Visualization of ultrasonic wavefront.patterns using

a 1iquid-surface as the recording medium

Z 5L

S PF3 :
ABriy & Y
e, 3 Farkhondeh Amin

A Thesis Submitted to the
Graduate Faculty in Partial Fulfiliment of the
Reguirements for the Degree of '

MASTER OF SCIENCE

Major: Biomedical Engineering

Signatures have been redacted for privacy

Towa State University
Ames, lowa

:- -I‘_g— -8"3_" : <

1429788




i1

TABLE OF CONTENTS

CHAPTER I. INTRODUCTION
CHAPTER II. PRINCIPLES OF HOLOGRAPHY
Optical Holography
Recording
Mathematical analysis of recording process
Reconstruction
Mathematical analysis of reconstruction process
Acoustical Imaging Using Liquid-Surface Levitation
Recording and reconstruction
CHAPTER III. 'METHODS AND MATERIALS
Geometry and Mathematical Analysis
Computing the Distance Between Ripples
Eiperimenta] Equipment

Technique and Targets

One transducer
Two transducers

CHAPTER IV. RESULTS AND DISCUSSION
CHAPTER V. SUMMARY AND CONCLUSIONS
BIBLIOGRAPHY

(&3]

W o~y

13
18
18
19
22
27

29
30

32
55
56



CHAPTER I. INTRODUCTION

This thesis describes a method of visualization of sound pressure
fields as used in the production of three dimensional images, known as
acoustical holography, using a water surface as the recording medium.

Réasons for using acoustical holography (7) rather than other
conventional techniques to form visual images of insonified objects are
its simplicity and flexibility, ability for real-time visualization of
three-dimensional images, possibility of recording and utilizing more of
the information contained in a coherent sound field, rapid extraction
and processing of acoustic information and enormous depth of field.

One application of ultrasonic holography (7) which is of considerable
value in thé medical and biomedical field, is the use of this technique
as a diagnostic tool to visualize internal structures of the body. This
technique is especially useful when there is a possibility of tumors (5)
because preliminary experiments have shown that tumors are much mere
opaque to ultrasound than are normal body tissues. The x-ray technique,
for instance, is not quite as successful in recording soft tissue.

A second major application of ultrasonic imaging is the field of
nondestructive testing which utilizes the unique interaction of sound
with objects to localize defects in them.

Other areas of application of ultrasonic holography are inter- |
ferometry, acoustic microscopy, underwater imaging, and seismic imaging.

Holography is a technique which uses two phenomena of optics, |

interference and diffraction, to record and display an image. What




makes holography different from other forms of recording an image is the
fact that in holography both the amplitude and phase of a coherent wave
are recorded, whether the wave be electromagnetic or acoustic.

In recording an optical hologram, the amplitude and phase
information are converted into intensity variations by utilizina the
phenomenon of interference between two interacting sources of Tight
which are incident on a sensitive surface such as photographic film (6).

In reconstruction, the hologram is illuminated by a coherent 1ight.
The recorded fringes on the hologram act as a diffraction grating and
diffract the incident light. The result is a reconstructed wavefront
which forms a reconstructed image.

Acoustic holography can be carried out in direct analogy to optical
holography. Of course, there is a wider variety of recording media and
reconstruction techniques.

There are basically four categories of detection methods for ultra-
sonic images (7). These are: 1) photographic and chemical, 2) thermal,
3) optical and mechanical, and 4) electronic.

To visualize the images, the acoustical images are usually re-
constructed optically. The advantages and disadvantages of this
technique will be discussed in the following chapters. There are other
techniques used to reconstruct the acoustical images. One such technique
is digital image reconstruction (4, 10).

In this research,an attempt was made to generate and visualize the

ultrasonic wavefronts. ‘The -liquid-surface was chosen:as ‘the recording



medium. This method is categorized under optical and mechanical
detection. The reason to choose this method is because that it is the
most widely used method in ultrasonic holography in medical and bio-
medical fields. Liquid-surface holography has received the greatest
attention because of its attractive feature of allowing real-time images
to be readily obtained. On the other hand, the need for the immersion
of the anatomical area of interest in a water tank presently Timits

the use of the technique to the portions of the body, such as Timbs and

the female breast, which can be readily introduced into a fluid-filled

tank {5).



CHAPTER II. PRINCIPLES OF HOLOGRAPHY

The concept of holography will be discussed in this chapter. Opti-
cal holography will first be described in detajl and then the analysis
will be modified to include acoustical holography.

Like optical holography, acoustical holography (7) is a two stage
process, recording and reconstruction. A realistic three-dimensional
visual image is created when the hologram is illuminated with a suitable
coherent light source. From a surface-type recording two twin images
are reconstructed simultaneously. They are mirror images of each other.
Some of the terminology used for these images is restated below. This
terminology was originally introduced by Gabor.

HoTogram A recording (permanent or semipermanent, surface or
volume) of the diffraction pattern of an object biased by a coherent
background radiation. This biasing radiation may be referred to as

reference wave.

Reconstructed jmage An image reconstructed from a hologram when
illuminated by the reference wave alone. |
Twin images The two. images reconstructed from a surface-type
hologram.

True 1mage' The reconstructed image which exactly duplicates the
original object. Mathematically, it is described by a wave function
identical to that of the object.

Conjugate image The reconstructed image which is described by a

wave function conjugate to that describing the object. This image is a



mirror image of the original object, or its true image.
Optical Holography

Recording

As mentioned earlier, holography is the recording of amplitude and
phase distributions of a coherent wave disturbance on a surface and its
subsequent reconstruction.

The key mechanism in recording an optical holegram is interference,
Figure 1. 1In recording a holegram, the amplitude and phase information
are converted into intensity variations using the interference phenomenon
between two interacting sources of light. The two wavefronts in Figure
1T interact on a detecting surface called recording piane. Wavefront
No. 2 is the object source or beam and wavefronts are split off from one
main source because the reference and the object beams must be mutually
coherent. To produce a hologram, the object beam which has become modu-
lated when illuminating the surface to be holographed is allowed to
interact with the unmodulated reference beam to form the interference
pattern. Interference is either constructive or destructive depending
on the path Tength from a point on the object to the recording plane.

If the path lengths differ by an integral number of wavelengths, inter-
ference is constructive. Conversely, when path Tengths differ by 1/2,
3/2, 5/2, etc. wavelengths, interference will be destructive. Between
these two extremes, the recording surface is subjected to 1ight energy

dependent on the relative amplitude of 1ight from the object and on the
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Figure 1. Recording of a hologram wavefront No. 1 represents the reference wave while the other
represents the object wave



'degree of constructive interference. The reference beam interacts
with the 1ight from the object to map the relative amplitude and phase
of each point on the object into an intensity function on the two-
dimensional recording surface (3, 6).

Mathematical analysis of recording process

The mathematical model of holegraphic recording used here is that
given by Hildebrand and Brenden (5). This model is a general
mathematical model which can be applied to both optical and acoustical
holography. In this model, real notation is used and the time-dependent
terms are retained. This is done because long wavelengths of radiation
were considered where it is not as obvious that the time dependence can be
ignored as is apparent with optical radiation.

Consider two beams of radiation intersecting on a detecting plane,
Figure 1. These two beams are mutually coherent. Thus, phase
differences between any two equal Tength segments of the beam are equal
and independent of time. The instantaneous amplitude of beam 1 at

point (x, y) on the recording surface can be described as

s1(xs ¥) = a;(x, y) cos [wt + ¢;(x, ¥)] (1)
while the instantaneous amplitude from beam 2 can be described as

so(%s ¥) = ay(x, y) cos [ut + ¢,(x, y)] (2)

where a(x, y) is the amplitude of the wave, ¢(x, y) is the phase of the
wave and o is the angular frequency of the wave in radians/sec. The

total instantaneous amplitude s{x, y) of the two beams at point (x, y)



is ‘the sum of these two beams individually. The result is

s(x, ¥) = (%, ¥) * 5,(x, ¥)

a1(x, y) cos [wt + ¢1(x, ¥)1 + a,(x, y) cos
[wt + ¢o(x, ¥)1. (3)

. In optical radiation, the radian frequency is so great that no detector
exists that can detect the oscillation (5)}. Hence, the best thing to
do is to measure intensity. The signal that is recorded is some function

of intensity
I(x, y) =<[s(x, y)]2>t (4)

where<>t denotes an average over many cycles of radiation. Now if

Equation 3 is substituted into Equation 4, the result is

(6, ¥) = 5,% % 5,7+ (575,), + (5755). (5)
where

_512 = 1/2 alz(x, y)<{1 + cos 2 [wt + ¢-l(x, .V)}>t

S 2 1/2 a 2(x y)<{1 4 cos 2 [at + d,{x, y)}>

2 2 \ % AR

(5152)+ = 1/2 a](x, y)az(x, yi<cos [2at + ¢1(x, y) +
(%, ¥ >y
(sy5,)_= 1/2 a;(x, y)ay(x, y} <cos [dy(x, ¥) - ¢5(x, y)1>,.

This equation shows that the angular frequency term can be dropped



easily because an oscillating function such as cos wt averages to zero

over many cycles. Therefore, Equation 5 reduces to
I(x, ¥) = 1/2 L2206, ) + ,°(x, ) + aq(x, ¥)ay(x, ¥)

cos [¢I(x’ ¥) = 9y(x, y)13. (6)

As seen in the equation above, we have succeeded in preserving the
phase terms of both wavefronts.

Reconstruction

The next step in creating a three dimensional image or hologram is
to reconstruct the phase and amplitude information. This is done by
using the diffraction phenomenon. The recorded hologram is illuminated
by a coherent wave, Figure 2. The recorded fringes on the hologram act
as diffraction gratings and cause the coherent incident beam to be
diffracted. The diffraction in turn recreates a wavefront which carries
the phase and amplitude information of the original wavefront. Producing
a virtual image, Figure 2a, or a true image, Figure 2b, of the object,
depends on the direction which the coherent reconstruction wave is
i1Tuminating the hologram.

Mathematical analysis of reconstruction process

As noted, the information recorded on a sensitive surface can be
reconstructed by the process of diffraction. Here, a general mathematical
model of the process as described by Hildebrand and Brenden {5} is
introduced. An arbitrary function S3 is used here as the reconstruction

wave
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s3(x> ¥) = ag(x, y) cos [wt + ¢5(x, y)1 ., (7)

Consider a photographic plate which is exposed to the intensity in
Equation 6. After development, the plate has a transmittance
proportional to the intensity. Hence, when wave S5 passes through the

plate it is modified by this transmittance as
KI{x, ¥)s,(x, y) = X {a 2(x ) + a 2(x )} a,(x, y) cos
3 y 3 3 .V 2 'I L] .y 2 L) .‘/ 3 3

Iwt + ¢4(x, ¥)1 + K/& a;(x, y)ay(x, y)
az(x, y) {cos [wt + ¢;(x, ¥) - é5(x, y)
* 440X, y) + cos [ot - ¢1(x, y) + ¢,(x, ¥)
+ ¢3(x, y}1} (8)

where K is a constant related to the sensitivity of the photoplate.

Let us consider the terms one by one. The first term is actually the
reconstruction wave which has been modified in amplitude. To demonstrafe
that either one of the waves, s or s, of Equations 1 and 2 respectively,
can be reconstructed by diffracting the other beam through the hologram,
some assumptions should be made. Assuming that S3 is a replica of Sps

the second term in Equation 8 becomes

%azz(x, ¥)ai{x, y) cos [wt + ¢;(x, ¥)] (9)

which represents the original wave, Sqs with a modified amplitude.

With the same assumption, the third term of fquation 8 becomes
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%-azz(x, ylay(x, y) cos [wt - ¢;(x, y) + 24,(x, ¥)1. (10)

This is an extraneoUs’térm which tends to mask the light from the
desired wave.

Several'other options are available. For instance, consider that
S3 is the exact dup]%cate of s ; therefore, the third term of Equation

8 becomes

%a]z(x, y) ap(x, y) cos [ut + ¢,(x, y)1. (1)

The second term becomes

§a12(xs .V) 32(}(, .Y) cos [wt + 2¢)](X, .Y) - ¢2(xs .V)]- (]2)

It can be seen here that So is reconstructed. Addifiona]Ty, by using
the conjugate of one of the interfering beams as the diffracting beam,

the conjugate of the other can be reconstructed.

Acoustical Imaging Using Liquid-Sufface Levitation

The basic principles described above can also be applied to
acoustical holography. The specific interaction involves two beams of
squndl One is used as the reference beam and the other as the object
beam. The two beams should be essentially coherent to be capable of
interfering. If one is using a'liquid-surface as the recording medium,
according to Hildebrand and Brenden (5), the rapid response of the

Tiquid-surface allows a few percent difference between the frequencies



13

of the object and reference beams. In acoustical imaging, the two beams
can thus be from two different sources which are driven from the same
generator. The most frequently used methods in generating sounds
involve magnetostrictive or piezoelectric devices. The magnetostrictive
devices are capable of generating high acoustic powers, but are limited
to frequencies below 100 KHz. On the other hand, the piezoelectric
converters are capable of producing frequencies in the vicinity of 100
MHz in liguids (7). In addition, they can operate at the Towest ultra-
sonic power level of any detector available.

Recording and reconstruction

Consider the situation of a liquid-air interface as illustrated in
Figure 3. The two transducers A and B are submerged in a liquid. A
stationary sound wave impinging on a liquid-air interface exerts static
pressure on this surface. This radiation pressure is proportional to
the intensity of the impinging wave.

Transducers A and B are driven by the same generator and therefore
produce mutually coherent ultrasonic waves. Let us consider that
transducer A insonifies the object. Therefore, the beam from trans-
ducer A will be modulated by the object and the waves behind the object
carry the ultrasonic information of the object and thus are called the
object wave. Waves from transducer B will not be modu1éted and hence
provide the reference wave. The two beams interfere in the region of.
overlap on the surface of the liquid.

At the surface, there are three major forces that affect the
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Figure 3. Formation of static ripples as an acoustic hologram at the
liquid-air interface. Transducer A acts as the object
transducer and transducer B as the reference

Small Tank

Large
Tank

Transducers

Qibj ect

Figure 4. Using a small imaging tank to refine the Tiquid-surface
hologram
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interference pattérn: the acoustic radiation pressure, the surface
tension, and gravity (1). These three forces will interact and as the
result of their interaction the surface of the liquid will deform. The
deformation includes an overall elevation of the surface and in
addition, the production of surface ripples. Tﬁe surface deformation
is proportional to the acoustic intensity. Therefore, the liquid-
surface acts as an intensity-sensitive detector.” Or, in other words, a
hologram can be produced on the surface of the 1liquid.

Since the liquid surface carries the acoustic information due to
acoustical interference, a photograph can be taken from the stationary
ripples on the Tiquid surface and it becomes an acoustic hologram (9),
The recording step of taking a photograph is not necessary for creating an
acoustic image. The acoustic hologram informétion is already available
at the surface of the liquid. Therefore, by illuminating the 1iquid
surface with a coherent 1ight source, the ultrasonic object information
can be reconstructed directly and immediately.

Therefore, the reconstruction of the image can be done eijther
directly from the surface of the 1iguid or from an intermediate recording
such as a photograph. In either case, the photographic plate or the
surface of the Tiquid can be illuminated by a coherent 1ight such!as
Taser Tight to reconstruct the acoustic image optically. In the Tlatter
case, since the acoustic hologram information is,read11y available at
the rippled surface, the laser 1ight can be used to illuminate this

surface for direct and immediate reconstruction of the acoustic image
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of the object. The Taser iight reflected at the liquid-air surface
will undergo different optical path lengths according to the surface
configuration. This means that the rippled surface can directly
diffract the incident laser 1ight just 1ike a hologram. Therefore, the
result of this diffracted Tight is a product of hologram reconstruction
which is a replica of the object wave. Because the recording step is
obviated, the optical replica of sound information can be made without
delay, thus it allows real-time formation of acoustic images.

The system used in this experiment has several serious problems
which have to be considered and solved.

The sound wave has basically three effects on the free Tiquid-
surface on which it impinges (7): 1) a uniform levitation, 2) defor-
mation superimposed on the levitation {the main holographic information),
and 3) small perturbations of the deformed surface. As described
later in Chapter III, it is desirable to increase the height of the
vertical deformation or ripples and reduce the overall levitation.

In the next chapter, it will be shown that the ripple height and the
overall levitation are inversely proportional to surface tension of the
liquid v, and the density of the Tiquid p. Thus, it is preferred to |
use liquids of low surface tension and high density.

The effect of overall Tevitation can also be circumvented by
applying bursts of sound instead of continuous wave (5). Because the
time constants associated with.the overall elevation of the surface and

the ripple formation are different, the effect of the overall elevation
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is much reduced when the reconstruction is performed at a short time
ihterval around the instant when the ripple formation is maximized if
the sound is pulsed at rates ranging from one hundred to several hundred
times per second. Considerable gain in effective surface flatness and
surface stability can be gained using this technique.
Because of the dynamic response of the surface, the laser beam has
to be pulsed in synchronism with the acoustic puises. The pulse is
usually flashed on shortly {300 psec) after the acoustic pulse is off for
5-50 usec at the time when the surface hologram is fully developed. |
A sound béam in absorbing liquids such as water sets up streaming
and turbulence at the surface which impair the image and affect the
reconstruction. Pulsing the sound is one way to reduce the amount of
streaming.
Another arrangement can be used to stabilize the effect of
streaming and turbulence (1, 2). In Figure 4, two tanks containing 1iqﬁid
are shown - a large tank and a small imaging tank. The small tank lies
on top of the large tank and is separated from the large tank by a
membrane. This membrane is transparent to the sound but isolates the
streaming and unwanted fluid motion in the lower tank from the 1iquid-
air interface in the upper tank. This arrangement also permits the
use of two different fluids, one for optimum object immersion and wave

propagation and one for optimum ho?dgram formation in the imaging tank.
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CHAPTER III. METHODS AND MATERIALS

Geometry and Mathematical Analysis

The configuration of the insonified 1liquid surface is shown in
Figure 5.

The following is the analytical treatment of this technique by
Smith and Brenden (as cited in 8, Chapter 1). Assume that 26 is the ob-
ject and the reference sound waves incident on the liquid surface. -
The whole surface is levitated by hy. The distance between the
ripples is d, and the height of ripples is, h. The coherent light is
incident at an angle a for real-time reconstruction and is reflected at
the same angle. The reconstructed waves are diffracted at an angle (o +
8a}. Assume that the sound wave has a frequency of f and a wavelength
of A, the 1ight wavelength is X and the intensity is I, then for the ideal

geometry
(sin a)/A = (sin 8)/A. (13)
This equation implies that regardless of 6, a is very small and the

technique can be safely considered as on-axis holography. The distance

between ripples is then
d =4A/2 sin@. (14)

This equation is dependent on the sound wavelength while the ripple
height h,
h = Ic/(2n® vf2 sin%e) (15)
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is a function of the sound intensity, its velocity of propagation c,
freauency f, the angle 8, and the surface tension y. To obtain more
efficient 1ight diffraction, it is desirable to increase the height of
the ripples. Therefore, it is preferred to use liquids of low surface

tension. On the other hand, overall levitation of the liquid
h0 = 41/gpc (16)

should be minimized, by using liquids of high density p. To have a large
separation between the optically reconstructed images, i.e., to have a
large 6o, the sound frequency f and the angle of incidence 0 of the sound
wave should be maximized. However, the increase of f and 6, reduces the
ripples' height h.

The angle 8o is given by

Sa = (Asin 8)/(Acos a), (17)

A praética] compromise between having a large h, Equation 15, and a

large o, Equation 17, has led to the useful criterion

f(MHZz)  sino = .233, (18)

Computing the Distance Between Ripples

Figure 6 illustrates the position of the transducer relative to the
surface of the water.

Assume that the transducer is acting as a point source and the
liquid shrface is the recording plane. Consider that point M is where

the first ripple (maximum) forms and point N is the position of the second
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ripple, then the difference between e and L will be A. Where A is the

wavelength of the sound. Therefore, € and L can be introduced as

e = kp (19)
and

L=(K+1)A (20)
then

L-e =4 (21)

which can be generalized as
L-e = mp where m =1, 2, 3, 4,.... (22)
Computing the distance between the ripples in terms of the distance of

the transducer from the water surface, b, and the angle of incidence ¢

results in
. b
€ 7 Cosé (23)
L = (p% + b2 1/2 (24)
where
p=atr, fori=20,1, 2, 3... (25)
and
a=»>btan ¢. (26)
T herefore,
a = P 2.1/2 b _
L-e = [p~ + b7] ) mA (27)
2 2.1/2 _ b .
[p™ + b~] _E'EEE'FM‘ (28)_
2 _, b 2 2
= Cose * mA)~ - b (29}
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and
p= [(CESd, + mf\):2 - bz]”2 (30)
rE [(E%§$'+ mA)2 - b2]1/2 - (b tanpa ¢ + nri)
and n =0, 1, 2,... - (31)

Experimental Equipment

The system used in this experiment consisted of a rectangular water-
tank, two ultrasonic transducers, a ccherent Tlight source, and a radio
freguency generator. Figure 7 illustrates the system used.

The water tank was made out of plastic. The tank dimensions were 29 X
24 cm at the bottom and 33 x 28 cm at the top.

The tank was filled with water to a depth of 10 c¢cm. This depth was
chosen because, after many experiments with different depths, it was
found out that at this depth the fringes were more visible.

The system was arrangeq on the Taboratory floor to isolate the
Tiquid from the external vibrations. The slightest vibration in any of
the equipment caused the image to vibrate and produced a blurry and un-
stable image. When vibrations are transmitted directly to the water
tank the image swings widely in the space. Therefore, it was essential
to have a very steady and stable geometry to avoid any unwanted external

interference.

The two LTZ-2 piezoelectric transducers were used to provide an object

beam and a reference beam. They were obtained from Traisducer Products, '
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Inc., Goshen, Conn. They were 25.4 mm in diameter and approximately
one millimeter thick and were coated with a silver alloy to provide con-
duction for electric current. They operated at resonance freguency of
about 2.2 MHz.

Since the transducers were not equipped to be immersed in water,
mounting devices were fabricated. Figure 8 shows the méunting devices
and the location of the transducers. Two 2.54 x 2.54 cm stainless steel
blocks were built. A well with a diameter of 2.54 cm and a depth of .
about one millimeter (the dimensions of the transducer) was cut in the
middle of each block. The thickness of the block directly underneath
the transducer was chosen to be an integral number of half waveTlengths
of the sound in the steel to eliminate the destructive waves bouncing
back from the bottom of the blocks.

For a frequency of 2.2 MHz, and the velocity of the sound in steel

of 5790 m/sec we have
A=?—W=2.6mm . . (32)

The thickness of block underneath the well was 13.2 mm which is
approximately 5 wavelengths. Of course, to obtain the optimum resonance
frequency, the frequencies of the transducers still needed some adjusting
through the frequency generator.

Two screw holes were drilled, one on each side of the well on each
block, to provide electrical connection sites to transducers.

The best way to provide electrical connection to the kind of trans-
ducers used in this experiment is by soldering wires to both sides of

each transducer. This was not done for two reasons. First, since the.
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transducers were mounted on b]ocks,‘onTy one side of each transducer
was available. Therefore, it was not convenient to reach the other side
of the transducer through the block. The second reason was that
soldering wires to ceramic transducers had to be done very rapidly to
avoid any damage to the transducers due to too much heat. Also, the
wires should be thin and flexible and soldered with the least amount of
solder possible. Since, in this experimént, there was considerable
handling and movement of the transducers and wires, the connections or
wires would be 1ikely to fail. Therefore, it was decided to use a
pressure spring technique instead. This was done by simply holding
down the transducer by a piece of metal and creating enough pressure
through the metal on the surface of the transducer to form the electrical
connection. In this experiment, a small piece of brass was screwed
down on the block on one side of the transducer at a screw hole which
was provided for this purpose, Figure 8a. The other side of the brass
was barely touching the transducer and exerted enough pressure on the
transducer to haVé a proper electrical connection. To prevent the
brass from connecting to the metal block and shorting the circuit,
plastic scréews and washers were used. To provide an electrical ground,
a wire was attached to the other screw hole on the block on the side
opposite the brass spring.

The stainless steel blocks were mounted on yet another stand,
Fjguré 8¢ . This stand was made out of aluminum and used to hold the

transducers underneath the water surface at various angles and relative
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positions. On each side-plane, there is a horizontal slit. There were
two screw holes on the sides of the blocks, Figure 8b. They were used to
hold the blocks in the slit. At the same time, the blocks could slide
freely back and forth along the slit. This feature gave the freedom

of positioning the transducers at different angles with the water surface
and also at various distances from one anqther.

The transducers were driven by a IEC F34 frequency generator (IEC,
Anaheim, CA.) which provides a frequency up to 3 MHz and an output voltage
of 10 volts peak to peak.

The, connections between the oscillator and the transducers were
provided through a switch system which allowed Qne to operate the trans-
ducers individually or simultaneously.

An oscilloscope monitored the output voltage of the transducers.

A Helium-Neon laser (Spectra-Physics, Inc., Mt. View, CA.)
was used as the coherent 1ight source at » = 6328 R. A wooden framéwork
was used to appropriately position the laser for opfica] ilTumination
of the water surface. The angle of illumination in this experiment

was about 70° from the horizontal.

Technique and Targets

As indicated earlier, the technique used in this experiment to
visualize the diffraction pattern of the ultrasonic waves was to use
1iquid-surface as the recording medium.

Disti]]ed water (at room temperature) was used as the immersion

Tiquid. The water was filtered through a paper'filter, 42 Whatman
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(Whatman Limited, England) because particles in the water, as well as
the dust in the air which floated on the water surface, produced
secondary fringes around themselves and confused the pattern due to the
sound waves. Also, the larger particles on the surface created shadows
which blocked parts of the ultrasonic pattern. Thus, it was important
to have a pure liquid and a clean surface.

A continuous sound wave having a frequency in the range of 2.16 MHz
to 2.45 MHz was used. The exact ftequency depended on the target, as
will be discussed in greater detail in the next chapter.

Two different sets of experiments were done. The first set. was done
with only a single transducer, and the second with both transducers. These
sets were also divided in two other subsets, one without any targets and
the other with various targets. In each experiment, .the transducers
were placed at various positions and angles with respect to the surface
of water and also with respect to each other (two transducers). In
experiments with a single transducer, the sound field pattern produced by
the object wave sound wavefronts were observed. An interference pattern
due to interfering beams of two transducers was observed in the second
set of experiments. A number of different target materials was used
aluminum, plexiglass, and animal tissue in the form of the hind leg of a
rat. The sound field patterns were also observed with these targets.

The results were recorded with a 35 millimeter Pentax KX
Camera (Asahi Optical, Inc., New York, N.Y.). No lens was used in

forming the images. Conventional black and white negative film

(Kodak PTus-X} was used. A series of images was produced
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using different shutter speeds ranging from Tﬁ%ﬁ-seconds to several

seconds. The most useful results were observed when the shutter speed
was between T%E’to é%—second. The photographs were taken in complete
darkness, except for the laser beam.

The camera was attached to a tripod and a cable release was used to
ensure the steadiness of the images.

The oscillator was set at 10 volt peak to peak continuous sinewave.
Two 0.001 uF capacitors were put between the oscillator and the trans-
ducers to prevent any DC current from passing through the transducers,
Figure 9.

As mentioned earlier, the laser was set at an angle of about 70° to
horizontal. A spatial filter, an aperture, and a lens were placed in the
laser beam. The spatial filter was used to enlarge the beam and also
improve its quality. The aperture eliminated the peripheral beam
fringes and the lens was used to produce a collimated beam. This beam
ilTuminated the surface of the water and had a width of about 2.8 cm.

As discussed earlier, the experiments were done in two parts. In
the first part, a single transducer was used and in the second part the
same experiments were repeated using two transducers. In the next two
sections, the experiments are described step-by-step without discussing
the results. The results will be discussed in the next chapter.

One transducer

The experiments with one transducer were conducted with the trans-
ducer in various positions and both with and without targets in front of

the transducer. In each position, the pattern on the surface of the



30

water was observed and recorded. These experiments can be grouped as
foltows:

a) The transducer without any target,

b) The transducer with a target.
Each group can also be divided to smaller groups as:

1) The transducer vertical

2) The transducer tilted

ft

- at an angie ¢ = 30°

15°.

- at an angle ¢
The targets used in these experiments were aluminum, plexiglass
and the hind Teg of a rat.

Two transducers

The experiments, with two transducers can be grouped as follows:
a) Transducers without a target
b} Transducers with a target.
In these experiments, both transducers are tilted and they can be
divided as:
1) Transducers facing each other
- at an angle ¢ = 30°
- at an angle ¢' = 15°
2) Transducers at right angies to one another.
It should be kept in mind that the pattern observed on the water
surface with two transducers is the interference pattern produced by

the transducers wavefronts.
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