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CHAPTER 1

INTRODUCTION

l.1. Hyperthermia Therapy

For centuries man has associated elevated body temperatures
with the healing process. Even today, however, the exact
connection between fever temperatures greater than 40°C and
their healing effects remains largely unclear. An established
fact is that hlgh fevers (in the whole body) allowed to reach
excessive temperatures can have dangerous consequences, 1nclud1ng
convulslons, permanent brain damage, and even death. On the
other hand, as early as the last century, investigation began on
the positiye effects of controlled hyperthermia below these
danger levels. Medical practitioners found improved results in
treatment of cancer tumors by hyperthermla therapy [Hahn, 1984].

Several physiological condltlons contrlbute to the
effectiveness of hyperthermia as a means of preferential kiiling
of malignant cells. Cancer cells become heat sensitiye due to
nutritional depriyation, low pH and chronic hypoxia. Tissue
conditions and biood flow in the physical environment of solid
tumors affect uniformity of heating [Song et al., 1984].
Variable blood flow, differential enerqgy absorption, and
refiection of various tissue structures can produce nonunlform
heating patterns which may have adverse results on the
hyperthermla therapy in that region. But within the right tissue
env1ronment, hyperthermla by itself can effectively kili

malignant cells.



Although hyperthermla is effective at preferentlal cancerous
cell killing, it also increases the effectiveness of other cancer
'therapy modalltles. Great potentlal lies in the use of
hyperthermla in conjunction with chemotherapy and radiation
therapy [Hahn, 1982]. Heat increases the cell killing ability of
many drugs. A clearly demonstrated synergism also exists between
heat and X-rays. Exposure to elevated temperatures before or
after radiation increases the cytotox1C1ty of X—rays [Overgaard,
19761, redu01ng the effective dose requlrement and improving the
cure rate. Though hypoxic cells present in malignant tumors are
highly res1stant to X—radlatlon, heat kills these cells at least
as well as normally oxygenated ones. Therefore, optimum benefits
of hyperthermla therapy are reallzed when adverse effects to
malignant tissue are maximized while normal tissne remains
unharmed. This happens when heating occurs preferentially at the

tumor site.

1.2. Localized Hyperthermia _echm_qnes

Englneers meet the challenge of selectlve tumor heating by
designing systems to produce localized hyperthermla. Several
techniques exist today. Some researchers experlment with
magnetic induction [Oleson, 1984] and ferromagnetic implants
[Stauffer et al., 1984]. More widely wused techniques employ
microwave (electromagnetic) energy to accomplish direct tissue
heating. Por this method, ridged waveguide applicators [Paglione
et al., 1981}, interstitial antenna arrays [Lyons et al., 1984},

and phased arrays [Benson, 1985] are used.



Microwave technlques have the advantage of penetratlng tumor
sites in tissue where bone and air-filled cavities are present,
such as lung tissue. However, microwaves have a shallow
penetration depth and are largely limited to treatment of
superficial tumors. For example, at 2450 MHz, the penetration
depth is only 1.7 cm. Lower frequen01es penetrate deeper in the
lossy tlssue but aperture dlmens1ons of the applicator become
small compared to a wavelength creating a dlvergent energy beam,

Ultrasonlc (acoustic) energy represents an appealing
alternative to microwave energy for inducing hyperthermia at
specific treatment sites in the body. Although reflection of
ultrasound from tissue interfaces such as bone and air-filled
cavities rules out certain treatment regions more easily handled
by microwaves (for example up to 30% of the incident acoustic
energy is reflected at a muscle—bone interface), at treatment
sites in relatively homogeneous tissue, ultrasound has a deeper
penetration depth than microwaves. With a 1 MHz operating
frequency, ultrasound penetrates up to 7 cm deep compared to a
typical penetration of 2 - 3 cm for 915 MHz microwaves. Thus,
ultrasound can reach more deeply seated tumors at certain sites.
Other advantages of ultrasound techniques include lower frequency
electronics and amplifiers. These are lower cost than their
microwave counter parts. While mircowave systems require optical
or other EM transparent probes, ultrasonic heating can be
monitored by wusing properly coated thermocouple temperature
probes., These probes can prov1de accurate temperature data 1f
properly compensated for viscous heatlng artlfacts. These occur

at the thermocouple tip when present in the ultrasound field.



Ultrasonic hyperthermia systems must meet the need for
controlled local tissue heating. Effective control requires the
knowledge of what tissues are heated at what temperature and how
uniformly. An ideal transducer applicator could rapidly effect
changes in these parameters. Ultrasonic applicators used for
this purpose range from single, unfocused transducers to
multielement arrays and, ultimately, to phased and tapered
arrays. Currently, the sophisticated techniques of phased and
tapered arrays bring precise control within the realm of
pos31b111ty. However, a multielement applicator is a relatively
simple alternative Wthh prov1des a high degree of control over
temperature distribution in tissue, with a greater precision than
a single, unfocused transducer. These techniques insure that
advances in ultrasound technology will increase the role of

hyperthermia in cancer therapy.

1.3. A Multielement Ultrasonic Applicator

The purpose of this thesis is to characterize the field
patterns of a multielement ultrasonic square array transducer
applicator for use in hyperthermia therapy. The intention is to
present results which show the advantages of a multielement
transducer compared to a single, unfocused one and identify
features wuseful in hyperthermia therapy. Limitations of the
multielement transducer are also revealed. The data includes
theoretical field patterns generated by computer simulation as
well as experimentally measured field patterns from multielement
square array applicators. The development begins by dealing with

characteristics of single element field patterns and then moves



to adjacent double element patterns, followed by other selected
multiple element patterns. Oof spe01f1c 1nterest are the effects
of amplitude and phase variations on the field patterns from
adjacent double elements. Several techniques of obtaining a
field pattern which produces uniform temperature distribution in
tissue are identified The results of these investigations show
the value of a multielement square array applicator relative to a
single unfocused applicator in hyperthermia therapy.

The remainder of this thesis is divided into six chapters.
The characteristics of a computer-controlled multielement
ultrasound hyperthermia system are described in Chapter 2. A
mathematical model is developed and computer simulated results
are presented in Chapter 3. Apparatus and techniques used to
make experimental measurements are described in Chapter 4,
Results of experimental measurements are represented in Chapter
5. Similarities and differences between the simulated and
experimental results are discussed in Chapter 6. Interpretations
are made and a hypothesis is offered to account for the
~discrepancies. Features desirable for hyperthermia therapy are
also identified in Chapter 6. Finally, some conclusions are
drawn and some suggestions for further study are made in Chapter

7.



CHAPTER 2

AN ULTRASONIC HYPERTHERMIA THERAPY SYSTEM

2.1. & Description of the SONOTHERM 1000 System

A hyperthermia system incorporating many characteristics
needed for improved control of thefapy has recently been
developed. The SONOTHERM 1000 is designed to deliver controlled
hyperthermia in the range of 42 - 45°C (108 - 113°F) above the
normal body temperature 379C (98.6°F). This system utilizes four
independently programmable, computerized sub-systems. These four
functionally distinct sub-systems include: (1) a mnultielement
ultrasonic transducer applicator which directs heat-generating
acoustic energy into the tumor, (2) a multichannel thermocouple
thermometry system which measures the temperature throughout the
tumor during treatment, (3) a generator <consisting of a high
voltage power supply and radio frequency amplifiers which
provides electrical energy to drive the trénsducer applicator,
and (4) a computer to coordinate and control the various
processes (i.e., applicatbr, thermometry, and generator).

The block diagram in Fig. 2.1 shows the interrelationship of
the various sub-systems. A PDP 11-23 microcomputer (Digital
Equipment Corp.) controls the system. The computer displays
realtime video graphics information concerning tumor size,
position of thermocouple probes in normal and cancerous tissue,
temperature levels., and the time course of therapy. It
simultaneously communicates with the ultrasonic driver to conﬁrol
its operation by receiving temperature feedback information from

the multichannel thermometry system which updates the system's
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current heating strategy. Such a "feedback 1oop“ optimizes
effectiueness of the hyperthermia therapy treatment by precisely
measurlng the temperature inside and outside the tumor. This
information determines the frequency, 1nten81ty, and directlon of
power output most suitable for optimum therapeutic heating under
changing tumor conditions. Computerization of these processes
lessens the potential for error, thereby increasing the safety of
the system and reducing the need for highly trained personnel to
operate the system. However, during the therapy, a clinical
technician or physician monitoring the system may interact with

it as desired and intervene if problems arise.

2.2, The Open-loop Ultrasonic Transducer Applicator Sub-system
The main open-loop sub-system consists of the central
computer, ultrasonic driver (Intel 8031 microprocessor and high
voltage power supply)., radiofrequency (RF) amplifiers, electrical
matching network, piezoelectric transducer, and a water coupling
bolus. This sub-system creates the ultrasonic field intensity
patterns required to achieve specified temperature distributions.
Power deliuered per element may be adjusted two ways. The
programmable power supply permits adjustment of the common high
voltage supplied to the RF amplifiers. Additionally, the
microprocessor controller adjusts the duty cycle (RF-ON
periocd/RF-OFF period ratio) of each amplifier, based on commands
from the control computer. These two methods provide enough
versatility to suit a wide range of field intensity requirements.
Although each RF amplifier receives a common high voltage

level, the duty cycle of each individual RF amplifier (and



therefore, transducer element) may be adjusted as necessary.
Optional operating frequencies of 1 MHz or 3 MHz provide
additional versatility for adjusting depths of treatment. The RF
amplifiers maintain strict stability requirements so that thé
transducer elements operate at resonance with efficient power
transfer. Individual LC (inductor/capacitor) matching networks
provide the right load impedance for the amplifiers so that

maximum power transfer occurs to the transducers.

2.3. The Multielement Square Array Transducer Applicator

Considerétiohs that affect the <choice and design of the
piezoelectric transducer material and supporting structure for
the square array transducer applicator include mounting, backing,
surface area, efficiency, power handling capability, and
thickness (related to the operating frequency). The 1l6-element
applicator has a ground plane at the clamped edges, individually
plated electrode contacts for each element and a 232 em?  total
surface area. Air circulation through the applicator box helps
to handle heat dissipation and increases power héndling
capability. The primary operating frequency dictates the choice
of a piezoelectric material with thickness a half-wavelength for
resonance., At 1 MHz this thickness is 0.203 cm (0.080 in) for
Channel 5800 ceramic (PZT-8) manufactured by Channel Industries,
Santa Barbara, CA.

A degasged watér coupling bolus attached to the face of the
transducer applicatbr improves acouséic power transfer from
applicator to patient. Length of this coupler determines the

limits of the near-field ultrasound treatment range received by
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the patient. Degassed water circulatés within the coupler to
minimize both power loss from reflectioné and poésible cavitation
caused by small bubbles. The water also provides some cooling
‘capacity for both the trénsducer crystal and the patient's skin.
A thin membrane provides close patient contact and has acoustic
window properties.

This thesis concentrates on characterization of the
l6-element square array transducer applicator and a smaller
4-element square array with similar physical and acoustic
properties. For each applicator, the square elements aré
numbered from left to right by rows from top to bottom (facing
the extefnal surface of the transducer). Figure 2.2 shows the
dimensions and element numbering scheme for each applicator.
Actual dimensions are slightly smaller due to machining

considerations,
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CHAPTER 3

MATHEMATICAL MODELING AND COMPUTER SIMULATION OF THE

NEAR FIELD PRODUCED BY AN ARRAY OF TRANSDUCERS

3.1. Fundamental Acoustic Theory

Acoustic field theory establishes the mathematical
foundation that can predict the behavior of pressure fields from
an arbitrary acoustic source using physical parameters of the
system. Such a mathematical model with appropriate simplifying
assumptions and numerical approximation techniques provides a
basis for computer simulation studies to complement the results
of experimentally measured near fields produced by an ariay of
acoustic transducers. Although the model used for computer
simulations here to predict the field patterns from the square
array only approximates the physical situation of the transducer,
it does provide meaningful comparisons with the experimental
results, It also becomes a convenient way of testing the effect
of various controlled parameters on the expected field patterns.

Finding the pressure field from a square array source
involves solving the general equation for the pressure field from
an arbitrary source in an infinite rigid baffle over the
appropriate limits. Equation (3.1) relatés the contribution of
an infinitesimal element of area ds on the source to an element

of pressure dp in the field [Kinsler et al., 1982].

_ Jjpck . ] (wt-kr)
dp = %EE” (u - ds)e’ (3.1)
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The paraﬁeéér 0 représeﬁts thé density of the medium, c
représéﬁté the speed of souﬁd in thé medium, k = 2n/) denbtes the
wavenﬁmber (inversély proéértional ~to the wave 1length), r
represenﬁs the distéﬁce from tﬁe soﬁrce elemen£ ds to thé
preésﬁre element dp in the field, u représénts the complex
parﬁicle velocity distfibution of the sﬁrface s, and w denoﬁes
the frequency (w = 2mf)., To account for losses in the medium we
can introdﬁce an attenuation conétant oo Equation (3.2)
represénts this situatioh by including an expohéntiél decay

factor.

jock (

ar _Jj(wt-kr)
) e
2Tr

dp = u - ds) e (3.2)
Figure 3.1 shows the coordinate system used for a square array
transducer to calculate the pressure at a point p(x,y,z) from the

contributing source element ds at (xo'Yo) in the 2z = 0 plane.

Integrating both sides of Eqg. (3.2) yields the total pressure

field
. -(a+jk)r
p = 5% | uix, v S ds (3.3)
S
where u(x,,y,) = Ug (%5,¥o) €xp(iB(Xgryg)) . Functions ug(%g:¥Yo)

and B(Xo,yo) are the magnitude and phase, respectively, of the

particle velocity of the element ds at (xo,yo). The time

dependence is supressed for simplicity.
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Figure 3.1. Coordinate system for computation of the pressure
field from a square array.
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3.2. Numerical Approximations

Several different numer1cal methods exist to approx1mate
Eq. (3 3). The Fourier transform method can be applied using the
Fresnel or the Fraunhofer approx1mat10n w1th the help of a Fast
Fourier Transform (FFT) algorithm. However, errors in r for both
the Fresnel and Fraunhofer approximations become unacceptably
large for field points in the treatment region (r > 201A) with
large x and y displacements [Ocheltree, 1984]. The Method of
Equidistant Areas considers the pressure as the summation of the
pressures produced by individual elements [Freedman, 1959].
Elemental pressures are calculated bf dividing the surface into
incremental areas, each contributing an incremental pressure of
constant phase at the field point. Best suited for source
geometries with 1large equidistant areas, the Method of
Equidistant Areas could conceivably handle the large planar
transducers under study here.

More straightforward ways to calculate the field are the
Point Radiation Method and the Rectangular Radiator Method
[Ocheltree, 1984]. The Point Radiator Method calculates the
field by representing the source with a large number of point
generators. This method works well for near field calculations.
It is most advantageous, however, when the field is evaluated as
a function of z, and for examining an array having large spacings
between elements. The Rectangular Radiator Method, on the otner
hand, represents the source by a number of source elements too
large to be represented as point sources. The largest

sub-element size that maintains the desired accuracy will
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\
minimize the calculation time. This method is well suited for a
wide réhge of field point locations and elemen£ sizes.

Sinée the goal of an ultrasonic hyperthermia array is to
localize heating, an equation relating heéi genération as a
function of spatiél intensity or pressure becomes desiréble.
Equation (3.4) relates the heat generation per unit volume with

the square of the acoustic pressure P, [Nyborg, 19817]:
= 2 4
< gy > = apy“/pc (3.4)

where o, p, and ¢ are attenuation, density, and sound velocity,
respectively, of the medium. This equation allows the heating
rate at any location in the field to be calculated from the

knowledge of the pressure amplitude at that position.

3.3. Computer Simulated Field Patterns

A program to caléulate an arréy of pointé for making a
contour plot representing the pressure field from a planar
nonphased array appears in Appendix D. This program uses the
Rectangular Radiator Method to approximate the pressure fields
[Ocheltree, 1984]. All simulations are carried out at a
frequency of 1000 kHz with an atfénuation of 0.00022 Np/cm for
watef or 0.0806 Np/cm in tissue. The neper (Np) is a
dimensionless unit of attenuation for waves decaying
exponéntially with disténce. The sources aré square transducer
elements of dimension 3.6 cm x3.6 cm (1.42 in x 1.42 in).
Siﬁulations from this program (Figs. A.1-39) produce the
estiﬁéted field patterns in both the axial and trénsverse

directions from a given set of source elements and conditions.
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Objectives for the collection of simulatéd near field
pattérns include (1) an attempt to genefate field intéﬁsity
pattéfng which accﬁratély predict the field charécteriséics
observed from squaré arréy transducers under experiﬁeﬁfél
coﬁditions, (2) an effort to illuétrate thé shape of a two
dimensional région of the field in a plane perpendicular to the
transdﬁcer by genefating contoﬁr plots from the thebrétical
model. and (3) a simulatéd testing of severél system parametérs
to predict their effects on the shape of the field inténsity
pattern. During this process, methods are identified for
creating patterns uéeful in hyperthermia therapy.

Plots of intensity in decibels (dB = 10 log (I/I ) = 20 log
(P/Po)) versus position that cha?actefize the field include
transverse scans, axial scans, and contours. A trénsverse scan
represents the relative inteﬁsity at a conétant distance from
(along a path parallel to) the face of the trahsducer. Each
transverse scan path length is greater than the length of a side
of a transducer element. Tranéversé scans are taken at two
distances: z =7.0 cmand z = 13.0 cm from the transducer face.
These distances fall within the treatment range of intefest 5.0 £
zZz £ 20 cm (2 to 8 inches) detefmined by the length of the
coupling bolus and the penetration depth of ultrasoﬁnd at 1 MHz
in tissue. Charactefistics of thé transverse scan include
qualitative shape, maximum ripple amplitude, and 3 dB width.
Different shapes of the intensity profile produce varying
temperature distribution patterns in tissﬁe. The 3 dB width

gives an estimate of the beamwidth which will deposit at least
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hélf the totél acoﬁstic power. Ripple amplitude specifies the
intensity variationé of an acousﬁic beaﬁ within the 3 dB width.

Contéur ploté represen£ a two dimenéionél picture of the
constant dB intehsity lines for a plane perpendicﬁlar to the
transducer face throdgh its geometfic center including the
treatment region. It shows the rélati?e intéﬁéity patterns in
both tﬁe trénsverse and axial directioné simultaneously. The
contour plot also indicates thé position of predicted maximum and
minimum acoustic intensity in the field. The 3 dB contours
identify the region of the beam thét deposits half the totél
acouséic power in tissue.

Variations of several medium and system parémeters such as
the attenuation of tissue versﬁs watei, amplitude and phase of
adjacent elemenﬁs and the velocity amplitude profile acroés the
transducer face affect the near field patterns. The predicted
effects of adjusting theée parameters are illustiated by the
results of several simulations. These simulations show the
adequacy of the thedretical model in predicting experimentélly
observed patterns, and suggest poésible improvemehts in the
model. Possible methods of ©producing patterns useful in
hyperthermia therapy can also be simulated. The adjustmenﬁs of
amplitude and phase on adjacent elements aré efforts to mee£ the
goals of hyperthermia treatmenﬁ: minimization of hot spbts and
the production of a uniform temperature distfibution in the
treatment region of the tissue.

The fifst set of simulatioﬁé (Figs. A.1-6) predicts the
near field inteﬁsity pattérhé from a single squaré elemenﬁ of

dimension 3.6 cm x 3.6 cm (1.42 in x 1.42 in) at 1 MHz for a
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watef load. The contbur plot (Fig. A.l) shows the 3 dB contours
of the intensity extending from the face of the transducer to a
deptﬁ of 10 cm. This is a prediction of what the field intensity
looks like within the coupling bolus 0 <X z X 5.0 cm (0 - 2
inches). Figure A.2 shows the 1 dB conﬁéurs of inténsity in the
range 5.0 < z < 20 cm (2 - 8 inches). Comparing Fig. A.23 with
Fig. A.24, the effects of tissue attenuation versus water become
apparent frbm the contour ploté of near field intensity in the
range 5.0 - 15 cm from a single square element.

The simulated trénsverse scans at z = 7.0 cm (Fig. A.3) and
at z = 13.0 cm (Fig. A.4) have 3 dB widths of 2.7 and 2.6 cm,
respecti?ely. The axial scan for the range 0.1 X z < 10 cm from
the transducer face (Fig. A.,5) predicts the near field axiél
intensity pattern including the water coupling bolus. The axial
scan that covers the distance 5.0 < z £ 10 cm trénsducer face
(Fig. A.6) includes the entire treétment range of interest.

Adjacent double element patﬁerns (Figs A.7-19 and A.24-35)
represent predicted neaf field intensity pattérns from a pair of
adjacent square elements, each with the same dimensions as the
single element at 1 MHz in watér. . Contour plots (Figs. A.7 aﬁd
A.8) reprééent' double elemen£ intensity patterné 5.0 £ z £ 15 cm
from the tranéduéer in the axiél direction and -5.0 £ x £ 5.0 cm
in the t;ansverse directioh, with the origin at the geometric
centér between the two elements. A comparisoh of Fig. A.7 for
the pattern from two adjacent elements driven at equal amplitude
with Fig. A.8 shows the alteréd pattern wheﬁ ohé of thé adjacent

elements is driven at half the amplitude of the other.
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Transverse plots (Figs. A,9-13) show the amplitude
variétion effects at two depths in thé field. Figure A.9
predicts a 3 dB width of 6.4 cmat z = 7.0 cm and Figqg. A.13
predicts a 3 dB width of 2.7 cm 2z = 13 cm.

Axial ploté in Figs. A.14-19 show aﬁplitude variation
effecté on and off axis from thé geometric centér between the two
elementé. Each axiél plot covers thé range from 5.0 £ z £ 20 cm
from the transducer. Figure A.l4 predicts the axial pattern at
the geometfic center for a paif of adjacent elements driven at
equal amplitude. For one adjacent element a£ 1/4 power, Fig.
A.15 predicts the adjustment to thé axial pattern at the
geometric center; Fig. A.16 and Fig. A.17 predict thé axial
pattern slightly displaced along the x-axis from the geomeﬁfic
center. Figure A.l1l6 shows the axial pattern displaced to the
left of the geometric centér (x = -5 mm) in frbnt of the element
driven at full powver. Figure A.l1l7 shows thé axial patéern
displaced to the right (x = +5 mm) in front of the elemeht dri§en
at half power,

Transverse plots in Figs. A.24 and A.25 show the effect of
driving an element at 75% amplitude (half power) relative to its
adjacent element. The 3 dB widths become 6.1 cm (at z = 7.0 cm)
and 5.7 cm (at z = 13.0 cm). Axial ploté in Figs. A.26-28 show
the axial pattérns on and off geometric center for this
situation. Contour plot Fig. A.29 contains all the information
shown in Figs. A.24-28 in two dimenéional forﬁ sumﬁafizing thé
results of this amplitude variation.

Figures A.30-35 predict thé effects of a 90 degree phase

difference between neighboring elements driven at equal
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amplitude. Trénsverse ploté (Figs. A,30 and A.31) show the 3 dB
width at z = 7.0 cm (6.3 cm wide) and z = 13.0 cm (5.9 cm wide)
in the field of this double elemehé pattefn. Axial plots (Figs.
A.32-34) show the axial patterns oh and off geometfic center.
The conﬁour plot shown in Fig. A.35 pictorialiy summarizes thé

results of this phase difference simulation in two dimensions.
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CHAPTER 4

EXPERIMENTAL APPARATUS AND TECHNIQUES

4.1. An Ultrasonic Transducer Scanner System

Charactefization of the three dimensional spatial field
patterns produced by an ultrésonic applicator requires a
versatile, automated system designed to gather sets of data along
specified lines or planes in the field. A semiéutomated computer
controlled system designed for ultrasonic field scanning
[Padgitt, 1984] fulfills these requirements. This three-axis
computer-controlled acoustic field measurement system, hereafter
termed "Scanner System," was used to characterize both the
l6-element and the 4-element square array transducer applicators
examined in this study. The Scanner System collects data along
scan paths in the axial and transverse directions, under software
control, wusing user specified scan limits and sample increments.
For a more complete picture, the system automatically collects
data along multiple scan paths in a plane parallel to the
transducer. All data acquired may be stored on disk for
subsequent plotting with additional software.

The Scanner System (Fig. 4.1) consists of mechanical
hardware electronically controlled by an Apple IIe Computer. A
rigid mechanical arm holds the ultrasonic receiver probe inside
the water tank within the ultrasound field of the transducer
applicator. An axis positioning system moves the arm in the x,
y, or z direction by means of a stepper motor dedicated to each
axis. Figure 4.2 shows the tank coordinate conventions. The

stepper motors follow the commands of the stepper driver 1linked
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to the Apple IIe computer system. The other link to the Apple
IIe computer handles inpﬁt daté acquired from the ultrasohic
receiver probe.

The 1 MHz RF signal from the receiver probe is isolated by
an amplifier circuit (Fig. 4.3) which converts it to a DC signal
and amplifies the signal to a 0 - 10 volt range before
analog-to-digital conversion (AD572) on the interface circuit
board. Due to the high 0 matching transforﬁer and
characteristic gain of the amplifiers, the system operates
optimally for continuous wave (CW) signals at a frequency of
1 MH=z.

Severél constraints of the experimental procedure and
apparatus necessitate modifications to the scanner system as
originally designed. For precise measurements of acoustic
pressure as a function of position, vibrations in the mechanical
support arm holding the receiver must be minimized. Thus, the
support arm must have both stiffness and damping properties to
have sufficient stability, while conforming to size constraints
imposed by the watertank. To minimize stress at the joint of tﬁe
arm bracket, a small mass is desired. A mechanical arm that
satisfies these <constraints was developed. It consists of two
thick alumimum angle brackets bolted together to form a "T" and
welded to an aluminum block. A mounting structure hangs
vertically on the end of this arm to hold the receiver probe.

Walls of an enclosed water tahk poée a problem for acoustic
measurements due to standing wave interference patterns produced
by reflectioné at the water-wall interface. Since reflections

occur at the tank wall to the impedance mismatch, one
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solution involves lining the tank with an absorbing material
sufficient to eliminafe any reflected sound power. This turns
out to be an effective approach. but is costly to implement.

Alternatively, an electronic approach using pulsed signals
solves the standing wave interference problem. Gating the 1 MHz
sine wave signal to the transducer elements with a short pulse
produces a burst of RF with a corresponding burst of acoustic
pressure propagating through the water. With the help of an
electronic range gaté at the receiver, extraneous echos can be
eliminated so that the receiﬁer sees only the directly incident
RF burst. The range delayed gaté pulse eliminates echoes or
reflections of the RF burst under the assumption that the
directly incident burst travels along the miminum path length
from transducer to receiver, whereas reflected bursts travel a
greater disténce.

Reflected bursts or echos.- have a greater time delay than
the diréctly incident ones. Echoes arriving at the receiver at a
time delay coherent with the pulse frequency, however, could
conceivably cause intérference, resulting in erroneous data.
Fortunately, transverse scans of a single element performed at
two different pulse frequencies showed 1little difference,
suggesting that "coherent" interference is minimal (Figs. B.2
and B.3).

Implementation of the pulsed system to minimize standing
wave interference requires an extra signal source and additional
circuitry. The circuit components required to realize an
adjustable range gate appear on the schematic shown in Fig. 4.4

as modifications to the interface board of the Scanner System.
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Two 74LS123 monostable multivibraters (one-shots) are added to
achieve the delayed gate signal which activates the Field Effect
Transistor (FET) switch connecting the output of the MC1590 input
amplifier to the 442J RMS to DC converter. The first one-shot
produces a range delay in response to the trigger signal. The
second one-shot creates a gaté signal in response to the falling
edge of a pulse from the first one-shot. The range delay and
gate width are each adjusted independently by a 10 turn control
potehtiometer. The range delay operates from a minimum of 5us
to 120 ps allowing a possible range of 0.75 cm to 18 cm of
distance in watér between the transducer and receiver. Gate
width ranges from a minimum of 16U s to a maximum of 40 us.
These limits provide enough flexibility to make measurements
within the treatment range of interest.

A Wavetek signal generator provides a 1 MHz 30 volt
peak-to-peak sinusoidal signal to drive the transducer elements
of the ultrasonic applicator at 1low power. Gating the 1 MHz
signal source 1is an HP 8l111A Pulse/Function generator which
generates a short pulse for both the Wavetek and the interface
board. The rising edge of the gate pulse triggers the range gate
on the interface board. This synchronizes the RF burst at the
transducer with the range gate isolating the burst at the
receiver. The HP genérator outputs the gate pulse at a 5 kHz
repetition rate (Tp = 200Hs) with a pulse width t, = 5.6 us.
Approximately five cycles of the 1 MHz signal are contained
within this gaté pulse to drive the transducer.

Original design of the Scanning System assumed operation

with CW signals only. Consequently, conversion to a pulsed
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system required additional modifications. A pulsed RF input at a
given amplitude to the 442J RMS to DC converter lowers the DC
output to a fraction of the level normally seen by the CW RF
input signal at the same amplitude. Definition of
root-mean-square (RMS) predicts reduction by a factor equal to
the square root of ratio of the pulse width to the pulse
repetition period (K = t_/Tp = 0.167). To utilize the full
0 - 10 volt inpﬁt range of the AD572, gain from the LM158 op-amp
performing thé amplification must be compensated by a factor of
1/K = 6. A simple way to boost the gain of this inverting
amplifier is to reduce the inpﬁt resisténce R: by the same factor
(since the gain G = -Rg/R;), although this also increases the
noise level at the output. A 10 kilohm potentiometer added in
parallel with the original 10 kilohm input resistor accomplishes

this task with a degree of control for adjustment purposes.

4.2. Calibration of the Ultrasound Receiver

Measurement of acoustic pressure and intensity in the field
of an wultrasound source requires a small detector that produces
minimum interference in the field, provides adequate lateral
resolution, and performs linearly with enough sensitivity over a
low intensity range. A type of ultrasound receiver used for this
purpose is called a hydrophone probe. The Dapco NP-10 Model
40735 (Ridgefield, CT.) hydrophone consists of a thin cylindrical
transducer inserted in a syringe needle housing that detects
ultrasound by producing a voltage proportional to the received

pressure. Since intensity is proportional to the square of
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acoustic presédre, the hydrophone received inténsity is
probortional to the squaré of the oﬁtput voltage.

Calibration teété performed on the Dapco hydrobhoﬁé showed
that it meeéé the preééribed specifications. A focuéed 1 MHz
source tfaﬁsducer precalibréted by thefmoelectric techniques
serves as the staﬁdard for these tésté. Figure 4.5 shows a plot
of output voltage squaréd (V2) versué intensity. The data are
linear in the intensity range of 0 - 5 W/cm2 with a senéitivity
cohsﬁant K= 19.4 W/sz/(vz) for RMS volts. A transverse
profile across the focused beam performed by the Dapco hydrophone
receivef shows a 0.40 cm (3 dB) beamwidth. However, the same
profiie performed by thefmoelectric techniques gives a 0.50 cm
beam&idth (Fig. 4.6). Thus, the Dapco hydrophone appears to have
a slightly reduced sensitivity near ité edges. However, for the
purposes of this study, the Dapco hydrophohe provides adequate
resolution and lineafity for characteiizing thé ultrésdund field

produced by planar square elements.

4.3. Scan Data Acquisition and Plotting Procedures

The procedure for collecting data on single and multiple
element trénsducer patterns from the square array applicatbrs
involves the systematic use of software routinés developed for
the Scanner System. Initialiy, the hydrophone is manually
positioned at the origin, such as the geometric center of a
single or paii of square elemenﬁs, and as close as safely
possible to the transdﬁcer face. Once this is accomplished, the
cohﬁroller "homes" the hydrophohé to esﬁablish thé range of each

coordinate axis relative to the chosen origin. When a new z-axis
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position is selected, the controller takes the hydrophone to the
new position at a distance d = z from the transcucer. Software
routines carry ont these procedures before each transverse or
longitudinal (ax1al) scan.

In order to prepare for elther a transverse or longitudinal
scah, the range delay, gate width, and amplifier gain must all be
adjusted. This procedure minimizes interference and puts all
data points (voltages) within the proper range to maximize
resolution. The highest peak enconntered in the range of
interest may be identified by manual or automatic peak detection.
These options are avallable in the software menu. Once the
highest peak is located, range delay and gate width adjustment
isolates the primary RF burst. Gain compensation keeps the LM158
output voltage near the top of the input range of the AD572 (for
maximum resolution) and just below the saturation level. The
scan and immediate data display software option tests the
adequacy of these adjustments over the range of interest by
displaying points graphically cn the CRT screen.

An automatic transverse scan samples voltages (proportional
to acoustic pressure) across an x-range and y-range at a sampling
rate determined by the x-increment and y-increment. The operator
specifies a zero y—range for a single scan across an x-range
- distance through the origin (geometric center) at sampling
intervals of the x-increment. However, if the operator specifies
a nonzero y-rande, multiple transverse scan paths are carrled out
in the x-direction over intervals of the y—increment in the
y-direction. After the system performs transverse scan accordlng

to these spe01f1catlons, it stores the collected data in blnary
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form on a separate disk. The operator nameé the data fiie
apprébriétely.

Longitudinal (axial) scané become moré difficult to perform
with the pulsed range-gated system. Lohgitudinal scans are
limitéd té shor£ ranges in the z-direction so thét the range
delay can manualiy follow the increasing delay of the primary
burst received at the hydrophohes as it moves away from the
transducer. Longitudinal scan daté are also stored on a separate
disk.

Plots of scan data acquired by the scanher system are drawn
by an HP-7074A pen plotter on the insﬁructioné of a BASIC program
executed by the Apple Ile computér. Threé programs for plotting
microwave antenna measurement dafé [Benson, 1985] weré modified
to creété ploté of acoustic inténsity (dB) versus poéition (cm) .
Listings of theée programs appear in the Appeﬁdix D.

Program TRANSVERSE, PLOT creates a three dimensionél
illustrétion of the relative intensity (dB) versus poéition in
the x - y plane based on multiple trahsverse scans. This creates
a valuable picture for qualitati&e evaluatioﬁ of the beam, but
quantitative evaluations are difficult due to multiple lines, the
angular perspective and an unreferénced peak. For this reason,
two dimensional plots offer more reliability for quantitative
results and comparisons.

Program XPLANE, PLOT prinﬁé a title, descriptive informétion
heading identifying importént test parametets and the 3 dB
bandwidth for a trénsverse scan. XPLANE,.PLOT plots only a single
tréﬁéversé scan in the x—diréction showing intéhsity versus

Xx—-axis position. The v-axis position is assumed zero. This
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repreéents an x-axis profile of the beam through the geometric
center.

Program AXIAL.PLOT makes plots of longitudinal (axial) scans
like XPLANE.PLOT with the following exceptions. . AXIAL.PLOT
excludes the 3 4B bandwidth measuremené and plots intensity
versus disténce from transducer face (z-axis position) with an

unreferenced peak.
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CHAPTER 5

EXPERIMENTAL RESULTS OF SCANNING THE ACOUSTIC FIELDS

FROM TWO MULTIELEMENT SQUARE ARRAY APPLICATORS

5.1. Single Element Patterns

The experimental apparétus and procedures described in
Chapter 4 provide a means to chafacterize thé single elemeht
pattérns of two ultrasbhic tréﬁsducer applicators: a 4-element
and a 16—elemen£ squaré afréy. Each 3.6 ¢cm x 3.6 cm elemeht is
driven at low power (< 1 Watt) in a tank witﬁ a water load.
Results of expefimeﬁtél meaéuremehts aré shown in Figs. B.1-30.
Pattérns are examined a£ two positions within the treétmeﬁt rénge
of intefest. Objectives for charactefization of single elemeﬁt
pattérns include (i) qualitati#e evaluation of shape, (ii)
quantitative measﬁrement of 3 dB beamwidth ahd ripﬁle amplitude,
(iii) investigation of beam pattern variatioﬁs as a resﬁlt of
element position in the arréy. In Chapter 6 these results wili
be intefpreted and compared with the résults of single -element
pattern simulation.

The first set of single element patterns weré generated from
the 4-element square array using a pulsed 1.0 MHz signal and the
ultrasonic transducer scannér system described in Chapter 4.
Figure 2,2 shows the element numbering scheme for each
applicator. An axial scan (Fig. B.l) through the geometric
centéf of element 1 for the range 4.0 < 2z £ 7.0 cm from the
tfansducer face shows a maximum ripple amplitude of 1.7 dB. A
tranéverse scan (Fig. B.2) of elemeﬁé 1l at z = 7 cm from the

transducer indicates a 2.3 dB half-power beamwidth. An identical
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transverse scan (Fig. B.3) performed on element 1 at a pulse
repetltlon frequency fR = 1 kHz shows tne effect of coherent
1nterference. All other scans are performed at fR = 5 kHz. A
transverse scan of element l at a z = 13.0 cm shows a 1.8 cm 3 dB

beamwidth.

Results of transverse scans on elements 1 - 4 at z = 7.0 cm
(Flgs. B.2-7) and z = 13,0 cm (Figs. B.20-24) depths are

summarlzed in Table 5.1, The average 3 dB beamwidth at z =
7.0 cm is 2.3 cm and at z = 13.0 cm is 1.7 cm. The single
element pattern (Fig. B.22) for £ = 997 kHz shows the effect of
a small frequency drift when compared to the single element
pattern (Fig. B.21) for f = 1000 kHz.

The second set of 51ngle element patterns comes from manual
scans of a l1l6- element square array using a pulsed 1 MHz signal.
Voltages were read from an oscilloscope and translated to
relative dB intensity. Transverse scans for elements 1 - 16 are
summarized on a single graph (Fig. B.28). Table 5.2 contains
the results of 3 4B beammidth and maximum ripple ampl itude
measurements at z = 7.3 cm. The average 3 dB beamwidth is 2.8
cm.

Single element beam patterns from the l6-element applicator
have ©position dependencies. Edge elements generally prodoce a
prononnced assymetric peak closer tc their respective clamped
edoes (Fig. B.29). Only element 1 and 13 are exceptions to this
rule. Middle elements (e.g., Fig. B.30) generally project a
triple symmetric peak with 0.5 - 2 dB ripple amplitude. Only

element 7 deviates from this rule.



Table 5.1. Experimental Results of Transverse Beam Scans from
Single Elements of a 4-Element Square Array

ELEMENT AXTIAL HALF-POWER MAXIMUM RIPPLE
SOURCE IDENTITY DISTANCE BEAMWIDTH AMPLITUDE
(Figure) x (cm) (cm) (dB)
B.2 1 7.0 2.3 0.6
B.3 1 7.0 2.4 1.3
B.4 2 7.0 2.2 1.5
B.5 3 7.0 2.0 1.0
B.6 3 7.0 2.3 1.1
B.7 4 7.0 2.6 2.3
B.20 1 13.0 1.8 1.3
B.21 2 13.0 1.7 2.5
B.22 3 13.0 1.6 0.4
B.23 3 13.0 1.7 0.2
B.24 4 13.0 1.7 2.9
B.2-7 1-4 (aAvg) 7.0 2.3 1.3

B.20-24 1-4 (Avg) 13.0 1.7 1.4



Table 5.2 Experimental Results of Transverse Beam Scans at
z = 7.3 cm from Single Elements of a l6-Element
Sguare Array
ELEMENT HALF-POWER MAXIMUM RIPPLE
IDENTITY BEAMWIDTH AMPLITUDE
(cm) (dB)

1 2.84 1.2

2 2.84 0.8

3 2.69 0.8

4 2.49 1.8

5 2.79 1.7

6 2.90 0.7

7 2.69 1.2

8 2.56 1.5

9 2.74 1.5

10 2.90 1.0

11 2.87 1.3

12 2.59 2.2

13 2.69 1.9

14 2.97 1.7

15 2.90 1.4

16 2.67 3.2

1-16 2.76%0.14 (Avg) 1.5%0.6

40
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5.2. Multiple Element Patterns

The next step of investigation involves characterization of
adjacent double element patterns from the 4—e1emeﬁ£ and
l6-element affeys. In addition, expe;iments showing the effect
of aﬁplitude and frequeﬁey variatione are presented. Plots
iliueﬁfefe qualitative shape as well as 3 dB beamWidth and ripple
amplitude.

First, the set of results from the 4-element square array
are preeented. A trahsverse scan of the doﬁble element paif 1, 2
driven aﬁ equal amplitude (Fige B.8) shows a pattern having a
6.1 dB beamwidth at a z = 7.0 cm depth. The peaks for the 1, 2
element pair (Fig. B.10) look slightly more symmetfic when the
input impedance difference between elements is compensated by
attenuators.

The transverse scan from the double element pair 3, 4 (Fig.
B.12) shows a marked improvement in symmetry and ripple amplitude
when compensated for input impedance differences (Fig. B.14).
The effect of a 7 kHz off resenance frequency shift is
illustreted by the 3, 4 double elemenﬁ patﬁern at 993 kHz (Fidg.
B.17) when compared with the 3, 4 pattern at 1000 kHz (Fig.
B.,14). The frequency shift introdﬁces a 5.5 dB crevice into the
transverse profile. At 13.0 cm, the 1, 2 double element
transverse scan (Fig. B.1l8) and the 3, 4 element transverse scan
(Fig. B.25) show comparable 3 dB beaﬁWidths (5.7 cﬁ).

The effect of a 50% power varietion on adjacent double
eleﬁente is tested on the 1, 2 double element patfefn (Figs.
B.9, B.11, B.19) and the 3, 4 double element pattern (Figs.

B.13, B.,15, B.26). Ripple amplitude increases 1 - 3 dB from the
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equal amplitude case. Results of double element patterns from
the 4-element square array are presented in Table 5.3.

Results from the l6-element appllcator show the value of
using superpos1t10n to predict multlple element patterns from
single element components. A transverse scan from double element
pair 6, 7 was compared to the corresponding transverse scan made
up of the superposition of the individual transverse scans of
elements 6 and 7. The experlmentally scanned double element
pattern has a 3 dB beamWidth of 6.25 cm whereas the snperposition
of individnal elements predicts a beamwidth of 6.02 cm.

Expanding on the results of double element patterns are the
patterns from 4- and l6-element arrangements. Three typical
multiple element patterns are characterized here: (1) a 1linear-
4-element pattern. (2) a square block—of—4-element pattern and
(3) a square block-of-l6-element pattern. The transverse scan
from elements 9, 10, 11, and 12, a linear—4—element arrangement,
has a 3 dB beamwidth of 13.7 cm. This was manually measured
data. The transverse scan of elements 6, 7, 10, and 11, a square
block-of~4-element arrangement has a 3 dB beamwidth of 6.6 cm.
An axial scan of the same block-of-4 arrangement has an amplltude
of 3.5 dB. Finally, an ax1al scan of the entire 16- element array
shows a maximum ripple amplitude of 7 dB. The latter three scans
were obtained with cw signals in a tank lined with SoAb rubber to
reduce standlng wave interference. Results of these multiple

element beam scans are summarlzed in Table 5.4.
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CHAPTER 6

DISCUSSION AND INTERPRETATION OF RESULTS

6.1. Comparison of Experimental Beam Scans with Computer
This section evaluatéé the extent of agreémeh£ between
resﬁlts of experimental beam scans and corrésponding computer
simulated beam patterns. Single element beam scans from the
4-element and 1l6-element séuare array applicators are compared
with the simulatéd field patterns from a single element.
Adjacent double elemeﬁt beam scans aré compared with the
corresponding simulated patterns including the effect of relative
amplitude variations. Multiple element patterné receive brief
comment. The charactefistics used for comparison include
qualitati§e shape, maximum ripple amplitude, and 3 dB beamwidth.
The average 3 dB beaﬁwidth and maximum ripple amplitude for
individual elemenié in the 4-element and l6é-element square array
applicator at depfhs of z =7.0and z = 13.0 cm in the field
taken from Table 5.1 and Table 5.2 are compared in Table 6.1 with
the 3 dB beamwidth and maximum ripple amplitude obtained from
computer simulation. The 3 dB beamwidth for single elements in
the 4-element array measures 4 mm (15%) short of the predicted
width at z = 7.0 cm and 9 mm (35%) short of the predicted width
at z = 13.0 cm. Also, the beam peaks in experimental scans are
smoother with less thén half the predicted ripple amplitude.
These discrepancies might be explained by inadequacies in the
numerical model used for simulatioﬁ. The effect of aséﬁming a

nonuniform velocity amplitude profile acress the face of a
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transdueer to acceunt for mechanical damping is discussed in
Section 6.3.

The average 3 dB beamWidth of a single elemear at a distance
z = 7.3 cm from the lG-element array exceeds the predicted
beamwidth at z = 7.0 cm by 1 mm (4%). A single elemenr contour
plot (Fig. B.22) predicts this resﬁlt since the 3 4B conteur
broadens beyond a depth of z = 7.0 cm. The 3 dB beamwidth at z =
7.3 cm measured from the contour plot is 2.8 cm matching the
experimehr resﬁlts identically. Ripple amplitude, however, is
much smaller thaa predicted. As previously noted, inadequate
modeling of the transducer may acceunt for this discrepaﬁcy.

An investigation of positional effects, as noted in Section
5.1, reveals a dependency of the shape of the beam pattern from a
single element on the position of that elemeat in the 1l6-element
array. Edge elements mechanically clamped near the ehd of the
scan path frequently show a pronounced assymmetric peak near that
edge. Middle elements which have no clamped edge usuall? project
a triple symmerric peak. This effect is most likely explained bf
reduced mechanical damping of adjacent elements at the outer
edge. Electrical grouﬁding of the edge elements relatire to
middle ones may also be a factor.

To check the reliability of experimental results, tests were
carried out to demonsrrate repearability of measuremenrs and the
effects of coherent interfereﬁce at the pulse reperition
frequency £, = 5 kHz. Transverse scans (Figs. B.5 and B.6)
performed on the same element show 3 dB beamﬁidths that differ bf
3 mm. Ripple amplitude differs by 0.1 dB. This result suggests

some significant random error in the measurements. Transverse
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scans (Figs. B.2 and B.3) are performed on the same elemen£ at
diffefeﬁt pulsé repetition fréquenciés to show thé effects of any
coherent interference. The 3 dB beamwidths differ by 1 mm, which
is relatiQely insignificant. Ripple amplitude differs by only
0.7 dB. This suggests thaf cohefeﬁt inté?ferénce has minimal
effect on measuremehts.

Table 5.3 lists average charactefistics of beam patterns
from adjacent double elemenfs with thé effect of amplitude
variation using the 4—e1emeﬁ£ array. Table 6.2 compares theée
reéults with simulated adjacent double element pattefns with
amplitude variation.

At a depth of z = 7.0 cm, the 3 dB acoustic half-power
beamwidth measﬁred from a pair of adjacent elements with oné
driven at half-power (71% amplitude) is 2.4 mm (70%) greater than
predicted. Because of irfegular peaks, the 3 dB half-power
beamwidth becomes an inconclusi&e chafacteristic for comparison
of this case. Maximum ripple amplitude, however, is closer to
the predicted 3.9 dB, exceeding it by only 0.4 dB (10%). The
equal amplitude case at 2z = 7.0 cm shows 3 4B beamwidth and
ripple amplitude that fall just below the predicted values.
Experimentél results at z = 13.0 cm do not agree as well with the
simulation, probabiy due to experimental error. An error such as
an undetected frequency shift during the procedure could easily
alter the beam pattern to explain these results.

Table 5.4 presents the field charéctefistics for a
particular block-of-4-element ar;angement in the axial and
tiansverse directioﬁé. Whiie axial preésure amplitude was

measured over the range 2.5 < z £ 20 cm in the experimental case,
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the simulation covers a shorter range of 5.0 <X z < 15.0 cm.
Thus, caution must be exercised in comparing these resﬁlts. The
experiﬁeﬁtél scan shows a maxiﬁum ripple amplitude of 3.5 dB,
wheréas the simulatéd scan predicts at least a 4.5 dB maximum
ripple amplitude. This again suégeséé the hypothesis théﬁ the
simulation fails to adeqﬁately account for mechanical damping
reélized by the elements in the physical situation. A comparison
of the 3 dB beamWidth at 7.6 cm feveals only a small discrépancy
between thébry and experiment. The measured 6.6 cm beamwidth
diffefs only slightly from the 6.4 cm beaﬁwidth predicted by
simulation. However, the maximum ripple amplitude in the
trénéverse direction measﬁres 4 dB comparéd to the 2.3 dB
amplitude predicted in simulations--an unexpected result which
cannot be explained by 1limitations in the model. Table 6.3
summarizes thesé resﬁlts.

Since the acoustic field patterns produced from thé square
array applicators in this investigation are intended for use in
hyperthermia applications, the effect of tissue atténuation on
patﬁerné predicted by simulation are of intéfest. Assﬁming a
tissﬁe atﬁeﬁuation factor of 0.0806 Np/cm, a single element
contour plot of the field in tissde (Figs. B.21 or B.24) shows
the beam pattern compared to thé same situation in watér (Fig.
B.22 or B.23). As might be expected, the transverse symmetry of
patterns is retéined from the watér to the tissue situation.
However, the axial patterns in tissﬁe expefience a marked
drop—off dﬁe to increased atfenuation. This effectively brings

the 3 @B contours closer to the transducer source. A similar
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effect might be expected for any of the patterns investigated in

this study.

6.2. Features Useful for Hyperthermia

Several feaﬁures of the multielement squaré array applicatof
make it a useful transducer source in localized hyperthermia
thefapy. The size. shape, and depth of a given tumor dictafe the
variéble size and shape of the region of tissﬁe which needs to be.
heated. Thus, a diffefent set of trénsducer elements might be
selected for each situation with a particular relative amplitude
(power) level. The 3 dB beamwidths measﬁred in this
investigation for relative amplitudes of 50%, 71%, and 100% (1/4
power, 1/2 power, and full power) on adjacent elementé provide
insight for this purpose. The 3 dB beamwidth or coﬁtour of a
more complicated arrangement of elements with varying power
levels might be predicted by building frbm the results of two
adjacent elemenfs.

Certain intenéity distribution patterns turn out to be
particularly useful in hyperfhermia therapy for heating solid
tumors with necrofic cores. A recent papek [Pounds and Britt,
1984] describes a single ultrasonic crystal technique for
genefating double humped inténsity pattefné for such a purpose.
The method involves producing the double or multiple peaked
pattein by driving the «crystal slightly off the resonant
fréquency. Similar double peaked relative dB intensity patterns
were obtained in this study (e.g., Fig. B.17) with off resdnant

frequencies and other techniques.
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An altefnative way of prodﬁcing such a double peaked pattern
involves the phasing of a pair of adjacent elemeﬁts. A set of
adjacent double elemenﬁ simulations (Figs. A.31-36) show the
effect of a 90° phase shift on the fiéld patﬁerns in the réﬁge of
intefest. Though the beam patﬁerné aré faifly well collihated
from individual elemehts, enough desttucti#e interference takes
place between the beam's two elements td prodﬁce a shafp crevice
in the pattérn achieving the desiréd double peak.

Finally, a straightforward way existé of produéing such
double peaked intensity patterns with a multielement array. A
set of three elementé in a row with the exterior element at full
power whiie the middle element varies in relative power can
achieve the desired pattern. Such a method is 1limited by the

size of a single square element.

6.3. An Improved Model for Simulation

Discrepancies between simulated and experimentally measured
field patterns from a single squaré transducer element suggest
the possibility of an inadequate theoretical model. On the
hypothésis thaf the square array program used for simulation
oversimplifies the physical condition of a transducer element,
attempts were made to more accurately model it with a more
sophisticated description. Tests of the modified model were then
carried by running simulations of the field patterns and looking
for improvementé in their agreement with experimentally measured
pattérns.

Individual tfansdﬁcer elements aré divided on a single sheet

of piezoelectric ceramic by only the electrode plating. Thus,
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the mechanical coupling of each transducer element to surroﬁnding
elements prohibits it from vibrating independently with a
perfectly uniform velocity amplituée profiie. Instead, the
velocity amplituée profile sags at the edges. Attempts weré made
to model this profile in each diménsion with a cosine function to

a fractional power
u(x) = [cos(mx/50)]11/n (6.1)

where x is a poéition with reséect to the geometfic center over
the rénge ~36 mm < x < + 36 mm, and n is an integer (2 X n £ 10).,
Plots of normalized velocity amplitude u(x) generated by Eq.
(6.1) show the shape of this function for n = 2, 4, 5, and 10
(Figs. C.l1l-4).

The effects of sﬁch a modifiéd model were tested by
simulating the acoustic field from a single element and comparing
the 3 dB half-power beamwidth and maximum ripple amplitude
characteristics with the experimentally measured results.
Figures C.5-8 illustfaté predicted trénsverse scans for n = 2 and
n = 10 (in Eq. (6.1)) at depths of 70 mm and 130 mm in the
field. Figures C.9 and C.1l0 show thé axial scan for a single
element with n = 2 and n = 10. Figures C.ll and C.12 are the
contoﬁr plots for these cases. Table 6.4 summafizes the
characteristics of these simulated patterns and compares them
with the corfésponding experimental results. These results show
that the nonlinear velocity amplitude profile of thé modified
model yields improved predictioné for the méxihum ripple
amplitude of both trahsverse and axial scans. The 3 dB

half-power beamwidth predictions are also better than those
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predicted with a uniforﬁ velocity amplitude profile. Maximum
ripple amplitude data suggests, that for the n&hlineaf velocity
amplitude profile genérated by Eq. (6.1), the best value of n
lies betweeh n = 2 and n = 10 to make the best predictioéé.
Thus, the modal including mechanical damping of transducer
elements appeais to be an improvement over thé simplified model

which assumes a uniform velocity distribution.
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CHAPTER 7

CONCLUSIONS AND SUGGESTIONS FOR FURTHER STUDY

Characterizationé of the acoustic fields from an ultrasonic
square arréy applicatbr carried out in this study show the
advantages of a multielemené transducer compared to a single
unfocused one for use in hyperthermia therapy. Experimentally
measﬁred transverse scans at two depths in thé treétmen£ region
identify the 3 dB half-power beamwidth for single and multiple
elemen£ tranéducer patierns. Results show that the 3 dB
beamﬁidth can be altered by adjacenﬁ elemenf power variations.
Thus, acoustic power depoéition from a multielement transducer
can be accommodated to the size of the tumor.

A double-humped intensity pattern is useful in hyperthermia
thefépy for treating cancer tumors with necrotic cores. Of the
various poésible methods to produce this pattérn, a linear
multiple element transducer arrangement with power variations
appears to be the simplest, although the large separation between
the peaks is determined by the width of an element. This method
has the flexibility of adjusting the deptﬁ of the crevice
(intensity minimum between peaks) by directly varying the power
to the middle element(s). To produce a double-humped intensity
pattern with a narrow crevice (small distance between peaks) a
single traﬁéduéer element can be driven with an off-resonance
frequency. The £frequency variétion method, however, may be

difficult to implement. Further investigation of this method is
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necessary to determine the frequency dependent effects of ripple
amplitude, 3 dB beamﬁidth, and crevice width.

Phase Variétion between adjacen£ elemenﬁs represents a third
alternétive to produée the double-humped intehsity pattern.
Although a 90° phase difference between elements effectively
produces a sharp crevice. the averége ripple amplitude acroés the
beam also increases. Large ripple amplitude limits the advantége
of this method for hyperthermia treétment. Further investigation
of the effects of beam parameters as a function of phase
difference could give a more completé picture of the
profitability of this technique.

The characteristics of axial patterns from the multielement
square array transducer need furthér experimen£a1 work.
Improvements in the scanner system are necessary in order to make
these measurements., Experimentél axial scans could show the
effects of variables such as relative amplitude, frequency,
phase, and power on the ripple amplitude in the treatmeﬁt region.
Control of the axial ripple amplitude in the t£eatment région is
important in order to maintain a uniform temperature distributioh
during hyperthermia therapy.

For this study, simulations of the intensity patterns from
square transducer elements were made using a simplified model.
However, resﬁlts of simulations made with an improved model.
taking into accouﬁt thé mechanical damping of transducer elemehts
at the edges, show bettér agreement with the experimental
measdréments. Thus, future work should be done using the

improved model for simulations.



59

All the measﬁremenfs in this study were made at 1low power
(< 1 Watt) 1levels. Although low power level measuremeﬁts give a
good initial prediction of field charéctekistics from the
multielement tfansducer applicatbr, investigatioﬁé of beam
pattefns at increased power levels required in actual
hyperﬁhermia treatment would reveal any thefmaliy—induced changes
or other nonlinear effects. A high power acoustic receiver would
be required to handle these measurements. High power level
measuremenﬁs from the multielement transducer applicator
represent the most imporfant areé for future work to insure
accuréte predictability of beam patterns and safe delivery of

heat for hyperthermia therapy.
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Simulated transverse relative intensity at
z = 7.0 cm from a block of 4 elements.
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Figure A.37. Simulated transverse relative intensity at
z = 13.0 cm from a block of 4 elements.
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Simulated axial relative intensity from a
block of 4 elements.
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EXPERIMENTAL RESULTS
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SCAN TYPE - SINGLE ELEMENT AXIAL
ON AXIS — GEOMETRIC CENTER

APPLICATOR TYPE - 4 ELEMENT SQUARE ARRAY
EXCITED ELEMENTS -~ #1

OPERATING FREQ. - .881MH=z

DATE - 5 /7 21 / 85
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DISTANCE FROM XDUCER FACE (cm)

Figure B.l. Relative axial intensity from a single transducer
element.
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SCAN TYPE - SINGLE ELEMENT TRANSVERSE
DISTANCE FROM XDUCER FACE - 7 cm

APPLICATOR TYPE - 4 ELEMENT SQUARE ARRAY
EXCITED ELEMENTS - #1
OPERATING FREQ. — 1MH=z
DATE -5/ 7 / 85
3dB BW = 2.3 om
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Figure B.2. Transverse relative intensity profile from

element 1.
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SCAN TYPE -~ S-E-TRANSVERSE PULSE REPETITION TEST
DISTANCE FROM XDUCER FACE - 7 cm

APPLICATOR TYPE -~ 4 ELEMENT SQUARE ARRAY
EXCITED ELEMENTS - #1
OPERATING FRER. - 1MHz

DATE -5/ 7 7 85

3d8 BW = 2.4 cm

RECEIVED INTENSITY <(dB
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Figure B.3. Transverse relative intensity profile from element
1 at a 1 kHz pulse repetition frequency.



104

SCAN TYPE — SINGLE ELEMENT TRANSVERSE
DISTANCE FROM XDUCER FACE - 7 cm

APPLICATOR TYPE - 4 ELEMENT SOUARE ARRAY
EXCITED ELEMENTS - #2
OPERATING FREQ. - 1iMH=z
DATE -S /7 /7 85
3dB BW = 2.2 cm
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Figure B.4. Transverse relative intensity profile from

element 2.
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SCAN TYPE - SINGLE ELEMENT TRANSVERSE
DISTANCE FROM XDUCER FACE - 7 cm

APPLICATOR TYPE -~ 4 ELEMENT SQUARE ARRAY
EXCITED ELEMENTS - #3
OPERATING FREQ. - iMH=z
DATE - S5/ 7 / 85
3dB BYW = 2 cm
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Figure B.5. Transverse relative intensity profile from

element 3.
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SCAN TYPE - SINGLE ELEMENT TRANSVERSE
DISTANCE FROM XDUCER FACE - 7 cm

APPLICATOR TYPE ~ 4 ELEMENT SQUARE ARRAY
EXCITED ELEMENTS ~ #3
OPERATING FREQ. - 1MHz
DATE - S /7 7 /7 85
3dB BY = 2.3 cm

RECEIVED INTENSITY (dB)
|
[44]

4 4 M " " 3 2 1 $
¥ v v + Y ¥ v -

—10 v T
-2.5 -2 -1.5 -,88 ~. 48 (O .5 1 1.5 2 2.5

X-AXIS POSITION Com)

Figure B.6. Transverse relative intensity profile from
element 3.
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SCAN TYPE -~ SINGLE ELEMENT TRANSVERSE
DISTANCE FROM XDUCER FACE - 7 cm

APPLICATOR TYPE - 4 ELEMENT SQUARE ARRAY
EXCITED ELEMENTS - #4
" OPERATING FREQ. - 1MHz
DATE - S/ 7 /7 85
3dB BW = 2.6 cm
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Figure B.7. Transverse relative intensity profile from

element 4.
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SCAN TYPE — DOUBLE ELEMENT TRANSVERSE
DISTANCE FROM XDUCER FACE —~ 7 cm

APPLICATOR TYPE — 4 ELEMENT SQUARE ARRAY
EXCITED ELEMENTS — #1 #2
OPERATING FREQ. - 1MHz
DATE - S / 7 / 85
3dB BY = 6.1 cm
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Figure B.8. Transverse relative intensity profile from

elements 1 and 2.
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SCAN TYPE - DOUBLE ELEMENT TRANSVERSE (FULL/HALF POWER)
DISTANCE FROM XDUCER FACE - 7 cm

APPLICATOR TYPE - 4 ELEMENT SQUARE ARRAY
EXCITED ELEMENTS —~ #1 #2
OPERATING FREQ. - 1MHz
DATE -5/ 5/ 85
3dB BW = 5.7 cm

RECEIVED INTENSITY (dB

X—~AXIS POSITION (cm)

Figure B.9. Transverse relative intensity profile from
elements 1 and 2 with power variation.
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SCAN TYPE - D-E-TRANSVERSE (TRUE FULL/FULL POWER)
DISTANCE FROM XDUCER FACE - 7 cm

APPLICATOR TYPE - 4 ELEMENT SQUARE ARRAY
EXCITED ELEMENTS - #1 #2
OPERATING FREQ. ~ 1MHz

DATE -5/ 7 7/ 85

3dB BYW = 8.1 cm

RECEIVED INTENSITY (dB)
{
n

-10 4 ¢ ¢ ¢ + 4 ¢
-5 -4 -3 -2 -.88 0 1 2 3 4 5. 00

X—AXIS POSITION <(cm)

Figure B.10. Transverse relative intensity profile from
elements 1 and 2 with compensation.
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SCAN TYPE - D-E~-TRANSVERSE (TRUE FULL/HALF POWER)
DISTANCE FROM XDUCER FACE - 7 cm

APPLICATOR TYPE - 4 ELEMENT SQUARE ARRAY
EXCITED ELEMENTS - #1 #2
OPERATING FREQ. - 1MHz

DATE -5/ 7 7/ 85

SdB BW = 5.8 cm

Figure B.1l1l.
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Transverse relative intensity profile from
elements 1 and 2 with compensated power
variation.
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SCAN TYPE - DOUBLE ELEMENT TRANSVERSE
DISTANCE FROM XDUCER FACE ~ 7 em

APPLICATOR TYPE —~ 4 ELEMENT SQUARE ARRAY
EXCITED ELEMENTS -~ #3 #4

OPERATING FREQ. — IMH=z

DATE -5/ 7 / 85

3dB BW = 5.7 cm

Figure B.12.
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Transverse relative intensity profile from
elements 3 and 4.
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SCAN TYPE -~ DOUBLE ELEMENT TRANSVERSE (FULL/HALF POWER)

DISTANCE FROM XDUCER FACE - 7 cm
APPLICATOR TYPE - 4 ELEMENT SQUARE ARRAY
EXCITED ELEMENTS - #3 #4

OPERATING FREQ. - 1MHz

DATE -5/ 7 7 85
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3dB BW = 2.8 cm
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Transverse relative intensity profile from
elements 3 and 4 with power variation.
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SCAN TYPE — D-E-TRANSVERSE (TRUE FULL/FULL POWER)
DISTANCE FROM XDUCER FACE - 7 cm

APPLICATOR TYPE — 4 ELEMENT SQUARE ARRAY
EXCITED ELEMENTS — #3 #4

OPERATING FREQ. - 1MHz
DATE - S/ 8/ 85

3dB BW = 5.7 cm

RECEIVED INTENSITY (dB)
|
n

- 3 4 n 3 4 I’ 4 2 4 3
Al v v Y v - v 1 \J ]
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Figure B.1l4. Transverse relative intensity profile from
elements 3 and 4 with compensation.
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SCAN TYPE - D-E-TRANSVERSE (TRUE FULL/HALF POWER)
DISTANCE FROM XDUCER FACE - 7 em

APPLICATOR TYPE -~ 4 ELEMENT SQUARE ARRAY
EXCITED ELEMENTS ~ #3 #4
OPERATING FREQ. ~ IMH=z
DATE -S /8 /7 85
3dB BW = 5.8 cm

RECEIVED INTENSITY (dB)
i
a

X~AXIS POSITION (em)

Figure B.15. Transverse relative intensity profile from
elements 3 and 4 with compensated power
variation.
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SCAN TYPE -~ D-E-TRANSVERSE (TRUE FULL/HALF POWER)
DISTANCE FROM XDUCER FACE - 7 cm

APPLICATOR TYPE — 4 ELEMENT SQUARE ARRAY
EXCITED ELEMENTS - #3 #4

OPERATING FREQ. — 1MHz

DATE - S /7 8 / 85

3dB B¥ = 5.5 cm

RECEIVED INTENSITY (dB)
I
o

-~10 4 + + + 4 ¢ 4 4 $ .
-3 -4 -3 -2 —.88 0 1 2 3 4 5. 00

X-AXIS POSITION (cm)

Figure B.1l6. Transverse relative intensity profile from
elements 3 and 4 with compensated power
variation at 993 kHz.



SCAN TYPE -~ D-E-TRANSVERSE (TRUE FULL/FULL POWER)
DISTANCE FROM XDUCER FACE - 7 cm
APPLICATOR TYPE - 4 ELEMENT SQUARE ARRAY
EXCITED ELEMENTS - #3 #4
OPERATING FREQ. - 1MHz
DATE -5/ 8/ 85

3dB BW = 6.1 cm

0
-1
a -2
3
-3
>
=
w ~-4
&
= -5
Z
L]
(=) -6
wl
-
Y -7
i
14 -8
-g 4
-10

Figure B.1l7.

4 I Pl 3 " " P 3 I 4
v Ad v Y + A\ Al Y ¥ +

-4 -3 -2 =-.88 0 1 2 3 4 5.00

X~AXIS POSITION (cm)

Transverse relative intensity profile from
elements 3 and 4 with compensation at 993 kHz.
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SCAN TYPE - D-E~TRANSVYERSE (TRUE FULL/FULL POWER)
DISTANCE FRDM XDUCER FACE - 13 cm

APPLICATOR TYPE - 4 ELEMENT SQUARE ARRAY
EXCITED ELEMENTS ~ #1 #2
OPERATING FREQ. — 1MH=z
DATE - S /7 8/ 85
3dB BYW = 5.7 cm
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Figure B.18. Transverse relative intensity profile from
elements 1 and 2 with compensation at
z = 13.0 cm.
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SCAN TYPE -~ D-E-TRANSVERSE (TRUE FULL/HALF POWER)
DISTANCE FROM XDUCER FACE -~ 13 cm

APPLICATOR TYPE - 4 ELEMENT SQUARE ARRAY
EXCITED ELEMENTS ~ #1 #2
OPERATING FREQ. - 1MHz
DATE - 5/ 8/ 85
3dB B¥Y = 2.1 cm
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Figure B.19. Transverse relative intensity profile from

elements 1 and 2 with compensated power
variation at z = 13.0 cm.
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SCAN TYPE - SINGLE ELEMENT TRANSVERSE
DISTANCE FROM XDUCER FACE - 13 cm

APPLICATOR TYPE ~ 4 ELEMENT SQUARE ARRAY
EXCITED ELEMENTS - #1
' OPERATING FREQ. - 1MHz
DATE -5/ 8/ 85
3dB BW = 1.8 cm
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Figure B.20. Transverse relative intensity profile from
element 1 at z = 13.0 cm.
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SCAN TYPE - SINGLE ELEMENT TRANSVERSE
DISTANCE FROM XDUCER FACE - 13 cm

APPLICATOR TYPE - 4 ELEMENT SQUARE ARRAY
EXCITED ELEMENTS - #2
OPERATING FREQ. ~ 1MHz
DATE -5 /8 / 85
3dB BW = 1.7 cm
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Figure B.21. Transverse relative intensity profile from

element 2 at z = 13.0 cm.
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SCAN TYPE -~ SINGLE ELEMENT TRANSVERSE
DISTANCE FROM XDUCER FACE - 13 cm

APPLICATOR TYPE - 4 ELEMENT SQUARE ARRAY
EXCITED ELEMENTS - #3
OPERATING FREQ. - 1MHz
DATE -3/ 8 / 85
3dB BW = 1.6 cm
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Figure B.22. Transverse relative intensity profile from

element 3 at z = 13.0 cm.and 997 kHz.
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SCAN TYPE - SINGLE ELEMENT TRANSVERSE
DISTANCE FROM XDUCER FACE - 13 cm

APPLICATOR TYPE ~ 4 ELEMENT SQUARE ARRAY
EXCITED ELEMENTS - #1
OPERATING FREQ. - 1MH=z
DATE - S /7 8 / BS
3dB BW = 1.7 cm
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Figure B.23. Transverse relative intensity profile from

element 3 at z = 13.0 cm.
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SCAN TYPE - SINGLE ELEMENT TRANSVERSE
DISTANCE FROM XDUCER FACE - 13 cm
APPLICATOR TYPE -~ 4 ELEMENT SQUARE ARRAY
EXCITED ELEMENTS ~ #4
OPERATING FREQ. - iMH=z
DATE - 578 / 85
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Figure B.24. Transverse relative intensity profile from
element 4 at z = 13.0 cm.



125

SCAN TYPE -~ D-E-TRANSVERSE (TRUE FULL/FULL POWER)
DISTANCE FROM XDUCER FACE - 13 em

APPLICATOR TYPE - 4 ELEMENT SQUARE ARRAY
EXCITED ELEMENTS —~ #3 #4

OPERATING FREQ. - 1MHz

BATE - 5/ 8 / 85
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3dB BW = 5.7 cm
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Figure B.25. Transverse relative intensity profile from
elements 3 and 4 with compensation.
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SCAN TYPE ~ D~E-TRANSVERSE (TRUE FULL/HALF POWER)
DISTANCE FROM XDUCER FACE -~ 13 cm

APPLICATOR TYPE - 4 ELEMENT SQUARE ARRAY
EXCITED ELEMENTS - #3 #4
OPERATING FREQ. - 1MHz

DATE ~ S /8 / 85
3d8 BW = 5.3 cm
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Figure B.26. Transverse relative intensity profile from
elements 3 and 4 with compensated power
variation.



127

*JUSWSTO J9OnNpsueil STHUTS © wWOIJ
sSuUeds A3TSUSIUT OATIRTOX SsIsasuei]l STATITNW JO MOSTA TRUOTSUDWIP-99IYTL -°LZ g 2InbTd

(W3) NOILISOd SIXVY-X

§°¢ < g1 I g° 0 08~ I- §°I- 2- G°2-
m -Nl.. m-r 4 i } i i iy 3 I ! Oﬁll
fa g
Z /
() \\ v L B-

NOILlIsSod -

ap

T 9= ALISNILNI

a3AI1323Y
b ml
S -
. ml
aden NI




128

*Aexxe o1enbs jJuswST®-91 °2U3 WOIT
JuswoTe AXRIFTHIR UBR JIOJ UOTIBTASP JO obuea uwnwixew pue opnitidue 27ddta
obexsar ‘U3ipTm dp ¢ obeasae UY3zTm oTTJoxd wesq JUSWSTO-OTPPTW TeoTdAIL °g8z°d 2iInbtg

(ND) NOILISOd
02 s1 01 5§ 0 §- Ol §1-07Z-

“ 4 “ J L] | f Om‘
NOILVIA3d 46— 1
NNNWIXVY N m
40 AMVYANNO 8 — T 8—m
INAWIT3 37dQ 1A ----- L=
m
o
+ 99— _
z
T
™
Ly-5
+ o2
L. =
z
Al~l....
+0




129

S
P~

. P

SIS

ooyt T

..t..;e:.s:.umm.lt...s;.z..

R D

G
- e ST W
e

0

= | B

Pacx]

S

®

i i 1 i i
T e L A xR

CAP S ALTSHALMI €3A13034

Lo

FUSITION

53
d

KR

Intensity profile for an edge element (element 5)
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APPENDIX C

SIMULATIONS WITH AN IMPROVED MODEL
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Figure C.3. ©Nonuiform velocity amplitude profile of a
transducer element with n = 5.
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APPENDIX D

COMPUTER PROGRAMS

PROGRAM TO CALCULATE ARRAY OF POINTS FDOR MaAKING A CONMTOUR PLOT
THIS PROGRAM IS FOR PLANAR MON~-PHASED ARRAY

WRITTEM &/24/84 3Y K. B. OCHELTREE

LAST MODIFIED 3/19/85 BY HAROLD UNDERWOOD

DIMENSIONS ARE AC(NX, NZ). Z(NX, NZ)
COMPLEX AC(200, 200)
DIMENSION Z{200, 200), XA{14), YA{16), PH{L1S)

SET ARRAY PARAMETERS
FR I8 FREQUENCY IM KHZ
AT 18 ATTENUATION AT 1 MHZ IN NEPERS/CM
HT IS HEIGHT OF ELEMENT IN MM
WI IS WIDTH OF ELEMENT IN MM
NE IS THE NUMBER OF ACTIVE ELEMENTS
XA ARE THE X COORDINATES OF THE CENTERS OF ACTIVE ELLEMENTS
YA ARE THE Y COORDINATES OF THE CEMTERS OF ACTIVE ELEMENTS
PH ARE THE PHASES ON EACH OF THE ACTIVE ELEMENTS
DATA FR, AT, HT, WI/1000. ,. 00023, 346. 12, 36. 12/
DATA NE, XA(1), YA(L), PH{1)/1,0.,0.,0./

SET FIELD POINT LOCATION PARAMETERS
X8 I8 X STARTING LOCATION
Z8 18 7 STARTING LOCATION
NX IS NUMBER OF X FIELD PGINTS
NZ IS NUMBER OF Z FIELD POINTS
ST IS8 THE STEP SIZE BETWEEN POINTS
DATA X5, I8, NX, NZ,8T/~25. ,1.,50, 100, 1. /

CALL FC(FR, AT, HT, WI, NE, XA, YA, PH, XS, Z8, NX, NZ, 8T, AC)
ZMAX=0. O
DO 15 IX=1,NX
DO 10 I1Z=1,NZ
ZOIX, IZ2)=CABS(ACCIX, IZ))wx2
IMAX=AMAXT (IMAX, Z(IX, 12}
10 CONTINUE
15 CONT INUE
DO 20 IX=1,RNX
RO 20 IZ=1,NZ
ZOIX, IZ)=10. ®ALOGLIO(Z(IX, I1Z)/ZMAX+1. E-20)
20  CONTINMUE
DO 30 IX=1,NX
WRITE(EY(Z(IX, L), L=1, 50)
WRITE(BY(Z(IX,L),L=51,100)
30  CONTINUE

STORE QUTPUT IN FILE PLANE. DAT
STOP
END

SUBROUTINE TO CALCULATE FIELD PRODUCED BY ONE FOCAL PDINT
SUBROUTINE FC{FR, AT, HT, WI, NE, XA, YA, PH. X8, 758, NX, NZ. 5T, AC)
DIFENSION XA(L16), YA(LSL), PH{L1A)

COMPLEX AC(200, 200)., WT, EXPARG, TEMP
DATA PI/3. 1415924536/

FaR=10

WAVE=1500. /FR

P IDW=P I /WAVE

CaR=2. #PIDKW
ATT=AT#(FR/1000. ) ##1 1/10

DO 760 J=1, NZ

DO 750 I 1, NX
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ACT, J)=CMPLXO. . 0. )

CALCULATE FIELD

790

840¢

280

700

F6HO
730

RO 980 IE=1,NE
XST=WI/2. +X5-XA(IE)
YST=YA(IE)-HT/2
ZD=18
SNW=XST
DO 960 IZ=1,NZ
WRITE(&, 790)1Z
FORMAT(’Z 1S7,1I%) .
NH=1+INT(HT/SQRT (WAVE#ZD/FAR))
YINC=HT/FLOAT (NH)
CNETY=PIDW*YINC
YD=YST+YINC/2.
NW=1+INT(WI/SART (WAVE*ZD/FAR))
XINC=WI/FLOAT (NW)
CNSTX=PIDWKXINC
XD=XG3T-XINC/2
WT=CMPLX (XINC#YINC, 0. )#CMPLX(COSD{(PH(IE)} ), SIND(PH(IE)))
SNH=YD
DO 920 =1, NW
SNX=XD
DO 200 M=1,NH
DO 880 IX=1,NX -
ARG=SQRT { XD##2+YD##2+7D#%2)
XARG=CNSTX#XD/ARG
SINCX=].
IF(ABS({XARG) .G6T. .0001)SINCX=BIN(XARG)/XARG
YARG=CNETY#YD/ARG
SINCY=1.
IF(ABS(YARG) .GT. .O001)SINCY=SIN(YARG)/YARG
EXPARG=CEXP (CMPLX {~ARG#ATT, ~ARG#CAK) )
TEMP=EXPARG#WT*#CMPLX (SINCX#SINCY/ARG. 0. )
AGCIX, IZ)=AC{IX, IZ)+TEMP
XD=XD+8T
CONTINUE
XD=8NX
YD=YD+YINC
CONT INUE
YD=8NH
XD=XD-XINC
CONT INUE
XD=8Ni
ZD=ZD+5T
CONTINUE
CONTINUE
RETURN
END



JLOAD
L8t

5 REN

10

180
150
200
210
220
225
27
230
250
245
230
260
270
280
290
300
310
320
330
430
440
450
460
479
4
472
473
474
475
480
490
300
Ste
520
330
540
950
360
570
580
590

600

REM
REM  Program: TRANSVERSE.PLOT
REM Revision Date: 4/4/85
REM Prograsser: Tia Benson
REM Revised by: Harold Underwood
REN . This progras reads the descriptor file of a set of scanner
REM  data files, displays the data forsat, and then asks it the
REM  user wishes to plot the data, If the data is to be plotted,
REX  the plotter is initialized, and then the data is plotted,
REN .the data having been stored on disk in 8K chunks in files
REM  with sequential filenases, e.g. filenase.0, filenase.i,
REM  filename.2, etc.
REH
D§ = CHRS (4)
BL$ = CHR$ (7}
ET$ = CHR$ (3)
CH = 0,00127
=0
LN1O = LO6 {10}
PRINT D$;"PRE3*
DI A9)
DIN 6{3}
DIt B$(9)
DIN IMAX(300i
FOR I = 1 T0 300:2MAXCI) =  ~ 9999: NEXT I
HOME
INPUT "ENTER FILE NAME: *;F$
PRINT D$;“OPEN *;F$
PRINT D$;"RERD *;F¢
INPUT 6C$: INPUT DL: INPUT 7S¢
INPUT 611): INPUT 6(2): IRPUT B(3)
FORN=1703
INPUT AtK)
AN} = (AN} - GIN)) = CH
BS(N) = LEFTS { 5TR$ (A(N}),6)
NEXT N
FORN=4T09
IKPUT ALH)
R(N) = AtN) & CN
BS(N) = LEFT$ { 5TR$ {A(N)},8)
NEXT N
PRINT D$;°CLOSE “;F$
HOME
PRINT °FILE NAME “sF¢
IF BC$ = "Y® THEN PRINT "COORDINATE SYSTEM: GEOMETRIC®
IF 60$ ¢ > *Y" THEN PRINT “COORDINATE SYSTEM: TANK®
IF TS$ = *v* THEN PRINT “SCAN TYPE: TRANSVERSE"
IF T8¢ ¢ > °Y" THEN PRINT “SCAN TYPE: LONGITUDINAL"
PRINT
PRINT
PRINT “f-AX1S";: HTAB 15: PRINT *Y-AXIS*;: HTAB 30: PRINT °I-AXIS*
PRINT *~omemn "s: HTAB {5: PRINT "----mv "+2 HIAD 30: PRINT °------ s

PRINT B$(1);: HTAB 15: PRINT B$(2);: HTAB 30: PRINT BS${3);: HIAB 40:

PRINT ®======) CENTER COORDINATES (CH)*

PRINT B$(4);: HTAR 15: PRINT B$(5);: HTAB 30: PRINT B$(é);: HTAR 40:

PRINT ¥=z==zc=) GPAN RANGES (MHI?
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510 PRINT B$(7);: HTAB 13: PRINT BS{B);: HTAB 30: PRINT B$19);: HTAR 40:
PRINY “====z==) SCAN INCREMENTS (CM}™

620 IF 1S4 < > "Y* THEN 607D 810

625 REM

630 REM Cospute § of data points along x-axis. If both the x scan

640 REN range and x scan incresent are zerc, anly one point was taken

650 REM on this axis. Otherwise, the nuaber of points is twice the

460 REM x scan range divided by the scan increment, plus one.

645 REN

670 IF A(4) + AL7) = O THEN XX = 11 60TG 700

480 XX = {2 # pl4)) / A(T) + )

690 REM Cospute # of data points along y-axis. (See note for x-axis)

700 IF ALS) + A(B) = O THEN YY = 1r 6070 750

710 YY = (2 ¥ 4(5}) / A(B) ¢ |

715 REM

720 REM The total nusber of data points taken is the product of the

730 REM nusber of points along the x-axis, and the nusber of scans

740 REM (the number of y-axis scans)

745 REH

750 M = INT (XX & ¥Y ¢ 0.0)

740 507D 820

765 REH

770 REM If this was a longitudinal scan, the nusber of data points

780 REM taken is twice the z-aris range divided by the z-axis

790 REM incresent, plus one,

795 REN

800 I1 = {2 & A(B) / &(9)) + 1

810 NN = INT (27 + 0.1)

820 PRINT

830 PRINT "PRDJECTED & OF X-AXIS DATA POINTS = *;XX

840 PRINT "PROJECTED # OF Y-AXIS DATA POINIS = *;YY

850 PRINT “TOTAL ¥ OF PROJECTED DATA POINTS = *;NH

850 PRINT "ACTUAL & OF DATA POINTS OK DISK = %L / 2

870 PRINT

875 REM

880 REM If the nusber of projected data points differs froe the

890 REM nusber of points, stored on the diskette, the users is asked

900 REM if he wants to alter the XX or YY variable. If there is a

910 REM discrepency, and it is not fized, the resulting plot will

920 REM be in error,

925 REH

930 IF DL / 2 = NH 6BTO 990

940  PRINT BL$;°<(< DISCREPENCY »>)*;BL$

930 INPUT "DO YOU WISH TO ALTER XX OR YY ? *;ANS$

960 IF LEFTH (ANS$.1) € > "Y® THEN 60OTD 990

970 INPUT "ENTER & OF X DATA POINTS: *;XX

980 INPUT “ENTER & OF Y DATA POINTS: *;YY

990 INPUT “DD YOU WISH TO PLOT? (Y/N) “;ANSS

1000 IF LEFT$ (ANS$,1) ¢ > “Y" THEN STOP

-1003 IF TS$ < > *Y® THEN PRINT BL$;“HUST USE LONGITUDINAL PLOT PROGRAM
" STOP

1010 6OSUB 13700

1020 PRINT D$;"PRE2"

1030 F1 = 33/ XX

1080 F2 = - (X1 / F1)

1050 FOR Y = 0 70 2 STEP (2 / (YY - 1))

1060 YX = X3 &8 Y /7 13

1W070Y1 =13 ¢Y /5

1080 X = X1

1085 Tf =
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1090 60SUB 12700

1100 PRINT *PU”, FN X(XF), FN Y(IP) ET$ 149
$110 FOR X = X4 T8 (X2 + ,0f) STEF X3 / {X¥ - {H

1120 6OSUB 12700

1130 IF IP > INAX((XP 7 Fi) + F2 + .25) THEN 60TO 1140

1140 PRINT “PU *, FN X(XP), FN Y(IP),ET$

1150 6070 1180

1160 INAX(OIP /1 FL) + F2) = 2P

1170 FRINY “PD*, FN X(XF}, FR Y{IP) ET$

1180 NEXT X .

1190 PRINT “PD*, FN X{XP), FN Y(I1 ¢ YD) ,ETs

1200 NEXT ¥

1210 PRINT D$;*PR3"

1213 PRINT "SAVE = *;° *;5v

1220 STOP
12650 REM
12700 REM
12710 REM This subroutine gets the next data point froa mesory.
12720 REM
12730 REM
12750 IF HB = 24576 THEN GOSUB 30000
12800 A = PEEK (HB}

12900 B = PEEK {HB + 1) )

12950 IF T4 < > 6 THEN TY = 0: GOTO 13010
13000 H8 = HB + 2

15010 WL =B & 16+ A

13020 DHN = 1300

13030 IF DVL < DMN THEN DVL = DMN

13035 DPK = 4096

13100 7= 20 ® LO6 (DVL 7 DPK) / LKIO + 10
13200 XP = X + ¥X

13300 2P = 1 ¢ ¥

13400 IF ABS (IP) ¢ .01 THEN IP = ¢

13450 SV = HB
13500 RETURN
13600 REM
13700 REM
13701 REN  This subroutine sets up the HP-74704 plotter, then
13702 REM  draws and labels the axes.

13703 REM
13705 REM
13710 Xt = AL1) - AL4)

13720 12 = {1} + A(4)

13722 Y1 = AL2) - AL9)

13724 Y2 = AL2) + A(5)

13725 INPUT “Ceit Labeling? (Y/N) °jLis

13729 12 = 10

13730 11 = 0

13731 INPUT "ENTER HAYINUN Z-AXIS VALUE: *;I8
13732 RN$ = “dB*

13760 F§5 = ¢

13770 KB = 16384

13760 INPUT “ENTER & OF X TILKS -»"3¥7T

13790 11 = 11

13795 IF LL$ = °Y* BOTD 15600

13800 PRINT “ENTER GRAPH TITLE®

13900 INPUT T¢

14000 PRINT D$;"PRE2"

14030 PRINT “IN;DF;SP {";ET$

14100 PRINT *SC -1,1,-1,1%;ET$




14200 PRINT "PU 0,.95°,E7¢

14300 PRINT "CP"; LEN (T$) / - 2;*,0;ET4
14400 PRINT °LB *;14;ET7$

14410 PRINT “PA,-1 ,-.2",ET¢

14420 PRINT “LBRECEIVED";ETS

14430 PRINT “CP;LDINTENSITY";ET$

14440 PRINT “CP;LB{";RN$;*)*;ET$

14450 PRINT *PRO,-.95%;ET$

14460 PRINT “CP-10,0";ET$

14470 PRINT *LBX-AXIS POSITION (ca)®;ET$
14480 PRINT "PR.75,-.5";ETS

14490 PRINT “LBY-AXIS";ETS

14500 PRINT “CP;LBPOSITION";ETS

14510 PRINT "CP;LB(ca)*;ETS

15600 13 = X2 - X1

570013 =422 -1

15710 X6 = 10 ¢ (3 - INT ¢ LOB (X2 - $1)))
15720 Y5 = 10 ~ (3 - INT { LO6 {22 - 10)))
15800 81 = (X1 - (1 / 3) 2 X3y 2 )5

15900 52 = (X2 + (17 3) # X3) # S

18000 83 = (21 - (1 7 &) & {3) ¢ Y§

16100 84 = {12+ (1 7 2) ¢ 13) # ¥§

16110 DEF FN X{X9) = X9 ¢ §§

16120 DEF FN Y(Y9) = Y9 & ¥§

16200 PRINT D$;"PRE2"

16300 PRINT *SP 1°,ET$

16400 PRINT “SC *,51,52,53,54,E7$

16450 PRINT *PU®, FN X{X1), FN Y(I2) ET$
16500 PRINT "PD", FN X(XD), FN Y(I1),ET$
16600 PRINT °PD", FN X(X2), FN Y(I1),ET$
16700 ¥4 = {2 7 13) &+ X3

16800 14 = (2 7 5) # 13

16900 PRINT *PD®, FN X(X2 + X4}, FN Y(I1 + 14),ET$
17000 PRINT *PU", FN X{X1), FN Y(11),ET$
17005 PRINT "PD", FN X(X1 + X4), FR Y{I1 + 14),ET$
17906 IF LL$ = "Y" §0TO 18900 -

17010 REM

17020 REM

17030 REM tLabel the x-axis

17040 REM

17050 REM

17400 FOR X = X1 TD X2 + .01 STEP ¥3 / ©XT - §)
17200 IF ABS (X) ¢ 0! THEN X = 0

17300 PRINT °PU®, FN X€X), FN Y{I1),ET$
17400 PRINT *XT°,ET$

17500 ¥$ = LEFT$ { STR$ (X),4)

17600 IF ABS (X} < .01 THEN X$ = °(¢
17700 LE = LEN (X$) / -2

17800 PRINT “CP" LE;",-1.5;LB°; X$;ET
17810 NEXT X

17820 REN

17821 REM

17822 REK  Label the y-axis

17823 REN

17824 REH

17830 PRINT “PU", FH X(X2}, FN Y{(I1),ET$
17840 PRINT *YT°,ET$

17845 ¥§ = LEFT$ ¢ STR$ (Y1), &)

17847 IF ABS (Y1) € .01 THEN Y$ = *¢*
17850 PRINT “CP 1,75,-.25;LB°;Y$;ET¢

LU
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17855
17860

PRINT "PU*, FN X{XZ + X&), FN Y(I1 ¢ 14),ET$
PRINT *YT* £T$

17865 ¥$ = LEFT$ ( STR$ (Y2),4}

17870
17875
17910
17920
17930
17940

17950 -
18000 -

18100

18300 -
18400

IF ABS {(Y2) < .01 THEN Y$ = *0°

PRINT *CP 1,-.25;LB";Y$;ET$

REM

REM

REM Label the z-axis

REN

REM . :

FORZ = -10 TO 0 STEP ZS AT -1
IF MBS {1} < Ol THER I =0

PRINT "PU", FN X(X1}, FN YAZ + 10) ET$
PRINT ."YT*,ETs . .. ;

18500.28 = . LEFTS { STRS (l).4) ‘

18600,
18700
18890
18900

18950
19000 .

30000
30004
30002
30003

IF ABS (1) < .01 THEN =0
PRINT °CP -4.5, .25,L8';1$,ET$
NEXT 2 . .

PRINT D$;"PRE3”

-60SUB 30000

RETURN . . ..

REX

- REN  This subroutine is called to load (BLOAD) the next 8K

REN file of scanner data into aesory.

REN

30200 D$ = CHRS (4)

30300
30310
30320
30330

30400
- NORMAL

30450

PRINT D$;"PRE3"
VTAB 1: HIAB f: PRINT = *
NTAB 23: HTAB 30

. INVERSE

PRINT.® LOADING DATA FILE *;F$;3".°;FS;* *;

30499 08 = CHRS (13} + . CHRS ()

30500 -

30210

PRINT D8;"BLOAD *;F$;*.";FS;* A54000"
VIAB 23: HTAB 30:.PRINT °

IS0 FS = F5 + 1
30760 HB = 16384 .

30770
30800

i_

PRINT D$;*PRE¥2"
RETURN
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