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I. INTRODUCTION AND SUMMARY

During this interval we made several advances and consolidated our

understanding of the acoustic microscope. It is now possible to image

small changes in the elastic properties of a surface with good contrast.

We have gained more insight into the source of this contrast and why it is

increased as the spacing between the lens and the object is varied. This

is a feature unique to acoustic microscopy and the technique reveals more

and more as we continue with the study. The experimental results presented

here in Section II will be analyzed in the coming months with computer

plots pertaining to the actual object now under study. We have done addi-

tional work on the lens design for it is the key element in the microscope.

We are receiving an increasing number of inquiries from others intending

to enter this field and it is the detailed understanding of the lens design

that is their first interest. The work presented in this report is a full

treatment of that problem. We have continued our work on photoacoustic

imaging. There we heat the sample under study with a focused laser beam

modulated in amplitude with a frequency in the microwave range. The radiated

acoustic energy is picked up with our standard acoustic lens and the object

is scanned to form the image.

Perhaps the most significant advance made during this interval is

described in the last Section (11.5). We are now able to penetrate the liquid

solid interface and focus the beam to a diffracted limited waist deep inside

the solid. To achieve this we use liquid gallium with a rather high velocity

for long itudinal waves (_ 3 X l0~ cm/see). At the liquid—solid interface we

convert to shear waves and for those materials such as Si0
2 
where the shear
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wave velocity is less than the wave velocity in gallium we have found that

abberations can be suppressed to a degree where they are no longer trouble-

some. Under these conditions the diameter of the beam at the waist which

is located inside the solid is less than the wavelength of shear waves. This

point is important for the wavelength of shear waves is almost a factor of

two less than that of longitudinal waves. Thus the mode conversion at the

liquid—solid interface has two advantages, (1) it reduces the aberrations

and (2) it provides us with a shorter wavelength in the solid.
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II. TECHNICAL CONTENT

1. Material Studies

Our work on material studies was reported at the ARPA/AFML Review of

Progress in Quantitative NDE Conference held in La Jolla , California in Jul y.

Here we review those results and in addition we will include the recent work

that gives us new insight into the defects of the silicon—on--sapp hire devices

that we introduced in our last report .

The material — n—brass — has proven to be interesting for this study

since its elastic properties are anisotrop ic and this anisotropy can show

up in the acoustic micrographs. The example that we have chosen is shown

in Fig. 2.1. The polished surface as it appears in reflection In the optical

instrument is shown in the upper figure. The grain boundary (lower right) is

evident in this image as well as the strai ght edges of the twins. However ,

there is little contrast in the image and what there is comes from the resid-

ual surface contours tha t result from dissimilar polishing rates. The field

of view in this image is 55 X 90 pm.

L 
In the lower figure we show the same field as it appears with reflected

acoustic waves (2500 MHz). The grain boundary (lower right) ~s clearly de-

lineated since there is large contrast between the two grains. We attribute

this to the difference in elastic constants that result from the different

orientation of the two grains. The twins also show up in the acoustic micro—

graph with excellent contrast. In fact the boundary that shows up as the

diagonal line in the upper right of the acoustic micrograph is so faint in

the optical Image that it is easily missed . In fact in the first optical

images It was not seen. We had to return to the optical instrument and

knowing where to look we were able to adjust the focus to find it.

— 3 - .
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A second material has also proven to be most interesting in this study —

namely , an alloy of Cobalt-Titanium. The material was polished and carefully

studied with the optical microscope . The optical reflectivity was fairl y

uniform over the surface; the surface contours which result from nonuniform

polishing rates were , of course , visible in the optical micrographs.

In the acoustic micrographs all of the features apparent in the optical

Images show up with high contrast in the acoustic reflectivity. The important

point that we want to emphasize here is tha t we found additional Information

in the acoustic micrographs. They were bri ght points that appeared with

increased acoustic reflection . Thus these regions of enhanced acousth’ re-

flectivity represented regions where the elastic properties were distinctl y

different from the surrounding areas. The optical micrograp hs were uniform

and revealed nothing in the way of detail in these paraticular points. We

were able to prove all of this when we chemically etched thIs surface and

found pits in the etched surface at each point where we found the bright

spots in the acoustic micrographs. From this we conclude that these areas

represented either 1) small voids beneath the surface , or 2) small regions

with excess oxygen content which is known to incrca~e the rate of etching.

In either event we feel that it is an important step in demonstrating the

power of acoustic microscopy in material studies. The full details of this

study will be included in the proceedings of the 1979 ARPA/AFML Review of

Progress in Quantitative NDE Conference held in La Jolla in July.

We will now return to the silicon—on-sapp hire devices that were intro-

duced in the last report. There we described our work with field effect

transistors (SOS) as furnished to us by Bill Ham of the RCA Laboratories.

— 5 —
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The study was limited to the gate region of these transistors and we were

attempting to distinguish those gates that were defective . The defective

gates exhibited high leakage current from source to drain when the gate was

reversed biased . There were indeed differences in the acoustic images but

a suitable criteria for distinguishing the defective gates were hard to

establish .

We recall from the previous report that the acoustic information can

be presented in two forms ; first a normal micrograph of the surface which

we record with an x—y scan in the lateral plane with a constant distance

between the lens and the sample; second , a single line scan in the x—direction

as compiled with various values of lens sample spacing. This gives inforina—

tion on the elastic properties beneath the surface. An illustration of these

two forms of imaging is given in Fig . 17 of the last report (G.L. 2956).

Figure 2.2 includes similar images for a second device (device B). The six

micrographs (a — f) each for a different focal position show how the appear-

ance of the gate changes with this variation. We want to concentrate our

attention on the last figure (g). This is the x—z scan which is not an image

but rather a presentation of the variation in a single line scan as the focal

position is changed . We see that the horizontal line marked ‘a’ corresponds

to the same focal position as does the image in the upper left marked (a).

The gate region is marked at the top of (g) with the double arrows. In

Fig. 2.3 we have assembled the x—z scans for 10 different gates on the SOS

wafer. Each of these has been characterized with electrical measurements

at the RCA Laboratories and it is known devices in (a) and in (b) are defective.

The important point is that these two devices can be easily distinguished by a

casual untrained observer from the remaining eight (which are all good). The

— 6 —
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feature is in the gate region (marked by the arrow at the top) about midway

down the figure (marked by the horizontal arrow on the right). We see the

vert ical  extent  of the blackened region wi th in  the gate is much less for  the

two defective gates than it is for the good devices.

We don ’t yet understand the full meaning of these differences but we are

now in a position to build a theory for acoustic reflection from layered

structures and this theory should permit us to explain these observed dif-

ferences.

- — 9 —

-

~~~~  

_ _ _ _ _ _ _ _ _ _liii... ~~~~~~~~~ -• — — — ~~•-~- ~~~~~~~~~~~~~~~~~~~~~~~~~ — ---a — ~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~ ••~~~ -.., ~~~~~~~~~~~~~~~~



2. Theoretical Considerations

Our theoretical effort has been devoted to the two problems that were

defined by the experimental observations recorded above: 1) the buried

inclusions in the Co—Ti alloy , and 2) the elastic inhomogeneities in the

layered structures in the region of the transistor gate.

For the study of the buried inclusion we have modeled this , as a ‘ .- 
-

first step, in the form of spherical cavity located just beneath the liquid—

solid surface. We have, to date , set up the computer program for calcu—

lating the scattering coefficients for this cavity and we are now proceed—

1
ing to incorporate this into our theory for the behavior of acoustic waves

in the acoustic microscope . We will in time be able to calculate the re— 
•

sponse of the transducer as the focused beam is scanned across the buried —

cavity and correlate this with our measured values .

in the second problem we are confident that we can calculate the re—

flectivity from each of the various layered regions that make up the

transistor and correlate this with the variations in the line scan that we

have now measured . Much of this work is in band for we have previously

solved different parts of the problem . But we were sidetracked in this

work for a period . We thought that the evidence indicated the problem with

defective gates to be at either edge of the gate. The calculation of the

acoustic reflectivity when the beam is covering the edge of the gate is

very difficult. The evidence, as itt Fig. 2.3 now indicates that the elastic

inbomogeneities in the central region of the gate may be the source of the

problem . This region is much easier to treat in a theoretical model and

that is what we arc now setting out to do.

- I
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Plane of the transducer S

FIG. 3.1——Geometry for diffraction calculations. For the isotropic
- case the wave vector k and the power flow direction will

be coulnear. 
• -
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applied an improved version of Zemanek’s computationa l algorithm to

the case of the acoustic lens , but an isotrop ic media was assumed .

In this section the theory of Waterman3’3 and Papadakls
3’4’3’5’3

~
6

is utilized to account for the crystalline anisotropy of sapphire .

For the geometry shown in Fig. 3.1 and considering an isotrop ic

media (i.e., wavevector and energy flow are collincar), the acoustic

field at a plane a distance z from the transducer is given by;~
3’
~~

Jp ck 
R
t 2’n 

j(ut—k r5
P(z,r) 

2’n 
~~
j  

0 
dof r’ 

diji (3.1)

1/2
where J (—1) , U is the peak amplitude of the transducer

particle velocity, p is the density, c is the velocity of sound , t

2ii/A is the wavevector , A is the acoustic wavelength , R
~ 

Is

the radius of the transducer , ~ is the frequency of operation , t

is the t ime and r’ is t he d i s t a n c e  f r om a point on the transducer

(o,i~) to the field point of interest (z,r) . The d i s t a n c e  r’

is given by

r’ (r 2 + ~
2 — 2ro sin 0 cos ~,) l/2  

(3.2)

where all the quantities are shown in Fig. 3.1. Titus the field at a

given point P(z,r) is found by breaking the transthtcer into a large

number of infinitesimal sections and summing the contribution of each.

This technique is adequate when the wave vector and the energy flow

ar e in the same direction as for an isotrop ic medium. This condition

will not be met for arbitrary direct ions In anisotrop ic media , and

— 1 4 —
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therefore one must consider the deviation between power flow and

wavevecto r as a function of the crystalline direction in order to

calculate the acoustic field at arbitrary planes in front of the

transducer. For non—symmetry directions in an anisotrop ic media

this calculation would be quite tedious. Fortunatel y the case con-

sidered here is simplified by the fact that propagation is along the

c—axis (6—fold axis of symmetry) of a hexagonal  crystal.

It has been shown by P ap adak is 3
~

6 based on wo rk by Waterman ,3’3

that for propagation along a princip le axis Eq. (3.2) can he m o d i f i e d

to;

jPck 
R
t 2~ j [wt -k  Ir ’ I(l +h(l - ~h) O ) ]

P(z ,r) —-—
~~

- U J o do I ~‘ 
~~~~~~~~~~~~~~~~~~~~~~~~ —-—-

2’n I r
0

(3.3)

Thus the anisot  ropy can be approx im a t ed by i n c o r por at i ng  a shl f t  w i t  h o  f
the phase term of each in f i n  it es I nia 1 r a d i a t o r  . Tb is is ac comp I l~~hod I-as’

addi ng an angu la r  dependence t o  the wave vee’t or [1 . e. , k — k ( 1-t b (1- :‘h) r I I

The p r o p o r t i o n a l i t y  cons tan t  is h ( l  — 2b) where b Is a r n e . a s t i t e  f or  j
anisot ropy in the c r y s t a l  and is g iven 1w Wat ertit n~~ ~

(c — c  — 2 c  )(c 4 c  )
33 13 64 33 13

b — — - - — —
~~~~~~~~~~~~~~~~~

-—- -•-• -— (3.4)
2c 33 (c 33 — c 44)

for  near c—axis  propa gat  ion in a hexagonal c r yst a l .  The C
ii

’s in

the above are the e l a s t i c  cons tant s  of the m a t e r ia l  and for ~app hI  re’

b 0.1612 . The validit y of the’ approxima t ion of Eq. (3.3) will de-

pend on how well the parabol ic  phase shift models the nnisotrepy of

— 15 —
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the crystal as a function of the angular deviation from the c-axis.

For the geometry considered here this angular deviation will be small

(less than 10 degrees) and thus the approximation should be valid .

A computer program was written to calculate the acoustic field

at various distances for both the anisotropic and isotropic cases .

This program is only a slightly modified version of a program developed

by Atnlar3”2 for the isotrop ic case. Caulculated results for a frequency

of 1 01hz with — 105 pm and z 2 mm are shown in Fig . 3.2. The

result based on an isotropic assumption is also shown (normalized to the

same center value). For the isotrop ic case it can be seen that the 3 dB

point of the acoustic field intensity is at a radius that is only 25% of

the radius of the transducer. This “self—focusing ” effect was observed

by Zemanek to occur at a distance of one Fresnel leng th (R /\) from the

transducer which Is app licable for this calculation . When the anlsotropv

of the crystal is included this “self—focusing ” effect Is greatl y reduced .

This is exactly what one would predict for sapphire by studying its

slowness surface . Energy is guided preferentiall y along the c—axis and

thus the effects of diffraction arc reduced . Also shown in Fi g. 3.2 is

the phase of the acoustic f i e l d  at the plane of m t  crest. The phase change

is important  to the  lens response if it is large (greater than a few

radians) or irregular , but the phase ch ang es fo r th e cases he r e a re not

significant.

The above analysis can he used to pick the appropriate transducer

size and crystal length to insure that the back focal plane of the lens

will be properly illuminated . In general the crystal length and top
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dot radius will be selected such that at the frequency of operation

the lens will be 1 to 4 Fresnel lengths from the transducer. By

keep ing the crystal length at least 1 Fresnel length long it insures

a smooth phase distribution at the lens . Also , by keeping the length

from being much greater than  1 Fresnel length it allows one to work with

a relatively large transducer radius as compared to the lens aperture .

This proves convenient for fabrication purposes , especiall y for the

small a p e r t u r e  ac o u s t i c  lenses where it , is desi red to i l l u m i n a t e  a

circle of 30 u rn radius or less.

C. Beam Steerfi~~ a~ d 1 I)ot Al~~~~neitt

It has been implici t in the preceding calculat ions that the c—axis

of the  sapp h i r e  is accura te l y a l i gned with the geometric axis of the

a c o u s t i c  lens . If th i s  is not the case anisotropv w i l l  cause  the acous-

tic beam to be disp laced from its geometric shadow as depict ed In Fig. 3.3.

If this displacement is on the order of the lens ap e r t u r e  then  t h e  illumi-

nation of the lens will he severely asymmetrical .

For propagation near the c—axis the amount of beam s t e e r i n g  i~’

will he propor t iona l  to the  ang le  between the geometric axis and the

crystalline c—axis. If this misal ignment  of the two axes is 0 , then

it has been shown
3
~
3 for propagation near  the  c—axis of a h ex agonal

crystal  t h a t ;

(c +e3 )(2c — c13
+c )

$ 

13 3 44 13 o (3.5)
c33 (c 33 -c 44)
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where c13, c33 and C44 are the appropriate elastic constants for

the material. For sapphire it is found that ~ 0.322 0 for small

values of 0 . Consequently the beam disp lacement for a crystal of

length t will be;

d — t tan (0.3220) . (3.6)

Thus if 0 is one degree and i is 2 mm then d will be 11.2 pin .

This much beam d i sp lacement  can be a s u b s t a n t i a l  f r a c t i o n  of the lens

aperture and would result in back focal plane asymme try . In order to 4 . -
min imize  t h i s  e f f e c t  the sapp hi re  used is r eq u i r e d  to  have i t s  c — a x i s

accurately aligned with the geometric axis of the  lens . This al i gn—

ment can he measured us ing  x — r a y  t echn i ques and t h e  s a p p h i r e  is not — -

uti l ized unless this  a l i gnment e r ror  is less than 0.5 degrees .  Thus ,

in worst cases , the error for a 2 nun long crystal would be less than

I t  6~~~t.

Even if the c—axis is perfectl y a l i gned i t  is still difficult to

ensure that t he  lens w i l l  be s y m m e t r i c a l l y i l l u m i n a t e d .  W i t h  la rge

lenses where misalignments of 25 pm or less arc tolerable , it is

possible to use mechanical masking t e c h n iques to center the p ic~ o—

electric transducer with respect to the lens. However , wi th lens

apertures of 50 pm or less this error is not acceptable . in order

to min imize  the  mechanica l  al i gnment problem an o p t i c a l  t e chn i que was

developed . Before starting the t r an sducer fab r i ca t ion a thin ( 500 A)

silicon dioxide layer Is deposited on the hack surface of the acoustic

lens. Using a projection photolithographic technique that is described

below , a bole is cut in this oxidc~ that is mechanically centered directly

- 20 -
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above the lens and is of the appropriate diameter for the transducer.

The transducer is then fabricated by evaporating and sputtering the

appropriate materials over this hole. The rim of this hole is used

in the final step to define the top dot for the transducer.

A schematic diagram of the projection photolithographic system

is shown in Fig. 3.4. The lens with the Si0
2 

layer plus a layer of

photoresist is placed in the optical microscope which has an ultra—

violet filter in the optical path to prevent premature exposure of

the photoresist. The lens is mechanically adjusted such that the

back surface of the acoustic lens is perpendicular to the optical axis

of the microscope. This is accomplished by focusing the microscope on

the back surface of the lens and adjusting the tilt such that it is in

focus over the entire surface. This insures tha t the alignm en t bet ween

the optical axis of the microscope and the mechanical axis of the lens

Is no worse than 0.05 degrees for most cases . The acoustic lens is

then moved toward the optical lens until the front surface of the

acoustic lens comes into focus . An aperture of the appropriate size -:

is placed in the back focal plane of the microscope and is projected as

a spot of light that can be centered about the rim of the acoustic lens.

When this centering has been accurately accomplished , the acoustic lens

is translated vertically away from the optical lens until the light spot

‘ comes into focus on the back surface of the acoustic lens. If the

motion of the acoustic lens is truly vertical, then the spot of light

is directly above the spherical cavity that forms the acoustic lens.

At this point the UV filter can be removed and the light intensity can



be increased in order to ..xpose the desired region of the photoresist.

Then , using standard photolithographic techni ques , a hole can be cut in

the Si0
2 

at the desired location. Using this technique it is possib’e

to get the top dot mechanically aligned to within 2 pm.

The worst  case beam m i s a l i g n m en t  of 8 ~m (mechanical plus beam

s teer ing)  is  t o l e r a b l e  for lens sizes presentl y being used , hut for

lenses with a rad ius of less t han  20 pm it will be excessive . The

major f a c t o r  c o n t r i b u t i n g  t o  t h i s  e r ror  is beam steering , and conse—

quently, It is desirahie to use a material for t he  lens tha t would
1 -

reduce this problem. Th e mos t obvious solu t ion wou ld he to pu t a

tighter constraint on t he c—axis alignment of the sapphire , hut it.

becomes d i f f i c u l t  to v e r i f y  i t s  ali gnmen t and expensive to obtain .

A second solution is to use a mate rial o the r  t han  sapph i r e  t ha t  has

a reduced- beam s te er in g  e f f e c t .  Any new m a t e r i . -’t l  must  a lso have a hi gh

long i t u d i nal  a c o u s t i c  v& ’ l e c i ty  in order  to keep sp h e r i c a l  a b e r r a t i o n s

to a minimu m . A good c a n d i d a t e  m a t e r i a l  is y t t r i u m  aluminum garnet

(lAG ) which has cubi c svmmc t r v .  YAC is a mechanicall y strong material

and t h u s  not subject  t o  s c r a t c h i n g  or chi pp ing , and its long i t u d i n a l

acoustic . v e l o c i ty  of 8.56 km/sec is large enough so that sph e r i c a l

aberration effccts will still be low . For a cubic crystal with propa—

gation along the [001) crystalline axis , it has been shown
3
~~ that

the beam steering angle is given by;

(c
11 +c

1~
)(c

11 
- c1,- 2c ,4)

4’ — —-f -  ‘ 0 (3.7)
c11(c44 — c 11)

where c11, c12 and c44 are the appropriate elastic constants. For

— 
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YAC the result is 4’ 
— 0.04490 and thus the effects of beam steering

due to crystalline anisotropy are only 14% as large as for sapphire.

Thus by comparison the worst case beam steering error would be reduced

from 6 ~im to less than 1 pm.

D. Transducer Desi gn and E v a l u a t i o n

In order to maintain as much dynamic range as possible in the

acoustic microscope , high efficiency piezoelectric transducers are

needed to launch the acoustic wave that illuminates the lens and to

receive the weak return that comes from the object that is being scan—

ned . The microscope has been operated at acoustic frequencies from a

few hundred megahertz to f requencies  above 3.0 gigahertz. In these

frequency ranges a th in  f i lm p iezoelectric transducer structure where

the films- are grown by evaporation , sputtering or some other thin film

technology is desirable due to the relative ease of fabrication . Since

high conversion e f f i c i ency  and large bandwidth are desired , a piezo’- - -

electric mate r ia l  wi th  a large p iezoe lect r ic coup lin g constant is

needed . This material must also lend itself to thin film processing

techniques. ZnO is chosen as the piezoelectric material since it most

successfully meets all the above criterion . The design of these

transducers is based on the theoretical modL i described in a review

article by Reeder and Winslow .3’
7 A compa r ison bet w een theor et ica l

and experimental results as a functIon of frequency is given for some

representative t ransducers .  The e f f e c t s  of acoustic diffraction and

attenuation within the sapp hire are included within the model . A two—

element matching network is described that  can be used to tune the

111L a - 
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transducers at frequencies above 3 GHz with good bandwidth. The theo—

retical response of these transducers is given for various values of

the matching elements.

The basic geometry for the piezoelectric transducer considered

here is shown in Fig. 3.5. In this figure the t1
t s represent

thicknesses, V~ ’s longitudinal velocities and z
1

t s mechanical

impedances where i 0,1,2 and d refer to the layers shown. This

is identical to the geometry considered by Reeder and Winslow except

for the bond wire which is included here in recognition of the physi-

cal reality that electrical connection must be made to the top elec’-

trode. The operation of this device is straightforward . A high fre—

quency electromagnetic field is applied across the piezoelectric

material through electrical connections to the two metal electrodes

that sandwich it. This causes the piezoelectric material to expand

and contract in response to the polarity of the electric field , which

in turn excites an acoustic wave that propagates into the substrate

material. The strength of this wave is dependent on the thickness

of the various layers and their mechanical properties. The goal of

this device, of course, is to convert as much of the incident electro-

magnetic energy into acoustic energy as possible. To do this a reso-

nant structure Is employed , i.e., the piezoelectric layer thickness

- is chosen such that its response is a maximum at the desired frequency

of operation.

In order to analyze the geometry of Fig. 3.5, several simp l ify ing

assumptions arc made. The transducer is taken to be one dimensional ,

i.e., the diameter of the transducer is much greater than an acoustic

~ 
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wavelength and thus both acoustic and electromagnetic fields are

considered to vary only in the thickness direction . The thin layered 
- 

-
structures are assumed to be acoustically lossless and the top elec-

trode is approximated as a free surface. Finally, the orientation

of the piezoelectric film and the substrate are taken to be such

that only the longitudin al acoustic mode will be excited . R-ased on

3.7—3.10
the above assumptions it has been found that the geometry of

Fig. 3.5 can be modeled by the electrical equivalent circuit shown

in Fig. 3.6. The region delineated by the dashed line is the familiar

Mason equivalent circuit
3
~
8 

for the  piezoelectric reg ion . The Mason

model is found by first finding a general solution for the acoustic

3 8 3 0
and electric fields wi thin the piezoelectric m at e r i a l

then match ing  these f i e l d s  to the th ree—por t  terminal variables imposed .

The three por t s  of the device consist  of the e l e c t r i ca l  port and two

acoustic por ts  t h a t  exi st  on e i ther  side of the  p iezoe l e c t r i c  f i l m .

The procedure g ive n r e s u l t s  in a set of three s im u l t a n e o u s  equa t ions

re la t ing the inpu t  v o l t a g e  and mechanica l  fo rce  to the o u t p u t  c u r re nt

and acoustic p ar t i c l e  v e l o c i t y .  These s i m u l t a n e o u s  equal ions are

identical  to the  ones tha t  are found by wr i t  ing  the  t e rmina l  equat ions

for the Mason model.

The model of Fig. 3.6 is comp l eted by t-epre n t t h g  the top  and

bottom electrodes as transmission 1 ines3~ 
10 whose lengths are dot or—

mined by the layer thickness and whose characteri stic Impedances are

determined by the mechanica l  impedance of the e lec t rode  m a t e r i a l .  The

top surface is assumed to be adequatel y represented as a free surface

~nd as such , is represented by an acoustic short circuit while the sub-

strate material is represented as a real impedance load whose value is

— 2 6 —
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determined by the mechanical impedance of the substrate. Representing

the substrate as a real impedance implies that its acoustic length is

long compared to the time duration of any input signal that will be

used during operation or testing of the device.

In order to make the physical connection between the Mason model

of FIg. 3.6 and the piezoelectric transducer , it is necessary to re-

late the electrical component values to the mechanical properties of

the device. The following definitions are used for the parameters of

the Mason model :

C — is the clamped static capacitance of the trans-

ducer where A Is the transducer area , C is the

effective dielectric constant of the piezoelectric

material and t is the thickness of the piezo—
0

electric layer,

V
is the frequency at which the piezoelectric layer

° 2t
0 is half an acoustic wavelength th ick ,

0 irf/f is the acoustic length of the plezoclectr ic  layer

at a frequency f

+ hC can be regarded as the turns  ratio of an acoustic

to electric transformer where Ii is the appro-

priate piezoclectric constant for the material ,

and

Az it

2 is the electrical ohms equivalent of the

• w C k
0 0 t mechanical impedance of the piezoclectric
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layer where A is the area of the transducer ,

is the mechanical Impedance of the layer ,

• 2nf and k Is the piezoelectric coupling
0 0 t

constant for the film.

Since the piezoelectric layer Is of central importance to the

analysis of the transducer , it is convenient to define the following

normalized parameters ;

d — V t /V t is the normalized thickness of the top elec—1 o ll o

trade ,

d V t /V t is the normalized thickness of the counter2 o 2 2 o
elec trode,

z1Iz is the normalized acoustic impedance of the

top electrode ,

r — z /z is the normalized acoustic Impedance of the
2 2 o

counter electrode and

r z /z is the normalized acoustic impedance of the
d d o

substrate.

The above parameters along with the piezoelectric coupling constaat k
t
,

the static capacitance C and the half wavelength frequency f are

sufficient to completely describe the operation of the transducer

structure of Fig. 3.5.

The following set of equations can be written for the Mason equiva—

lent circuit contained in Fig. 3.6.
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lvii [R co t 0 R csc 0 i/wC
l 

Ill
I V2 

• —j R csc 0
0 

R co t 0
0 

1/wC I ~2 I (3.8)

[v3] L1I~ o l/wC lIwC
] 

1
3]

The impedances seen at the two acoustic ports can be easily fo und by

applying lossless transmission l ine theory to the geomet ry of Fig. 3.6

and are given by;

v / I 2• — —~--- • Jr1 
tan 0

1 
(3.9)

R
0

I

and

V2/ 12 r
d
cos 0

2 
+ Jr .) sin 02

— — - r~ 
— —~-- (3.10)

R r
2
cos 0

2 
+ jrd sin 0

2

where 0 • itd f/f and 0 itd f/f arc the  acous t i c  lengths  of1 1 o 2 2 o

the respective layers . Simultaneous solution of Eqs. (3.8) — (3.10)
for the input impedance at the  electrical port gives;

1 P(f)
• — + --—— ---j (3.11)

‘ jwc R ( i ~C )
0 0 0

where

2j(1— cos 0) + (z +z ) sIn  0
o 1 2 o

P(f) — . (3.12)

(1+z 1~
z
2) sin 0 — j(z

1
+z

2
) cos 0

0

By considering the real and imag inary parts of P(f)/R (coC~~
2 

to
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represen t the real. and imaginary parts of the acoustic impedance of

the t ransducer , it is possible to draw a simplified equivalent cir-

cuit of the t ransducer as shown within the dashed region of Fig. 3.7.

The real part of the impedance R is itnown as the acoustic radiation

resistance , while the imaginary part X~ represents a reactive term.

The capacitor C
0 

is the static clamped capacitance of the trans-

ducer and is shown independent of the acoustic reactance. Also shown

In Fig. 3.7 is an electrical matching network that consists of a series

and a shunt Inductor. The series resistor R is included in the
Sc

realization that there will be a finite contact resistance to the top

elec t rode and R is the source resistance of the signal generator.

Typically R will be a few tenths of an ohm and viii be 50 ohms .

For the transducers considered for use with the acoustic micro—

scope , the acoustic radiation resistatice will be 0.5 to 5 ohms while

the reactive part of the input impedance (X — l/wC ) will be on the

order of 50 ohms capacitive . The two inductors act to transform t he

impedance seen by the source such that it matches the electrical imped-

ance of the source at the desired frequency of operation . This is

important since the untuned two—way inser tion loss will typ ically be

30 dS while the tuned Insert ion loss can be as low as 6 dB.

The two—way insertion loss of the transducer is measured by using

the pulse echo technique. From the model of Fig. 3.7, ignorIng the

matching network , the untuned two—way insertion loss In dccIh~ ls  ca n

— 3 0 -
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9 _)
L~~L (R +R )

Sil a se

and

~L (R + R  ) 7 
+ x[w

2 L L +wL (x — ( 1/wC ))]511 a so_____ so SIl S H a  0

(R +R Y ÷ x  I -a se

where w is the radian frequency and

X ~ wL +~~J + X  - (l/wC )Se S}1 a o

By adjusting L~~, and L It is possible to make =

with ~~~ = 0 . u nder th~~~e c o n d i t i o n s  the  maximum ano~int
of power is transferred to the  load.
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be easily shown to be;

/ Power Available
UIL 2O log (

‘Power to the Load (Ra
)

(R +R +R )2 + [X — (l/~C )] 2
S Se a a 0 ,• 20 log

4RRs a

while the two—way tuned insertion loss (i.e., the input to the trans-

ducer is matched to the source Impedance) is given by;

R +R
TIL — 20 log se a (3.14)

R
a

The above losses contain only the effects of the electrical properties

of the transducer. Due to the measurement technique and the physical

properties of the transducer there will be other expected losses.

These Include diffraction losses, attenuation losses and losses due

to the top surface not truly being free over the entire area of the

transducer.

The effects of acoustic diffraction on the measured properties of

the transducer can be calculated by employ ing the results of Section B

of this chapter. If a substrate material of length 9. is used to

measure the response of a transducer with the pulse echo technique ,

then the measured response will be reduced due to diffraction effects

which take place over a length 29. . In order to calculate the magni—

tude of this effect , the field at a distance 29. from the transducer

can first be calculated using Eq. (3.3) and then this field can be

integrated over the transducer area to give the output voltage of the

~~~~~ :~~~ 
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transducer , i.e.,

~out 
1

2n 

J

Rt 
P(2t ,r)rdrde (3.15)

0 0

This can be compared to the result that would be obtained without

diffraction in order to see how diffraction affected the measured

response. By calculating V~~~ as a func t ion of 9. it is possible

to plot diffraction losses for a circular transducer as a function of

the crystal length. In Fig . 3.8 the results of this calculation

for a typical transducer are shown for both the isotropic and aniso—

tropic sapphire case. The isotropic case is in good agreement with

the results of Seiki.
3
~

11 
It can be seen that the diffraction

effects for the isotropic case are stronger than they are for sap—

phire. This is expected since the anistropy of sapphire tends to

minimize the effects of diffraction by directing energy flow parallel

to the c—axis. The losses due to diffraction should be added to the

electrical losses predicted by Eqs. (3.13) and (3.14) before a com-

parison between experimental and theoretical results is made.

Additional loss will be observed in the measurement due to

acoustic attenuation within the various materials. As part of the

analysis the thin films that comprise the transducer were considered

losslc ss , hut clearly any acoustic attenuation w i t h i n  these layers

will res ult in additional insertion loss. Also , attenuation in the

sapphire rod will result in reduced measured efficiency , but this

effect can be easily predi cted . Long itudina l acoustic waves in

I I1k~,~ ~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~
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sapphire are attenuated 0.3 dB/cm at 1 CHz and the loss will increase

3.12with the square of the frequency . Thus at a frequency of 3.0 Cflz

with a crystal length of 0.2 cm there will be an additional 1. dB

measured insertion loss due to acoustic absorption in the sapphire.

A final loss mechanism within the transducer structure is con-

cerned with the electrical bond made to the top surface of the trans—

ducer. This bond disturbs the assumed free surface for this elec-

trode over the area of the bond and provides a path through which

acoustic power can “leak out ” of the transducer structure. If the

area of the transducer is much greater than the area of the bond ,

then this effect will be negligible. This Is true for most cases

considered here . The effect of this bond could be calculated by con-

sidering the transducer structure to consist of two devices in parallel;

one has an area cqual to the transducer area minus the bond area and

can be considered to have a free surface , and the second has a size

equal to the bond area and a surface with an acoustic load of r
b

where r
b 

is the normalized mechanical Impedance of the bond material.

The analysis of the second t ransducer  would be the same as the first

except now Eq. (3.9) would become ;

V
1
/I r cos e +jr

1 
sin 0

— 
1 b 1 1 (3.16)

R r
1 
cos OI -4- ir b sin

In order to calculate the additional insertion loss of the device due

to the bond , one would have to first calculate the insertion loss o



1-
the parallel structure and then determine how much of the power is going

into the bonding wire rather than into the substrate material. Even

for the smallest transducers considered here , the bond area should

never exceed 25% of the transducer area and thus the additional loss in

the transducer due to this bond should not exceed 1 — 2 dB.

Based on the preceding analysis of the transducer a computer pro-

gram was written to calculate both the tuned and untuned insertion loss

for transducers used in the acoustic microscope. The effects of acous-

tic diffraction and attenuation are included within this calculation .

A listing and brief description of this program is given in Appendix D.

In Fig. 3.9 a comparison between a theoretical and experimental

transducer desi gn is shown for  both the tuned and untuned response.

The ZnO was assumed to have a k
t 

of 0.20 (as compared to the bulk

value of 0.28) and the series loss resistance R was 0.5 ~2. The
se

experimental measurements were made using t he  pulse  echo t e c h n i q u e .

The untuned Insert ion loss measurements  agree well wi th  theory , and

therefore , the choice of k
t 

= 0.20 seems to be valid. The measured

tuned insertion loss agrees well in form to the calculated values , hut

the bandwidth is somewhat reduced and typical ly t he measu r ed r esult  is

2 — 3 d B  greater  than the calculated one. The minimum two—way inser t ion

loss was 5.5 dE for this device at 1.0 Gllz .

Results for a similar device designed to work in the 1. 8 — 2 . 8  GHz

frequency range are shown in Fig. 3.10. The minimum two-way tuned

insertion loss for this device was 11.0 dB at 2.0 CHz. For the theo-

retical calculation k vqs taken as 0.20 and R as 1.0 ohm. Rca—
t se

sonable agreement between theory and experiment was obtained for

- 
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frequencies between 1.8 and 2.4 Gflz, but at the  higher frequencies the

measured loss was significantly hi gher than predicted (as much as 7 dil).

This indicates that the bandwidth of the device is somewhat restrict ed ,

but it also reflects the fact that it is more difficult to tune these

devices at the hi gher frequencies.

The tuned in se r t ion  loss m ea surem ents  descr ibed  above were af l

made by tuning each po in t  i n d i v i d ua l l y us ing  double stub tuners . The

band w i d t h  o f t hese dev i c es is t y p i ca l l y 10 Nll z , and t h c r c f o i c , not

adequate for m a t c h i n g  the short pu l ses  tha t  are used in t he  m i c r osc op e .

For th i s  reason the  m a t c h in g  n etwork  shown in Fi g. 3 .7 is  used t o  m a t c h

the t r ansducers  used w i t h  l enses .  The t uned t h e o r e t i c a l  r~~~~~n~~’ f o r

a transducer desi gned to operat e at 2.8 Gllz Is shown in FIg. 1. . M ~o

shown are two t h e o r e t i c a l  response curves  f o r  t w o  m a t c h i n g  n et w o r k  con -

figurations. The first curve Is f~~ 1; 0.1 nIl and L 0.”.’ nil .
me Sn

This ma tching network results in a near I ‘.‘ per I (-ct  match ever a handy Id t h —

of 300 MHz , hewev e r , i t  Is  d I f f 1  c u l t  to  imp I (‘ment due to  the ext reme 1

small series Induct ance requ i red . A more ro.-i 11 s tic 1’s I gu is  shown in

the second curve ~.‘hcre L is 0.25 nIt and 1 is 0 . 4  n f l .  I n du ct  e
me ~11

this s m a l l  arc difficult t o  r e a l  170 , hut  I t  I possible to do ~o by n~; I ng

the self—induct ance of the gold  vi t ( ’S that are bonded to the t op do t and

the counter electrode. For a 2 mu gold wire the ~e l f — 1 n d t c t an c e  i~ z

approximately 1 nil/mm and t hus I engt hs less t han 1 mm are nec es ~;a rV . in

order to tune  the lenses at Ivequenc I em above 2 .0 t~l I -  us I t h is  t e c h n i qu e

it Is necessary to do .1 work under  a microscope . A SO—ohm ml cre- ~ t r i p

— I’) —
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transmission line is run to within 0.25 mm of the top electrode and

the series and shunt inductors are connected using silver epoxy. The

inductors are varied using a toothpick until the input pulse to the

device is well matched. The device is considered to be well matched

if the power level of the input pulse is reduced by 10 dB or more.

The resulting bandwidth can be checked to see if it is adequate to

pass the short pusles used in the microscope by examining the first

echo from the lens surface. If it is not spread in time duration as

compared to the input , then the bandwidth is sufficient. A more

thorough examination can be performed if a network analyzer is avail—

able in the appropriate frequency range. Bandwidth is usually not a

problem with these matching networks since only 5 — 10% 3 dB bandwidth

is required .

In conclusion, transducers with two—way insertion loss of 6 dB

can be designed and fabricated at frequencies around 1 GHz . At fre—

quencies above 2.0 GHz the two—way insertion loss increases to approxi-

mately 11 dB , and the fabrication of matching networks becomes more

difficult due to the small size of the inductances required . At fre-

quencies above 4.0 GHz it will be extremely difficult to form elec-

trical matching networks using the techniques described here.
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E Acou~ t Ic M a t c h i n g  Layers

At the lens liquid interface there is an acoustic impedance

mismatch which can result in a large acoustic reflection coefficient ,

and consequently poor power transfer across the boundary . Since this

will reduce the dynamic range of the microscope it is desirable to

minimize the re f l ec t ion  c o e f f i c i e n t .  ThIS can he accomplished by

using a material of intermediate acoustic impedance to act as an

acoustic transformer between the lens and the li quid . The analysis

of this t r ans fo rmer  is d i f f i c u l t  fo r  the geometry of the acoust ic  lens

since the problem must be solved as a function of the incidence angle

and the integrated effect over the entire lens must  be cons ide red .  In : -

this section the design , fabrication and eva l u a t i on of acous t i c  match-

ing layers arc considered. In particular a single layer of horo—

silicate glass (9741 from Corning Class Works) sputtered directly on

the lens su rf ace is fou nd to yield an excellent  matc h ing l ayer .  This

f i lm exhibits  good adhesion to the sapphire lens and exce l len t  mechan-

ical s t a b i l i t y .  The propcrit cs of this glass a re evaluated and i t s

predic ted ma t ch in g ef f icien cy is comp ar ed w i th  exper imen t a l  r e su l t s

for the normal incidence case. The tr ans fe r  func t ion  of the acous t i c

lens is calcula ted  in the presence of th is  match ing  layer for  various

glass prof i les .  It is found that  the ma tching l ayer reduces the two—

way insertion loss across the boundary by up to 15 dB and Its thick-

ness profile can be used to modify the spatial frequency r esponse o f

the lens.

The motivation for using an acoustic matching layer can be

readily appreciated by considering the simple geometry of Fig. 3.12A.
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Here a longi tudinal  acoustic wave is normall y incident onto a solid—

liquid in te r face .  The mechanical impedance of the solid is z

g/cm2
—sec while the liquid is z L g/cm 2—sec . If the incident wave

has amplitude A then the reflected wave in the solid will have an

3.13
amplitude I P I A  where

z — z
t~ I . ( 3 .17 )

~ Ht S

For a sapphire—water  in te r face  z — 44.0 x ~~ gm/cm 2 —s ec and

1.5 X ~~ gm/cm 2 — s ec , and thus 
~~ 

0.934 . This means that

87% of the incident power will be reflected . For the acoustic lens

this boundary must be crossed twice which implies onl y 1.6% of the

incident power would return even if no other loss mechanisms were

present. This results in a two—way insertion loss across the bound-

ary of 17.9 dB.

Now consider the geometry of Fig.  3.12B wh ere an interm e di a t e

layer of material w i t h  mechanical . impedance z is included between

the liquid and the  solid . Using the results from lossless trans-

mission line theory ( th is  is acceptable since the electromagnetic case

is a direct analog to the case considered here), the impedance seen at

the so l id—match ing  layer i n t e r f a c e  looking toward the liquid is given

3.13by;

cos ~ Q + j a sin
z — z (3.18)

cos B~ + i sin MJ
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_ _

where B — 2ir/X , A is the acoustic wavelength in the matching layer

and L is the matching layer thickness. The reflection coefficient

at the boundary will now be

z’ — z
I~ I — - , . (3.19)

z +z
S

If z’ — z then all the power can be transmitted into the liquid.

This can onl y happen if z’ is real and not equal to z i 
, and there—

fore , can occur only if t — nX/4 and z iz~z where n is an

odd in teger .  Thus in order to effectively match the acoustic energy

across the boundary , a material whose mechanical impedance is the geo—

metric mean of the mechanical impedance of the solid and the liquid

is needed . This material must he compit ible with thin film growth

techniques since from bandwidth con side r a t i on s the matching layer

should he A/4 t h i ck .  It must also be mechanical l y hard so as not

to be subject to scratching. For a sapphire-water interface a

material with an acoustic impedance of 8.12 X ~~~ gmfcm
2
—sec is re-

quired . Unfortunatel y it is not possible to f ind a mate r ial tha t

meets all of the above criterion simultaneously. In fact it is dif-

f icul t  to even f ind a m a t e r i a l  wi th  the desired mechan ica l  impedance.

Figure 3.13 summarizes the ve l o c i t y,  densi t y and mechanical  impedance

of several materials.3~~
4 It can he seen that the region around a

mechanical impedance of 8.0 x 1Q~ gm/cm
2
—sec is empty. There is some

3.15 3.16evidence that carbon and glass films can be sputtered in

such a manner tha t the mechanica l  impedance of the f i l m  wi l l  present
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a better mechanical matching layer than their bulk values would indi-

cate.

It is possible to use multiple matching layers to compensate

for the fact that no single material ideally suits the requirements

of a sapphire—water boundary . These layers must adhere well to the

sapphire and to each other and must meet the same mechanical tough—

ness standards that are imposed on a single layer. A good candidate

structure for a two—level matching network is a X/4 coating of gold

(z 61.3 X l0~ g/cm
2
— sec) followed by a A/4 coating of glass

(z — 11.6 x l0~ g/cm
2
—sec). By repeated application of Eq. (3.18)

and use of Eq. (3.19) it is found for this case that l~ I = 0.028 .

This results in 99.9% of the energy being transferred across the

boundary, i.e., almost a perfect match. These layers have adhesion

problems, but with the appropriate interface layers they would make

excellent matching layers. Of course, the above calculations are for

a flat surface and the matching properties for a lens will not be as

good. The price for multiple matching layer geometries is smaller

bandwidth and added fabrication difficulty. It is also necessary to

accurately control the thickness of the two layers. -

Very little is gained (approximately 1 dB) by using a double

mat ching layer as opposed to a single layer when considering the

power transfer through the acoustic lens. The motivation for going

to a double layered structure is to greatly reduce the amount of

power reflec ted from the lens liquid interface. It would greatly

simplify the pulse electronics of the microscope if this reflection

could be reduced by 30— 40 dB below its current value. This nearly

— 47 —
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ideal match could be obtained by using either a multilayered acoustic

transformer, or by attempting to control the fabrication parameters

of a single layered transformer such that the appropriate mechanical

impedance is obtained . The acoustic impedance of a material is given

by the product of its acoustic velocity and its density. If a thin

film is fabricated at a high rate onto a cold substrate it tends to

hav e reduced density3
~~

6 and thus lower acoustic impedance if its

velocity is not greatly a f fec ted . In Fig. 3.14 is shown the calcu-

lated return loss from a flat surface with a A/4 acoustic trans-

former whose mechanical impedance Is allowed to continuously vary .

It can be seen from this that if an additional 30 dB of return loss

is desired , the effective impedance of the acoustic transformer

(either a single or multilayered structure) would have to be between

8.05 X l0~ and 8.20 X ~~~ g/cm
2
—sec. •This Is a narrow range, but it

should be attainable with the appropriate fabrication of a gold—

glass transformer.

Primarily as a fabrication convenience only single layered

acoustic transformers are presently being used in the microscope.

Borosilicate glass has been utilized in this work due as much to its

mechanical stability and toughness as to its relatively close acoustic

impedance match to the desired value. With a X/4 coating of this

glass the reflection coefficient drops from 0.934 to 0.342 for the normal

incidence Case. Under these conditions 88.47. of the energy will be trans-

mitted across the boundary and the two-way insertion loss will be 1.1 dB;

a reduction of 16.8 dB from the no-matching layer case.

The above calculations are based on the measured bulk properties of

the glass and it is not assured that the thin film properties will be
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the same. In order to check the properties a piezoelectric transducer
I

was fabricated on one end of a sapphire rod and a X/4 coating of

glass was deposited on the opposite end . The glass was deposited by

RF sputtering from a circular glass target. Using a pulse echo tech-

nique, the magnitude of the first reflected pulse from the sapphire—

glass interface was measured as a function of frequency for both the

case where the glass layer was loaded with air and with water . For the

air case IPI 1.0 while for the water case at the X/4 condition

1 P1 = 0.342 , and therefore , it is expected tha t the addition of the

water under these conditions should result In the reflected signal being

reduced by 9.3 dB. In Fig. 3.15 a plot of this return loss measurement

as a function of frequency is shown along with the theoreticall y pre-

dicted value. It can be seen that the theoretical result is in agree-

ment with experiment , and thus the bulk properties of the film seem to

be a good approximation to the thin film properties.

All evaluation to this point has been based on a flat interface ,

but the matching layer must be used on the curved surface of the lens.

Therefore, the efficiency of power transmission should be calculated as

a function of angle of incidence with respect to the spherical lens

surface and the integrated effect over the entire lens evaluated. This

is a comp licated problem , but it has been solved by Brekhovskikh
3
~~

7

for an arbitrary number of layers. A computer program based on this

analysis was developed by Lemons3~~
8 and It has been used to calcu-

late the transmission function of the acoustic lens under various con-

ditions . Due to the fabrication technique used for the glass layer , its
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thickness will vary ap p r o x i m a t e l y a~; the cos(0) where 0 is the

angle between the  lens  LOX I  and the perpendicular to the p l ane  of

t angency of the lens sti r fa c e .  In F 1g. 3. 16 t lie t rnn sm iss Ion f u n c  —

t ion of the  acou~;t Ic I ens is shown for 4 cases. Case #1 is with

no flint cli ing I .l yeI at a l l .  In ca~;e ci? t lie g I as;; th Ic kiiess Is

chosen such t h a t  i t  is X/4 at t he c eiit ci- of t lit’ I c i i ; ;  w h i l e  In

case i16 t he g I a;. S (Iii ck i i c s~; Is A/4 (lii ck at  he on t er edge of t he

lens . FIn a l  1 y , l i t  c i s c  #3 a compr oin I se between :1St ’;; ii ;’ :sntl #4 Is

selee t ed wit Ii t he ~ 1.155 tli Ic knc;;s chosen t o be 0. 11 A at  t lie 1 c l i ; ;

c e n t e r  w i t  Ii t l ie i e;ail t t hat It Is 0.~’ -\ at  the out er ed ge of t lie len;;

(nssurn tug a in:t x I imini open iii g aug li . I or t li e I en;; of 5 ( 1 0)

In Fi g • 1 . 17 t lie r e su l t  lug 1 to ;: focal p lane dl ;;t r I but Lou I or ]
cnch of these  I en;;  t iansm I s; ion func t I on;; Is shown nolma I ~l t o  t lie

name val ile . The I oca I p lane re;;l~
oi1:;e for t-a;;t ’ (~1 Is a 1 so t ,‘~ .t - .i t oi l

without noi in.il I :-.it I~~ i i .  I t  can be sooui by c omp ;u r  ~i;g  t : i5(’ / !I ~Q i t bout

flOirn:I I I ;.i t t on w i t  h e : u : a -  L~ ‘ h at  l i i i  og i . l  I ed ove F I In ’ I en:; S i l l  fact ’ I lit ’

tna clii i ig  I a v e  i t e ; ; t l  It ;; I i i  a two w. iv  t l insin I ;s; I on I mpro v ent i ’nt 0* 1 .9 dl~

The I’t’;;t mat t- liili ;~ 1.i yei fiom a powei t i : insmi  I ( .iitOi point of view I;;

c a ;;i’ 11:1 wh I cli result s in :i t wo- w.iv I ii;;c 1 Ion 1 i’; ;; I up r ovemt ’n t of I S . ‘ d l~.

This I;; e;i;; I l y uiidei ;;t ood from I lit’ lt’ii ;; t iaiisft ’r I u n e t  ion I i ’i ( h i : ;

wli I cli I ; ;  shown In l 1g. 1. 16. Al t lioug li t lii ;; t i-an :.m I Ion  1:: 1 e;;;; I han

for  ca;;g i l l  at low .uiig I e;; , i t I l i t  g l i t ’  1 at t In ’ 1.i rgc t - a u g  1 e ;; wlie r t ~ uiuo ;; I -

of t hi’ len;; a t  e;l I;; I oc :i I ed . (;u so q 7/s i s ’ s u  I t  i i i  on t v an I I . ‘ d It i~~w ’  F

i a i , ; ;  fer I up i-ovenieii t ( ‘V t ’ i t lie 110 111.11 cli i uig I .-i r s ’i r ise . lint Iii m ost

Iii ;; t auu- c;; It Is the be;; I d u o  Ice I torn an I mag ( ug p o I n t  ot  view . by
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having the best acoustic match at the outer edge of the lens it is

possible to compensate f or the effec ts of dif f r ac tion which resul ts

in reduced power density in this region. As can be seen from

Pig. 3.17, the 3 d~ focal beam width is 0.8X for case #2 while it

is reduced to 0.65X for case 1/4. This width is approximately O .75A

for both the no glass case and the 0.31A case. Thus it is possible

to reduce the beam width  by approximately 15% if an additional 4 dB

of acoustic loss is accepted . Alternately ,  the acoustic frequency

could be increased by 15% to accomplish the same thing but the addi-

tional acoustic absorption would be much greater than 4 dB. For

instance, for a liquid whose acoustic absorption increases with fre-

quency squared and assuming an initial liquid absorption of 60 dB ,

the additional loss to get a 15% resolution improvement would be 19.4 dB.

The additional price one pays for using the lens transmission function

of case #4 is an increase in side—lobe levels as shown in Fig. 3.17.

h owever, these side—lobes are still down by 16 dB from the main lobe

and should present no difficulty.

F. Lens Desi gn

This section has been concerned with the various phenomena that

affect the design and operation of the acoustic lens. In this section

two typical lens designs are presented in an effort to bring these con-

cepts together. In designing the acoustic lens it is desirable for its

focal width to be as small a fraction of an acoustic wavelength as pos-

sible without  incurr ing  unreasonable acoustic losses due to d i f f r a c t i o n

effects. Ignoring for the moment the factors that affect the general-

ized pup il function of the acoustic lc;is as described in Chapter II,
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the focal wid th of the acoustic lens will be propor tional to the

F—number of the lens. This number is given by the focal length

of the len s d ivided by its aperture diameter (i.e., F—number —

F /2r sin O where F is the focal length , r is the
o I. max 0 £

lens radius and 0 is the maximum opening ang le of the lens) .
wax

Due to spherical aberration effects and the desire to maintain work-

ing space between the lens and the object to be s tudied , t he maximum

opening angle for a sapphire—water lens is usually limited to 50

degrees. Thus the F—number for  the lens Is set at 0.75. In Fig.

3.18 is a diagram of a typ ical acoustic lens . The lens radius usually

determines the maximum frequency at which the microscope can be oper-

ated while the t ransducer  radius r
~ 

and the c rys t a l  l eng th  d will

be determined by diffraction effects. The parameters ci the piezo—

electric t ransducer  (t , t 1, t
2

) w il l be de te rmin ed by the f requency  of

operation as w i ll the glass thickness t
g 

which can be chosen to cor-

rect somewhat for  the e f f e c t s  of d i f f r a c t i o n .

When desi gni ng an acoust ic  lens to operate in water  one would

normally s t a r t  wi th  some resolut ion per formance  in mind . With an

F .75 lens , 0 . 7X resolut ion Is reasonable to expect and thus the reso-

lution requirement will  set the acous tic  wavelength which in t u r n

determines the f requency of operat ion . In order to specif y what

radius acoustic lens will  he needed it is necessary to know what

total acoustic loss can be tolerated in the wate r  path and the tern—

perature at which the microscope wi l l  be opera ted .  The total

loss acc ep tab le  in the liq u i d  pa th  w i l l  be d e t e r m i n e d  p r i m a r i  lv

by the e lectronic  detect ion scheme u t i l i z e d , but  it  w i l l  a l so  be
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affec ted by losses within the lens element and signal—to—noise require-

ments for the image. The temperature at which the water can be utilized

will be dependent upon the samples examined . It is advantageous to heat

the water as much as possible if the samples are compatible with the

elevated temperatures. If the total loss (T.L.) is specified in decibels

and the maximum temperature of the water is given such that the minimum

Figure of Merit (FM) is known, then the maximum lens radius is approximately

given as;

T.L.  X (FM)
2

= — ---
~~

--—— ‘~irn (3.20)
0,460x1

where f is the necessary frequency of operation normalized by 1.0 GHz.

Unfortunately lens design is usually dictated by the availability

of the acoustic lens and thus r
L 

is known a priori . The maximum

frequency of operation f is selected using Eq. (3.20) such that the

total liquid losses will not exceed the desired limit under the imposed

operating conditions. Once the f r equency is known it is possible to

specif y the crystal  length d and the transducer radius r
~ 

by examin-

ing the lens illumination under various circumstances. The crystal

length is typ ically chosen as 1 — 4  Fresne~l lengths (r~ /X )  and r
~

is generally 1— 2  times as large as the radius of the lens aperture .

These dimensions are more precisely defined by calculating the beam

profile for a few cases using the diffraction program of Appendix C.

Typically the design is such that the outer extremities of the lens

receive 3 d8 less power density than the central regions. The design

of the transducer does not usually require a computer solution although

— 58 —



- - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _ _ _ _ _ _ _ _ _ _ _

the computer program of Appendix D can be quite useful in finding the

necessary values for the inductances used to electrically match the

transducer. The thickness of the ZnO is approximately given by;

t — 1.6/f ~.im0

where f is the center f requency of operation normalized by 1 Cllz .

The gold contact electrodes are selected to be electricall y thin w i t h

0.1 ~lm usuall y taken as a lower limit. Finally, as described in Sec—

t ion F , the glass  thickness can be selected based on the frequency of

operation and it is generally between 0.3 and 0.39 acoustic wave—

lengths thick at the lens center.

Referring to Fig.  3.18 it c:n be seen tha t the front end of the

lens element is beveled t o a point that is approximately twice as large

as the lens aperture . This keeps the body of the lens element away

from the object under  stud y and makes it easier f or the operator to

see 1mw close the  lens Is to the object. The flat region around the

spherical cavity that constitutes the lens itself is usuall y rough

ground in order to act as a scatterer of any acoustic energy that

falls outside the aperture of the acoustic lens. This minimizes the

amount of energy that passes throug h the f l a t  region , r e f l e c t s  from

- 
the object and r e tu rns  to cohe ren tly  i n t e r f e r e  w i t h  the information

return .

The diameter of the lens clement (D) is usually 0.25 inches .

This value is selected as a matter of handling convenience and
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smaller values are certainly acceptable . The gold wires shown con-

nected directly to the counter—electrode are used only on the hi~h

frequency lenses (2 Cllz and above) and are necessary due to the small

value of the tuning inductors essential at the higher frequencies.

Lemons
3
~~
8 

previously described the fabrication of the  spherical

cavity that constitutes t he lens. The process becomes more difficult

for the smaller radius lenses, primarily due to the difficulty in

forming an initial starting hole from which the lens can be polished .

This is presently accomplished by first coating the lens with a thin

film (either metal or plastic) and then forming a small hole in this

relatively soft film to act as a guide for the tool that forms the

starting hole. Once a hole of appropriate si.:e is formed the lens is

polished using a tungsten tip and diamond polishing compounds in the

same manner as described by Lemons.

eased on the preceding considerations two lens designs w i l ]  be

considered . First a 100 ~1m radius lens that can be utilized at room

temperature with a maximum water loss of 60 dB is considered . From

Eq. (3.20) f is found to he 1.14, i.e., the maximum f requency of

operation is 1.14 CBz . The crystal length and transducer radius are

selected to be 4 mm and 100 tim , respectively ,  and the resulting lens

illumination is shown in Fig. 3.19. This particular design results

in approximately 3 dB of acoustic loss due to diffraction effects.

The ZnO thickness should he 1.4 ~im and the tran sducer electrode

thicknesses are both selected to be 0.2 pm. These electrode thick-

nesses are less than 1/12 of a gold acoustic wavelength and will not
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significantly affect the transducer response. The glass thickness

is chosen as 0.39 acoustic wavelengths which is 1.76 pm at this fre— —

quency . The resulting focal plane distribution for this lens is

shown in Fig. 3.20.

As a second example consider a 40 pm lens that  is to be oper —

ated at 60°C with a maximum loss of 70 dB in the water. From Fig.  2.11

the FM at this temperature is 1.44 and thus from Eq. (3.20) f is 2.8.

Consequentl y the f requency of operat ion should be 2.8 Cliz . Using the

diffraction program of Appendix C the crystal length and transducer t
radius are selected as 2 mm and 50 pm , respectively. The resulting

lens illumination for this case is shown in Fig. 3.21. The transducer

geometry is given by t 0.6 pm , t 0.1 pm and t = 0.1 pm
o 1 2

The theoret ical  response for  this t ransducer  s t r u c t u r e  was given in

Fig. 3.11 where a mat ch ing  network had alread y bee n inc luded .  The

glass is again chosen to be 0.39 wave leng ths  or 0.72 pm for  this  fre-

quency . The focal plane response for this lens is shown in Fig.  3 . 2 2 .

From a comparison of Fi gs. 3.20 and 3.22 it can be seen that  the

focal plane response for both of these designs is quite similar. In

both cases the 3 dB focal beam width is 0.65 acoustic wavelengths and

thus it is expected that the resolution should he of the same order.

If the glass thickness was chosen to be O.25X instead of O.39X for

either of these desi gns , the result ing 3 dB beam width would he ap—

proximately 0.8X. Thus, in conclusion , with the proper design of the

transducer radius , crystal length and glass thickness it is possible

to improve the resolving power of the acoustic lens by approximately

20% over what would be obtained from a straightforward design .
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3.1/1 This char t was p rovid ed  by R. C . Egg let  on .

3.15 .1 . lk’is e rm :lii , Pr iva t e Common I cat Ion .

3. 16 K. C. Pat k and F.. J . We It man , ‘‘F.— Beani Evapora t ed Class and

MgO 1.ayc i-s f o r  Gas Panel  Fabrication , “ 1IQ-I J . of Res . and I1 ev - ,

22, No. 6 (November 1078), pp. 6 07—61 2 .

3. 17 1.. M . Br ckhov sk  1kb , I~.ives In  Lave red Mod I a ( Ac a d em i c  Pros  - New

York , 1Q60), pp. 1 S—36.

3. 18 R. A. l.cnions “Acous t i ~ - Mi crosct ’pv by M e c h a n i c a l  Scann l u g ,  ‘‘ Ph.D.

D i s s e r t a t i o n , S t a n f o r d  U n i v e r s i t y  (l~) 7 5) .
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4. Photoacoustic s

Photoacoustics , or optoacoustics as is often known, Is perhaps tuit ’

most sensit ive method for  measuring optical absorpt ion . In many instances

the absorbed radiat ion is converted to heat and the therma l expansion that

Is associated wi th  th is  hea t g ives ri se to acoust ic  waves in the medium

surrounding  the absorbing reg ion. The I n t e n sit y  of the optical beam is

mod ulated at an app rop r i a t e  f requency  and the t i i i ,~’ response of the absorbing

medium is such that  the t empera tu re  of the heated reg ion can fol low the

intens i ty  var i at i o n s  of the opt ical  beam . It is then the periodic va ria t ion

in tempe ra tu r e that  gene ra te s  the  acoust ic  waves. By v a r y i n g  the  f requency

of the optica l wave it I~ possible  to car ry  out sped roscop ic measur ements

and use this t o  i den t i f y mate r ial propert ies . Much of the  work has been

done w i t h  m o d u l a t i n g  f req ue nc i e s  below 1 MHz . In the summer of 1978 we

carried out an experiment which demonstrated that this technique cou ld be

*
adapted to t h e  acoust ic  microscope .  We borrowed a pulsed laser and used

it to heat deposi ted m e t a l l i c  f i lms . The acoustic energy was detected w i t h

our lens at 800 MHz and the image was formed by mechanical scanning.

Since that t ime the work has been more or less dormant as we went

th roug h a p lanning stage . In other  l abora tor ies , howe ver , the low frequency

work on photoacoust ic sped roscopy has been ac t ive .  There is now a special 1st

conference  at. Iowa S tate  In Ames in August and we were i n v i t e d  to  present our

work on photoacou stic imag ing  at that. meeting.

In our laboratory at Stan fo rd  we have in this interval , dernonstratcd t ha t

the techn ique can be used to the SOS devices but beating the silicon epi—l ayer s

*App lied Ph ysi cs Le t t e r s  33 , 923 (1 December 1978).
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with the optical beam Incident through the sapphire substrate. We feel that

with a laser that is tunable through the bandgap of silicon and other semi-

conductors , we should be able to record some remar kable images.

During the interval covered by this report and in preparation for the

Iowa State Conference , we have wo rk ed on the  theor y of photoacoust ic  con-

version of energy from optical to acoustic with heat as the intermediate

step and rhis work will soon be complete. We are particularly concerned

with heat generated in solid materials and the propagation through layers

to the liquid interface with the lens of the acoustic microscope. Heretofore ,

we have used pulsed lasers to achieve the modulation of the heating but this

is inefficient since the acoust ic  energy is not confined to a single frequency .

To remedy this we are constructing an optical modulator to cover the range of

10 — 1000 M h z .  We will be using a design suggested by Ivan Kaminow of Bell

Laboratories. This modulator will allow us to lock the modulat in g f requency

with that of the acoustic receiver and increase the sensitivity of the overall

ins t rument .  ‘

-

~~~ 

- 
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5. Imaging with 111gb Ve1ocityJ~ quId Metals — Ga l li u m

In the last semiannual report we discussed a system where we used liquid

gallium in the acoustic cell In place of water. This made it possible to

focus the acoustic beam inside of a solid with a diffracted limited waist.

Jipson 5
~~ ’5 2  has pointed out that  this can be accomp lished if we convert

from longitudinal waves in the gallium to shear waves in the solid . For many

solids the shear wave velocity is less t han  the long itudinal wave velocity in

galliu m and it is this f ac to r  that p e r m i t s  us to reduce the  abe r ra t ions .  The

na ture  of these aber ra t ions  was discussed in our last semiannua l  report  and

some ca lcu la t ions  were carr ied out fo r  a g a l l i u m — s t e e l  i n t e r f a c e .  Since tha t

t ime we have pe rformed s imi lar  calcu lat ions  for  a g a l l i u m  fused q u a r t z  in ter -

face  and these resul ts  wil l  be included here. We have also o b t a i n e d  exp i-ri—

men ta l  r esu ’ t s  t- hat demons t rat e  proper focus ing  of shear waves w i t h  a c o ust i c

waves at 1 CHz a f t e r  they have traveled thr oug h 75 ~m of fused  q u a r tz .

The sig n i f i c a n c e  of these r e su l t s  — as poin ted  out in the introduction —
Is as fol lows . The v e l o c i t y  of shear waves in so l ids  Is not much g reate r t han

the ve locit y o f long i tud i nal waves in li quids  (v 1 = 2 X ~~~ cm/sec in fused

qu ar t z as compa r ed to V
1 

l . 5 X  lO~ cm/sec in water). Therefore t h e

wavelength and the diameter  of the  wais t  of a focused beam ar e  si m i l a r  f o r

the two cases. However , the absorpt ion  c o e f f i c ien t  for  sound in gallium

5 1
V.B. Jipson , “Acoustic Microscopy of Interior Planes ,” (May 1979);

to appear In App lied Physics Let ters.

Ji pson , “Acoustic Microscopy at Optical Wavelength s ,” Ciuz ion
Laboratory Report No. 2980 (June 1979).
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is an order of magnitude less than it is for water. We can therefore work

at much higher frequencies with the liquid metal system and it is not In-

conceivable that the resolving power will one day exceed the value that we

have reached with water.

Before we present the experimental results we want to discuss the

process of conversion f rom longitudinal to shear waves at  the li quid—sol id

in te r face .  Keep in mind that  we are dealing wi th  spheri cally converg ing

waves typical of the acoustic beam in acoustic microscopes.

In order to calculate the internal  focusing propert ies  of the  acoustic

microscope, it is necessary to understand how long i t u d i n a l  and shear waves

are excited within the  solid when a longitudinal wave is incident at the

surface. This prob lem is readily solved by app lying the acoustic boundary

conditions (continuity of normal stress and particle disp lacement and zero

tangential stress at the solid surface) to the liquid—solid interface. The 
. 

-

results for  the re f l ec t ion  and transmission coe f f i c i en t s  are:

2 , 2Z cos 2p + Z sin 2p — 2

~~~~~~ cos
2 

2’~ + 2 5111
2 
24’ +

p 2 Z
1
cos 24’

p
1 

2
1 
cos

2 
24’ + Z

~ 

2 
2~
’ + ~

p 2 Z sin 24 ’

- 

T = - 

~;~ç ~1 
~~~ 2~

’ ~ :in
2 2~~ +

Brckhovskikh, Waves in Layered Media (Academic Press , New York ,
1960), pp. 15—36

— 

. 

~~~~ 
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where

z = 
~ 2 

V
2 

, 

p
3 
V3L 

, = 
P3 

V
3
;
s

cos cos ‘
~L 

cos

is the liquid den s i t y ,  V
2 

is the acoustic veloci ty in t he li q u id ,

p
3 is the solid dens i ty , V 3L is t he longi tudinal  acoustic veloci ty

in the solid , V
3 

is the shear acoustic velocity in the solid , RL

is the amplitude of the reflected long itudinal wave (assuming the

incoming wave was unit amplitude), TL is the amp litude of the trans-

mitted longitudinal wave, T is the amplitude of the transmitted

shear wave and from Snell’s law

= 
V
3~ 

V
35

sin ~ sin sin 4~
’

wher e • is the angle of incidence , is t he ang le of r ef raction

f or the longitudinal wave and 4 ’ is the angle of refraction for the

shear wave.

If we are to calculate the energy transfer across the boundary ,

we must know the par t i t ion  of acoustic energy into the various compo-

nents. Conservation of energy at the boundary requi res

RL + TL + TS 100%

where RL = 100 is the percen t of reflected longitudinal energy ,

TL = l00(z/z1)(p1/p)
2 
T~ is the percent of t ransmi t ted  lon git udi n al

energy and TS = 100 (Z/Z~ ) (p
1

/p ) 2 T~ is the percent of t ransm i t t e d
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shear energy .
5
~
3 In Fig. 5.3 the partition of acoustic energy as a 

I 
-

function of ~~
‘ is shown for a water—fused quartz and gallium-fused

quartz interface. It can be seen fo r  t he  w a t e r — f u s e d  q u a r t z  boundary

that  more than 60% of the inc ident  energy Is ref lect ed  as a long !—

tudi nal wave. At low ang les of r e f r a c t i o n  a p p r o x i m a t e l y  3O~ Is t r a n s —

mit ted as a longi t ud Inal wave and above t l ie l ong i t  ud I na I cr 1 i ca l  ;ln~ 1 e

15°) up to 40% Is t r ansmi t t ed  as a shear wave.  For t h e  g a l l  i n n —

fused quartz case the s i t ua t i on  is quite different . For low ang l es

of inc idence near l y I OOZ of t he  energy is t r a n s m i t  ted as a long I t  udinal I 
- -

wave and above the long itudinal c r i t i c a l  ang l e  (4~ = 29.70) almost lOO~

is converted in to  a t r a n s m i t t e d  shear wave.

The acoustic l ens generates an angular  spect rum of p lane wa~’es

that imp i n g e  on t h e  object  vi iii a maximum ang le of I n c i den c e  
~ 

that-

is approx im a t clv ~~~ less thaii t he  max unum o p e n i n g  an~~l e of t h e  l e n s .

It is obvious f rom 1-1g. 5.3 that ; 1) the use of gall m m  in p lace  of

water r e su l t s  in si gnificantly Improved cnerg\  t r a n s fer  across t h e

boundary , and 2) shear waves can be e f f 1  ci ent I cxc i t  ed I f t h e  ma x i  —

mum ang le of Inc idence  exceeds the  loii~-. it udin al en t i cal an~ l e.

The acoustic transfer funet Ions for the long! t u d i n a l  (T
1 
(O’~ 

‘
~

and shear (T (0))  waves are u t i l i z e d  in t h e  next sect  ion where t h e
S

acoust ic  f i e ld  d i s t r i b u t i o n  Inside  t he  object Is calculated .

Acoustic Field W i t h i n  the Obje ct

A measure of the imag ing po ten t ia l  inside m a t e r i a l s  w ith  t h is  tech-

nique can be obtained by considering the geometric aberrations ot Eq. (5.1).

A mo re rigorous approach would inc lude the ca l cu l a t i on  of the acou st  ic field
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distribution inside the object as a function of depth. This is accom—

pu shed by using an angular spectrum approach as outlined below.

The geometry for  this calculation is shown in Fig . 5.4. Assume the

back focal plane dist r ibution of the acou stic lens (Plane 1) is given

by U1(r
1

) and the e f fec t ive  pup il funct ion is given by;

&cos UP ( r
1
) = P(r

1
) 
~~~

where P(r
1
) is the generalized pupil function for the lens. The

f ocal plane distribution (Plane 2) without the object p resen t is given

-5.4 ,5.5by;

U 2 (r 2 ) = exp tj ktr
~

/2f
~.7(fr (r

l
)U l (r l

)
~ 

(5.2)

p r2 /A~ f

where k~, = 2 rr / A~ A 9, is the acoustic wavelen gth in the liqu id ,

f0 is the focal length of the lens and .YC
~ Pe (r i )U i (r i

) }
p= r 2 /A f 0

stands for the zero—order Hankel t ransform or angular spectrum of the

qua n t i t y  in brackets with the spatial frequency p evaluated at r
2
/Af .

At the focal plane r
2 

is only significant  over a radius of a few wave-

lengths and thus to a good approximation the exponential can be ignored .

Th e an gu la r spect rum (5
~

6) 
at the f ocal p lane can thus be wri t ten  as:

1J
2

(p) = X{U 2
(r

2 )J P (Apf )U
1

(Apf ~~ . (5.3)

In order to calculate the acoustic field distribution within the object ,

the angular spectrum must first be propagated to Plane 3 of 1 i t- , ~ .4 ,

5.4 UE.A. Lemons, Acoustic Microscopy by Mechanical Scanning, i h.D.
Dissertation , Stanford University (1975).

5511.K. Wickramasinghe, J. Appi. Pliys. 50 (12), 664 (1979).
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i . e . ,  a plane jus t  Inside of where the object will be positioned . At

Plane 3 the angular spectrum is:

U
3

(p) U~~(p) exp (cz~ - j k 9,)~ll - (pX
9,

)
2

Z ~ (5 .4 )

where a9, is the attenuation coe f f i c i en t  in the liquid and the expo—

nential  f ac to r  accounts for  the propagation of the various angular

components. ( 5 . 5 — 5 . 6 )  The acoustic f ield d is t r ibut ion  at Plane 3 could

now be calculated by taking the Ilankel t r ans fo rm of 13
3

(p) . This is

the technique that  was u t i lized in Chapters 2 and 3 to f ind  the “focal

plane” distribution for the acoustic lens in the presence of phase

errors due to acoustic matching la yers and lens aber ra t ions .  However ,

it is the acoustic f ie ld  dist r ibut ion within the obj ect that concerns

us here.  At this point the object can be inserted and the angular - I
spec t rum at  Plane 4 (a p lan e i n f i n i t e simally removed from Plane 3 but

across the liquid—solid inte rface)  can be obtained through mul t ip lica-

t ion of the spect rum at Plane 3 by t he appropriate  acoustic t ransfe r

funct ion  fo r the l iquid—sol id  in te r face , T( p ) , as desc r ibed in the

previous section . The spectrum can then be propagated within the solid

to the plane of Interest (Plane 5) by multiplying each angular compo—

- nent by the appropriate phase term , i.e.,

U5 (p) U
3
(p) T(p) exp I(ik - a ) ~I l  - (pA )2 Z (5.5)

where k = 2?r/A , A is the appropriate wavelength in the solid and

5.6
~i~~ Good man , I n t r o d u c t i o n  to Four ier  Optics (McGraw— Hill , New

York , 1968), p. 48.
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a is the corresponding acoustic attenua tion coefficient . The acoustic

field distribution is then found by taking the zero—order liankel trans-

form, i.e.,

U
5
(r
5
) .W’(U

5
(p)) (5.6)

A compute r program was wr i t t e n  to per form the above operat ions and

also to calculate the effective pup il function for the lens.

In Fig. 5.5, calculated acoustic field distributions are shown

for a gallium-fused quartz geometry . The ca lcu la t ions  are based on

the following assumptions: 1) R = 200 pm , 2) 0
max 

4 50 ,

3) f = 1.0 Gllz, 4) ct9,/f
2 

= 1.58 X l0
17 

sec
2
/cm , and 5) a /f

2 
0.

sec
2
/cm . In Fi g. 5. ~ (b) r e s u l ts  are shown fo r  the  long i t u d i n a l  wave

case at depths  of 70 , 75 and 80 pm within the material a f t e r the object

has been translated (in theory) 190 pm ins ide  the  foca l  p l ane .  It can

be seen for this case tha t the best focus occurs at a depth of 75 pm.

The parax ial  focal dep th  for  t h i s  geometry is 91 pm w h i c h  is 2 0% la rger

tha n the  ca lcula ted  focal dep th . It is not s u r p r i s i n g  t h a t  the  best

focus occurs at a p lane considerabl y in f ron t  of the paraxia l  foca l  p lane

since the geometric abe r ra t ions  fo r  this case wil l  he severe. The 3 dB

acoustic beamw idth is 0. 76 X
3L 

w h i ch  is 4 .54  pm at I Gllz . It is some-

what surpr is ing that  the h eamwidth  is t h i s  narrow considering the  large

abe rr a t i on e f f e c t s  f or th is  case , but these  e f f e c t s  are compensated

somewhat by the fact that the effective lens F—number for this geome try

is 0.5. The low F—number arises from the fact that  acous t ic energy is
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incident on the object at ang les up to the long itudinal cr1 t ical angle . 
-

In fact some of the incident energy is above the crit li-al ang le and

thus 1(p) — 0.0 f o r  these components . In Fig. 5 .5(a)  s imI  Lu r e s u l t s

are shown fo r  t h e  shear w a v e  c a s e .  The va I UI’  of Z was assumed to be

105 Pm. The c o r r e sp o n d i ng  p a r a x i a l  f ocal  p lant’ fot this geometry I~;

80.9 II m which I:; t~ . 8% g rt’.i I er t han  I he ca icu 1 at ed [ oca 1 p lant’ of 75 .0 pm.

Tile 3 dR focal width i s  O.~’.’. A 1 
w h i c h  11; 7~~/4 p m at 1.0 (}t;~, near l y .i

fact or of two 1 ess t han f o r  the long It tid I ma 1 case

From t liesc cal cul at ions  it can be cotic I uded that t h e  tist’ of shea i -

waves wit li i is t he mat er .~ a 1 for I m:tgl I1~~ purp oses  c.in 1L’SU I t  in s t ihst  an— 
- 4

t Ia 11 1 iop roved r t -so In I I on . ‘l’li I :: i S t rue I or t hi’ cast ’ dl ~u ;; ;:etl her e

eVen t h ot ig h t he t - f  i t’e I I vi ’ l-’— i iumbe  r 1 or I lit’ len :; In t lie shear wave c e -

is 40~ 1:iige I I 11:115 b r  I lie long~ t ud I nal wave c:I:;e

4
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I I I .  ADD IT iONAL ACTIVITIES

A. A nu m ber of t a l ks  was g iven dur i n g  t h i s  I n t e r v a l  wh ich a t t r a c te d

a good deal of i n t e re st  in t h i s  f ie l d .

1. Seminar for  t h e  Pet r o l e u m  Consort inn as o r g an i z e d  by Prof.

A. Nur .

2. I n v I t e d  t a l k :  An-icr ican Phy s ics  Soc I et  \ of Cis i cago , Mace li 19th .

As a r e s u l t  of t h i s  our  work  was writ t e n  U~ i i i  Phy s ic s  Today ,

page 20, May 1979.

3. ~ em! mar for I he D epar t  men t of Mat or I al Sc I cisc e at ~ tan f o r d .

4. Invi ted talk at Bell Lililt ) r a t  ~ Iv  , ‘Koiiip u ser Meuio ci a I l.ec t t i r e , ’’

May 1979.

5. 1mw i t  ed t a l k  : Acous t teal Soc ~ t’ t V of r\fflCi I ca , l~o;: t On , .l t t lS ~ ~ 
q 79~

6. Part Ic i p a t  ed i i  t h e  ARI’/AF Review in Quant i t  at lye NDE at

Laiolla in Jtml~ . One invit eu talk arid a post er session .

B. The f o l l ow i ng  l i s t  of v i s i t  ot S toured  our I :tbo rat orv during th is

in te rval .

1. B. He idenre I ch and I) . Re i l l s  — Be l l  Labs.

2 . Brian Shubert  — Iloneywel I In l)enve r.

3. W. Brul tman  — Bell Labs.

4. BIl l  11am — RCA — Princeton

5. Bill Lives:sy — Geo r g i a  Tech

6. Jim McCrodtly — IB M — Yorktown

7. JIm Ku r tz I — Ilewl e tt  P a ck ar d  Labs

8. Don Chamber lain  — FMC

9. Bob Dynes — Bell 1,.ib:;
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10. Kuma Patel — Bell Labs

11. E. Nfshimma — Nekkel Electronics

12. B. McDonald — Intel

13. W. Webster — RCA Princeton

14. R. Von Guffeld — IBM — Yorktown

15. R. Scruhy — 1-larinell — England

16. R. Scouten and B. Gethner — Exxon Labs

17. Larry Kessler — Sonorscan

18. Dave Bishop — Bell Labs .

19. Larry CummIngs — Wr ight—Paterson

20. MacFuiwyler — Becton — Dic kenson
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