

w" - — . (3.18) 
cos0 f5r|f (x,z)| 

It is possible, then, to catalogue the value of the derivative as a func

tion of angle by performing the numerical integration for a given angle 

and a point source and equating the results to the approximation. Once 

the catalogue has been established, the more tedious integration need 

never be performed again. 



CHAPTER 4 

EVALUATION OF THE DIFFRACTION INTEGRAL 

4.1 General Considerations 

The method of steepest descents is well documented and has been 

extensively used in the areas of electromagnetics and seismology to 

approximate integrals of the form 

for large values of p. C is the path of integration in the complex 

plane and, as a special case, could well be the real axis. F(?) and f(?) 

are arbitrary analytic functions of complex ?. To date, the method of 

steepest descents has not been applied to the integral representing sur

face wave propagation on anisotropic substrates. A reason would un

doubtedly be that an analytic function is generally unavailable, and the 

application of steepest descents to functions known only graphically is 

extremely difficult. If numerical methods are combined with analytical 

methods, this task, however, becomes tractable. 

For a more detailed explanation of the method of steepest 

descents many references are available [Brekhovskikh, 1965; Tyras, 1964]. 

Only a brief sketch of the method will be given here. 

Within certain limits, i.e., taking due account of poles and 

branch points, the path of integration in the complex plane may be 

F(?)d? 
C 

(4.1) 

17 



deformed without changing the value of the integral. Hence, it might be 

possible to deform the path in such a manner that only a small portion 

determines essentially the whole integral. The point or points that 

yield the greatest contributions to the integral are called saddle 

points. The integrand is then replaced by a simpler function, i.e., one 

which may be integrated, which coincides sufficiently closely with the 

true integrand over the essential portion of the path. The rest of the 

path is then of no concern. Applying these steps to an integral of the 

form (4.1) yields 

Usually it is necessary to keep only the first term in the expansion. 

The saddle point is C0 and is determined by 

Should there be more than one saddle point "I" would be a sum of terms, 

one for each point. The diffraction integral (3.9) will be brought into 

the form of (4.1). Noting from Fig. 4.1 that 

pf(?o)7̂ {<K°) + ̂  <f>"(o) + ...} (4.2) 

where 

T -2 11/2 

= „f"(Go). 
(4.3) 

(x-O = r sin0, z = r cos0 (4.5) 



p(x.y) 

aperture 

Fig. 4.1 Coordinate Relations 
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the Integral over u becomes 

lm , eiSr[sine u + cose w] du (̂ g) 

Ic 

where now C represents the special path from -°° to +°° along real u. This 

integral is of the form (4.1) if 

p = gr, f(?) = i(sin6 u + cos9 w), F(?) = 1 (4.7) 

and d? = du. 

The saddle point will be where the exponent is a maximum. Hence 

 ̂[i(sin9 u + cos6 w)] = 0 (4.8) 

or 

dw 
du 

-tan6 . (4.9) 

Expression (4.9) is already an interesting result as may be seen more 

clearly from Fig. 4.2. For any given straight-crested wave having wave 

vector k touching point P, power flow is in a direction normal to the 

wave vector surface at P. Hence, (4.9) states that the major contribu

tion to a disturbance at point x, z comes from that straigiht-crested wave 

having a wave vector ic such that power flow is from the origin to 

(x,z). 

For the isotropic case the wave vector surface is a circle 

resulting in power flow and wave vector being everywhere colinear. 
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P(x,z) 
> • 

Fig. 4.2 Wave Vector Surface 
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Also of Interest is the quantity f"(S0) which in the present 

case becomes 

d2 
f"(*0 m —5- [i(sin0 u + cose w)]| 

0 du2 lu=!uo 

i cos6 d
2w 
du2 u=u„ 

(4.10) 

If R is taken to be the radius of curvature 

3/2 

R 
d2w 

du2 
cos 3e 

d2w 
du2 

(4.11) 

and (4.10) becomes 

f"(u0) = i cos"20 (i) = i cos"20 K(u0) where K = (4.12) 

Since f"(u0) appears in the denominator, a small amount of curvature 

would imply a greater contribution at the field point and greater curva

ture would imply only a small contribution. Physically the explanation 

may be clearly seen from sketches A and B in Fig. 4.3 where the two 

opposing anisotropic cases are compared with the isotropic case. (In 

isotropic media the k-vector surface is a circle and the curvature k is 

a constant. Hence, the contributions from different wave vector direc

tions are weighted simply as cosQ.) 
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Fig. 4.3 The Effects of Self-Collimation 
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In the top sketch the curvature is less than that for isotropic 

media. It is seen that the power flow vectors are more nearly parallel 

than the wave vectors, and the result is that a beam emanating from the 

aperture will remain collimated over a longer distance. This is termed 

self-collimation and is typical of LiNbÔ  near the z-axis. The self-

collimation effect is by no means small and practical materials exist in 

which the beam is confined for distances as great as two to three times 

that of the isotropic case. The weighting role played by the curvature 

of the wave vector, then, accounts for the fact that the intensity at a 

given point in the self-collimated beam is greater than at the same point 

in a beam propagating in isotropic media. 

The bottom sketch shows the results for a curvature greater than 

in the isotropic case. The beam from the aperture diverges more rapidly 

and the intensity is less, in agreement with the steepest descent expres

sion. An example of this latter behavior is propagation in the 

x-direction on y-cut quartz. 

Armed with the aforegoing explanations, it should now be possi

ble to integrate (3.9) and obtain a useable answer. First, however, 

some restrictions must be examined concerning the deformed path of 

integration, restrictions which have, so far, prevented the application 

of saddle point integration to the present problem. 

In writing (4.2) it was assumed that the path of integration, 

C, could be deformed from the real u-axis to the steepest descent path 

without crossing a pole or a branch cut. In general, this is not true. 

A plot of w versus u, Fig. 4.2, shows, for example, a case in which w 



is multivalued. The point, u = û , is a branch point. Also shown are 

two saddle points, and that are parallel, and three inflection 

points, u = û . In Fig. 4.4 is shown the complex u-plane. For simplic

ity only one branch point and one saddle point are shown. It is clearly 

seen that the deformed path of integration crosses the branch cut and, 

hence, requires a second path which brings the path of integration back 

onto the proper Riemann sheet. The evaluation of the steepest descent 

integral is then correctly shown as the sum of two terms 

I - Ir + Ir (4-13) 
rl r2 

where Ir is the contribution due to the branch cut integration. This 
l 2  

.latter contribution must be evaluated or shown to be mathematically or 

physically negligible. Since a mathematical expression for w as a func

tion of u is unavailable, the first two methods are impossible and only 

the physical method remains. 

It is observed that a branch point is extremely unlikely near 

the w-axis but progressively more likely on the side of the wave vector 

surface near the u-axis. Since the major portion of the contribution 

to forward scattering comes from the wave vector surface near the w-

axis, any likely branch point will be located in a region of small or 

negligible contribution. It is possible, therefore, to deform the wave 

vector surface slightly to completely eliminate the branch point. This 

is shown by the dotted line in Fig. 4.2. In LiNbÔ , which is used ex

tensively, this is an excellent approximation since the branch point 



Branch Point 

Saddle Point 

Fig. 4.4 Steepest Descent Path 
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occurs at the extreme side of the wave vector surface at an angle of 

89.6° with the w-axis! 

at the terms in the steepest descents approximation shows that for zero 

curvature f"(uQ) • 0. It appears that the contribution at the inflection 

point is infinitely large. Such is not the case, of course, and the 

difficulty lies not in the physical but in the mathematical sector. The 

steepest descent solution must be altered and a different approximation 

used. The primary difference is that at an inflection point the depen-

—1/3 -1/2 
dence is p instead of p . Details are given in the references of 

Born and Wolf [1965] and Tyras [1964]. 

In typical materials an inflection point will probably not be 

encountered. It is important to remember, however, that as the curvature 

becomes less and less the accuracy of the saddle point approximation as 

employed in (4.2) decreases progressively. This, then, should be con

sidered a possible source of error. 

The diffraction integral as used in the numerical calculations 

of Chapter 5 may be written as 

The inflection point merits some consideration. A quick glance 

igr[cos0 uQ + sin0w(uo)] 
d5 • 

(4.14) 



4.2 Illustration When the Propagation Vector 
Surface Is Known Explicitly 

In order to illustrate the foregoing method and to compare it to 

an analytic solution, a case will be considered in which w is known as a 

function of u. This case is the well-known parabolic approximation to 

the velocity surface. It has some historical significance since the 

first attempts to explain diffraction losses in anisotropic media em

ployed this approximation. 

About certain preferred crystal axes in materials with cubic, 

hexagonal, tetragonal, and trigonal point group symmetry the propagation 

velocity varies with angle approximately like a parabola [Waterman, 

1959], This is also true for surface waves propagating along the z-

axis in y-cut LiNbÔ . Hence, in polar coordinates (v,0), 

v = vq(1 - b02) (4.15) 

where vq is the velocity along the z-axis and b is a constant that 

describes the curvature of the parabola, b may be negative or positive 

and in real materials never equals or exceeds 0.5. Hence, 

e = - = — d - be2)-1 - b (i - be2)-1 . (4.16) 
V V Q  o  

Since 

k = |— , [u2 + w2]1/2 = (1 - be2)"1 . (4.17) 

For angles close to the z-axis, 6 is very close to zero and 



u2 + w2 (1 - 2b02) ̂ (4.18) 

In addition, since u = ksin0, 

0 = arc sin ̂   ̂ (4.19) 

Substituting for 0 in (4.18) and solving for w yields 

w = ±[1 - (l-2b)u2]1/2 (4.20) 

The positive sign is appropriate to insure that evanescent waves decay 

as they travel away from the source. Substituting (4.20) into (4.6) 

results in 

lm | ei0r[sin0u + cos0[l-(l-2b)u2]1̂ 2] du (4.21) 

C 

The saddle point is easily found. It is at 

= sin0 

° [l-2b]1/2 [(l-2b) cos20 + sin20]1/2 
(4.22) 

Substituting this expression for u in f(u) yields 

f(u ) = (l-2b)~1/2[(l-2b) cos20 + sin20]1/2 . C4.23) 
o 

Multiplying by r results in an especially simple expression 
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rf(u ) =» (l-2b)~̂ 2[ (l-2b) (r cos0)2 + (r sin0)2]. (4.24) 

Employing the rectangular to polar coordinate transformation yields 

rf(uQ) - (l-2b)~1/2[(l-2b)z2 + (x-0 ]1/2 - (l-2b)"1/2 R. 

= * COS0 
d2w 

du2 
u 
o 

where 

(4.25) 

The exponent takes the form 

ei3rf(uo) = ei3aR (4.26) 

where 

3a =• (l-2b)~1/2 e . (4.27) 

Evaluating the remaining terms requires 

(4.28) 

— = -(l-2b) [l-(l-2b) u2]~3/2 (4.29) 
du2 

Substituting the saddle point u0 into the above expression and combining 

with (4.28) yields 
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f"(u0) - -i(l-2b)~1/2 cos-20[(l-2b) cos20 + sin20]3/2 . (4.30) 

Employing an earlier interpretation for R gives 

(4.31) 

and 

(4.32) 

Multiplying the different terms together yields the expression for I. 

parabolic approximation is similar to that for the isotropic case except 

for the scale factor (l-2b) on the z-coordinate. In fact, a far field, 

or Fresnel zone, approximation would show that the isotropic and 

parabolic cases are identical except for a shift along the z-coordinate. 

This fact was predicted by earlier investigators on the basis of special 

analogies with electromagnetics. In the present instance the result 

follows as a natural consequence of the more comprehensive treatment of 

the anisotropic diffraction integral formulation. Other special cases 

which have been discussed in the literature were also verified [Cho, 

Lawson, and Hunsinger, 1970], 

(4.33) 

From (4.33) it appears that the diffraction pattern for the 
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4.3 Comparison 

It is instructive to compare this result to the result obtained 

when the integral is evaluated exactly. Substituting 

X = x - £ , Z = z (4.34) 

yields 

eig[X u + Z(1 - (l-2b) u2)1/2] du . (4.35) 

Further substitutions for u result in a form for the exponent that makes 

a trigonometric solution evident. Let 

U2 = (l-2b) u2, U = (l-2b)1/2 u, dU = (l̂ b)1̂ 2 du . 

(4.36) 

Then (4.35) becomes 

I - f" e13a[XU + ̂ -2b>1/2 Z(l-U2)1/2] dU 

L (l-2b)1/2 
mCO 

(4.37) 

Postulating a vector i£, such that 

it = [X, (l-2b)1/2 Z], \t\ = [X2 + (l-2b) Z2]1/2 (*-38> 

implies 



X - it Sine', Z(l-2b)1/2 - |R| cose' . (4.39) 

If, in addition, 

U = sina , dU = coso da (4.40) 

the integral takes the form 

fOO 
k-l/2 I - (l-2b) 

i3aR[cos(a-0')] . ,, ... 
e a 1 cosa da (4.41) 

or, the sum of two integrals 

! . (l-2b)"1/2 r ei(3aR cos (a-0') + ia da 

+ il̂ 2b).-1/2 ei6aR co«(«-«') - i« to w>42) 

—00 

Finally, making the substitutions 

y • a-0* whence a = y + 0', dy = da (4.43) 

and factoring the terms +  ̂from the respective integrals 

yields two well-known integrals. 
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I = \ (l-2b)-1/2 e±1(e' + */2) 

[l J°° e«aR cosy ± i(Y- u/2) dyj (4>44) 

These integrals are just the Hankel functions! 

I=j (l-2b)"1/2 ei(0' + 1/2 ̂  H*(3aR) 

+ | (l-2b)~1/2 e"i(0' + u/2) Ĥ R̂) (4.45) 

This is the complete closed form solution of the integral over 

the variable u. To obtain an understanding of how accurate the steepest 

descent method is in comparison with the exact solution, it is only 

necessary to apply the far-field approximation to (4.45). It will be 

remembered that the method of steepest descents requires 3aR » 1 

e* 
Under these conditions the Hankel functions may be replaced by an — 

•x 

dependence. Making the appropriate substitutions in (4.45) and 

gathering terms together yields 

Since 

I - (l-2b)"1/2 eiPaR cos0» e"1 ̂  
PaK 

(4.46) 
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cos0' z , -i tr/4 f—r 
172 = R and e ' = /-i (4.47) 

(l-2b) 

(4.45) becomes 

I = -2-ni 
1/2 lgaR 
| (4.48) 

R /R 

This expression agrees exactly with (4.33). An understanding of the 

magnitude of error to be expected is now available. In particular, an 

application of the method of steepest descents yields extremely accurate 

results in the far-field. 

For a typical transducer operating at 30 MHz 

2tt -1 
ga = r-77;— = 60 mm for b = 0. (4.49) 

(l-2b) X 

Hence, at 5 mm 3a is already 300 which is well into the far field. As 

the curvature of the wave vector surface becomes larger, i.e., as b 

becomes more negative, the far-field region moves farther away from the 

source. Practical materials will never have b smaller than -0.5, 

however. Hence, the far field for an anisotropic case will never be 

more than about twice as far away as for the isotropic case. As the 

frequency is increased, of course, Ba increases and the far-field con

dition is amply met. 



CHAPTER 5 

NUMERICAL RESULTS 

5.1 Straight Transducer 

The diffraction integral (4.14) was evaluated numerically 

employing Simpson's method [Buck, 1965; Hildebrand, 1962] for the inte

gration over the aperture coordinate. Since some experimentally mea

sured diffraction patterns are available in the literature, a comparison 

to these was made, as well as with measurements made independently in 

the laboratory. The computation was done on the University of Arizona 

CDC 6400 computer. 

Figures 5.1, 5.2, and 5.3 display the diffraction pattern from 

straight transducers of different aperture sizes at 30 MHz, 107 MHz, 

and 970 MHz, respectively. It is seen that the overall agreement 

between the theory and actual measurements is quite good. In Fig. 5.2 

the main lobes of the theoretical plots are much lower in intensity at 

their right edge than the experimental counterparts. This difference 

will be explained shortly. The positions of the side lobes agree well 

in all cases. 

One of the more important effects visible is beam steering 

resulting from a misalignment of the transducer on the crystal surface. 

That is to say, the normal to the transducer aperture is not collinear 

with certain preferred axes (in LNbÔ , the z-axis on the y-cut surface). 

In such a case the .direction of power flow is displaced by as much as 

36 
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Fig. 5.1 Diffraction Pattern at 30 MHz 
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Fig. 5.2 Diffraction Patterns at 107 MHz 
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several degrees from the direction in which the aperture is pointed. 

The diffraction pattern seems to drift to the side as it propagates 

away from the aperture. The ability to predict this drifting of the 

beam is a necessity in axty useful theory. Figures 5.2 and 5.3 show 

that the method developed in this dissertation yields results which 

agree very well with experimental measurements over a wide frequency 

range. 

It should be noted that the beam divergence is no longer sym

metric about the beam axis but rather one half of the beam diverges 

more rapidly than the other half. This can result in an otherwise 

minor side lobe becoming more intense than the erstwhile main lobe. 

In the graphs of 107 MHz it was noted that the right side of 

the main lobe was relatively suppressed or not developed as well as 

the experimental results indicate. Since this effect appeared to a 

lesser or greater extent in all cases considered, and at all frequen

cies, an effort was made to find its cause. In Fig. 5.4 is shown the 

true diffraction pattern located 0.605 cm from an 0.16 mm wide, 790 

MHz transducer (solid line). Superimposed upon this graph is the 

diffraction pattern calculated using the parabolic approximation to the 

wave vector surface with b = 0.33. It is observed that the side lobes 

so prominent in the true diffraction pattern are very suppressed in 

the approximation. Using a larger value of b would raise the side lobes 

significantly, indicating a more collimated beam, but would distort the 

other characteristics of the pattern. The third plot (dot-dashed lines) 

shows the diffraction pattern calculated with the method of this 
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Fig. 5.4 Comparison of- Diffraction Patterns 
Using Different Approximations 



dissertation. The side lobes are almost as high as required and have 

the correct positions related to the main lobe but are not as well 

developed as they should be. It is clear, then, that a slight differ

ence in the wave velocity profile, i.e., actual versus parabolic 

approximation, is responsible for the disagreement. For the case at 

hand (z = 6.05 mm, x ° 0.1 mm) the angle subtended by the field point 

at the aperture will never be greater than 0 = arc tan 0.03 = 1.75°. 

A glance at the wave velocity profile of Fig. 2.2 reveals that it is 

indeed difficult to specify the curvature and derivative exactly over 

such a small interval. As explained in Section 3.2, the method of this 

dissertation employs a wave vector surface (derived on the basis of a 

least squares approximation to the true surface) matching nine degrees 

at a time on a degree by degree basis. Only first and second degree 

terms were kept, i.e., the true surface was matched on a localized 

basis by different parabolas. Hence, for diffraction patterns subtend

ing no more than one degree at the aperture the present method yields 

results identical to the parabolic approximation. As the number of 

degrees subtended increases the results become more and more a reflec

tion of the true velocity surface; hence, the diffraction pattern becomes 

more accurate. 

A method of improving the accuracy is to fit the velocity 

curve more closely by keeping higher order terms, for example. Care 

must be taken, however, not to introduce inflection points which may 

not actually exist. A certain scattering of points may be fitted best 



by a cubic function when indeed they had been read with slight error 

from a parabola. 

The profile of the diffraction pattern in Fig. 5.2 is now read

ily explained. The main lobe travelling at a misorientation of 42 min

utes of angle to the preferred axis is closer to the direction of one 

of the suppressed side lobes and, hence, it is suppressed also. The 

side lobe on the other side, however, is now travelling in a direction 

closer to the crystal axis and, hence, appears almost normal in strength. 

5.2 Curved Transducers 

In order to verify the application of the present method to 

curved transducers the numerical results were compared to the diffrac

tion patterns from a circular transducer fabricated in the laboratory. 

The 30 MHz transducer used had a 10.2 mm least radius of curvature, 

spanned 72° of angle, and was composed of twenty finger pairs. As 

Figs. 5.5, 5.6, and 5.7 show, the agreement with theory was excellent. 

At a distance so close to the aperture it was expected that violent 

phase cancellations would occur yielding a very rugged diffraction 

pattern, especially near the focus. Both the theoretical and the experi

mental plots verify this. 

It was mentioned earlier that the actual interdigital trans

ducer was a distributed aperture in the z-direction rather than infi

nitely thin. The proper approach would be to sum the contributions 

from a number of apertures displaced by small amounts. For straight 

transducers it was seen that no appreciable difference existed between 
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Fig. 5 . 5  Diffraction Pattern from Curved Transducer at z • 7 mm 
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Fig. 5.6 Diffraction Pattern from Curved Transducer at z - 9.8 mm 
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Fig. 5.7 Diffraction Pattern from Curved Transducer at z • 13.2 mm 
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calculations with and without summing. In order to verify that this was 

also true for curved transducers the following summation was carried out. 

From (4.14) 

- h I ekr£(°0l) [krro.0!)]"2 ia . o-v 

where Uq  ̂= uqi(2P anc* zi *s t̂ ie distance from the field point to the 

nearest aperture. Likewise 

" h I *kr£(U02> [trf'k„02)]1/2 * (5"2> 
o 

where uq2 = uq2(z'), and so on. The total field is 

f(x,Z) = [f(x,zp + £ ( x , z p ]  - Z - j — -

+ [f(x.z') + f(x,z')] 3 
2 

2 (5.3) 

+ . . . 

As the interval 

(z£ - zp = (z^ - zp = (z^ - z^_]_) = Az1 (5.4) 
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gets smaller and smaller the summation may be taken Into an Integral. 

f(*.Z> - ̂  6 £<U<)> [krf"(u0)] dadz • <5,5) 

z a 

uQ is now a function of z1 as well as of x and z. The assumption here 

is that a distributed aperture may be approximated by a sufficiently 

large number of infinitely thin apertures as required by the diffraction 

integral. 

The above expression was integrated for a transducer composed 

of twenty pairs of fingers since this agreed with the actual number of 

fingers on the experimental transducer. The results are shown in 

Fig. 5.8. A comparison of this plot with the top plot of Fig. 5.6 

shows that there is some slight smoothing in the distributed pattern, 

but otherwise they are identical. This confirms the supposition that 

the number of fingers need not be taken into account even in the 

curved case. 
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Fig. 5.8 Effect of Distributed Aperture upon 
Diffraction Pattern at z » 9.8 mm 



CHAPTER 6 

FOCUSSING TRANSDUCERS 

6.1 Introduction 

The subject of curved transducers has been considered only 

casually in the literature. Engan [1969] considered focussing by a 

transducer consisting of semicircular segments located on an isotropic 

substrate (PZT). As expected, the intensity of the acoustic beam 

increased while narrowing to a focus and then decreased while spread

ing out. The increase in amplitude and decrease in beam width agreed 

reasonably well with that predicted by the diffraction limit. Another 

author employed concentric circles as the electrode pattern [White, 

1967]. 

In addition to increasing the level of beam intensity, focus

sing holds the promise of sending a beam over a given distance with 

less diffraction loss. Hence, a focussing transducer could be the 

first and last element in a beam guide in which, analogous to a system 

of lenses, the acoustic beam is slightly focussed at the source trans

ducer and successively refocussed at several metal overlay "lenses" 

until it finally reaches the receiving transducer. 

These two areas of focussing for power and focussing for less 

diffraction loss will now be examined. The theoretical method developed 

in this dissertation reduces the calculation time by several orders of 

50 



magnitude and thus makes possible a study of apertures which are non

uniform. The general trend to be expected in circularly shaped aper

tures is examined in the next two sections. 

6.2 Minimizing Diffraction Losses 

A study of the diffraction of a light beam in isotropic media 

reveals that the beam spreads out from the aperture along approximately 

hyperbolic ray paths [Boyd and Gordon, 1961; Goubau and Schwerin, 1961; 

and Yariv, 1967]. The locus of points describing the constant phase 

of the wavefront is, for points near the z-axis, spherical. If, then, 

it is desired to intercept the maximum amount of coherent signal, the 

receiving aperture must have the same curvature as the wavefront at 

that point. In particular, if the wavefront is launched in a spherical

ly converging configuration, it will slowly diffract until the wavefront 

is planar and subsequently diverging. To intercept the maximum amount 

of power from this beam using a plane transducer, for example, the 

transducer would have to be positioned at the point where the wavefront 

is planar. This effect is visible in circularly shaped transducers, 

but unfortunately all but obscured by the irregularity of the diffrac

tion pattern. Figure 6.1 shows the large scale effect increasing the 

radius of curvature has upon intercepted coherent power. 

At a small radius of curvature the wavefront at the plane 

receiving transducer is very definitely concave and the intercepted 

power is small. As the radius of curvature increases, the wavefront 

becomes considerably more planar and the intercepted power increases. 
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Fig. 6.1 Coherent Power Versus Radius of Curvature 
at z • 20 mm, AO mm 



The expected decrease in power as the transducer radius is increased to 

infinity does not occur. The sum total of additions and cancellations 

across the aperture is simply too nonuniform to allow a trend to be 

established. The desired effect can be brought to light, however, by 

restricting attention to the region very close to the z-axis. For all 

values of x such that the angle from the field point to any point on the 

aperture does not exceed approximately four degrees, the parabolic 

approximation is a fair representation of the velocity surface. The 

medium can then be viewed as isotropic with a shortened or lengthened 

z-axis. Looking at this region only, yields the graphs of Fig. 6.2. 

The intercepted power increases up to the .point where the converging 

wavefront is almost plane and then decreases as the wavefront becomes 

diverging. The phase and amplitude are plotted at 20 mm from the aper

ture for radii of curvature equal to 40 mm, 200 mm, and 1600 mm over 

the central portion of the wavefront only. The change in the constant 

phase surface from concave to plane to slightly convex is clearly seen. 

6.3 Increasing Power Density 

It is expected that a circularly shaped transducer will concen

trate the available energy into a smaller area and thus increase the 

power density. Since the medium is highly anisotropic, one would also 

expect beam narrowing and intensity variation to be highly irregular. 

The graphs of Figs. 6.3, 6.4, and 6.5 bear this out. Since the inten

sity variation across the diffraction pattern is very nonuniform, it is 

very difficult to determine the maximum amplitude. As Fig. 6.3 shows, 

different approaches yield different results. If the amplitude of the 
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beam is averaged over the central 1.8 mm portion of the beam, plot A 

results. The intensity of the beam increases to a maximum at 31 mm 

from the aperture and then decreases. The increase in intensity is 

approximately 6 db. If the average is taken over the central 0.8 mm, 

plot B results. The first maximum occurs at 27 mm but a second much 

larger maximum occurs beyond 41 mm. The increase in intensity is some

what greater than 9 db. Curve C is a plot of the maximum intensity 

encountered in each diffraction pattern regardless of position and 

averaged over the adjacent 0.1 mm intervals, i.e., over 0.2 mm total. 

The optimum location, therefore, for an aperture that is to be 

illuminated by maximum intensity would depend on the size of the captur

ing aperture. Conversely, given a certain size aperture the optimum 

location is not necessarily on the beam axis. 

Figure 6.5 shows the effect of varying the size of the radiating 

aperture. A smaller aperture exhibits no marked maxima but rather a 

gradual increase of intensity and a subsequent decrease. The large 

aperture on the other hand exhibits definite local maxima and minima. 

It is evident from Fig. 6.4 and Fig. 6.5 that the dominant 

effect governing the shape and propagation of the wavefront is the 

localized beam steering. This beam steering causes the contributions 

from the various incremental aperture sections to spread out much more 

quickly than in isotropic media. The waist of the beam does not occur 

at the intended focus. In fact, the beam is still very broad at that 

point. On the other hand, the self-collimating properties of LiNbÔ  

for beam directions within 18° of the crystal z-axis tends to keep the 



beam narrowing down at distances well past the focus. In Fig. 6.4 

it is seen that the beam from the large aperture narrows down much 

faster than from the small aperture but does not converge to a smaller 

focus. Evidently the effect of focussing by the geometry is negated 

very rapidly by beam steering so that at distances greater than 25 mm, 

both beams narrow down in a similar fashion. The beam originating at 

the wider aperture carries the greater intensity, of course. 

6.4 Conclusions 

From the brief study of this chapter it is seen that while the 

general concepts of focussing may be carried from isotropic media to 

anisotropic media, the details may not be. The beam does not focus 

nearly as sharply as expected, yet continues to narrow down for dis

tances well beyond the focus. The beam intensity reaches a relative 

maximum at several points along the beam axis and in general, may 

exhibit maxima at points off the beam axis. The location of these 

maxima are a function of aperture size and frequency. 



CHAPTER 7 

SUMMARY AND CONCLUSIONS 

In the preceding chapters a unifying method of treating acoustic 

surface wave diffraction on highly anisotropic substrates has been 

developed. In Chapter 2 the problem was stated and the source and media 

were described. It was suggested that a Huygens' formulation of the 

diffraction integral might be appropriate. This especially in view of 

the fact that a relationship between surface wave vector components 

exists in the form of velocity versus angular direction and also since 

the distributed transducer aperture may safely be considered infinitely 

thin. 

Chapter 3 laid the rigorous groundwork to justify the Huygens' 

formulation. The important item was the existence of straight-crested 

acoustic surface waves which play the same role in surface wave diffrac

tion that the somewhat idealized plane waves do in electromagnetic wave 

diffraction. Hence, the disturbance at a point is described by a double 

integral over the k-vector space and over the aperture coordinates. 

Computing the diffraction pattern for various cases from this expression 

is sufficiently time consuming, even on a high speed computer, to make 

it impossible in practical cases. 

Chapter 4, therefore, deals with developing an approximation to 

the k-vector integral. This approximation is known as the method of 
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steepest descents. The important points were sketched briefly after 

which the method was applied to the diffraction integral. In order to 

understand and illustrate the effects of the approximation, a tractable 

special case was considered. This special case was the well-known 

parabolic approximation to the velocity surface. The method of steep

est descents was first used to approximate the integral. Subsequently, 

the integral was solved in closed form and a comparison was drawn. It 

was.seen that the exact integration yielded the sum of two Harikel func

tions whereas the approximation yields the asymptotic form of those 

same Hankel functions for large argument. The approximation, then, 

was excellent in all cases where the large argument form of the Hankel 

functions was applicable. 

The diffraction integral incorporating the approximation was 

then integrated numerically for the more general case and the results, 

compared to known experimental measurements, were displayed in Chapter 

5. Discrepancies arising between theory and experiment were resolved. 

In particular, it was observed that the accuracy of the theory declined 

as the arc subtended by the aperture with respect to the field point 

became small, for example, less than two or three degrees. This, 

however, was not a shortcoming of the theory itself, but simply a 

reflection of the coarseness of the wave velocity tabulation. A 

finer tabulation would permit greater accuracy. The comparison be

tween theory and experiment, both for straight transducers as well as 

curved transducers, was very good, especially in view of the difficulty 

of fabricating perfect transducers. A comparison between a distributed 
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and a non-distributed circular aperture showed no significant differ

ence, a fact that had already been noted for straight transducers. 

In Chapter 6 a study was conducted of focussing acoustic sur

face waves on highly anisotropic substrates. A comparison with the 

well-known results of isotropic substrates demonstrated extreme differ

ences. Of significance was the fact that the diffraction pattern 

exhibited severe phase cancellations resulting from the effects of beam 

steering. Hence, the expected uniform increase of intensity around the 

beam center was not realized. An increase in intensity of at least 9 db 

was observed, and with a smaller radius of curvature, even more might be 

possible. These increases occurred at various points in the diffraction 

pattern, not necessarily at the center. The beam did narrow down, how

ever, and due to the effects of self-collimation, remained narrow for a 

longer distance than expected. 

The overall result of the preceding chapters has been to develop 

and laboratory test a practical method of predicting the diffraction of 

acoustic surface waves on anisotropic media. Numerous applications of 

the method are possible in the two major areas of surface wave studies, 

the analysis of crystal surface properties and the development of signal 

processing capabilities. 

Changes in the transmission of a sound beam have been widely used 

to gain information concerning the elastic moduli, surface roughness, and 

attenuation, for example, of various crystals. Pulse-echo techniques 

have been used to probe for cracks, voids, inclusions, and surface imper

fections. Changes in metallurgical structure during processing, such as 
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phase transitions may also be observed with acoustic surface waves. The 

ability to separate the signal loss due to diffraction from the loss due 

to material damping provided by the method developed here, will permit a 

more accurate determination of crystal parameters. 

In the area of signal processing, the ability to compute the 

diffraction pattern from arbitrary apertures is especially important. 

The interaction of a sound beam with a light beam, for example, is opti

mized when both are the same size and made as small as the diffraction 

limit will allow. Nonlinear effects in surface wave applications occur 

more readily at high power densities. Both cases require the narrowing 

of a beam from a large aperture down to a small size for most efficient 

operation. The ability to predict the diffraction pattern about the 

focus will enhance the design capabilities in these areas. 

These examples, which are but a small number of the possible 

applications, illustrate the usefulness of the method developed in the 

preceding chapters. 

The following appendices describe the method of fabricating the 

transducers and the method of making measurements is described in great 

detail. Although the standard methods of vacuum deposition, photoresist 

deposition and curing, and etching are well known and well documented 

in integrated circuit technology, the difference in materials and goals 

of this dissertation made sufficient modifications of techniques neces

sary to warrant a detailed description. This is true also of the mea

surement techniques employed. 



APPENDIX A 

TRANSDUCER FABRICATION 

The transducers employed in the experimental portion were fabri

cated according to standard photoresist techniques. A large copy of 

the desired pattern was cut into Rubylith (TM) leaving clear areas where 

no metal was to appear and red transparent areas defining the metal. A 

typical piece of artwork is shown in Fig. A.l. Two reductions then 

yielded the final mask, which was a glass plate covered with photograph

ic emulsion. In processing the emulsion, extremely pure (deionized) 

water was used since regular tap water resulted in dirty, unacceptable 

masks. The camera lens was capable of resolving 30,000 line pairs which 

made sufficiently accurate definition of the metal edges possible. The 

limiting factor in this respect turned out to be the photoresist-etch 

process. 

The piezo-electric crystals were 1/16 in. thick plates of LiNbÔ , 

y-cut and oriented to within ±1° in the z-direction. y-cut means the 

y-axis of the crystal was normal to the propagating surface. This sur

face was polished to a "standard surface wave finish", while the 

reverse side was simply wire sawn. The 1/16 in. thickness was suf

ficiently thick to insure that certain flexural wave modes present 

in thinner plates were eliminated. 
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(A) Straight Transducer Artwork 

Fig. A.l Typical Transducer Artwork 
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Curved Segmented Transducer Artwork 

(Meter Stick for Comparison) 

Fig. A.l (Continued) 
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A thin metal film was evaporated onto the crystal in a vacuum 

station. A two layer combination of chromium and gold was first used 

but quickly abandoned in favor of the simpler aluminum. Both metalliza

tions are used extensively in the literature. Gold, aside from requiring 

the intermediate layer of chromium for proper adhesion to the substrate, 

presents a substantial difficulty when used in conjunction with silver or 

with aluminum and silicon, however. Gold combines with the metal to form 

a combination (alloy) commonly named the "white plague". This metal

lurgical phase is very fragile and effectively destroys the bonding and 

electrode qualities of the gold. 

Although good adhesion of the metal to the crystal substrate is 

desirable simply from the standpoint of handlings no attempt was made to 

maximize this quality. This is because energy is coupled into the crys

tal via the electric field, which does not stress the mechanical bond, 

rather than by the stress-strain field which could easily rupture the 

bond. Hence, heating the substrate (piezoelectric material) was not 

employed. 

A layer of Kodak KMER photoresist was deposited on the metal

lized platelet. In order to achieve a more uniformly thick layer, the 

platelet was spun at 3000 rpm while the photoresist was still wet. In 

spite of this precaution, thicker ridges of material and imperfections 

often appeared, usually near the edges. As a result, the position of 

the transducer mask on the substrate had to be chosen carefully to 

avoid these imperfections. A tiny spot of metal no more than 0.025 mm 

in diameter, for example, is sufficient to bridge adjacent transducer 



fingers and will short out the device. Since the platelet was rather 

heavy, the vacuum hold-down was insufficient to restrain the sample on 

the whirling spinner. Commercially available double-backed tape proved 

suitable, although extreme care had to be taken when removing the sample 

to avoid cracking it. 

The photoresist was allowed to harden in a pre-bake oven at 

90°C for 15 minutes. The mask was then carefully positioned on the sub

strate and both were exposed to ultraviolet light for 4 seconds in an 

Electroglas Optical Mask Aligning System, Model 500. Those areas of the 

photoresist which were protected by the dark areas of the mask were sub

sequently removed in Kodak KMER metal-etch resist developer. The pattern 

of photoresist left on the metal was the desired transducer configura

tion. Prior to etching, the photoresist was again hardened in a post-

bake oven at 120°C for 25 minutes. The etching was performed in a 

dilute solution of nitric acid at 90°C. Etch time was no more than 

several seconds. In situations requiring the etching of several metals 

or if the etch time was of long duration, the photoresist protecting the 

metal pattern was re-hardened periodically in the post-bake oven. Some

times, for example, a thin bridge of metal shorting two fingers could 

be etched away by overetching and repeatedly re-hardening the photo

resist protecting the fingers. 

After etching, the photoresist was removed by soaking in J-100, 

a strong detergent, at 90°C for about 15 minutes. 

Contact was made to the transducer bonding pads by painting 

No. 38 copper wire to the pads using commercially available silver paint. 



This method yielded a dependable and mechanically strong bond. Ultra

sonic bonding of 2 mil aluminum wire proved much too fragile, for 

example. Figure A.2 shows the metal transducer on its substrate under 

a ten-power microscope, Unitron (Series N). The leads have already 

been attached to the bonding pads. 



10X 

(Straight) 

(a) 

Fig. A.2 Actual Transducer 



Magnification 5X 

(Curved) 

Magnification 10X 

(Curved) 

(b) 

Fig. A.2 (Continued) 



APPENDIX B 

MEASUREMENT TECHNIQUE 

The test station is shown schematically in Fig. B.l and pic-

tor ially in Fig. B.2. 

A Hewlett-Packard Model 608D VHF signal generator provided a 

continuous frequency at about 30 MHz. This frequency was mixed in a 

HP Model 10514A balanced mixer with a signal of suitable pulses from a 

E-H Research Labs Model 131 pulse generator. The resulting pulses, 

variable in length from 100 nanoseconds to several microseconds and 

more, as desired, were fed to the sending transducer. Although stub 

tuning was attempted at the input to the transducer no improvement or 

indeed change could be observed in the transmitted signal. 

The sensing device was an electromagnetic probe similar to the 

one first used by Richardson and Kino [1970], The probe is shown in 

Fig. B.3. Its successful operation rested on the fact that a high 

electrical potential of about 100,000 volts per meter traveled along 

with the propagating surface wave. When the probe was brought into 

physical contact with the substrate, it picked up this electric poten

tial. 

The contact portion of the probe was 20 mil diameter tungsten 

wire whose tip had been reduced to less than 1 mil by abrasive methods. 

This represented a diameter of one-quarter wavelength. Smaller tip 
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Trigger 

Probe 

Pulse 
Generator 

Stub 
Tuner 

Scope Mixer 

Receiver 

Signal 
Generator 

Fig. B.l Test Station Diagram 
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(A) Stub Tuner and Typical Scope Trace Shown 

Fig. B.2 Picture of Test Station 



(B) Enlarged View 

Fig. B.2 (Continued) 
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Fig. B.3 The Probe Assembly 



diameters could have been achieved by using chemical etching [Hsieh, 

1971]. The tungsten probe made electrical contact with the center con

ductor of a rigid coaxial cable which then terminated in a standard 

RG58A/U flexible cable. The contract was made by drilling a hole 

lengthwise into the center conductor with a No. 28 drill, placing the 

tungsten tip into the hole, and filling the remaining space with molten 

solder. This made a sufficiently good electrical and mechanical contact 

even though the solder did not combine with the tungsten. 

As shown in Fig. B.3, the probe was mounted at approximately 

45° with the vertical on a microscope movement which in turn was mounted 

on two Lansing Model 20.127 translation stages. This enabled x-y motion, 

as well as lowering and raising of the probe. The x-y motion was 

accurate to within 0.0001 in. which allowed for excellent repeatability 

of measurements. 

When the probe was mounted in the test station, the outer con

ductor of the rigid coaxial cable was grounded to the ground side of the 

sending transducer. This proved very important in reducing the pickup 

of the unwanted electromagnetically radiated pulse. 

The output of the probe was fed to a RHG Electronics Laboratory 

Receiver through a stub tuner and thence to an HP Model 175A dual trace 

oscilloscope. Stub tuning was somewhat awkward since the wavelength at 

30 MHz approached 10 meters, but it was nevertheless possible to improve 

the signal by a factor of five or more. This was in contrast to the 

inability to tune the input. 



The transducer and LiNbÔ  plate were placed in a shallow channel 

constructed of a metal plane and movable metal sides. These sides also 

served to position the substrate. The purpose of this channel was to 

form a waveguide with a cut-off frequency well above 30 MHz. This 

method was used to help attenuate the electromagnetic signal that would 

otherwise have swamped the receiver. Figure B.4 shows the lithium nio-

bate plate located in the waveguide. 

Since the acoustic pulses would reflect from the far edge of 

the crystal and return to intercept the probe again, several pulses 

would appear on the scope face. In some instances electrical insulating 

tape was applied to the surface of the crystal to dampen out the unwanted 

reflections but time separation was primarily used as a means of dis

tinguishing between pulses. The only difficulty appeared when the probe 

was positioned near a reflecting edge, since then the incident and 

reflected pulses coincided in time, Typical scope traces are shown in 

Fig. B.5. The clean line is the initiating pulse and is used as the 

zero time reference. The first pulse appearing on the other trace is 

the electromagnetically radiated palse which leaked through the semi-

enclosing waveguide. The second pulse is the surface wave pulse. 



Fig. B.4 The LiNbC>3 Plate in the Waveguide 
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No Tuning Acoustic Pulse - 0.4V 

!kJ n 

Stub Tuning Acoustic Pulse • 3V 

Fig. B.5 Typical Scope Trace Showing Electromagnetic 
and Acoustic Pulses 
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