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ABSTRAG"T 

Thermoacoustic emissions induced by 2450 MHz microwave pulses in water, tissue

sinrulating phantoms and dog kidneys have been detected. The analytic signal 

magnitude has been employed in generating 'A-mode' images with excellent depth 

resolution. Thermoacoustic emissions have also been detected from the dose

gradient at the beam edges of a 4 MeV x-ray beam in water. These results es

tablish the feasibility of employing thermoacoustic signals in generating diagnostic 

images, and in locating x-ray beam edges during radiation therapy. A theoretical 

model for thermoacoustic imaging using a directional transducer has been devel

oped, which may be used in the design of future thermoacoustic imaging system, 

and in facilitating comparisons with other types of imaging systems. A method of 

characterizing biological tissues has been proposed, which relates the power spec

trum of the detected thermoacoustic signals to the autocorrelation function of the 

thermoacoustic source distribution in the tissues. 

The temperature dependence of acoustic signals induced by microwave 

pulses in water has been investigated. The signal amplitudes vary with temperature 

as the thermal expansion of water, except near 4°C. The signal waveforms show 

a gradual phase change as the temperature changes from below 4° to above 4°C. 

This anomaly is due to the presence of a nonthermal component detected near 4°C, 

whose waveform is similar to the derivative of the rooin temperature signal. The 

results are compared to a model based on a nonequlibrium relaxation mechanism 

proposed by Pierce and Hsieh. The relaxation time was found to be (0.20±0.02) 

ns and (0.13±0.02) ns for 200 ns and 400 ns microwave pulse widths, respectively. 

A microwave-induced thermoacoustic source capable of launching large 
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aperture, unipolar ultrasonsic plane wave pulses in water has been constructed. 

This source consists of a thin water layer trapped betwren two dielectric media. 

Due to the large mismatch in the dielectric constants, the incident microwaves 

lUldergo multiple reflections between the dielectric boundaries trapping the water, 

resulting in an enhanced specific microwave absorption in the thin water layer. 

This source may be useful in ultrasonic scattering and attenuation experiments. 
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CHAPTERl 

INTRODUCTION 

The thennoacoustic effect is the generation of acoustic waves due to the deposition 

of heat in a mediwn. The audible sound commonly observed in the case of chem

ical explosions or lightning is the manifestation of this effect. Since virtually all 

interactions occuring within a mediwn eventually degrade into thennal energy, the 

thermoacoustic effect is a general phenomenon that may occur in most substances, 

whether in gaseous or condensed states. The heating can be due to chemical reac

tions, electric currents, absorption of ultrasonic waves or electromagnetic radiation 

in the whole spectrum from the radio-frequency to ,-ray, or the passage of charged 

particle beams. The amplitudes and frequencies of the acoustic waves generated 

depend on the temporal and spatial distribution of heat deposition as well as the 

thermal and elastic properties of the media concerned. Thus, the thermoacoustic 

effect can be a useful tool in the study of interactions of radiation or particle beams 

with the media, and in the interrogation of material properties or the reactions 

occuring within the material. 

In this study, we are primarily interested in the thermoacoustic emissions 

induced by deeply penetrating radiations in biological tissue-like materials. The 

term 'deeply penetrating' implies that the heat deposition occurs at a substantial 

depth within the sample mediwn and the source of the thermoacoustic waves is a 

volume-source. Two forms of radiations will De employed: a low-power 2450 MHz 

microwave radiation (similar to that generated in a domestic microwave oven) and 

a 4 MeV x-ray beam used in cancer therapy. The sample materials include water, 
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Figure 1.1: Schematic diagram of a typical experiment for the detection of thermo
acoustic emissions. (a) input energy flux, (b) heat deposition, (c) acoustic pressure 
wave generated at the site of heat deposition, (d) thennal wave diffused out from 
the site of heat deposition, (e) acoustic wave generated by thennal wave, (f) output 
signal. 

tissue-simulating phantoms, dog kidney tissues and collagen sheets. 

1.1 Basic Concept 

A tYJ)ical experiment to detect thermoacoustic emissions can be schematized as in 

Fig. 1.1. An energy flux interacts with the sample material and a portion of the 

energy is dissipated as heat in the sample. The amount of heat deposition and the 

initial heat distribution will depend on the detailed interaction of the energy flux 

with the material. The thermalization of the energy results in a local temperature 

elevation IYI' = Q!:::.t/pCp, and eventually in a thermal expansion !:::.V/V = f3!:::.T, 

which produces acoustic waves propagating through the sample and the coupling 

mediwn to the acoustic detector. Here, Q is the rate of heat deposition per mut 

volwne during the time of interaction !:::.t, Cp is the specific heat, p is the material 
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density and f3 is the volume thermal expansion coefficient. Sometimes, the sample 

is bonded directly to the detector and part of the sample becomes the coupling 

medium. As mentioned earlier, we are primarily concerned with biological tissue

like materials and water is always used as the coupling medium in this study. The 

sample medium can thus be treated as a fluid which supports only the propagation 

of longitudinal waves and the acoustic wave field can be described by a scalar 

pressure field p(r, t) alonel . If thermal conductivity and attexruation of acoustic 

waves can be neglected and the assumption of linearity is valid, then the acoustic 

wave generation is governed by the linearized inhomogeneous wave equation 

\72 ( t) _ 1 82p(r, t) = _l!.... 8Q(r, t) 
p r, c2 at2 Cp at ' (1.1) 

where p(r, t) is the sound pressure, Q(r, t) is the local rate of heat deposition 

per unit volume which is usually propotional to the input energy flux, and c is 

the speed of sound. This equation can be solved for p(r, t), subject to certain 

boundary conditions, if the exact geometry of the system is known. From the 

above equation, it is clear that the input energy flux: must vary in time so that Q 
has a nonvanishing derivative and that Q must vary with position r so that waves 

emanate from one or more sources. In other words, a constant input energy flux: 

will not induce a thermoacoustic emission. The problem of inferring the source 

function f3Q(r)/Cp by detecting the acoustic pressure p(t) at points outside the 

source region is a classic example of the inverse source problem in physics. It 

has application in imaging, where the spatial distribution of the source function 

in a particular sample is desired, and in tissue characterization, where certain 

statistics of the source function for a class of samples are sought after. This 

problem will be discussed in a later chapter of this dissertation. As the acoustic 

wave propagates through the sample and the coupling medium, it may undergo 

1 Alternatively, the wave field can be described by a velocity potential 'l1(r, t) which is related 
to the acoustic pressure field by p = Po8~ /fJt. If transverse wave propagation is possible, an 
additional vector velocity potential A( r, t) has to be introduced. See for example, Morse and 
Ingard (1968) for the theory of acoustic wave propagation. 
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scattering and attenuation. Thus, the detected acoustic waves may also be used to 

extract information about the features of the sample or the coupling mediwn which 

are responsible for these interactions. This technique is similar in principle to the 

conventional transmission ultrasonic imaging or material characterization where a 

beam of ultrasound produced by a transducer is launched through the sample, and 

is detected by another transducer located at the other end. The difference is that 

the interrogating ultrasonic wave is produced by a thermoacoustic source instead 

of a transducer. 

If thermal conduction is not negligible, the heat deposited is no longer 

localized at the site of interaction and may diffuse out and act as sources in other 

sites. If the asswnption of linearity is still valid, the behavior of the system can 

be described by two coupled differential equations 

t"'72 ( t) _ .!. fFp(r, t) _ _ L( t"'72&T(r, t) + 8Q(r, t)) 
v p r, c2 8t2 - Cp (Tv fJt 8t (1.2) 

and 

(T2'\12T(r,t) _ pCp &T~,t) = -(3To 8p~,t) _ Q(r,t), (1.3) 

where T(r, t) is the incremental temperature due to the heat deposition and diffu

sion, To is the initial equilibrium temperature, and a is the thermal conductivity 

of the medium. The first equation is the inhomogeneous wave equation with an 

additional source term due to thermal diffusion, while the second equation is the 

heat diffusion equation with a source. The solution of this system of differential 

equations consists of the usual acoustic component and an entropic component, 

which is also known as the thermal wave since it manifests itself mainly as a wave of 
.. 

rapidly attenuated temperature disturbance traveling away from the source. Ther-

mal waves may interact with the regions in the sample away from the site of initial 

heat deposition, or with the layer of the coupling mediwn adjacent to the sample, 

resulting in the generation of acoustic waves. Thermal waves have been utilized by 
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many investigators to probe the substuface features of the sample, when the heat

ing radiation has only a short penetration depth. However, in biological tissue-like 

materials, the thennal conductivity is small and the them lal wave component is 

not important. 

1.2 Early History 

An extensive literature exists today in the field of thermoacoustics. It dates back 

to 1777 with the discovery of the singing flame phenomenon by Higgins (Nichol

son, 1802). The production of sound by heated gas was also described by Sondhauss 

(1850) and Rijke (1859). Sondhauss discovered that a clear sound was produced 

when a steady flame was applied to the closed end of a narrow glass tube which 

was tenninated in a bulb. Rijke discovered that strong acoustic oscillations oc

cured when a heated wire screen was placed on the lower half of a vertical pipe 

open at both ends. Rayleigh (1878) became interested in the phenomena and dis

cussed them in a lecture at the Royal Institution of Great Britain. He reviewed 

the subject in the second edition of The Theory Of Sound, his classic thesis in 

acoustics which laid the theoretical foundation for the study of acoustics and other 

phenomena associated with wave propagation (Rayleigh, 1896). 

The first technological application of the thennoacoustic effect is com

monly attributed to Alexander Graham Bell, with his discovery of the photoa

coustic effect and the invention of the 'Photophone' (Bell, 1881, 1881a). He dis

covered that audible sounds were emitted when different substances were exposed 

to a rapidly-interrupted beam of sunlight. He found that this sonorous property 

was common to many materials and that the sounds produced in each case were 

due to radiations in the part of the spectrum that were absorbed by the material. 

The photoacoustic effect was also reported by Tyndall (1881), Rontgen (1881) and 
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Preece {1881}. 

'The production of sound by periodic heating of an alternating-current 

carrying conductor was discovered by Braun {1898}. An application of the principle 

was described by de Lange {1915} in his article on the 'thennophone'. Arnold and 

Crandall {1917} derived a theory for the working of the thennophone and suggested 

using it as a 'precision source of sound'. 'The attribution of the production of 

thunder to the thennoacoustic effect accompanying the spark discharge in air was 

proposed by Him {1888}. His theory remains the consensus view on the mechanism 

of thunder today (Uman, 1969; Few, 1975; Temkin, 1977). 

1.3 Modern Development 

(a) Optical radiation-induced thermoacoustic emission 

Since the optical generation of sound has a rather low efficiency, it gained pop

ularity with the advent of the high power laser, which permitted generation of 

acoustic waves with practical intensities (see e.g., Westervelt and Larson, 1973; 

Muir et al. 1976; Berthelot and Busch-Vishniac, 1985). The photoacoustic effect 

is now widely applied in photoacoustic spectroscopy, where the amplitude of an 

optically generated sound wave gives a measure of the absorption of the optical ra,. 

diation in the sample. It is also commonly used in the analysis of gaseous mixtures. 

Several types of commercial photoacoustic spectrometers have been designed and 

marketed. Many books (Poo, 1977; Rosencwaig, 1980; Zharovand Letokhov, 1986) 

and review articles (Lyamshev and Sedov, 1981; Tam, 1983; Sigrist, 1986) have 

been published about this subject. 

'The photoacoustic effect is also widely used in the nondestructive eval

uation (NDE) of solid samples. Von Gutfeld and Melcher (1977) used a pulsed, 
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focused and ScatUled laser beam to generate 20 MHz acoustic waves by local ther

mal expansion in laminated materials. They demonstrated the feasibility of using 

the photoacoustic effect in the imaging of material defects. Wong et al. (1978) 

used a similar technique but in a lower frequency range (50 to 2000 Hz), to image 

swface cracks (50 J.lm x 100 J.Lm) in silicon-nitride ceramic materials. By replac

ing the input lens of a transmission acoustic microscope by an optical cotmterpart 

(focused Nd:YAG laser beam) Wickramasinghe et al. (1978) generated micro

scopic photoacoustic images of the metallized pattern deposited on a glass cover 

slip. Luukkala and Penttinen (1979) constructed a high resolution (~ 5 J.Lm) pho

toacoustic microscope using an inexpensive low-power He-Ne laser. By using the 

magnitude as well as the phase of the detected acoustic signals, Rosencwaig and 

Busse (1980) presented high resolution images of integrated circuits. They were 

careful to point out that their technique utilizing phase infonnation truly probed 

the subsurface thennal properties of the sample. They called their technique pho

toacoustic thermal-wave microscopy to distinguish it from the predecessors which 

mainly probed the swface optical absorption/reflection characteristics of the sam

ple (see also Rosencwaig and Opsal, 1986 for a review of this imaging technique). 

Recently, interest has also been generated among some researchers on the possibil

ity of using laser-induced thennoacoustic sources in tmderwater conmnmications 

(Berthelog, 1988; Chotiros, 1988). 

(b) Microwave-induced thermoacoustic emission 

The detection of thennoacoustic emissions induced by electromagnetic radiations 

outside the optical (IR, visible and UV) spectral region has also been reported. 

White (1963, 1963a) detected the acoustic waves generated by the absorptio~ of 

microwaves at the swface of many materials, including several common metals, 

silicon, carbon-loaded plastics and water. He suggested that this effect may be 
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applied to the detennination of the properties of the input energy flux, measure

ment of surface elastic or thennal properties and generation of ultrasonic waves. 

Thermoacoustic waves produced by the absorption of amplitude-modulated mi

crowaves in ferromagnetic samples have also been used in the observation of ferro

magnetic resonance (an anomalous dependence of microwave absorption in certain 

ferromagnetic materials on the strength of an imposed dc magnetic field) (NWles 

et al., 1979). DuVarney et al. (1981) and Coufal (1981) employed the thermo

acoustic teclmique to perform electron spin resonance spectroscopy on a sample. 

Thermoacoustic emissions induced by microwaves also generated much interest 

among biomedical researchers due to the observation of the auditory sensing of 

microwave pulses by human subjects and other mammals (Frey and Messenger, 

1973; Guy et al., 1975; Lin, 1978). Motivated by these observations, Borth and 

Cain (1977) presented a one-dimensional model for the generation of soWld due to 

the irradiation of the surface of a semi-infinite medium by microwave pulses via 

the mechanisms of thermal expansion, electrostriction and radiation pressure. He 

concluded that thennal expansion was much more effective than either electrostric

tion or radiation pressure in converting electromagnetic energy to acoustic energy 

when the irradiated semi-infinite layer consisted of physiological saline. Guo et 

al. (1984) analyzed the thermodynamic process of the microwave-induced thermo

acoustic wave generation and the coupling of the acoustic and thennal energies 

to the SurroWlding medium through the discontinuities of thermodynamical vari

ables and of microwave exposures in biological systems. They derived the general 

equations for the thermoacoustic waves and fOWld that the first-order linear ap

proximation was valid even when the peak specific absorption rate was as high 

as 13 kW /g. Bowen (1981) presented a general solution of the linear inhomoge

neous thennoacoustic wave equation in a homogeneous and isotropic medium in 

terrm of retarded potentials in analogy to those in electromagnetic theory. Based 

on the calculation of the expected signal-to-noise ratio for simple heat profiles, 
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he proposed the use of thermoacoustic emission induced by deeply penetrating 

radiations (e.g. microwaves, x-rays, ultrasound and high energy electron beams) 

in imaging applications. This possibility was expounded in details by Bowen et 

ai. (1983). Specifically, microwave-induced thermoacoustic emissions may be used 

in the noninvasive monitoring of hyperthermia treatments during cancer therapy 

and in diagnostic imaging to complement other conventional imaging techniques. 

This imaging appli.cation was also proposed independently by Caspers and Conway 

(1982), who reported the detection of acoustic waves generated by pulsed micro

wave 'point sources' in water. By using signal averaging techniques, we at the 

University of Arizona have succeeded in detecting thermoacoustic signals induced 

by low level microwave pulses in tissue-simulating phantoms, thereby confirming 

the feasibility of the imaging application of this technique (Nasoni et ai., 1984, 

1985 and Bowen et ai., 1985). Recently, Lin et ai. (1988) reported the in vivo de

tection of thermoacoustic waves induced by pulsed microwave (2 J.LS, 15 kW peak 

power) in the cat brain. 

(c) X-ray-induced thermoacoustic emission 

Kim and Sachse (1983) (also Sachse and Kim, 1983) claimed to have observed 

the first x-ray-generated ultrasonic signals in materials. They utilized synchrotron 

radiation with a pulse width of 0.16 ns and a critical energy of about 10 keV, 

irradiating a stainless steel disk. The sound source appeared to have been located 

near the surface of the specimen in this case. They later suggested using this x-ray

generated ultrasound in the imaging of spatial inhomogeneities in solid materials 

(Sachse et ai., 1987). We have also observed ultrasonic signals induced by 4 J.LS, 4 

MeV x-ray pulses in water. In our case, the ultrasonic signals came from the edges 

of the x-ray beam. The details and analysis of this experiment will be described in 



26 

a later chapter of this dissertation. As suggested by Bowen et al. (1983), this x

ray-inducEd thermoacoustic signal may be used in monitoring the dose distribution 

and aid in the positioning of the dose so that the critical organs may be spared 

during cancer treatment by ionizing radiation. 

(d) Particle-heam-induced thermoacoustic emission 

Thermoacoustic emissions find applications even in the field of high energy physics. 

The DUMAND (Deep Underwater Muons And Neutrinos Detectors) project started 

in the seventies considered the use of acoustic detectors in the detection of high 

energy cosmic ray particles in deep sea (Bowen, 1976, 1977, 1977a, 1979). Experi

ments were subsequently done employing proton beams of the 200 MeV linac and 

the 28 Ge V fast extracted proton beam of the Alternating Gradient Synchrotron 

(AGS) at Brookhaven National Laboratory, and the 158 MeV cyclotron at Harvard 

University, which demonstrated that detectable acoustic signals were produced by 

energetic proton beams while traversing a fluid mediwn (Sulak et al., 1979). The 

observed signals were generally consistent with the thermoacoustic model, except 

that the minimwn in the signal amplitude in water was fOlllld to be located near 

6°C, instead of 4°C (where the thermal expansion coefficient is zero), as predicted 

by the thermoacoustic model. The temperature dependence experiment using the 

AGS was repeated by Hunter et al. (1981a), and confirmed the presence of a 

nonvanishing signal near 4°C in water. 

White (1963, 1963a) has reported the detection of thermoacoustic waves 

produced by the impact of a pulsed beam of electrons on the surface of solid tar

gets. Brandis and Rosencwaig (1980) developed an electron-acoustic microscope 

analogous to the photoacoustic microscope which probed the surface and sub

surface features of an opaque solid by a thermal-wave generated at the surface. 

They adapted a commercial scanning electron microscope to produce a pulsed 



electron beam. Cargill (198O, 1981) independently developed a similar teclmique 

and speculated about its applications, among other things, to in vitro examina

tion of biological materials in tenns of their thennal and elastic properties, which 

should reveal many structural features that could not be seen using conventional 

optical and electron microscopes (see also Rosencwaig 1986). The Arizona group 

(Bowen et al., 1983a) observed acoustic signals from a phantom in an 18 MeV 

pulsed electron beam for cancer therapy. In this case, the signal originated from 

the absorbed dose gradient within the irradiated body, as opposed to the case in 

electron-acoustic microscopy where the signal source was located at the surface of 

the sample. 

(e) Electric current and ultrasound induced thermoacoustic emission 

Besides electromagnetic radiations and charged particles, the Arizona group (Bowen 

et al., 1981) also reported both in vitro and in vivo observations of thennoacous

tic waves induced by 0.4 J1S current pulses from tissue equivalent phantoms and 

the upper arm of a human subject. Ghizoni et al. (1978) used pulsed current to 

heat silicon and generated useful thermoacoustic signals for the study of electron

phonon interactions. They found that the amplitude of acoustic signal produced 

was not proportional to the input energy due to joule heating, when the applied 

voltage pulse exceeded a certain threshold value. They attributed this anomaly 

to an additional phonon production mechanism due to electron-phonon collisions. 

Tsuruoka and Dransfeld (1985) observed the acoustic resonance vibratio,n of small 

(~ 115 nm) piezoelectric particles in modulated r.f. electric fields (~ 15 MHz, mod

ulated at frequencies between 20 Hz and 3 kHz), in an air-filled thermoacoustic 

cell. They also observed enhancement of thermoacoustic signals after exposing the 

powder to many intense r.f. pulses, which they attributed to orientation of initially 

random r.f. dipoles parallel to the r.f. field. 
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Intense ultrasonic beams have recently been used in hyperthermia treat

ment (Hynynen et a/., 1987). Bowen (1981) and Bowen et al. (1983) suggested the 

use of the thermoacoustic waves produced by the thennal effect of an ultrasonic 

beam in diagnostic imaging to complement conventional echo sonography. Ringer

macher and Heyman {1981} have reported the detection of ultrasound-induced 

thermoacoustic emission in a fused quartz resonator. 

104 Present Study 

Our group has been engaged in the development of a thermoacoustic imaging sys

tem with volume-generated waves, as opposed to imagiug with surface-generated 

waves frequently encountered in the literature. Although the theory of thermo

acoustic imaging from surface-generated waves has been well established, the the

ory of thermoacoustic imaging by volume-generated waves is still not fully devel

oped. However, we can look into another well established field, echosonography 

(imaging with back-scattered acoustic waves) for ideas. We have fomrulated a 

theory of volume-generated thermoacoustic wave imaging analogous to that of 

echosonography which can be used in the interpretation of the signals observed in 

our experiments and in the design and evaluation of future thermoacoustic imaging 

systems. We have also developed a theory for tissue characterization using thermo

acoustic waves. 'These models will be derived in Chapter 2 and the similarities and 

differences with the echo counterpart will be discussed. Chapter 3 will describe our 

experimental setup for the detection of microwave and x-ray-induced thermoacous

tic waves. The results of the experiments using tissue simulating phantoms will be 

described in Chapter 4 together with the results and analysis of the x-ray-induced 

thermoacoustic emission experiment described in an earlier paragraph. 
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Water has a tmique property that its density is maximwn at 3.98°C. Con

sequently, its coefficient of thermal expansion vanishes at this temperature and 

becomes negative at lower temperatures. According to the thermoacoustic model, 

the acoustic signal generated should vanish at the same temperature and should 

show a phase reversal at lower temperatures. If a nonthennal mechanism of acous

tic generation exists, it should be apparent at temperatures around 4°C provided 

the signal-to-noise ratio is favorable. TIle predicted temperature dependence of 

the signal amplitude was indeed observed in an experiment performed by Tam and 

Patel (1979). They employed a 1 J.lS pulsed dye laser beam operated at a wave

length of 610 nm. The laser energy absorbed along the beam path was typically as 

small as 10-6J per pulse. However, Lyamshev et al. (1980) reported a shift in the 

temperature of mininnun signal amplitude to 2.4°C using a pulsed Nd:YAG laser 

beam (,,\=1.06 pm) in water containing 10 gIl of cupric chloride to increase the 

absorption coefficient. As discussed earlier, Sulak et al. (1979) and Hunter et al. 

(1981a) fOWld the minirmun to be shifted to around 6°C, instead, for proton beam

induced acoustic signals. Hunter (1981) and HWlter et al. (1981) sinrulated the 

proton beam experiment using a cylindrical beam of a Q-switched ruby laser, with 

",40 ns pulse duration. Using the laser, they found that the acoustic signal was 

minirmun at around 2.50 to 3°C and the pulse shape at 4°C changed from bipolar 

to tripolar. Sigrist (1986) also reported a mininnun signal amplitude at below 4°C 

using a CO2 laser at 10.6 pm absorbed at the water surface. However, since the 

beam was highly attenuated by water, the specific absorption at the surface was so 

large that it raised the temperature of the water surface by a few degrees. Thus, he 

could explain the discrepancy in tellllS of this temperature elevation. From these 

results, it was not clear whether the temperature dependence of signals could be 

explained by the thermal mechanism alone, or whether a nonthermal component 

was required. We also performed an experiment on the temperature dependence 

of the microwave-induced signals in water. Our results support the presence of a 
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nonthennal component in the acoustic signals at temperatures around 4°C. TIus 

experiment will be discussed in Chapter 5. 

Thermoacoustic emission has been employed as a source of acoustic waves 

in the interrogation of the acoustic properties of materials. One advantage is that 

thermoacoustic pulses do not have the ringing usually associated with ultrasonic 

pulses produced by a transducer. In other words, wide band pulses can be acilleved. 

A microwave-induced thermoacoustic source is particularly attractive as the aper

ture of the beam can be made relatively large, so a large aperture plane wave whlch 

is essential in scattering and attenuation experiments can be produced. By capi

talizing on the mismatch in dielectric constant of water and another material with 

a low dielectric constant, we discovered a method whereby the specific amorption 

rate of microwave in water was greatly enhanced. Thus, the thermoacoustic sig

nal produced was enhanced correspondingly in amplitude. Before enhancement, 

the signal was buried in noise and signal averaging was required to extract the 

signal. After enhancement, the signal stood out and could be clearly observed on 

the CRT of an oscilloscope. The theory of thls phenomenon and the experimental 

results will be described in Chapter 6. Finally, Chapter 7 will be the swnmary 

and conclusion of tills dissertation. 
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CHAPTER 2 

THEORY OF Il\1AGING AND TISSUE CHARACTERIZATION BY 

THERMOACOUSTIC EMISSIONS 

Thennoacoustic imaging is an example of the inverse SOlll'ce problem, which con

sists of deducing the SOlll'ce distribution S( r, t) by measuring the presslll'e field 

p(r, t} at points outside the SOlll'ce region. The presslll'e field is assumed to obey 

certain wave equations. The inverse SOlll'ce problem has been widely discussed by 

many authors in the fields of optics and acoustics (e.g. Devaney, 1979,1983; Wolf, 

1969). However, most of the theoretical analyses were based on the assumption 

that isotropic point detectors were used in the detection of the pressure wave. In 

practice, the transducers used in the detection of the presslll'e waves are often far 

from isotropic and are rarely point detectors. In fact, the use of a directional trans

ducer will often improve the signal-to-noise ratio (Bowen 1981). In this chapter, 

we will develop a theoretical model of thermoacoustic imaging using a directional 

transducer. This model will aid us in the interpretation of the observed signals and 

in the design of the thermoacoustic imaging system by explicitly introducing the 

effect of the transducer into the model. The model will also facilitate comparisons 

with other types of better mown imaging system, such as the pulse-echo imaging 

system. 
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2.1 Thermoacoustic Wave Equation in a Homogeneous Medium 

We will first derive the thennoacoustic wave equation in a homogeneous, isotropic, 

inviscid medium. Since the viscosity of the medium is ignored, it will be assumed 

that the medium supports the propagation of longitudinal waves only. In principle, 

the equations governing the generation and propagation of thennoacoustic waves 

can be derived from the laws of conservation of mass, momentum and energy, 

together with the equation of state for the medium and the constitutive relations for 

the thermodynamical quantities. Some simplifying assumptions nonnally have to 

be made in order that the equations be tractable for dealing with specific problems. 

We will consider only small signal cases and use the linearized. version of the wave 

equation. 

The derivation of the homogeneous wave equation for acoustic waves in a 

homogeneous medium has been dealt with in many textbooks on acoustics (e.g. 

Morse and Ingard, 1968; Tempkin, 1981). Morse and Ingard (1968, pp.322-325) 

has also derived a wave equation which describes the radiation from a small region 

of a fluid which is in violent motion. The equation includes a heat source term, 

which reduces to equation (1.1) when this heat source is the only source of sound. 

Guo et al. (1984) derived the microwave-induced thermoacoustic wave equation. 

The effect of thennal conductivity was not taken into account since such an ef

fect was likely to be unimportant in biological material. Pierce (1985) discussed 

the uncoupling of the solutions to the thermoacoustic equations into the acous

tic and entropic components, taking into account both the viscosity and thermal 

conductivity of the medium. 

In this section, we will outline the derivation of the thermoacoustic wave 

equations, taking the thermal conductivity of the medium into acount. The effect 

of thermal conductivity will be shown to be unimportant for biological materials. 
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The main objective here is to clarify the notation and conventions used. The 

missing steps will be covered in Appendix A. 

We shall assume that the medium can be regarded as a fluid and is initially 

in an equilibrium state with pressure Po, density Po, temperature To and local fluid 

velocity v 0 = O. We will also assume that the only source of sOlUld is a heat source 

Q(r, t) (rate of heat deposition per llllit volume) due to the interaction of some 

energy flux with the medium. The heat source and the propagation of acoustic 

waves result in perturbations of the state variables of the fluid, which become 

pt(r, t) Po + p(r, t) , 

Pt(r, t) - Po + p(r, t) , 

1t(r, t) - To + T(r, t) . 

The local fluid velocity becomes 

Vt(r, t) = Vo + v(r, t) = v(r, t) , 

(2.1) 

(2.2) 

since we have assumed that the fluid is initially at rest and we will not differentiate 

between Vt and v. The internal energy per llllit mass U(r, t) of the medium will 

also be affected by the generation and propagation of the acoustic waves. The four 

basic equations of thennoacoustics can be derived from the three conservation laws 

(masS, momentum and energy) and the equation of state of the medimn: 

1. Equation of continuity 
DPt 
Dt + Pt V . v = O. (2.3) 

2. Cauclw's first law of motion 

(2.4) 

3. Fourier-Kirchhoff-Neumann energy equation 

DU 
Pt Dt = -PtV· v+V· (aV1t) +Q. (2.5) 
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4. Equation of state 

DPt = (aPt) Dpt + (aPt) D1t. 
Dt apt".. Dt ErIi Dt 

'I PI 

(2.6) 

g is the body force per unit mass acting on the fluid (which is nonnally the gravita

tional field strength if gravity is the only body force present) and (1 is the thennal 

conductivity. We have also assllllled that the state of the fluid can be described 

completely by any two state variables, which were chosen to be (Pt,11). Note that 

the operator 
D a 
-=-+v·'\7 Dt at (2.7) 

is the convective derivative, and the Lagrange description is used in the above 

equations. 

Using the thennodynamic relations derived in Appendix A, the energy 

equation and the equation of state can be rewritten as 

ptGp D1t + (' - 1) (PtGp) ('\7 . v) = (1'\7211 + Q (2.8) 
,Dt ,f3 ' 

and 

DPt = c2 (DPt + f3Pt D1t) 
Dt , Dt Dt' (2.9) 

where Gp is the heat capacity at constant pressure, , = Cp/Cv is the ratio of the 

heat capacities at constant pressure and constant volume, and f3 is the thennal 

coefficient of volume expansion of the medium. The quantity c = (KJ/Pt)1/2 (J(s 

is the the adiabatic bulk modulus of the medium) will be identified as the speed 

of sound in the medium in the limit when (] ~ O. 

The linearized version of the four basic equations can be obtained by 

suootituting (2.1) into the equations while keeping only first order tenus in p, p, T 

and v. 

(2.10) 
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(2.11) 

(2.12) 

(2.13) 

There is no difference in the Lagrange and Euler representations for this set of 

linearized equations. 

In most cases, the body force tenn pg is negligible compared to "Vp. Since 

p ~ c? P and, for a monochromatic wave, taking the gradient is equivalent to 

nmltiplying by the wave number k = wI c, so 1\7 pi '" pwc. For most common 

liquids and solids, c'" 1()3 m/s while 9 '" lOmls2, so 9 « wc and Ipgl « l"Vpl for 

acoustic waves in the audible and ultrasonic frequency regions. 

The wave equation can be obtained by taking the divergence of (2.11), 

then substituting (\7 . v) from (2.10) and 8plf}t from (2.13) into the equation to 

get 

(2.14) 

From this equation, it is.seen that the apparent source of the pressure wave is the 

second derivative of T. However, this variation in T may be 4ue to the heat depo

sition, thermal conduction or the compression-rarefaction of the medium caused 

by the propagation of the pressure wave itself. In order to dearly demonstrate 

the rol~ of heat deposition and thennal conductivity, we have to look into (2.12), 

which is derived from the energy balance equation. By making use of (2.13) and 

rearranging (2.12) we get 

(3 fJ2T'= L [ \72 (&T) + 8Q] + (-y - 1) fJ2p (2.15) 
Po f}t2 Cp a f}t f}t c2 f}t2 . 

Substituting this equation into (2.14) and rearranging, we arrive at the wave equa

tion for p: 

(2.16) 
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Substituting the relation, - 1 = c?(f2Ta/Cp (derived in Appendix A) into (2.15), 

we get the diffusion equation for T: 

2 C or Q f3 8p a"V T - Po p at = - - To at . (2.17) 

The last two equations are coupled equations in p and T. If the tenns 

involving a are assumed to be neglegible, then p is uncoupled from T in the wave 

equation and we get 

(2.18) 

This equation is valid if the thennal diffusion length is much shorter than 

the acoustic wavelength, i.e. 

(2.19) 

or 

(2.20) 

where 
a 

TIT = C 2' (2.21) po pC 

and w = 211' f, f being the main frequency component of the sound wave. 

The condition (2.20) is not a stringent one and it can be satisfied for most 

nonmetals. In table 2.1, the critical frequency 

(2.22) 

is evaluated for a few conunon materials. If a frequency of 10 MHz is used (the 

upper frequency limit in diagnostic imaging), it can be seen that even for metals 

such as aluminum and copper, WTIT ~ 10-4, and the corresponding value is ~ 

4xlO-6 for water (the main component of biological soft tissues). Thus, we can 

safely neglect the effect of thermal conductivity in biological tissues. From this 
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Table 2.1: Values of 1'er and fer for some common materials. 

po C Cp (J 

(g em-3) (em S-I) (J g-1 K-l) (Wem-1 K-l) 
Altuniirum 2.70 6.42 x 10:> 0.90 2.4 
Copper 8.93 5.01x1OS 0.39 4.0 
Quartz 2.20 5.90xlOS 0.75 1.4xlO-2 

Water 1.00 1.48 x lOS 4.18 6.0xlO-3 

Ethanol 0.79 1.21xlOS 2.45 1.7x10-3 

1'(1 (st f(1 (Hz) 
Aluminum 2.4x 1O-1~ 6.6x1010 

Copper 4.6x 10-12 3.5x101O 

Quartz 2.4xlO-14 6.6x1012 

Water 6.6x 10-14 2.4x 1012 

Ethanol 6.0x 10-14 2.7x 1012 

point on, the thermal conductivity tenn will be neglected and the wave equation 

(2.18) will be used in the following discussions. 

A scalar velocity potential w(r, t), which is defined by 

v(r, t) = - V''l1(r, t) , (2.23) 

is often used to represent the acoustic field of a longitudinal wave. In tenn of this 

potential, the other acoustical quantities can be evaluated by 

8'l1(r, t) 
p(r, t) = Po at ' 

8p 2 ( ) at = Po V' W r, t , 

and the thennoacoustic wave equation can be written as 

r72'TI( t) _! Q2W(r,t) _ _ f3Q(r,t) 
v ';t' r, c2 at2 - PoCp' 

(2.24) 

(2.25) 

(2.26) 



38 

2.2 General Solution of the Wave Equation 

The wave equation (2.18) or (2.26) can be solved either in the time domain or the 

frequency domain. The two approaches will be discussed in the following sections. 

(a) Time domain solution 

The time domain solution makes use of the Green fWlction appropriate to the 

specific boundary conditions involved. In general, the solution to (2.26) can be 

expressed as 

'lJ(r, t) = 4rr!Cp J d3r' J dt' G(r, r'; t, t')Q(r', t'). (2.27) 

The Green function G( r, r'; t, t') is usually a complicated fWlction except for certain 

simple boundary geometries. The free space Green function 

G'(r, r'; t, t') = a[t' - (~- Ric)] 

(R = Ir- r'1) 

(2.28) 

can often be used if the source region is finite and reasonably far away from any 

existing boundary such that the reflection from the botmdary does not interfere 

with the direct signal from the source to the point of observation r. If (2.28) is 

used then the solution for 'l1(r, t) is given by 

'l1(r, t) = (3 [ d3r' Q(r', t - Ric) . 
4rrpoCp Jv R 

(2.29) 

The integration is carried out over the finite source volume V. 

Suppose that the heat is delivered to the medium in a pulse with a short 

pulse width at time t = O. Then the heat source function can be represented oy a 

Dirac's delta fWlction 

Q(r, t) = q(r)8(t) , (2.30) 
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where q(r) is the total heat deliverd per tmit volume at r during the duration of 

the pulse and the solution becomes 

Note that 

where 

'l1(r, t) = 4 f3 C [d3r' q(Rr') 8(t - Ric) . 
7rpo p Jv . 

a 
8(t) = at 8(t) , 

8(t) = {O ; t < 0 
1 ; t > 0 

(2.31) 

(2.32) 

(2.33) 

is the unit step ftUlction. Using this relation, the solution for \If may be written as 

(2.34) 

which may be readily integrated for simple source configuration.q(r). 'The acoustic 

pressure p( r, t) can be expressed as 

f3 ()2 [ 3 q(r') 
p(r,t) = 47rCpat2 JR<ct d r' R ' (2.35) 

which is also the Bowen's solution for the thermoacoustic wave equation (Bowen, 

1977). 

(b) Frequency domain solution 

'The following definition of the Fourier transform pairs f(t) and F(w) will be used: 

X(w) L dt x(t)eiwt , (2.36) 

x(t) - ~ i dw X(w)e- iwt • (2.37) 
27r J-oo 

Taking the Fourier transform of equation (2.26), it is transformed into the time 

independent Helmholtz wave equation, 

(2.38) 
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where k = w / c. The applicable free space Green function for this wave equation is 

eikR 

C?(r,r';w) = If' 

and the solution of the wave equation can be expressed as 

(3 ~ e
ikR 

w(r,w) = 4 C d3r' Q(r',w)-R . 
7rpo P V 

(2.39) 

(2.40) 

If an impulsive heat source (2.30) is used, then the Fourier transfonn of Q is given 

by 

Q(r,w) = q(r) 

which is frequency independent and the solutjpn becomes 

w(r,w) (3 ~ 3 e
ikR 

- 4 cdr' q(r')-R ' 7rpo P v 

p(r,w) -iw(3 [d3r' (r') e
ikR 

. 
- 47rCp Jv q R 

(2.41) 

(2.42) 

(2.43) 

If there are boundaries separating the medium into regions of differrent 

acoustic impedances, the general solution to the wave equation in each region can 

be written down, and the solution unique to the specific geometry can be found 

by properly matching the boundary conditions at the boundaries. The frequency 

domain solution is nonnally more easily solved than the time domain solution, es

pecially when boundaries are involved. However, after getting the solution 'l1(r,w), 

it has to be inverted by the inverse Fourier transfonn to obtain the time domain 

solution, which may be a complicated task. Fortunately, the inversion can be done 

by employing the fast Fourier transfonn (FIT) algorithm on a digital computer. 

The existence of haxd,mu.e which performs the FIT at high speeds makes this 

approach even more attractive. 
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2.3 Detection of Acoustic Waves by a 'fransducer 

An electroacoustic transducer is a device which transfonns acoustical energy into 

electrical energy, or vice versa. The electrical signal output from the transducer 

is the actually observed physical quantity and thus, we need to know the coupling 

from acoustical to electrical power in order to interpret the signal meaningfully. 

We will employ the general theory of passive linear electroacoustic transducers as 

developed by Foldy and Prirnakoff (1945), which is applicable to a wide class of 

electroacoustic transducers, including the piezoelectric transducers with which we 

will be concerned. 

For ease of reference, the physical quantities involved are listed in Table 2.2 

together with their dimensions. 

(a) General theory for a passive linear transducer 

A transducer immersed in a fluid is customarily modeled as an aperture with 

a sensitive surface E in an infinite baffle 81 which, together with a surface S2 

at infinity encloses the fluid volume (see figure 2.1). At the acoustical side of 

the transducer, the quantities of interest are p( r, t) and Vn (r, t), the pressure and 

normal velocity at the transducer surface E, while the quantities at the electrical 

side of the transducer are the voltage E(t) across the electrical tenninals and the 

current I(t) flowing into them. It is convenient in this case to work with a single 

frequency component of these quantities, and the actual time variation will be 

found by the usual method of Fourier analysis. The four quantities can be related 

by two linear equations, 

p(r,w) - 1 d2r' Zm(r,r'jw)vn(r',w) +hT(r,w)I(w) , (r on E) (2.44) 

E(w) 1 d2r hR(r,w)vn(r,w) + Zb(w)I(w) , (2.45) 
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Thble 2.2: Swnrnary of the physical quantities involved in the theory of acoustic 
detection by a transducer. 

Quantity Dimension Defining Equation 
p(ri t) pressure 
p(r;w) (pressUre) . (time) 
v(ri t) velocity 
v(ri w) (velocity) . (time) 
w(rit) (area) / (time) 
'l1(ri w) area 

E(t) voltage 
E(w) (voltage) . (time) 
I(t) current 
I(w) ( current) . (time) 

Zm(r,r'jw) (acoustical impedance) / (area) (2.44) 
Zm(W) (acoustical impedance) . (area) (2.83) 

G(r,r'jw) 1 / (length) (2.49) 
Zr(W) (acoustical impedance) . (area) (2.84) 

h!r(rjw) (pressure) / (current) (2.44) 
hR(ri w) (pressure) / (current) (2.45) 
HT(W) (force) / (current) (2.85) 
HR(W) (force) / (current) (2.86) 
Zb(W) (voltage) / (current) (2.45) 
Z,(w) (voltage) / (current) (2.46) 

D(ri w) dimensionless (2.90) 
H(w) (voltage) / (pressure) (2.92) 
S(r;t) 1/ (time) 
S(rjw) dimensionless (2.96) 
F(zjw) length (2.98) 
Feq(z) length (2.105) 
f(t) (area) / (time) (2.101) 
h(t) [( voltage) / (pressure)]. [(area) / (time)] (2.102) 

Sib)(r; w) 1/[ (pressure). (time)] (2.108) 
.F<b)(z;w) 1/[(pressure)·(time)] (2.110) 

f<b)(t) 
h<b)(t} 

(velocity) /[ (pressure)· (time)] 
f(voltage)!(pressure»)([(area)2/(time)] 

(2.112) 
(2.113) 
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Figure 2.1: Model of a transducer inunersed in a fluid 
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where Zm, Zb, /vr, hR are characteristics of the transducer, which in general, are 

fllllctions of the frequency. On the electrical side, 

E(w) = Eg(w) - Z,(w)I(w) , (2.46) 

where Eg is an external voltage source and Z, is the load or source impedance. 

We now need to know the coupling between the pressure p(r) in the fluid 

volume and the transducer normal velocity vn(r) at its surface. Green's theorem 

states that for any two fllllctions f(r) and g(r), 

J d3r (fV2g - g'\l2 f) = Is d2r (f'\lg - g'\l f) . n (2.47) 

where S is a closed surface enclosing the volume V, and n is the outward nonnal 

on S. Now let f be the velocity potential \If which satisfies the inhomogeneous 

wave equation 

'\I2\lf(r) + Jc2\lf(r) = -471"S(r) (2.48) 

and 9 = G is a Green fllllction which satisfies 

(2.49) 

we then have 

where 

!, = n· "V' . (2.51) 

Invoking the Sonunerfeld radiation condition \If, G fV eikr / r, as r ~ 00, the surface 

integral contribution from S2 is zero, since the two integrands cancel each other. 

We can then write 

'l1(r) = Iv d3r' S(r')G(r, r') + 
J:.. f d2r' [o'll(r') G(r r') _ \If(r') oG(r, 1"\ (2.52) 
471" jSl+E on" On' 
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'The velocity potential 'lJ at the fluid point r depends on the values of both W 

and its nonnal derivative at the boundary 81 + E. In the literatlU'e on acous

tics, the assmnption that the transducer face E is ernbeded in an infinite planar 

rigid baffle SI is frequently made when calculating the presslU'e field radiated by 

a transducerl , i.e. the fluid velocity is assmned to vanish at the baffle. However, 

in most diagnostic imaging applications, the transducer face is embeded in an 

acoustically soft boundary. 'Therefore, the presslU'e-release baffle ('lJ = 0 at the 

baffle) should be a more appropriate approximation in these situations. 'The effect 

of different boundary conditions on the radiation pattern of a transducer was in

deed ohserved experimentally by Delarmoy et al.(1979) using a small transducer. 

However, if a directional transducer with a narrow beam pattern is used, both 

boundary conditions will yield the same result. . .... 
Rigid baffle 'The Green function for the rigid baffle boundary condition is 

eikRl e ikR2 

O+(r,r') = - +-
Rl R2 

(2.53) 

(Rl = Ir - r'1, R2 = Ir - r"l) , 

where r is the fluid point, 1" is the SOlU'ce point and 1'" is the image point of r'. 

If r' is located on the baffle (z' = 0), then Rl = R2 = R and the Green function 

becomes 

(z' = 0) . 

It can be shown that the nonnal derivative of 0+ is 

80+(r,r') _ 0 
an' - (z' = 0) . 

Suhstituting the above relations into equation (2.50), and noting that 

8w {o j (r' on Sd 
On' = vn{r') j (r' on E) 

(2.54) 

(2.55) 

(2.56) 

IThis assumption is also made by Foldy and Primakoff (1945) in their theory of electroacoustic 
transducers. 
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we obtain 

(2.57) 

where 

(2.58) 

is the acoustic field generated by the source flUlction S(r) in the presence of the 

transducer and the baffle. 

Pressure-release baffle The Green flUlction for the pressure-release baffle 

bolUldary condition is 
eikR1 eikR2 

G-(r,r') = T - R2 . 

If the source point r' is located on the baffle (z' = 0), then 

G-(r,r')=O, (z' = 0) . 

It can be shown that the nomml derivative of G- is 

8G-(r,r') 

an' 

(2.59) 

(2.60) 

(2.61) 

where 'Y is the angle between Rand D. We have also assumed that kR ~ 1. 

Substituting the above relations into equation (2.50) and noting that w = 0 at the 

baffle, we obtain 

(2.62) 

The surface integral is important when the transducer is excited and acts 

as a source radiating an acoustic wave field into the fluid. Under this condition, the 
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wave field immediately in front of the transducer sunace E can be approximated 

by a plane wave, and the nonnal velocity can be related to \If by 

vn(r') = - a~;~) = -ik\lf(r') . (2.63) 

Equation (2.62) becomes 

1 ( eikR 

\If(r) = 'Vg(r) + 271" JE d
2r' vn(r') cos/If' (2.64) 

The two equations (2.57) and (2.64) differ only in a factor of cos; in the 

sunace integral. If only the paraxial region is considered, cos "y ~ 1 and the two 

equations are identical. Using the relation p = -iwpo'I!, we finally arrive at the 

equation 

p(r) 

(2.65) 

where 

pg(r) = -iwpo Iv d3r' S(r')G(r,r') . (2.66) 

(b) Point source response 

We will now find the transducer output voltage E in response to a point source 

S(r) = Soo(r - r,,) located at r". Substituting (2.65) into (2.44), we get 

(2.67) 

where 

f(r, r') = Zm(r, r') + z~~o CO(r, r'). (2.68) 

In general, this equation can be inverted by using an inversion kernel L(r, r') to 

obtain 

(2.69) 
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The open circuit voltage Eoc (for the case of high load impedance) can then be 

obtained from (2.45) by setting 1=0 to get 

(2.70) 

For the point source at r s, 

(2.71) 

The open circuit receiving response is then 

~c = -iwpo 1 d2r 1 d2r' hR(r')L(r',r)G'(r,rs). (2.72) 

In writing down (2.71) and (2.72), it has been assumed that the transducer face 

is acoustically matched to the fluid medium for optimal reception, so that the 

pressure due to the source can be described by the free space Green function. 

For comparison, the transmitting response of the transducer in response to an 

excitation current I(w) in the absence of any other external source can be found 

to be 

p~) = i~:o 1 d2r" 1 d2r' G'(r, r')L(r', r")h(r") , (2.73) 

where p( r) is the acoustic pressure generated by the transducer at a point r in the 

fluid. This expression is very similar to (2.72). In fact, if the reciprocal condition 

hR(r) = hT(r)eia is satisfied, where a is a constant phase, then 

Eoc/So(rs) eia 

p(rs)/ I = - 211"' (2.74) 

that is, the two responses are identical except for a constant phase difference a 

and a scalar factor of 21T. 

The results (2.72) and (2.73), though general, are often cumbersome to 

evaluate. We will consider a special case where the nonnal velocity of the trans

ducer is constrained to be 

vn(r) = v((r), (2.75) 
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where ((r) is the velocity distribution function over the transducer surface ~, and 

v = ~ 1 vn (r)d2r (2.76) 

is the mean nonnal velocity over~. The nonnalization for ((r) is 

(2.i7) 

A is the area of the transducer surface. v may be complex, but ((r) is real. A 

force acting across 2j can be defined as 

(2.78) 

In terms of /, v, E and I, the four equations (2.44),(2.45),(2.46) and (2.65) can 

be written as 

/ - vZm+IHr, (2.79) 

E vHR+IZb, (2.80) 

E Eg - IZ, , (2.81) 

/ /g - vZr , (2.82) 

with 

Zm 1 d2r k d2r' ((r)Zm(r, r')((r') , (2.83) 

Zr i~:o k d2r 1 d2r' ((r)G'(r, r')((r') , (2.84) 

Hr - k d2r hr(r)((r) , (2.85) 

HR - 1 d2r hR(r)((r) , (2.86) 

/g - 1 d2r pg(r)((r) . (2.87) 

The receiving and transmitting responses of the transducer can then be expressed 

as 

(2.88) 

(2.89) 
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The overall response can be seen to be separable into a product of three 

terms: the propagation integral-iwpo IE d2r' G'(r, r')((r') , the acousto-mechanical 

coupling tenn (Zm +Zr)-l and the mechanico-electrical coupling term HR or HT. 

(c) Directivity function 

It is convenient to define a directivity function D( 1', (}, ¢j w) of the transducer in 

terms of the propagation integral: 

(2.90) 

where A is the area of the transducer face. The directivity function is a dimension

less quantity. Its value depends only on the velocity distribution function of the 

transducer and the position in the fluid relative to the center of the transducer. 

For a directional transducer, the value of D diminishes rapidly for points not near 

to the transducer axis. Thus, a directional transducer is most sensitive to a source 

located at or near to the axis. Its sensitivity decreases as the lateral distance of 

the source from the axis increases. 

The propagation integral in the above definition is, strictly speaking, only 

applicable to a plane transducer. However, it is a useful approximation in the case 

of a curved transducer, provided the dimensions and the radius of curvature are 

large compared with the wavelength (O'Neil, 1949j Freedman, 1969). The integral 

is then carried out over those parts of the surface which are not in the geometrical 

shadow from a given field point. The directivity functions of a plane and a weakly 

focusing transducer are' evaluated in Appendix B. 

In terms of this directivity function, the output voltage of the transducer 

in response to a point source with source strength So, located at (1', fJ, ¢) can be 



expressed in the form 

where 

. Soeikr 
E(w) = -2wpo-'-D(r,B,rPjw)H(w), 

r 
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(2.91) 

(2.92) 

is the frequency response of the transducer. The above expression can be compared 

to the pressure at the acoustic center of the transducer if the transducer were 

absent, which is 
S. eikr 

p(w) = -iwpo-o-. 
r 

(2.93) 

The effects of the transducer on the original pressure signal are two fold: The 

directionality of the transducer (due mainly to the finite extent of the sensitive 

area) introduces a position dependent weightingflUlction D(r,B, rPjw) on the source 

and the finite bandwidth of the transducer imposes a temporal filter H(w) for the 

pressure signal. 

The limited bandwidth of the transducer will affect its output signal in the 

time domain. For instance, if a delta flUlction pressure pulse (which has an infinite 

bandwidth) is incident onto the transducer, only a certain frequency band will be 

present in the output electrical signal, which in general shows a ringdoWIl pattern. 

The' temporal duration of this ringdoWIl pattern is inversely proportional to the 

frequency bandwidth of the transducer, analogous to the lUlcertainty principle in 

quantum mechanics. If a second pressure pulse arrives before the ringing due to 

the first pulse decays away, the second pulse will not be resolved from the first 

one. The immediate implication to imaging application is that the spatial depth 

resolution is limited by this ringdoWIl time. The position of a detected point source 

is lUlcertain within a 'slice thickness' given by 

(2.94) 
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where D./ is the bandwidth of the transducer and D.t is its ringdown time in 

response to a delta function pressure pulse. 

2.4 A Model for Thermoacoustic Imaging 

If a volume distribution of sources exists in the fluid instead of a point source, 

equation (2.91) can be generalized as 

1 
eikr 

E(w) = -iwpoH(w) d3r -S(r,w)D(r,(), ¢>jW), 
v r 

where the source function is 

S(r,w) = 4 (3 c Q(r,w) , 
7rpo P 

(2.95) 

(2.96) 

and a factor e-iwt is understood. In the coordinate system shown in Fig. 2.2, 

r = (ri + Z2)1/2 where {2 = (x2 + '!f)1/2 is the lateral distance of the source point r 

from the transducer axis. Asswning that {2 « z, we can approximate r by Z and 

() by {2/z. This assumption is generally valid for a directional transducer which is 

sensitive only to sources in the paraxial region. The transducer is also assumed to 

have cylindrical synunetry about its axis, so D depends only on r and () or Z and 

(2. The transducer response can then be expressed as 

E(w) '" -iwpoH(w) Jdx JdY JdzeikzS(X,y,z)D(r~z,(}={2/Zjw) 

'" -iwpoH(w) J dz F(zjw)eikz 
, (2.97) 

where 
F(Zjw) = J dx J dy S(x, y, zjwJD(z, (2jw) . (2.98) 

The frequency dependent function F( Zj w) can be regarded as a sample of the 

source distribution at Z over the sampling aperture defined by the directivity fun

-cion D, and weighted by a factor l/z. The frequency spectrum of the transducer 
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Figure 2.2: Imaging of a thennoacoustic source distribution by a directional trans
ducer 
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output signal (2.97) can be transformed back to the time domain to get the trans

ducer output signal: 
1 i . 

E(t) = 2rr i-co dw E(w)e-'wt 
• (2.99) 

Using the convolution theorem, this signal can be expressed as 

E{t) 
d 

- Po dt[h{t) * f(t)] 

h(t) df(t) 
po * dt ' (2.100) 

where 

f(t) =..!.. f dz i dw F(z,w)e-iw(t-z/c) , 
2rr 0 i-co (2.101) 

and 

h(t) = 2~ J dw H(w)e- iwz 
. (2.102) 

The asterisk denotes the convolution operation, 

h(t) * f(t) = L f(t - a)h(a)da (2.103) 

The expression (2.100) relates the observed signal E(t) to the source dis

tribution S(r,w), transducer frequency response H(w) and directivity function 

D(rjw) via the two functions f(t) and h(t). 'The function h(t) can be interpreted 

as the step-function response of the transducer, since if f( t) is a step-function pulse, 

its derivative will be a delta-function pulse and the transducer output will be pro

portionalto h(t). Suppose that F(zjw) in (2.101) is weakly frequency dependent 

compared to the exponential factor2 j then (2.101) can be rewritten as 

f(t) 'V ..!.. f dz Feq(z) i dw e-iw(t-z/c) 
2rr 0 i-co 

'V [dz Feq{z)t5(t - z/c) 

'" cFeq(z = d) . (2.104) 

2This is generally true for a narrow beam transducer. 
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However, due to the limited bandwidth of the transducer, it is necessary to evaluate 

the integral over w in (2.101) for values of w inside the passband of the transducer 

only. This integral receives a significant contribution only for values of z :::::: d 

due to the rapidly varying phase in the exponent. Casuality also demands that 

the upper limit of integration over Z is d. Thus, the integration over z can be 

evaluated from Z = d - c to Z = d, where c is the 'effective slice thickness' within 

which the integral over w is significant. As discussed in an earlier section, this slice 

thickness is related to the bandwidth of the transducer, and may be interpreted as 

the ringdown time of the transducer in response to an impulse. Due to the ringing 

of the transducer, the signal at time t is detennined not only by the pressure pulse 

originating from the depth z = d, but is also affected by pressure pulses that arrive 

earlier, within the window of width c/c before t. The ringing due to the pulses 

that arrive earlier than t - c/c have decayed away and thus do not contribute to 

the signal at time t. For the case of a finite bandwidth, equation (2.101) can be 

rewrriten as 

f(t) '" ~ f' dz { r dw F(zjw)e-iw(t-z/c) + 
211' Jct-E Jwt 

["-"lwt dw F(zj w)e-iW(t-z/C)} , 

c6w 
'" 211' F'eq(z = d) . (2.105) 

Comparing (2.105) with (2.104), we find that the bandwidth B = ~/211' and the 

effective slice thickness c are related by 

C 
t:' '" _ 

t;,_ B' (2.106) 

The function f(t) can be interpreted as a sample of the source strength 

distribution S(x, y, Zj w) over the sampling aperture defined by D(z, {!j w) on the 

x - y plane located at a distance z = d away from the tranSaucer, with a slice 

thickness c = c/ B. In principle, E(t) can be deconvolved from h(t) to get df(t)/dt, 
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which is similar to the gradient of the source flUlction in the z-direction. A three

dimensional image of the source gradient can then be constructed by scanning the 

transducer parallel to the x - y plane. 

2.5 Lateral and Depth Resolutions 

From the results of the previous section, it is evident that the two main factors 

limiting the resolution of a thennoacoustic imaging system are the beam width and 

bandwidth of the directional transducer used. The spatial beam width, defined 

by the directivity fWlction, determines the lateral resolution, while the temporal 

bandwidth determines the slice thiclmess and hence the depth resolution. These 

two factors depend on the transducer design and the characteristic behavior of 

the transducer material. For a circular plane disc transducer with radius a, central 

frequency fo and bandwidth B, the beam width (and hence the lateral resolution) is 

b", 2a in the near field (z < Zo, where Zo '" a2/>-.0) and b '" 2Aoz/a '" a(z/zo) > a in 

the far field (z > zo), where Ao is the acoustic wavelength in the medimn associated 

with the central frequency fo. It can thus be seen that the lateral resolution is 

mainly limited by the transducer diameter in this case. However, it is possible 

to reduce the beam width by using a curved transducer. The beam width profile 

then converges to a narrow region near to the focal plane and diverges thereafter. 

The beam width in the neighborhood of the focal plane can be made much smaller 

than the transducer diameter. 

It is not surprising that the spatial depth resolution (c '" c/ B) is related 

to the temporal bandwidth of the transducer since the bandwith is inversely pro

portional to the ringdown time of the transducer, which in turn detennines the 

Wlcertainty in the depth of the source. For example, if the bandwidth is 1 MHz, 

the ringdown time is '" 1ps, and the depth resolution is '" 1.5 mm, using the 
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acoustic velocity of 1500 mls in water. 

2.6 Comparison with Pulse-Echo Imaging 

We will present a simplifioo analysis of the pulse-echo imaging method which will 

enable us to make comparisons with the previous analysis for the thennoacoustic 

imaging. In pulse-echo imaging, the transducer is excitoo by a CUITent pulse which 

launches an acoustic wave packet into the medhun. The transducer is then switched 

into the listening mode to detect the backscattered waves from the distribution of 

scatterers in the medilllI1. 

From (2.89), and the definition of the directivity function, the pressure 

generated at the point r by the transducer excited by a CUITent I(w) is 

iwpo eikr 
Pi(rjw) = -2-H(w)I(w)-D(r j w). 

7r r 
(2.107) 

If the frequency-dependent backscattering strength of the scatterer located at r is 

S(b)(rjw), the transducer output voltage due to the backscattered waves can then 

be expressed as 

(2.108) 

By employing approximations similar to those used in the previous section, we 

obtain 

where 
pb)(Z;W) = f dx f dy S(b)(x,y,z;~~[D(Z'l?;w)J2. 

After transfonning back into the time domain, the equation becomes 

Eb)(t) = -p~I Mb)(t) * d
2 
j<b)(t) 

27r dt2 

(2.109) 

(2.110) 

(2.111) 



where 

j(b)(t) - 2~ J dz J dw e-iw(t-2zfc) .F<b)(ZjW) 

:::::: e(b) (b.w)(b) F(b)(z = ct) 
27r eq 2 ' 

kCb)(t) - h(t) * h(t). 
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(2.112) 

(2.113) 

The transit time for the signal reflected from the scatterer at Z is actually 2z / c. 

Hence, the received signal at t actually comes from the scatterer located at z = 

cr/2. 

By comparing the above results with the results on thennoacoustic imag

ing, it is seen that both imaging methods can be described by similar sets of equa

tions. The differences between them can also be seen. In the case of pulse-echo 

imaging, the temporal impUlse response is h(b){t) = h{t) * h{t). The convolution 

process always increases the ringdown interval and the bandwidth decreases cor

respondingly. The effective directivity function is D(b){z, gj w) = [D(z, g)]2. The 

squaring process usually decreases the effective width of the fWlction. Thus, if 

the same transducer is used in both imaging methods, the lateral resolution would 

improve. The time (and thus depth) resolution would seem to be poorer in the 

pulse-echo case. However, since the time scale and the actual distance scale are 

related by Z = ct /2, the depth resolution is not necessarily compromised. An

other difference is that, in the case of thermoacoustic imaging, the transducer re

sponds to the source gradient in the direction along the transducer axis, whereas, 

in pulse-echo imaging,the signal corresponds to the second derivative of the scat

terer distribution along the axis. These differences are due to the fact that, in 

thermoacoustic imaging, the acoustic signal travels directly from the source to the 

transducer, whereas, in pulse-echo imaging, the pressure pulse is first transmitted 

by the transducer, and the reflectoo signal is detected. 

In order to make a fair comparison between two systems, the intrinsic 
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Figure 2.3: Focal plane directivity fWlction for a curved transducer. 'The dashed 
line is a Gaussian fit to the main lobe of the directivity function. 

differences between them should first be compensated. Suppose that focal plane 

imaging is considered for a curved transducer, and that the transducer lateral 

beam profile can be described by a Gaussian function, whose width b '" cz/ foa is 

determined by the focal plane directivity fWlction (Appendix B, equation B.25) 

D(B) = 2Jl(k~sinB) (2.114) 
kasmB 

If far field imaging is considered for a flat transducer, the directivity fWlction and 

the resulting expression for b is identical to those given above. Fig. 2.3 shows a 

plot of this function, together with a plot of a Gaussian function 

(2.115) 

which fits the main lobe of the directivity fWlction closely. Squaring a Gaus

sian function will produce another Gaussian fWlction ,vith its width and beach 

decreased by a factor of -/2. We further assume that the transducer frequency 

response spectrum can be represented by a Gaussian shape, with bandwidth B. 
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Squaring of this spectnun (corresponding to a convolution operation in the time 

domain) will also produce a Gaussian spectnun with bandwidth B 1 J2 which, in 

turn, corresponds to a ringdown period of J21 B and a depth resolution of c/I2B. 
Suppose that a transducer with central frequency IT and bandwidth Br is used in 

a thennoacoustic imaging system, while another transducer with central frequency 

IE and bandwidth BE is used in a pulse-echo imaging system. Then we have 

Lateral resolution : 

br 
cz 

(2.116) rv 

ITa' 
bE cz 

(2.117) rv 

J2IEa' 
(2.118) 

Depth resolution: 

c 
(2.119) CT rv 

Br' 
c 

(2.120) CE rv 

J2Br' 

If we require that the lateral and depth resolutions be the same in both cases, we 

obtain the conditions 

IT = V2IE, 
Br =V2BE. (2.121) 

Thus, in order to evaluate the performance of a thermoacoustic imaging system 

relative to a pulse-echo imaging system, the central frequency of the transducer 

used in the thennoacoustic imaging system has to be increased by a factor of 

.j2, while preserving the bandwidth to central frequency ratio, in order that the 

intrinsic difference in the lateral and depth resolutions are properly compensated. 

Mter this compensation is done, the observed differences can be attributed to the 

different nature of the sources and the system design. 
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2.7 Imaging of a Gaussian Source 

Suppose that a frequency independent Gaussian source distribution of the fonn 

S{ r, w) = S, exp [ -;,~] exp [-(z :, z,),] (2.122) 

is located at a distance Zo from the transducer. The effective radius of the distribu

tion is u. We will calculate the functions F(z;w) and f(t) in equations (2.98) and 

(2.101) in order to illustrate the application of the imaging model to this situation. 

We assume that the source center is located within the focal region of a mildly 

focused transducer, or in the far field of a plane-disc transducer. The directiv

ity function is then given by (2.114), which can be approximated by a Gaussian 

function 

where 

D{z,e;w) =exp(-!) , 

b= az 
ka 

(2.123) 

(2.124) 

is the half beam width of the transducer at z. The main lobe of the actual directiv

ity function can be approximated closely by the Gaussian fill1ction if the constant 

a is chosen to be ~ 2.4 (see Fig. 2.3). 

where 

The function F(z; w) can now be evaluated using equation (2.98): 

F(z;w) j dx j,dy S(x,y,z;w;D(z,g;w) , 

- 2:~, exp [-(z:, z')'] J de eexp [- (b~ + ;,) e'] 
1T~U' (-y, fw' ) exp [-(z:, Z')'] (2.125) 

acz ,=-. 
ua 

(2.126) 

Note that the frequency dependence of F(z; w) is Lorentzian in shape, which peaks 

at w = 0, with a width of,. This ftUlction is typically a slowly varying function of 
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frequency. For example, if a = 1ern, z =10 em and u=1 nun, then , ~ 40 MHz, 

which is higher than the typical frequency required to provide a resolution of '" 1 

nun. 

The evaluation of the time dependent function f(t) using (2.101) involves 

calculating the inverse Fourier transform of the Lorentzian function, which yields 

an exponentially increasing function of z if z ~ d. Causality demands that f( t) = 0 

for z > d. Thus, 

dw exp -lW t - - -;: 
"12 [ . ( Z)] _ { 7r,exp [~(z - ct)] 

-00 ,2 +w2 e 0 
z ~ ct, 

z>ct . 
(2.127) 

Even though the transducer has been asswned to have an infinite bandwidth, the 

above integral is not a delta function. The resulting function has a width of eli, 
with a peak located at z = d. However, if the width e/'Y « u (equivalent to 

a/OI.z « 1), it can be approximated by a delta function, 

exp [~(z- ct)] ~ ~6(z - d) , (2.128) 

and the function f(t) is given by 

f(t) = 7rU
2
eSo e [-(Z - zo)2jl 

2z xp u2 
o z=d 

(2.129) 

The z-dependence of the source function is reproduced by f(t) in this case. 

2.8 Tissue Characterization by Thermoacoustic Emissions 

There have been nwnerous attempts in characterizing biological tissues by their ul

trasonic properties. The properties that can be utilized for this purpose include the 

acoustical impedance, attenuation, propagation speed and scattering parameters. 

Thennoacoustic emissions from tissues induced by deeply penetrating radiation 
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may offer an additional regime in tissue characterization in view of the fact that 

the thermoacoustic signals depend on entirely different properties of the tissues, i.e. 

the thermoacoustic source function S(r) = /3Q(r)/Cp. Biological tissues consist of 

nrultitudes of complex structure organized. in many levels, from macromolecules to 

organelles, cells and matrices of cells. Fluctuations in the thermoacoustic source 

function are expected. to occur in cOImection with the complex tissue structure. 

We postulate that the different levels of organization may be studied. by the ther

moaocustic emissions induced. in tissues and we shall develop a model which relates 

the power spectrum of the thermoacoustic signals with the statistical parameters 

of the thermoacoustic source distribution in tissues. 

Our model is analogous to the acoustic scattering model used. by many 

investigators in characterizing tissues by their scattering parameters (Waag et al., 

1979; Sehgal and Greenleaf, 1984; Lizzi et al., 1987). We start by assuming that 

the source function (which may be frequency dependent) consists of a fluctuation 

riding on a constant mean value, i.e. 

S(r) = /-La + LlS(r). (2.130) 

The fluctuation LlS reflects the structure of tissue under interrogation and may be 

considered. a random distribution in a 'homogeneous' tissue sample, since no two 

tissue samples will have the identical source distribution. However, the ensemble 

of similar tissue samples can be characterized. by the statistical parameters of the 

distribution. 

The geometry involved. in the analysis is shown in fig. 2.4. A focused. 

transducer (focallength=zo) is used. to detect the thermoacoustic emissions emitted. 

from a source distribution with a finite source volume centered. at the point 0 on 

the transducer axis and located. at the focal region. The origin of the coordinate 

system which describes the source distribution has been shifted. to O. The position 

of a source point is described by r and the distance from this source point to the 
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Figure 2.4: Geometry for tissue characterization by spectnun analysis of thermo
acoustic emissions 

center of the transducer face is R. In practice, the source volume is defined by the 

beam width at the focal region and a gating ftlllction used to select a segment of 

the received time signal for analysis. Using (2.95), the frequency spectnun of the 

gated signal can be expressed as 

(2.131) 

'The fl.Ulction g{z/ L) represents a gating ftlllction with a width of L, centered at 

z = 0, the center of the source volume. For a mildly focused transducer, the 

directivity fl.Ulction at the focal region is given by the classic result derived by 

O'Neil (1949)(see Appendix B), 

D{R B'w) = 2Jl{k~sinB) 
, , kasmB' (2.132) 
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where J1 is the first order Bessel's fllllction of the first kind. Since r ~ Zo, we can 

make the approximation kR ~ kzo + kz and equation (2.131) becomes 

E(w) ~ _iWPoH(W)e::o J dz 9 (~) J dx J dy S(x,y,z;w)D(x,Yiw)eikz
. 

(2.133) 

'The power spectnun is then computed by taking the ensemble average of the 

modulus square of E( w): 

<I(w) > <E'"(w)E(w) > , 

- k2T(w) J d3rl J d3r2 RS(rl; r2)D(xI, Yl;W)D':(X2, Y2;W) 

9 (~) 9 (~) eik(~~ -Z2) • (2.134) 

RS(rl; r2) <S(rl)S*(r2) > , 

where 

R~(rl;r2) - <~S(rd~(r2» 

and 

T(w) _ p~c2IH(w)12 
z2 
° 

Rs(rii r2)is the autocorrelation fllllction of S. 

(2.135) 

(2.136) 

(2.137) 

Substituting equation (2.135) into (2.134), the power spectrum <I(w) > 
can be seen to be the sum of two components, 

<I(w) > = II-'(w) + Iu(w) . (2.138) 

'The first component II-'(w) is due to the coherent emission of the sources as a whole 

in the source ,volume, while the second component Iu(w) arises from the random 

fluctuation of the sources. Most of the information about the structure of the tissue 

is contained in Iu since II-' depends mainly on the geometry of the source volume. 

If the correlation length of the fluctuations is much smaller than the depth of the 
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source volume, it canbe shown that IIJ is predominant in the low frequency part 

of the spectrum while 1(1' has a much higher frequency cutoff. Thus, by choosing 

a transducer with appropriate passband, the coherent component can be filtered 

out. 

We shall derive the explicit expression relating the power spectrum to 

tissue characteristics. The coherent component can be seen to be 

IIJ(w) = k2T(w)J.L;(w) 1/ dz eikzg (~) J dx J dy D(x,Yjw)1
2 

• (2.139) 

The integral with respect to z can be expressed as 

J dz eikZg (i) = LG(kL), (2.140) 

where G is the Fourier transform of g. Thus, 

(2.141) 

where 

"Vsl(W) = L J dx J dy D(x, Yj w) (2.142) 

is the source vohllne and T( w) depends only on the transducer characteristics. 

Note that Ip.(w) is enveloped by the function IG(kL)j2 which peaks at W = 0 and 

falls off at kL", 27T. For instance, if 9 is a rectangular window, 

{ 
1 j -L/2<z<L/2 

g(z/L) = 0 
j elsewhere 

then G is a sinc fWlction 
G(kL) _ sin(kL/2) 

- (kL/2) , 

(2.143) 

(2.144) 

which falls to zero at kL = 27T. However, significant ripples exist at higher frequen-
t 

cies. If a Gaussian gating fWlction of width L is used instead, a Gaussian frequ~ncy 

envelope of width 27T / L is obtained, and the ripples at higher frequencies are elim

inated. Thus, Ip.(w) occupies only the low frequency region of the power spectrum. 
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Suppose that the gate width is '" 1.5 emj then the cutoff frequency is W '" 100 

kHz. 

We need to assmne a particular model for RM so we can proceed with 

the evaluation of [/7' We will assmne a homogeneous but not necessarily isotropic 

distribution, so RM depends on the relative separations x' = X2 - Xl, y' = Y2 -

YI, Z = Z2 - Zl along the three axes. Then 

I.(w) = k'T(w) J dz I dz' e-'''' 9 W 9 «z ~ z») I dx I dy D(x, y; w) 

J dx' J dy RM{X',y',z)D*{x+x',y+y'jw). (2.145) 

We will further assume that the correlation lengths for RM is nruch smaller than 

the source vohune dimension. Then 

x+x' ~ X ,y+y ~ Y ,z+z' ~ Z, 

and we obtain 

where 

"Vs2{W) = / dz g2(z/L) J dx J dy ID(x,y;w)12 

is similar to the source volmne, while 

nM{W) = / dz' e-iwz'lc / dx' J dy' RM{X', y, z') 

(2.146) 

(2.147) 

(2.148) 

(2.149) 

is the Fourier transfonn of the autocorrelation function along the z-direction and 

integrated over the x-y plane. It contains statistical infonnation about the tissue 

structure and can be extracted from 1/7 if the effect of transducer response T{ w) 

can be removed by deconvolution. 

To further illustrate the application of (2.147), we shall evaluate 1/7 for a 

specific case where the autocorrelation function is Markovian, i.e. 

(2.150) 
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where at, a2, a3 are the correlation lengths in the x, y and z directions, respec

tively. By simple integration, we obtain 

n () - 2a~(W)Vcor 
t:.S w - 1 + k2a5 (2.151) 

where Vcor = ala2a3 is the correlation vohune of the distribution. So the decon-

volved power spectrum is 

(2.152) 

In general, the central frequency of the transducer should be compatible 

with the correlation length I of the structure, i.e. kl '" 1. For example, if a 2 MHz 

transducer is used, it would be able to probe the structure with correlation length 

'" 100 J.lm and a 10 MHz transducer would be sensitive to a correlation length of '" 

20 J.lm, which is about the same order of magnitude as the structure at the cellular 

level. 
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EXPERllVIENTAL SETUP FOR THE DETECTION OF 

THERMOACOUSTIC El\1ISSIONS 
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In this chapter, the experimental setup for the generation and detection of the 

thermoacoustic emissions induced by microwave and x-ray pulses will be described. 

Basically, the overall system consists of four component systems (see Fig. 3.1): 

1. radiation source, 

2. water tank and target materials, 

3. acoustic transducer and amplifier, 

4. data acquisition and processing system. 

3.1 Radiation Source 

(a) Microwave source 

'!he microwave pulses used in the experiments were generated by a 2450 MHz 

magnetron (Litton Model 1420.0, identical to those used in domestic microwave 

appliances) triggered by a high voltage pulser. The microwave output was cou

pled into a water tank (target area) via a Heliax-Flexable coa'rial cable (Andrew 

Corporation) and an applicator which had a rectangular aperture of 7.2 cm by 

3.5 em (supplied by Cober Electronics). The applicator was designed to radiate 
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Figure 3.1: Block diagram of the experimental arrangement for the generation and 
detection of thennoacoustic emissions induced by microwave pulses. 
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plane waves into water with the electric polarization vector parallel to its width. 

Microwave pulses were monitored by using a signal diode (GE IN32A) placed at 

the mouth of the applicator. The diode current pulse was converted into a voltage 

pulse via a 50 n load and could be observed directly on an oscilloscope, or digitized 

by an analog-to-digital converter for computer readout. 

The schematic diagram of the high-voltage (HV) pulser is shown in Fig. 3.2. 

This HV pulser unit was based on a hydrogen thyratron (English Electric CX1157). 

A regulated adjustable high voltage power supply (Northeast Scientific, model RE-

5001EW) provided a positive HV to the anode of the thyratron tube. Two dc power 

supplies (Lambda models 29 and C-481) were used to apply the bias voltages for 

the thyratron grids. The thyratron was triggered by a NIM pulse supplied by a 

pulse generator (HP 214A) which was then amplified by an avalanche transistor 

amplifier (Spark Gap Driver Amplifier, Science Accessories Corp.) before being 

fed into the grid of the thyratron tube. The output HV pulse was shaped by using 

a 50 n coaxial transmission cable. Rectangular output pulses could be obtained 

if the output impedances were properly matched. The pulse amplitude was ad

justable (from 0.5 to 5 kV) by the HV setting on the regulated HV supply, while 

the pulse width could be selected by using different lengths of the coaxial cable. 

We typically used a length which generated 200 ns pulses. The best microwave 

pulses were obtained from the magnetron when 4 k V was applied to the anode of 

the thyratron while operating at a pulse repetition rate of 85 Hz. Using a higll 

frequency compensated 1000 to 1 voltage probe (HP 6016), this HV pulse could 

be monitored on an oscilloscope. 

(b) X-ray source 

In the x-ray induced thermoacoustic emission experiment, the x-rays were gener

ated by a Varian Clinitron, which is basically a 4 MeV electron LINAC, producing 
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Figure 3.2: Schematic diagram of the high voltage pulser for generation of micro
wave pulses. 
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bremstrahlung radiation by collision of the electron beam with a target. TIle 

Clinitron is located in the Department of Radiation Oncology, University of Ari

zona Health Sciences Center, and is routinely used for radiation therapy of cancer 

patients. Our experiments were done in that location during off-hours. 

The Clinitron was operated at 330 pulses per second, each 4 J1S duration. 

The dose per pulse is approximately 16 mrad at the 'epicenter' of the x-ray beam 

(i.e. the region where the dose is delivered to the patient). The control console 

generated a negative 'magnetron current' pulse in coincidence with each x-ray pulse 

produced. This output pulse, after inversion by a pulse transfonner, was used to 

trigger the signal averager. 

3.2 Water Tank and Tctrget lV1aterials 

The water tank used in the microwave experiment was made from a cylindrical 

acrylic tube (15 cm o.d., 18 em high) cemented to a Lexan base (1.4 mm thick). 

The water tank was placed on top of a support stand. TIle microwave applicator 

was bolted to the stand so that the aperture was exposed at the top of the stand 

and directed towards the Lexan base of the water tank. 

The target materials, in the fonn of sheets, blocks, spheres or some other 

geometrical shapes were submerged in water and were either placed directly at the 

base of the water tank, or rested on cross threads attached to an acrylic frame, 

which was supported by four legs made of threaded nylon rods. Thus, the height of 

the target above the sOlJI'ce could be adjusted. The materials used included acrylic, 

microwave-simulating bone phantom and collagen sheets. Dog kidney samples 

(supplied by the Animal Resource Division, College of Medicine, after the animal 

had been sacrificed in some other llllrelated medical experiments) were also used 

as target materials. 
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In the x-ray experiment, the water tank used was in the form of a rectan

gular container (30 cm x 50 em x 30 cm high) made from acrylic sheets (1/4 in. 

thick). The thermoacoustic signals originated from the dose gradients at the x-ray 

beam edges in water and no other target material was necessary. The narrower 

side of the water tank was positioned adjacent to the adjustable motor-driven slits 

of the x-ray machine and the transducer was mounted vertically with its axis per

pendicular to the x-ray beam (see Fig. 3.3). In most of the runs, the transducer 

was located immediately downstream from the x-ray exit slits. At this position, 

the x-ray beam edge is sharpest (~1 nun, from 10% to 90% of the maxinrum dose) 

so the therrnoacoustic source gradient is maximized. 

3.3 Acoustic 'fransducer and Amplifier 

The therrnoacoustic signals were detected by an ultrasonic piezoelectric transducer 

and a preamplifier was used to amplify the signal. Two conunercially available 

transducers with different center frequencies (2.25 Mhz and 500 kHz) were usually 

employed in our experiments. The 2.25 MHz transducer (Precision Acoustic De

vices, Inc.) was mildly focusing (1.9 cm diameter, 10 cm radius of curvature, 8 em 

focal length), air-backed, and had a bandwidth (at half maxirrrum) of ~1.7 MHz. 

It was mounted into an acrylic holder which was bolted to a copper end cap with 

a 1.84 ern aperture. The transducer was followed by an impedance matching 

transformer (customized by Precision Acoustic Devices) which converted the low 

impedance of the transducer to 400 n. Since noise immunity was an important 

consideration in the design of the experiments, the transducer, impedance trans

former and preamplifier (together with its own battery supply) were all housed 

inside copper casings to achieve 471' shielding. Snap-on connectors were used be

tween the pre-amplifier unit and the transducer unit so different transducers and/or 

amplifiers could be mated by simply disassembling and reassembling the housings 
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Figure 3.3: Experimental arrangement for the detection of thermoacoustic emission 
from the x-ray beam edge in water. 



76 

(see Fig. 3.4). The 500 kHz transducer (Aerotech) was a plane disc transducer 

with 1.9 em diameter and ~ 230 kHz bandwidth (at half maxinrum). It was simi

larly motmted in another copper housing. Since it operated satisfactorily without 

the need of an impedance matching transfonner, a short coaxial cable (RIG 58) 

was used in place of the impedance transformer to connect the transducer to the 

snap-on connector. 

The impulse responses and the corresponding frequency spectra of the 

two transducers are shown in Fig. 3.5 and Fig. 3.6. In each case, the impulse 

response was obtained by recording the echo of an acoustic pulse refected from 

a flat almnimun block, upon excitation by a narrow voltage spike (20V, 100 ns). 

The schematic diagram of the experimental setup is shown in Fig. 3.7. The 74121 

one-shot IC is used to provide the gate pulses for the two FET switches (Siliconix 

SD5(00). Each switch is closed by a positive gate voltage. The output Q of the 

74121 is nonnally low and Q is high. When the input B to the 74121 goes high, Q 

will go high (which closes switch 1) and Q will go low (which opens switch 2) for a 

time interval set by the value of RC, so the voltage pulse from the pulse generator 

can excite the transducer. After this interval, Q will be low (switch 1 is opened) 

and Q high (switch 2 is closed) again. The echo received by the transducer can 

now be recorded by the signal averager. 

The preamplifier was based on the Plessey SL561C ultra-low noise (0.8 

nV/..JHZ at R" = 50 n), high-gain (60 dB) and wide bandwidth (50 kHz - 6 MHz) 

preamplifier chip. The schematic diagram of the preamplifier is shown in Fig. 3.8. 

A second stage of amplification (provided by a similar Plessey amplifier chip, gain 

'" x 1(0) was also used in some parts of the experiments. This stage of amplification 

was later fotmd to be unnecessary. The microwave-induced signals described in 

Chapter 4 were detected with the presence of this second stage amplifier while the 

x-ray-induced signals were detected with the first stage preamplifier only. All the 
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Figure 3.5: (a) Impulse response and (b) frequency spectrum of the 2.25 MHz 
transducer. 
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experiments described in Chapters 5 and 6 were done without the second stage 

amplifier. 

3.4 Data Acquisition and Processing System 

The heart of the data acquisition system was a signal averager (':fransiac 2101) 

interfaced to an IBM XT compatible microcomputer via a CAMAC crate con

troller (':fransiac 6001) and an interface card (':fransiac POJ(4). Since the signal 

was expected to be buried in the ambient noise, the signal averaging technique 

was required to extract the signal from the background noise. If N wavefonIlS were 

summed together, the signal amplitude would increase by a factor of N, while the 

nIlS noise amplitude would increase by VN, so the signal-tcrnoise ratio would be 
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enhanced by a factor of IN. An 8-channel analog-to-digital converter (EG&G Or

tec AD811) (ll-bits, 1 m V /bit resolution) was also installed in the same CAMAC 

crate for recording the output from the signal diode (for monitoring of microwave 

pulses) and th~ thermistor probe (for temperature measurement). Since the sig

nal averager had a 50 n input impedance while the output from the preamplifier 

expected to see a high impedance (otherwise, it would be overdriven), an emitter 

follower was used to drive the 50 n input of the signal averager. The signal av

erager had an analog bandwidth of 20 MHz and 2 m V per bit resolution (input 

range -256 mV to +256 mY). However, the use of the emitter follower reduced the 

effective bandwidth of the system, since the transistor had a lower cutoff frequency 

than the signal averager. Fig. 3.9 shows the relative sensitivity of the combined 

emitter-follower and signal averager at different frequencies. The sensitivity had 

been normalized relative to the dc sensitivity of the signal averager without the 

emitter-follower. 

The sampling interval (software selectable) of the signal averager could be 

varied from 50 ns to 5 flS. The record length for each waveform was also variable, 

but 1024 bins were optimal for our pwpose. Once initialized and started by the 

software, each trigger pulse to the signal averager caused it to digitize 1024 intervals 

of the input signal, until a preset number of waveforms (up to 65536 per run) had 

been accunrulated in its memory, or it received an interrupt signal, after which the 

computer was alerted to read out the swruned waveform. Each digital waveform 

element was added by hardware in the module to the sum of the same time element 

from all the previous waveforms; when these sums are divided by N, the number 

of waveforms (done later in software), one obtains the averaged waveform. 

The trigger signal for the signal averager was provided by the trigger out

put (attenuated to +5V) of the HP214A pulse generator. A useful feature of this 

pulse generator was that the pulse output (which provided the NIM trigger for 
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the HV pulser) could be delayed or advanced relative to the trigger output. A 

timer/counter (HP 5308) was used to measure this time advance/delay. If a record 

length of 1024 bins "WaS used and maxinnun resolution was desired (at 50 ns sam

pling interval), only a 50 J-LS window was available for recording of the waveform. 

The advance/delay feature allowed this window to be placed anywhere relative to 

the firing of the thyratron, thus signals arriving later than 50 J-LS after the firing of 

the thyratron could also be recorded without degrading the response of the wave

form averager. Fig. 3.10 shows the timing of the events associated with the firing 

of each thyratron pulse. 

After readout by the microcomputer, the digitized signal-averaged wave

forms were saved as data files in the hard disk of the computer. An interactive sig

nal processing software had been written with the capability of performing digital 
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FFT /IFFT, high/low pass filtering, noise smoothing, windowing, inverse filtering, 

correlation and convolution-deconvolution procedures on the digitized wavefonns. 

The computer was equipped with a digital signal processor board (TIAC PC-320, 

based on the TI-TMS32010 chip) which could perfonn these operations at high 

speed. 

3.5 Monitoring of Microwave Pulses 

A signal diode (GE 1N32A) was used to monitor the pulse amplitude of the micro

wave output. The rectified current pulse was allowed to flow through a 50 n load 

and the voltage drop across the load was cormected to an ·input channel of the 

8-charmel peak-sensing ADC module. TIle ADC served as a peak detector and 

registered the peak voltage within the 300 ns window (set by a gating circuit in 

the module) following the trigger pulse, which was provided by the same NIM 

pulse that triggered the HV pulser. The microwave voltage pulse could also be 

monitored visually on the screen of an oscilloscope. 

Fig. 3.11 shows a typical pulse height distribution of the microwave pulses 

as recorded by the ADC. There was a significant spread in the pulse height distribu

tion, which seemed to be bimodal. A peak also appeared near zero voltage, which 

showed that a fraction ('" 6 %) of trigger pulses failed to trigger any microwave 

pulse. This percentage was dependent on the pulse repetition rate. 

3.6 Es.timation of l\4icrowave Power Output 

The microwave power delivered by the microwave source could be estimated from 

the measured microwave pulse height. The mean pulse height was :::::: 1.5 V across 

the 50 n load resistor. Thus, the peak current was 1=1.5/50 A = 0.03 A. By 
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measuring the V - [ characteristic of the diode, the forward resistance of the signal 

diode was fOlUld to be ~ 6Of2 at this current level, so the peak power delivered to 

the signal diode was 

p = [2 R ~ (0.03)2 . (60 + 50)W ~ O.lW . (3.1) 

The signal diode had dimensions of 2 rom x 4 rom. Thus, the microwave intensity 

was estimated to be 

O.lW I 2 
[mw '" 8x 1O-2cm2 '" 1.25W em . (3.2) 

Since a pulse width of 200 ns was used, the energy per Wlit area per pulse delivered 

by the microwave aperture was '" 2.5xlO-7J/cm2
• 

The temperature increase due to the deposition of this amount of energy 

in water can also be estimated. The attenuation length of the 2450 MHz microwave 

in water is (2a)-1 IV 1.6 em. The heat deposition per unit volume becomes 

q IV (2.5x 10-7 )/1.6 J/cm3 
IV 1.6x 10-7 J/cm3 

• (3.3) 

The calculated increase in temperature due to each microwave pulse is 

(3.4) 

which is very small indeed. 

3.7 Variation of Thermoacoustic Signal Amplitude with lVficrowave 

Pulse Height 

According to the thermoacoustic model of signal generation, the amplitude of 

the induced acoustic wave is proportional to the rate of heat deposition in the 

sample. Thus, the acoustic signal amplitude should be proportional to the square 

of the incidenct microwave amplitude. The amplitude of the microwave pulses 
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from the magnetron could not be smoothly varied. by varying the high voltage. 

However, the spread in the microwave pulse height distribution provided us with an 

opportunity to investigate the dependence of the thennoacoustic signal amplitude 

on the microwave pulse height. The thennoacoustic signal source was derived. from 

the absorption of the microwave pulses in a thin layer of water trapped. between two 

acrylic blocks placed. in the water tank at room temperature. As will be discussed. 

in Chapter 6, this method gave rise to a strong thermoacoustic signal which could 

be observed even without signal averaging on the screen of an oscilloscope. The 

500 kHz transducer was used. to detect the signals. The microwave pulse height 

was recorded. simultaneously as the acoustic signal waveform was being digitized. 

by the signal averager. Fig. 3.12 shows the scatter plot of the acoustic signal 

amplitude (measured by the maximum peak-to-peak voltage) versus microwave 

pulse height, each point being the result of averaging 100 signal waveforms. A 

least-square fitting of the data points to a power law relation revealed that the 

thermoacoustic signal strength S, was related to the microwave pulse height Vmw 

by 

(3.5) 

with n = 2.D4±O.14. 

This result shows that the thermoacoustic signal strength is proportional 

to the square of the microwave pulse height. Since the microwave pulse height is 

proportional to the electric field strength, the square of the pulse height is propor

tional to the peak microwave power. We can conclude that the signal strength of 

the microwave-induced. acoustic wave is proportional to the microwave power, and 

thus confirms the theniloacoustic mechanism of acoustic emission. 

Fig. 3.13 shows the time plot of the nonnalized. signal strength S /~w 

in a run during which the signal waveform and the microwave pulse height were 

digitized continuously. The 2.25 MHz transducer was used, and each point was 
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Figure 3.12: Scatter plot showing the variation of thennoacoustic signal with 
microwave pulse height. The solid line is the best fit curve of the points to a 
power law relation with an exponent of 2.D4±O.14. 
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Figure 3.13: Variation of the normalized signal strength with time. The normalized 
signal stays practically constant with a fluctuation of approximately 7 %. 

the result of averaging 400 wavefonns. The plot shows that the normalized sig

nal strength remained practically constant at 3.68 ±O.26 mV/V2 (with'" 7 % 
fluctuation) for a period of approximately 2.5 hours. 

We could thus normalize the thennoacoustic signal by the square of the 

microwave pulse height. In the experiments where quantitative measurement of 

the thermoacoustic signal strength was perfonned, the wavefonn was first scaled 

according to the microwave power as measured by the square of the microwave 

pulse height to remove the effect due to the fluctuation of microwave power. 
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CHAPTER 4 

A-MODE IMAGING BY THERMOACOUSTIC El\1ISSIONS 

'Thermocoustic signals generated by deeply penetrating radiations offer the pos

sibility of producing useful medical images unique in the sense that the imag

ing parameters differ from those commo~y used in conventional medical imaging 

modalities. Both ionizing and nonionizing radiations may be used and the acous

tic signals induced correspond to the change of the source f1lllction S = /3Q/Cp, 

which depends on the thermal expansion coefficient (3, thermal heat capacity Cp 

·and the amount of heat deposited per unit volume per unit time Q in the probed 

region. While the thermal expansion coefficient and the heat capacity are inde

pendent of the type of radiations used, the heat deposition is governed by the 

interactions of the radiation with the tissues. If electromagnetic radiation (such 

as r.f. or microwave) is employed, the images produced will sharply differentiate 

regions of differing electrical conductivity. 'The dielectric properties of normal and 

pathologic tissues have been investigated by several authors and they have shown 

a correlation betweeen the conductivity in the microwave region and tissue water 

content (Schepps and Foster, 1980j Smith and Foster, 1985). Grant and Spyrou 

(1985) have developed a model for the dielectric properties of normal and patho

logical tissues and predicted a 40 to 46 % increase in the conductivity (between 

3 MHz - 1GHz) accompanying the transformation of rat liver to malignant tissue. 

In view of these variations in tissue conductivity, it is to be expected that thermo

acoustic emissions induced by microwave might provide a noninvasive method of 

detecting the changes in tissue conductivity due to pathological transformations. 
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In this chapter, the ohservations of the thennoacoustic signals induced by 

microwave pulses in tissue-simulating phantoms and by x-rays in water will be 

discussed. 'The experimental setup and techniques are described in the previous 

chapter. Except where indicated otherwise, the microwave-induced signals were 

detected by the 2.25 MHz transducer, while the 500 kHz transducer was used in the 

x-ray experiment. 'The emphasis here will be on the application of signal processing 

techniques to improve the depth resolution, which is an important consideration 

in imaging applications. 

4.1 Signal Processing 

'The problem of converting the detected r.f. signal (in the MHz frequency range) in 

thermoacoustic imaging into the so-called 'video signal' suitable for display is sim

ilar to that encoW1tered in echosonography. In general, each signal trace consists 

of a series of r.f. pulses. Each pulse corresponds to a thermoacoustic source (or a 

cluster of sources if they are too close to be resolved individually) along the line of 

sight of the transducer. 'Thus, the signals presented here correspond to the A-mode 

(or one-dimensional) signal encoW1tered in the pulse-echo imaging. By scanning 

the transducer along a line perpendicular to its line of sight (or by using a trans

ducer array), a B-mode (two-dimensional) image can be formed. Each line of the 

B-mode image signal is formed according to the amplitude of the corresponding 

A-mode signal. 'The technique normally used is to apply full-wave rectification on 

the r.f. signal, followed by a smoothing RC filter, in order to extract the envelope 

of the pulses. 'The advantage of this technique is that real-time processing can be 

achieved by using the easily implemented hardware system. However, it may not 

be optimal in all cases, especially when two closely overlapping pulses are encoun

tered and need to be resolved. Digital processing of the signals has the advantage 
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that optimal filters can be constructed which either are difficult to implement us

ing hardware or have no realizable hardware cOlmterpart. Furthennore, the raw, 

unprocessesd signal can be stored permanently, and is not 'lost' after processing, so 

different processing techniques can be investigated to obtain the optimal method 

of processing. 

We have used the technique known as the 'analytic signal' introduced by 

Gabor (1946) to construct the envelope of the rJ. pulses, with superior performance 

in resolving closely spaced pulses. Gammell (1980) has shown that this technique 

provides better resolution than the conventional rectification method in ultrasonic 

pulse-echo signals. 

The concept of the analytic signal can be understood by looking at a real 

harmonic signal consisting of only one frequency : 

J(t) - Rcos(wt + ifJ) 

acos(wt) + bsin(wt) , 

(4.1) 

(4.2) 

where R = Ja2 + b2 is the amplitude of the signal. Another real signal get), which 

is retarded in phase by 7r /2 radian relative to the original signal, can be constructed 

by replacing cos(wt) by sin(wt) and sin(wt) by - cos(wt). Thus, , 

get) = asin(wt) - bcos(wt) . (4.3) 

The analytic signal of J(t) is defined as the complex function 

set) = J(t) + ig(t) . (4.4) 

The analytic signal magnitude of J(t) is the magnitude of set), which is 

Is(t)1 = [J(t)2 + g(t)2P/2 = R . (4.5) 

Thus, the oscillating function is converted into a constant whose value is its ampli

tude. A general function can be decomposed into its Fourier components, and the 
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above procedure can· be carried out for each freqency component of the function. 

'The square of the analytic signal magnitude is then a time dependent function, 

which is a measure of the instantaneous rate of arrival of the total energy (Heyser 

1971). 

'The above single harmonic functions f(t) and g(t) can be decomposed into 

their complex Fourier components : 

where 

f(t) Aeiwt + A*e-iwt , 

g(t) _ _iAeiwt + iA*e-iwt , 

a - ib 
A=~. 

(4.6) 

(4.7) 

(4.8) 

'The functions f and 9 have both positive and negative frequency components in 

their Fourier spectnun. The Fourier component of the analytic signal is then 

s(t) = f(t) + ig(t) = 2Aeiwt • (4.9) 

'The Fourier spectnun of s( t) has only a positive frequency component, which is 

twice the positive frequency component of the original function f(t). This result 

provides an easy recipe for the construction of the analytic signal of any nonhar

monic signal x(t): 

(a) Compute the Fourier transform X(w) of the function x(t}. 

(b) Set all the negative frequency components of X(w} to zero. 

(c) Compute the inverse Fourier transform of the result of (b). 

'The result of step (c) is then the complex analytic function of x(t) (equation (4.4), 

except for a factor of 2). 

In our experimental situation, each signal x(t} is stored in an array of 

1024 points; then the fast Fourier transform (FFT) implemented on a digital sig

nal processor board (TIAC PC-320) based on the TI-TMS32010 chip is used to 
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compute the Fourier transforms. Each transform requires only a few milliseconds, 

which makes real-time processing possible on our system. It is also possible to 

extend our system to perform B-mode imaging, since even if 1024 scans are re

quired for each image, it will take only a few seconds to compute the analytic 

signal magnitude of all the scans. 

It is important that no low-frequency signal or dc offset is present in the 

signal when the analytic signal magnitude is computed. Otherwise, the interference 

of these components will sometimes makes detection of the rf pulses impossible. 

During the initial firing of the thyratron, our transducer is excited by the electro

magnetic interference. 'The amplifier is often saturated by this large excitation, 

and is 'blinded' for a few microseconds after the firing of the thyratron. If the 

signal comes in during the recovery of the amplifier, it of tens ride on a pedestal 

slope, as is evident in Fig. 4.6 and Fig. 4.9. A high-frequency emphasis filter is 

used to remove this slope dUring the computation of the analytic signal magnitude. 

'The filter algorithm is given by: 

(4.10) 

where 
. ~+m X 

-. _ L.j=i-m j 
XI - 2m+1 ' (4.11) 

and Xi is the filtered signal. Essentially, the signal mean Xi within the neighbour

hood of each signal point is subtracted from the signal Xi. 'The mean is computed 

in a window 2m + 1 points wide. 'The window width is chosen to be compatible 

with the frequency of the detected rJ. pulses. In practice, the mean of the first 

(2m+ 1) points is computed and the mean of the subsequent points are computed 

by 
- - + XHm - Xi-m-l 
Xi = Xi-l 2m+ 1 (4.12) 
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This filter is equivalent to the frequency domain filter 

HU) = 1- sin(7l'f6.t) 
7l'f 6.t 
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(4.13) 

where 6.t is the width of the window in the time domain. This filter response is 

illustrated in Fig. 4.1. 

A low-pass filter is sometimes used to remove the high frequency noise 

present in the system. It can easily be implemented in the time domain by com

puting the signal mean within the neighbourhood of each signal point: 

"i+m· 
•. _ L..Jj=i-m Xj 
XI - 2m+1 . (4.14) 

This filter is equivalent to the sine filter in the frequency domain: 

(4.15) 

If this filter is applied repetitively, a Gaussian filter can be obtained. 
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4.2 Lexan-Water Interface 

The simplest geometry for the microwave-induced thennoacoustic source in our 

experimental situation was a boundary between water and an insulator. Since 

water is a good absorber of microwave, a step-function pressure pulse will be 

generated at the boundary by a microwave heating pulse. The rise-time of the 

step will be comparable with the pulse width of the microwave pulse, which is 

nruch less than the period of the transducer. Such a boundary was provided by 

the Lexan1 base (1.4 nun thick) of the water tank. Fig. 4.2 shows the return 

from the base of the water tank. No other target material was present between 

the transducer and the base. The transducer was positioned at 15 em above the 

Lexan base so the signal was expected to arrive at t =100 t-LS after the firing of the 

thyratron pulse, which was indeed the case. Using the pulse advance/delay feature 

described in Section 3.4 (Fig. 3.10), the beginning of the 50 t-LS digitization window 

was delayed by 70 t-LS in order to record this signal. 

The signal wavefonn does not show a simple ringdown pattern, but it looks 

like a superposition of two identical signals. TIlls observation is to be expected 

since an air-Lexan boundary exists at a distance 1.4 nun away from the water

Lexan boundary. Initially, a negative pressure step is launched from the water

Lexan interface to:wards the transducer, causing a signal to be detected. A positive 

pressure step is also being launched into the Lexan plate simultaneously and is 

reflected by the air-Lexan boundary back to the transducer. Since the air-Lexan 

boundary is a free surface boundary, the pressure pulse is inverted into a negative 

pressure step. The time elapsed between the t\\O pulses is the two way transit 

time across the Lexan plate, which is ~1 t-LS (using a value of 2.7 mm/t-LS as the 

speed of sound in the Lexan plate). The analytic signal magnitude of the wavefoffi1 

is computed and the two pulses are seen to be clearly resolved. The overlapping 

ITrade name for a polycarbonate resin. 
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Figure 4.2: Thennoacoustic signal from the air-Lexan-water boundaries at the 
base of the water tank (average of 2057 pulses) together with its analytic signal 
magnitude and Fourier spectral amplitude. 
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pulses can also be revealed by looking at the frequency spectrum of the signal. 

Suppose that x(t) represents the signal that arrives first, then the signal that 

arrives at a time D.t later is Ax(t - D.t) where A is the amplitude of the second 

pulse relative to the first pulse. The sum of the two signals is then 

y(t) = x(t) + Ax(t - D.t). (4.16) 

If the Fourier transfonn of x(t) is X(J), then the Fourier transfonn of y(t) is given 

by 

Y(J) = (1 + Aei27rftlt)X(J) 

with amplitude (assuming A::::: 1) 

IY(J) 1 IX(J)I[(I- A)2 +4Asin2('1l,/D.t)]1/2 

(4.17) 

~ 21 sin(11'iD.t) 1 IX(J) 1 , (4.18) 

which is also the same as the frequency spectrum of the analytic signal, if only 

positive frequencies are considered. The observed spectnun shows two peaks sep

arated by D.f ~ 1 MHz, demonstrating the modulation effect due the overlapping 

pulses. The time elapsed between the two pulses is then D.t = 1/ D.f ~1 J.1S as 

expected. 

4.3 Acrylic Plates in Water 

Several nms were made using acrylic plates of various thiclmesses as targets. 

Acrylic is interesting ~use its acoustical impedance (3.l7xl()6 kg m-2 S-I) is 

close to that of water (1.5x lOS kg m-2 S-I). Thus, thermoacoustic signals gen

erated from the rear face should be transmitted well (coefficient of transmission 

0.87). Furthennore, since water is a good absorber of microwave, while acrylic is 

a poor absorber, a thennoacoustic signal would be generated at the water-acrylic 
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interface due to the differential heat deposition across the bOlUldary. This con

figuration also simulates the boundary between a high-water content soft tissue 

and one with a low water-content. A thennoacoustic signal from a water-acrylic 

interface is shown in Fig. 4.3. This signal was generated from the bottom of an 

acrylic (Peexiglas) disc (31 nun thick) immersed in the water tank. 'The bottom 

of the disc was 21 nun from the Lexan base and 91 nun from the transducer face. 

'The equivalent water path length from the bottom of the disc to the transducer 

surface is 60 nun (in water) + 31mm x 1.5/2.7 (in acrylic) = 77 nun, which is 

nearly the focal length of the transducer. This signal represents the response of 

the transducer to a positive pressure step. The Fourier spectnun of the signal 

shows a peak frequency of::::: 1.6 MHz, which corresponds to the lower resonant 

frequency of the transducer (see Fig. 3.5b). 

An interesting feature can be observed in Fig. 4.4. A 13 nun thick acrylic 

block was placed directly on the Lexan base, while a second acrylic block (also 13 

rom thick) was positioned with its bottom surface (A) at 13 mm above the top 

smface (B) of the first block. The transducer was 95 nun above the Lexan base. 

The figure shows the signals from these two interfaces, expected at t =42.5 J.I.S (A) 

and at t =51.3 J.I.S (B) respectively. Note that the initial polarities of the two signals 

are opposite, corresponding to the opposite signs of· the pressure steps, which 

demonstrates that the thennoacoustic signals contain infonnation on pressure

pulse polarity, as well as amplitude. Note also that the signal from the Lexan 

base has become so large that it saturates the amplifier causing an overflow in the 

signal averager. This seemingly anomalous observation will be explored further in 

Chapter 6 of this dissertation. 
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4.4 lV1icrowave Bone Phantom 

In order to further examine the potential of thennoacoustic emissions for medical 

imaging, a microwave-simulating bone phantom and raw collagen sheets were used 

as targets in the water tank. The microwave bone phantom was made according 

to a formula provided by the Medical Rehabilitation Center at the University of 

Washington to sinrulate the electrical properties of bone at 2450 MHz, and was 

fabricated in the form of a parallel-faced plate 15 nun thick. The speed of sOill1d 

in the bone phantom was previously measured to be 2.58 rom/ J.1S using the pulse

echo technique and the density was found to be 1.3 g cm-3, giving an acoustical 

impedance of 3.35x 106 kg m-2 S-1 compared to ::::::::5 x 106 kg m-2 S-1 for human 

skull bone (Martin and McElhaney, 1971). 

The waveform recorded for the bone-phantom run is shown in Fig. 4.5 in 

which the bone phantom was placed parallel to the Lexan base with its bottom 

surface 15 nun from the base. The , distance of the transducer from the phantom's 

upper surface was 79 nun (corresponding to 53.4 J1S acoustic transit time) and 

the start of the display was delayed by 40 J.1S after the firing of the microwave 

pulse. Thus, the position of the observed first return (A) agrees very wcll with the 

expected value. The second return (B), from the bottom surface of the phantom 

should arrive 5.8 J1S later, i.e. at t =59.2 J1S which was indeed the case. The third 

return (C) is the thennoacoustic signal from the Lexan base, expected at t =69.3 

J.1S. The emissions from the bottom surface of the phantom, after undergoing two 

reflections in the bone phantom, is expected at t =70.8 J.1S (D), which overlaps with 

the later part of the return from the Lexan base. A pressure step also propagates 

towards the Lexan base from the bottom of the phantom and arrives at the trans

ducer at t =79.4 J1S (E) after being reflected once at the Lexan base. A return 

is also expected at t =82.4 J.LS (F) due to the emission at (C) after undergoing 

four internal reflections within the bone phantom. The emission from the Lexan 
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Figure 4.5: Thennoacoustic signals and the analytic signal magnitude profile from 
the microwave-bone phantom (average of 14160 pulses) immersed in water. The 
lowest trace shows the details of the thennoacoustic signals from the top and 
bottom stufaces of the bone phantom. 
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base, after being reflected twice inside the bone phantom, is expected at t =80.9 J-lS 

(G). 'The analytic signal magnitude of the whole display shows that the overlapped 

signals can be clearly resolved. 'The details of the signals from the top and bottom 

surfaces of the phantom are shown in the figure. As expected, the two signals have 

opposite polarities, which are similar to the signals from the acrylic-water bound

aries. 'The signal from the top surface is nruch weaker compared to the signal from 

the bottom surface due to reflection of the microwave from the bottom surface, 

and attenuation in the bone phantom. 

4.5 Collagen Sheets 

Collagen is an important constituent of the connective tissues in the body and also 

of bone. Samples of raw, woven collagen were obtained from the Department of 

Surgical Biology at the University of Arizona in the form of sheets of two thick

nesses (3 mm and 0.25 mm). 'The return from the 3 mm sheet is shown in Fig. 4.6. 

'The collagen sheet was placed at a distance of 10 mm from the Lexan base and 80 

mm from the transducer. 'The start of the cllsplay was delayed by 40 J.l.S. Note that 

the return from the Lexan base is absent, due to the large ultrasonic attenuation 

(mainly scattering loss) in collagen. 'The details of the signal from the collagen 

sheet are also shown.in the figure. The ringdown pattern of this signal is altered, 

which suggests that it may be a superposition of several signals. Fig. 4.7 shows 

the full return from two parallel collagen sheets (each 0.25 mm thick) located at 

25 mm and 16 mm above the Lexan base. 'The transducer was 119 mm above the 

base. 'The thennoacoustic signals from these sheets are expected at 63.5 J-lS and 

70 J.l.S respectively. 'The details of the signals and the analytic signal magnitude 

profiles are also shown in the figure; the first signal from the top collagen sheet is 

weaker because the lower sheet has scattered part of the microwave beam, and the 

microwave has been attenuated while traversing across the water layer between the 
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two collagen sheets. 

4.6 Dog Kidneys 

Dog kidney samples were also used as the target to investigate the thennoacoustic 

emisSions from a biological structure. 'The dog kidney was obtained from the 

Animal Resource Division, University of Arizona College of Medicine, after the 

animal had been sacrificed in some other unrelated medical experiments. The 

kidney was positioned on the Lexan base as shown in Fig. 4.8. 'The kidney was 

27 mm thick at the highest point. Three traces at different positions of the kidney 

(indicated approximately in the figure by a,b and c) were obtained by translating 

the transducer horizontally, while keeping the kidney stationary at the base. 'The 

signal traces are shown in Fig. 4.9 while Fig. 4.10 shows their analytic signal 

magnitudes. 

Trace (b) corresponds to the thickest portion of the kidney. 'The speed 

of sound in the kidney tissue is about 1.5 to 1.6 mml J.LS at body temperattU'e 

(Nasoni, 1978) and decreases as temperattU'e decreases. If the speed is taken to be 

1.5 mml J.LS, the return from the upper surface of the kidney is expected to arrive 

18 J.LS before the arrival of the return from the Lexan base (indicated by B in the 

figure). However, there appears to be no large thermoacoustic discontinuity at the 

top (indicated by A in the figure) or bottom surfaces of the kidney. 'The kidney 

signals in each trace seem to arrive from within the interior of the kidney, and not 

from the surfaces. 
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Figure 4.8: The approximate positions on the dog kidney where the thermoacoustic 
returns in the next figure are recorded. 
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Figure 4.10: Analytic signal magnitudes of the thermoacoustic returns shown in 
the previous figure. 
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4.7 X-Ray Beam Edge 

We have also detected the acoustic pulses generated solely by the dose gradient at 

the edges of a therapeutic x-ray beam in water. This effect might find application in 

the precise positioning of the x-ray beam relative to critical tissues during radiation 

therapy in soft-tissue regions, so that the critical tissues will be spared from the 

x-ray radiation. The details of the experimental setup have been described in 

Chapter 3 (see Fig. 3.3). The 500 kHz transducer was used though a lower central 

frequency would have been more optimal for the detection of the acoustic signals. 

The x-ray beam edge has a width of ~1 mm, corresponding to ~0.7 J-iS of the 

acoustic pulse width. However, since each x-ray pulse has a duraction of 4 J-iS, the 

resulting acoustic pulse should have a width of ~5 J-iS, giving a bandwidth of only 

200 kHz, which is near to the lower cut-off frequency of the 500 kHz transducer. 

Despite this unoptimized condition, the acoustic pulses were still detectable. 

The result of a typical nm is shown in Fig. 4.11a, in which 63000 pulses 

are signal averaged, giving a nominal dose of 1000 rad, which must be corrected to 

3400 rad at the location where the signal is detected. The upper and lower edges 

of the x-ray exit slit (which defined the x-ray beam) were respectively 12.5 cm and 

20.0 em below the face of the transducer. The signals from the upper and lower 

x-ray beam edges were expected at t ~83 J-iS and t ~133 J-iS respectively. These 

signals are clearly visible in the figure (indicated by A and B). Signal A and signal 

B should have opposite polarity, since A is due to a positive pressure step, while 

B is due to a negative pressure step. A positive pressure step is also lauched from 

the lower beam edge towards the bottom of the water tank and is detected by the 

transducer as signal C after being reflected at the bottom of the tank. Fig. 4.11b 

shows the result of applying a noise smoothing filter to the original signal trace 

2Convoluting the original signal trace with a three point window, and repeating the procedure 
ten times. 
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Figure 4.11: (a) Thennoacoustic signals observed from the x-ray beam edges (av
erage of 63000 pulses). (b) The signals after application of a noise-smoothing filter. 
(c) Analytic signal magnitude of the smoothed signals. (see text for details) 
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Figure 4.12: Details of the thennoacoustic signal from the upper x-ray beam edge 
(average of 126000 pulses). 'The beam edge (A) in Fig. 4.11 at 12.5 em from the 
transducer has been shifted to 14.0 em distance. 

while Fig. 4.11c is the analytic signal magnitude of the smoothed signal trace. 

Signals B and C resemble two tripolar pulses with opposite polarities, while signal 

A looks more like a bipolar pulse in Fig. 4.11a. However, there is appreciable 

background ringing, which is caused by the initial electromagnetic interference 

during the operation of the magnetron. 'The initial part of the signal A may have 

been distorted by this background ringing. In Fig. 4.12, the details of another 

signal from the upper beam edge is shown where the transducer had been moved 

further away from the beam edge {now at 14.0 em). A smaller sampling interval 

of 0.05 J1S was used and this signal is the result of averaging 126000 pulses. This 

shows that the signal is indeed a tripolar pulse. 

A run was also made with the transducer located at 14 em downstream 

from the x-ray exit slit. 'The result is shown in Fig. 4.13a, and in Fig. 4.13b ~ter 

the application of the noise-smoothing filter. 'The thermoacoustic signal from the 

lower beam edge (B) together with its reflection (C) are clearly visible. 'The signal 
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Figure 4.13: (a) Thennoacoustic signals from the x-ray beam edges, with the 
transducer located at 14 em downstream from the x-ray exit slit (average of 126000 
pulses). (b) The signals after the application of a noise-smoothing filter. 
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from the upper beam edge (A) is embedded in the excessive background ringing, 

but is still visible after the application of a noise-smoothing filter. 

4.8 Summary 

The results show that thermoacoustic emissions have been induced by low-power 

microwave pulses and can be detected using the signal averaging teclmique. Re

turns from flat surfaces (such as acrylic-water interfaces) indicate a very clean 

ringdown characteristic, which is governed by the impulse response of the trans

ducer. Results from the microwave bone phantom show that good resolution can 

be obtained at bone-soft tissue interfaces, and that signals can be detected even 

in the presence of the bone obstruction. We have also observed thermoacoustic 

emissisons from two biological materials, collagen fibers and dog kidney. Returns 

from collagen sheets also show good resolutions at the interfaces, while the signals 

from the dog kidney indicate that thermoacoustic signals can be generated from 

within the soft-tissue region, not merely at the interfaces with other tissues. 

Thermoacoustic emissions have also been detected from the dose-gradient 

at the edges of an x-ray beam in water, showing the potential of using this technique 

in the location of x-ray beam edges relative to the critical organs during radiation 

therapy, so that these critical organs may be spared from unnecessary radiation 

doses. 

We have also demonstrated a natural partner to digital waveform averag

ing: digital signal processing techniques to improve depth resolution. In particular, 

the analytic signal magnitude has been successfully employed in detecting the peak 

of the thermoacoustic pulse, and a resolution of less than 1 J1S can be achieved 

(corresponding to <0.7 mm in water). In view of these results, the potential 

use of thermoacoustic emissions as an adjtUlct to current conventional diagnostic 
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teclmiques appears to be scientifically and technically feasible, and merits further 

investigation with phantoms and animals, and in the clinic with htunan subjects. 



CHAPTERS 

TElVlPERATURE DEPENDENCE OF ACOUSTIC SIGNALS 

INDUCED BY PULSED l\1ICROWAVE IN WATER 
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The thennal model of acoustic signal generation requires that the signals gener

ated in water should vanish at 3.98°C, when the thennal expansion coefficient of 

water becomes zero. If a nonthennal mechanism of acoustic generation exists, it 

should be apparent at temperatlU'es arOlmd 4°C provided the s~gnal-to-noise ratio 

is favorable. As discussed in Chapter 1, Olu' temperatlU'e dependence experiments 

were motivated by the observations of anomalous signals induced by pulsed laser 

(Hunter et al., 1981) and proton (Hunter et al., 1981a) beams in water near 4°C. 

The temperatlU'e of mininrum signal was shifted to around 2.5° to 3°C for the 

laser-induced acoustic signals. On the other hand, the mininrum was found to be 

shifted to around 6°C for proton-bearn-induced acoustic signals. Thus, it would be 

interesting to investigate the temperatlU'e dependence of the microwave-induced 

acoustic signals in water. Our results show that the mininrum signal strength oc

curs at 4°C and the overall temperatlU'e dependence follows that of the thennal 

expansion coefficient of water. However, a closer look at the signal waveforms at 

temperatlU'es around 4°C reveals the presence of a nonthennal component, which 

has a waveform similar to the derivative of the wavefonn at room temperatlU'e. 
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5.1 Experimental Method 

The generation of microwave pulses and the detection of acoustic pulses have been 

described previously in Chapter 3 (Fig. 3.1). The construction of the therrnoacous

tic source suitable for the temperature dependence experiment will be discussed 

here. Several difficulties were encOlllltered during the construction of this source. 

Initially, a thin water layer trapped between two acrylic blocks was used as the 

therrnoacoustic source. Since this configuration resulted in a strong enhancement 

of the signals in the ultrasonic frequency region (see Chapter 6), it was thought to 

be ideal for the detection of small effects when the temperature was loweroo. How

ever, since acrylic is a poor thermal conductor, it was very difficult to control and 

measure the temperature of the water layer. The single acrylic-water boundary 

source, on the other hand, did not provide sufficient signal strength at temperatures 

below room temperature, though the water temperature at the boundary would 

be easy to measure. Another consideration was that the transducer should be kept 

at constant temperature while the source temperature was being varied, since the 

transducer sensitivity would depend on temperature. In principle, the signal-to

noise ratio would improve if more signal waveforms were summed together to give 

an average signal. However, there was also a requirement that the temperature 

did not change significantly during the averaging process. It was also desirable 

to isolate the coupling medimn from the source region, otherwise the temperature 

of the coupling mediwn would also change as the source temperature was being 

varied. Since the propagation velocity of the acoustic waves was temperature de

pendent, a change in th,e acoustic velocity resulted in a shift of the signal pulse in 

time. This caused an uncertainty in locating the beginning of each acoustic pulse, 

especially when the signal levels were low. The temperature gradient traversed by 

the signal pulse might also affect its pulse shape. 

The final design of the source is shown schematically in Fig. 5.1. Basically, 
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Figure 5.1: Schematic diagram of the thennoacoustic source used in the tempera
ture dependence experiment. 

the source region. was a modification of the thin water layer source described in 

Chapter 6, with a wider water gap between the two acrylic blocks. The lower acrylic 

block (70 nun x 110 nun x 24.6 nun high) was cemented to the center of the water 

tank base by silicone rubber adhesive/sealant (Dow Coming RTV). Two acrylic 

stripes (6.3 nun thick) were attached to tm> opposite sides on the lower surface of 

the upper acrylic block by double sided adhesive tapes. An acrylic cylinder ,vas 

also cemented to the upper surface of this acrylic block. A slanted hole was drilled 

at one edge of the block to permit insertion of a thermistor probe for temperature 
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measurement. This assembly was allowed to stand on the lower acrylic block in the 

water tank. 'The acrylic cylinder on top of the acrylic block was filled with water 

to act as the coupling medium. 'The transducer was immerced into the surface of 

this water colwnn. Deionized water was slowly drained into the water tank until 

the water just filled the gap between the two acrylic blocks. Care was taken so 

that no bubble was trapped in between the acrylic blocks. 'The temperature of 

the water was lowered by putting some ice cubes into the water surrounding the 

acrylic blocks in the water tank. 'The acrylic blocks were left in contact with the 

ice-water mixture for about an hour in order to cool down the acrylic surfaces. The 

ice-water mixture was stirred from time to time. Fresh ice was added and excess 

water was siphoned out as the ice melted. This cool-down process continued until 

the temperature registered by the thermistor probe remained constant at near 

zero degrees for several minutes without stirring. The water was then allowed 

to warm up spontaneously (typically at a rate < 30 jhr) due to the small heat 

conduction from the bottom of the tank while the signal waveforms were being 

digitized continuously. The water temperature was measured simultaneously by 

the thermistor probe and the microwave power output was monitored by a signal 

diode by digitizing each output in a chazmel of the 8-chazmel ADC module. The 

500 kHz transducer was employed to obtain the most favorable signal-to-noise 

ratio. 

The experiments were performed with two different microwave pulse widths 

(Tmw = 200 ns and 400 ns). The pulse repitition rates were 85 Hz and 48 Hz, while 

the thyratron anode voltages were set at 4.0 kV and 4.5 kV for the 200 ns and 

400 ns microwave pulse"widths, respectively. These settings were found to produce 

the best microwave pulses with respect to pulse height and pulse stability. Each 

acoustic waveform was digitized at a sampling interval of 0.1 f.LS. Typically, 10000 

waveforms were summed together for the 200 ns microwave pulse width to obtain 

an average waveform at a particular temperature (except at temperatures around 
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4°C, where an average of 20000 waveforms was used since the signal-to-noise ra

tio was greatly reduced at these temperatures). For the 400 ns microwave pulse 

width, the munber of waveforms per averaged wavefonn was typically 5000, as the 

signal strength was higher. From this point onwards, the tenn 'signal' or 'wave

fonn' will refer to the averaged signal. A low frequency component was found to 

be present due to the excitation of the transducer and amplifier during the initial 

firing of the thyratron. This low frequency oscillation did not pos.e a problem near 

room temperature as the signal strength was nruch higher than the amplitude of 

the oscillation. However, at low temperatures (below _6°C) this oscillation in

terfered with the signals. A digital high-frequency-emphasis filter was applied to 

the averaged signal to remove the low-frequency component 1 • The signal was also 

nmltiplied by a correction factorl to correct for the fluctuation in the microwave 

pulse amplitude. 

The thiclmess of the water layer between the two acrylic blocks was chosen 

so that a maximum microwave power would be deposited in the water layer (see 

Fig. 6.5 in the next chapter). However, the heat deposition profile was not unifonn 

within the water layer. Fig 5.2 shows the calculated heat deposition profile for 

this source configuration using the theory developed in Chapter 6. The calculation 

showed that the heat deposition was max:innun at the two acrylic-water boundaries, 

and was practically zero near the center of the water layer. An acoustic pulse would 

be emitted from each of these boundaries. Since the spatial width of each heat pulse 

was approximately 3 rnm, each of the pressure pulses would have a pulse width 

of", 2 J1.S (using an acoustic velocity of 1.5 mm/ JlS in water), which matched the 

peak response frequency of the 500 kHz transducer used in the detection. The 

pulse emitted from the lower boundary would be delayed relative to the one from 

lSee Chapter 4 (Section 4.1, Fig. 4.1) for a description of this filter. A 21 point window was 
used at a sampling interval of O.IJ.lS. 

2The correction factor was (v"eJ/Vmw)2 where Vmw was the pulse height of the signal diode 
output voltage and v"eJ was a reference voltage, which wass arbitrarily chosen to be 1.5 V. 
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Figure 5.2: Calculated heat deposition profile in the water layer of the thenno
acoustic source 
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the upper stuface by a time corresponding to the acoustic transit time across the 

water layer. 'The delayed pulse would also show a polarity opposite to that of the 

first pulse. For the 500 kHz transducer used in the experiment, the delay was not 

long enough to pennit separation of the two pulses. The begining of the second 

pulse overlapped with the later part of the first pulse. However, the initial part of 

the first signal was sufficiently long that analyses of the signal strength and signal 

shape could be done. 

The circuit diagram for the thermistor readout and its interface with the 

ADC is shown in Fig. 5.3. 'The capacitors shown in the circuits were required to 

filter out the transient pickup during the firing of the thyratron and the magnetron. 

An operational amplifier (RCA 314OS) with high impedance MOS/FET inputs was 

used in the voltage follower configuration to interface the thennistor output voltage 

to the ADC input (2 kn input impedance). The thermistor/ADC combination 
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was previously calibrated using a mercury-in-glass thermometer. The sensitivity 

of this thennistor/ADC thermometer was 34 mV C-l at OOC and 15 mV C-l at 

25°C. Thus, the precision of the thermometer was better than 0.1 degree in this 

temperature range. The mercury-in-glass thermometer used as the standard in 

the calibration had a mininnun scale division of 0.5 degree, and it was possible to 

interpolate between scales to 0.1 degree. The overall accuracy was estimated to be 

better than a quarter of a degree. 

5.2 Results and Data Analysis 

(a) Typical signals 

Typical signal waveforms at '" 1°C, 4 °C and near room temperature (-200C) are 

shown in Fig. 5.4 for Tmw=200 ns and in Fig. 5.5 for Tmw =400 ns. It can be 

seen that the waveform at '" 1°C has a pulse shape similar to the waveform near 

room temperature except that its polarity is reversed, as predicted by the thermal 

model of acoustic generation. However, the signal amplitude never vanishes, even 

at temperature near 4°C, and the pulse shape at this temperature resembles the 

derivative of the waveform at room temperature. 

(b) Correlation with a reference signal at room temperature 

In order to study the temperature dependence of the acoustic signals, we first 

test the hypothesis that the signal waveform detected at any given temperature 

is proportional to the signal detected at room temperature while the constant 

of proportionality varies with temperature as the thennal expansion coefficient 

of water. This hypothesis comes naturally from the thermal model of acoustic 

generation. However, it is also possible that the waveform at a given temperature 
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is shifted. in time relative to the signal at room temperature due to the variation of 

the speed. of sound with temperature of the coupling medium. Though the water 

coupling meditun used in the experiment is isolated from the water in the source 

region by an acrylic layer, the low, but nonzero, thermal conductivity of the acrylic 

layer would also affect the temperature of the coupling medilUIl. In general, the 

speed. of sound increases with temperature in the temperature range between zero 

degrees and room temperature. So, the hypothesis to be tested is 

(5.1) 

with 

R(T) = Af3(T) . (5.2) 

xT(t) is the time signal detected. at a Celsius temperature T, xTe/(t) is a reference 

signal constructed from the signal detected. at a reference temperature 1',.e/ (near 

room temperature) by retaining only the first 5 J.IS after the arrival time of the sig

nal. The rest of the signal trace was set to zero. The relative amplitude R(T) of the 

signal at temperature T, is assumed. to be proportional to the thermal expansion 

coefficient f3(T) of water. The time delay tv is also temperature dependent. 

Since noise is inevitably present in the signals, the correlation technique 

is particularly useful in locating the signals in time relative to the reference signal 

(Helstrom, 1960). The correlation function of the signal at temperature T with 

the reference signal is defined by 

cY(t) = [ xT(a)xTef(a_ t)da 

When (5.1) is substituted into the above equation, we get 

cY(t) = R(T) [ XTef(a:_ tv)xTe/(a - t)da: 

(5.3) 

(5.4) 

For an oscillatory signal, the correlation function is also an oscillating function. 

The two signals overlap when t = tv and the absolute value of the correlation 
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f1.lllction will be m.a.xirrn.un. The value of the correlation f1.lllction at this point is 

(5.5) 

and its sign depends on whether the test signal xT(t) is in phase or out of phase 

with the reference signal. 

The original time signal was digitized at a sampling interval of 0.1 J.1S. In 

order to increase the time resolution, each signal was redigitized at a smaller sam

pling interval of 0.02 J.1S by quadratic interpolation between points of the original 

signal. The redigitized signal is given by 

Xk = ~[(aj+aj+dk2+(bj+bj+l)k+(Cj+Cj+l)] , (5.6) 

(k=5i+j, i=0,1, ... ,N-1, j=0,1,2,3,4), 

where the coefficients aj, bj, Cj are evaluated from the original time signal Xi by 

aj (Xj+l - 2Xi +xi-d/2 , 

bi - (Xi - xi-d - (2i - l)ai , (5.7) 

Cj Xi - i2ai - ibi . 

The redigitized signal will be used for all further data analysis. Thus, in the 

following discussions, xT will represent the redigitized signals at temperature T to 

simplify the notation. 

The correlation f1.lllction of the discrete time signal is defined as 

N 

cr=~xJxi~ , 
)=1 

and the signal at temperature T is assumed to be 

T _ R(T) ref Xi - Xi-no' 

(5.8) 

,5.9) 

where the indices i and nD label t and tD in the corresponding relations, equations 

(5.3) and (5.1). The correlation function of each of the signals with the reference 
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signal was computed and the time delay t D was obtained from the location of the 

maximum of the absolute value of the correlation function. Fig. 5.6 shows the 

variation of t D with temperature for the two pulse widths. The plot of the time 

delay with temperature shows a discontinuity at T=4° C. Since the speed of sound 

of water is a smooth function of temperature and the temperature of the water 

coupling (which is near room temperature) is expected to vary gradually as the 

temperature of water in the source region varies, this discontinuity suggests that 

the asslllnption (5.1) is not valid at temperatures around 4° C (from - 3.5° to 4.5 

°C) and the time delay derived in this manner does not correspond to the actual 

time delay. 

To estimate the actual time delay, a smooth curve is drawn through the 

data points, disregarding the points at 3.5° < T <4.5° and the actual time delay 

at this temperature range was asslllned to lie on this curve. The corrected t D 

is shown in Fig. 5.7 for both pulse widths. Each of the signal waveform is then 

shifted accordingly, using this corrected tD, in order to remove the effect of different 

time delay at different temperatures. These shifted waveforms will be used in the 

following sections. 

(c) Variation of rms signal strength with temperature 

The rms value of the first 5 J1S (- 2 1/2 cycles) of the total signal at each tem

perature was calculated. The variation of this signal strength with temperature 
, . 

is shown in Figs. 5.8 and 5.9 for 200 ns and 400 ns pulse widths, respectively. 

Negative values have been assigned to the signal strengths at temperatures below 

4°C. The solid line in each figure represents the variation of the thermal expansion 

coefficient of water with temperature. It can be seen that the temperature varia

tion of the signal strength follows closely that of the thermal expansion. However, 
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Figure 5.6: The time delay tD computed from the correlation function for Tmw= 

200 ns (top) and r mw=400 ns (bottom). 



__ .6 r---~r-------r------r---r----r----, 
III 

3.5 
-S.4 
] .3 
-+oJ 

~ .2 
~ s... .1 
o 
u .00 

. ........ -- Tm",,=200 ns -------. . .... .... ..... -- - -- ---.,.. 

4 8 12 16 20 
Temperature, Tee) 

24 

__ .4 ~--~---~--~---~----, 
I'/} 

:t 
-3 

Q' 
-+oJ 

] .2 
-+oJ 
() 

~ .1 
s-. 
o 

.. Tmw=400 ns 

-

UOL...----.l----.L..-----L----.L..-_-~ 
. 0 4 8 12 16 20 

Temperature, Tee) 

132 

Figure 5.7: The corrected time delay for 200 ns microwave pulse width (top) and 
400 ns microwave pulse width (bottom). 
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the totalnns signal strength never vanishes, as indicated by the small discontinu

ities at 4°C. The minirmun nns signal values are 0.09 mV (at 3.8°C) and 0.11 mV 

(at 4.00C) compared to the noise nns values of 0.055±0.001 mVand 0.034±0.001 

m V for the 200 ns and 400 ns microwave pulse widths, respectively. The noise rms 

values were evaluated in a 5 J1S window preceding each recorded signal arrival. 

(d) Variation of signal shape with temperature 

In Figs. 5.10 and 5.11 the signal wavefonns taken at various temperatures are shown 

for 200 ns and 400 ns microwave pulse widths, respectively. These wavefonns 

have been corrected for the time delay as calculated previously. The wavefonn 

at ",,1°C is similar to the inverted waveIonn near room temperature. However, 

the signal present at 4°C has a pulse shape resembling the derivative of the room 

temperature signal. To aid visualization, a line of constant time which coincides 

with the position of the first positive peak at 1°C is drawn. The positive peak shifts 

to the right gradually as temperature increases and a phase change of 11"/2 occurs at 

4°C. The phase is completely reversed at higher temperature. This gradual phase 

change cannot be explained by the usual thennal model of signal generation. 

(e) Decomposition of signals into thermal and nonthermal components 

The results of the previous sections strongly suggest the presence of a nonther

mal component in the microwave-induced acoustic signals. We will next assume 

that the detected acoustic signal is a superposition of a thennal component and a 

nonthennal component: 

(5.10) 

where A is a reference signal whose pulse shape is similar to the thennal component 

and gi is a reference signal similar to the nonthennal component. The amplitudes of 
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Figure 5.11: Variation of signal shape with temperature (Tmw = 400 ns). Each 
waveform has been scaled by the indicated factor. 
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the themw and nonthennal components of the signals are Rl and R2 respectively. 

If fi and 9i are mown, then R1(T) and R2(T) can be calculated by the method of 

least-squares from the time signals xT, and are given by 

R (T) - Li 9r Li fiXT - Li fiYi Li 9ixT 
1 - Li If Li 9r - (D /i9i)2 , 

R (T) - D n Li 9iXT - D fi9i D /ixT 
2 - D It D 9r - (D li9i)2 . 

The variances are 

with 

D = ~Jl ~91- (~/i9i)2 
I I I 

and 
2(T) = Li[xT - R1(T)fi - R2(T)gi]2 

ax N - 2 

If fi and gi are orthogonal in the sense that their cross product is zero, 

~.fi9i = 0, 
I 

then the amplitudes are given simply by 

R1(T) = Li fil ' 
Di 

~(T) = Li 9i~T 
Ligi 

(5.11) 

(5.12) 

(5.13) 

(5.14) 

(5.15) 

(5.16) 

(5.17) 

(5.18) 

(5.19) 

The reference signals f,g are constructed in the following manner. The 

signal at a reference temperature Tref (near room temperature) is first taken to be 

the reference signal 1(0) for the thermal component and its derivative is taken as 

the reference signal g(O) for the nonthermal component, 

f(O) f(O) 
(0) _ Ji+l - Ji-l 

9i - 2r" , (5.20) 
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where 7"" is the sampling iriterval. The amplitudes of the two components for the 

signals at temperatures from 3.5 to 4.5 °C are detennined using (5.11) and (5.12). 

The next approximations for I and 9 are then constructed from 

(5.21) 

and 
;(1) J.'(I) 

(1) Jitl - Ji-l 
9i = 27"" , (5.22) 

where R2 is the mean of R2 in this temperature range. The orthogonalized reference 

signals are then constructed using the Sclunidt's orthogonalization procedure: 

;. _ AI) 
JI - Jj" , (5.23) 

(5.24) 

These reference signals are shown in Fig. 5.12 and Fig. 5.13 together with the 

observed signals at 4°C for comparison. Note that the unit for Ii is the same as 

that for the observed signal Xl (m V), while the nonthennal reference has (m V / s) as 

its unit. Thus, when the reference signals are constructed in the manner prescribed, 

RI is dimensionless while R2 has a dimension of time. 

The amplitudes RI and R2 of the thermal and nonthennal components 

are c8Iculated using (5.18) and (5.19) for each recorded signal. These amplitudes, 

as defined in (5.10), depend on the signal strengths of the reference signals Ii 

and 9i. Since the reference signal Ii is constructed from the observed signal at 

a reference temperature T,.ef, its strength is proportional to f3(Tref), the thermal 

coefficient of volume expansion of water at Tref. The amplitudes Rl and R2 are 

similar to the ratios of the observed signal strength to the respective reference 

signal strength. Hence, their values will be inversely proportional to f3(Tref). The 

products R1(T)f3(T,.ef) (Fig. 5.14) and R2(T)f3(T,.ef) (Figs. 5.15 and 5.16) will then 

be independent of the choice of the reference temperature. The amplitude of the 
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thennal component RI follows the thennal expansion curve closely and there is no 

discontinuity at 4°C. When RI is fitted to the relation 

f3(T) 
Rl (T) = J( f3(T,.et) , (5.25) 

the constant J( is found to be 1.02± 0.01 for the 200 ns pulse width, and 1.01± 0.01 

for the 400 ns pulse width. Thus, the thennal component of the acoustic signal 

does not depend on the microwave pulse width. The amplitude of the nonthennal 

component R2 shows a distinct peak centered at 4°C. At higher temperatures, 

there is a large scatter about the zero line. The uncertainty in R2 increases with 

temperature and becomes so large that it is not clear whether the amplitude is 

indeed different from zero. The peak at 4°C is fitted emperically to a Gaussian 

function 

R,(T) = R,.p'exp [-C;:;., 4)' ,1 (5.26) 

for temperatures between 3 and 5 degrees Celsius. The peak is found to have 

an nns width Tw of apparoximately 0.7 degrees (or FWHM -1.6°C) for both the 

200 ns and 400 ns pulse widths. However, the height of the peak f3(Tret )R2,pk 

is (7.2± 0.7) x 10-13 s °C-l for the 200 ns pulse width and (4.6± 0.7) x 10-13 s 

°C-l for the 400 115 pulse width. Though the thennal component is not affected 

by the microwave pulse width, the amplitude of the nonthennal component has 

diminished by almost 50% when the microwave pulse width is doubled. 

Another useful parameter to consider is the correlation coefficient of the 

signal with each of the reference signals, which is defined by 

"'. f· X '!' L...I JI 1 (5.27) 

L:i gixT (5.28) 
r2 = VDg; L:i(xT)2 . 

The values of these correlation coefficients range from -1 to +1 and measure how 

well each of the signals resembles the reference signal. Figs. 5.17 and 5.18 show the 
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Figure 5.16: Gaussian fit to the peak at 4°C of the nonthennal component ampli
tude. 
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variation of these correlation coefficients with temperature for both of the pulse 

widths used. The correlation T2 with the nonthermal reference signal shows a 

peak centered at 4°C. Tins result indicates that the nonthennal reference signal 

constructed above is indeed a good approximation for the nonthennal component 

of the acoustic waves detected at temperatures near 4°C. 

5.3 Relaxation Time of the Nonthermal Component 

The results of the above analysis strongly suggest the presence of a nonthermal 

mechanism in the generation of the microwave-induced acoustic signals in water 

which only exists at temperatures near 4°C. Various possible mechanisms for the 

generation of acoustic signals at 4°C have been suggested. Hunter et al.(19S1) at

tributed their observation of the acoustic signals at 4°C to microbubble fonnation. 

They derived this hypothesis from the tripolar pulse observed at 4°C in contrast 

to the bipolar pulse at other temperatures. The fonnation of the microbubbles 

and their subsequent collapses results in a rapid expansion followed by contraction 

to equilibrium conditions in a time interval short compared to the transit time of 

sound through the stressed region. Since a tripolar pulse resembles the derivative 

of a bipolar pulse, and our wavefonn observed at 4°C also resembles the derivative 

of the wavefonn recorded at room temperature, it is possible that microbubble for

mation may also be responsible for the microwave-induced acoustic signal detected 

at 4°C. 

Another mechanism based upon a structural relaxation theory has been 

proposed by Pierce and Hsieh (1986). They assumed that the conventional ther

modynamic process is not totally applicable for the short time involved in the 

heating process. Taking the transient nonequilibrium thermodynamic phenomena 
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into account, they postulated the following modification for the wave equation: 

V'2p - J:. Q2p = -~ [f38Q + ~ Q2Q] (5.29) 
c2 {)t2 Cp {)t Tabs ()t2 

where Tabs is the absolute temperature. In essence, they have added an additional 

source term proportional to a hitherto unknown, structural relaxation time r. 

Since the wave equation is linear, the solution of this modified wave equation can 

be written in the fonn 

p(t) = A [f3f(t) + ~ 8f
(t)] , 

Tabs ()t 
(5.30) 

where f(t) is the solution to the originalllllffiodified thennoacoustic wave equation 

and A is a constant. Using this model, they found that the results of Hllllter 

et al.(19S1) can be fitted by a relaxation time r between 10 and 30 ns. 

The equation (5.30) is consistent with our observation that the acoustic 

signal detected at 4°C is similar in pulse shape to the derivative of the acoustic 

signal detected at room temperature. The parameter r in the model can be esti

mated from the results shown in Figs. 5.14, 5.15 and 5.16. We assume equations 

(5.1O) and (5.25) for our signal detected at a Celsius temperature T, 

with' 

and 

(t) 
_ df(t) 

9 - cit ' 

f3(T) 
Rl (T) = J( (3(T,.eJ) . 

Comparison with (5.30) allows us to express the relaxation time r as 

277 (3(T,.ef) R2 (4° C) 
r= ]( . 

(5.31) 

(5.32) 

(5.33) 

(5 .. 34) 

The value of the constant J( has been fOlllld in the previous section by fitting 

Rl (T) to the thennal expansion coefficient f3 using least-square techniques. The 
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Table 5.1: Results of calculation of the parameter T in the structural rela"{ation 
model for the microwav&induced acoustic waves. 

200 ns 400ns 
pulse width pulse width 

J( 1.02±0.01 1.01±0.01 

(3(Tref) R2(4°C) 7.2±0.7 4.6±0.7 
(10- 13 s °C-l) 
T (10-9 s) 0.20±0.02 0.13±0.02 

value of R2 at 4°C is estimated by the height of the Gaussian fit to the peak at 

4°C in Fig. 5.16. The results are shown in Table 5.1. Our results are consistent 

with the model, but with much smaller values of T (0.1 - 0.2 ns). These smaller 

values for T might be due to the fact that the microwave pulse widths used in 

our experiment (200 ns and 400 ns) are wider than the laser pulse width used in 

Hunter's experiment ('" 40 ns). The nonequilibrium phenomena may become less 

important during the longer heating time. 

5.4 Computer Simulation of the Experiment 

A computer sinrulation of the temperature dependence experiment has been done 

to compare the observed signals with the relaxation model. The impulse response 

of the 500 kHz transducer was used as the function f(t) and an arbitrary number 

was assigned to the constant A. A value of 0.2 ns was used for the parameter T in 

the model. The signals xT(t) were generated from T = ooC to 2ooC, incremented 

at 0.1° using equations (5.31}-(5.34). A temperature dependent delay time tD 

was also included to simulate the effect of the time delay due to the change in 

speed of sound with temperature of the coupling medium using a linear relation 
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Figure 5.19: The time delay tD of the simulated signal at temperature T computed 
from the correlation function. The solid line is the actual time delay used in the 
sinrulation. 

between tD and T. Fig. 5.19 shows the results of recovering tD by correlating each 

signal with a reference signal obtained at 200C. TIus plot shows a discontinuity 

at 4°C similar to that observed in the actual experiments (Figs.5.6). Fig. 5.20 

shows the variation of the nns signal strength with temperature, and the variation 

of the pulse shape with temperature is shown in Fig. 5.21. The nns signal 

strength follows the temperature dependence of the thennal expansion coefficient 

of water closely, with a minimum occuring at 4°C. The gradual phase change of 

the signal waveform as the.temperature increases through 4°C is also reproduced. 

The sinrulation results support our hypothesis that the signal wavefonns observed 

near 4°C are superpositions of a thennal component and a nonthennal component 

and that the nonthennal component has a pulse shape similar to the derivative of 

the thennal component. 
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5.5 Summary and Discussion 

We have observed a nonvanishing acoustic signal induced by pulsed microwaves 

at 4°C in water. Decomposition of the detected signal into a thennal and a non

thennal component shows a narrow peak (full width", 1.6 degrees) centered at 

4°C for the variation of nonthennal amplitude with temperature. This observation 

suggests that the nonthermal component may exist only at temperatures around 

4c C. Our results show that the minimum acoustic signal strength occurs at 4°C 

and the overall temperature dependence follows that of the thermal expansion co

efficient of water, consistent with the results obtained by Tarn and Patel (1979). 

No shift in the temperature of minimum signal from 4°C was detected. However, 

there is also no abrupt phase reversal of the signal wavefonns at 4° C. The signal 

waveforms show a gradual phase change as the temperature t~ansits from below 

4° to above 4°C with a phase change of 7r/2 occurring at 4°C. This observation 

suggests that the nonthermal component of the acoustic signals has a waveform 

similar to the derivative of the thermal component. The exact mechanism for the 

generation of this nonthermal signal is still not understood, but our results may 

be consistent with models based on nonequlibrium thermodynamic processes, such 

as one proposed by Pierce and Hsieh (1986). However, any model that includes 

an additional source term proportional to fFQ/{)t2 in the wave equation for the 

acoustic pressure wave would also be consistent with our observations. Our re

sults indicate that the relaxation time T in Pierce and Hsieh's model (equation 

5.30) may be dependent on the heating pulse width, as well as the temperature. 

The relawion time decreases with increasing pulse width, resulting in a wealrer 

nonthermal signal. 

We may now estimate an upper limit to the amplitude of the nonthetmal 

component which could be present in Tam and Patel's experiment, and compare 

this with the amplitude which our results would predict. From equation (5.30), 
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the ratio of the nontherrnal amplitude at 4°C to the thennal amplitude at a refer

ence temperature Tref (much higher than 4°C) can be approximated by the ratio 

wr/277(3(T,.ef), where w is the main frequency of the observed signal. From Fig.3 

of their paper (Tam and Patel,1979), the following infonnation can be extracted: 

main frequency : '" 170 kHz, 

signal amplitude at 21°C: '" 5.0 units, 

noise amplitude at 4°C: '" 0.2 units, 

heating pulse width : '" 1 J.lS. 

If the relaxation time for the nonthennal component were the same as that ob

served in our experiment (T """ 0.2 ns), the amplitude of the nonthennal component 

at 4° would be 

(
27r x 1.7x lOS x 2.0x 10-

10
) 50 't '" 0 02't (5.35) 

277 x 2x 10-4 X • lllll S . Wll s, 

which would be too weak to be observed, considering the noise present in the 

system. If the noise amplitude at 4° C is taken as the upper limit to the amplitude 

of the nonthennal component, then the corresponding upper limit to the relaxation 

time is found to be T < 2 ns. 

Gorodetskii et al. (1978) have also reported on the temperature dependence 

of acoustic signals induced by VAG-laser pulses (,\ =1.06 /-Lm, pulse width=30 ns) 

in water. They observed an increase in the signal amplitude by a factor of 3 

wp.en the water t~perature increased from 6.5 to 16°C. No data was given for 

temperatures below 6.5°C. However, extrapolation on their graph (Fig. 6 in their 

paper) to lower temperatures indicates that the signal would vanish at ",2°C and 

not at 4°C. From the r~io of the extrapolated amplitude at 4°C to the observed 

amplitude at 16°C, we estimate that the relaxation time T would be'" 12 ns, similar 

to that obtained from Hunter et al. 's laser experiment. 

Lyamshev et al. (1980) reported a shift in the temperature of mininn.un 

signal amplitude to 2.4°C using a pulsed YAG laser beam (,\=1.06 J-lm, pulse 
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width-500 ns) in water containing 10 gil of cupric chloride to increase the absorp

tion coefficient. They attributed this shift to the presence of the cupric chloride. 

From their signal amplitude versus temperature curve (Fig. 5 in their paper), 

the value of T would be ",8 ns if the acoustic signal observed at 4° C were to be 

explained by the relaxation model. Since their pulse width is similar to the micro

wave pulse width employed in our experiment, this relaxation time is too large 

compared to our results. 

Sigrist (1986) could explain his observation of the CO2-laser-induced acous

tic signals at 4°C by the laser heating effect in the source region. The absorption 

of the laser energy was such that the water surface temperature was elevated by 

a few degrees, so the temperature recorded by the thennometer was not the ac

tual source temperature. In our experiment, the microwave power used is much 

lower and the temperature elevation due to the absorption of a microwave pulse 

is estimated to be 10-7 degree (see Section 3.6). Since the pulse repetition rate 

is approximately 100 Hz, and the thennal diffusion time is generally of the order 

of a few milliseconds, this temperature elevation will have dissipated before the 

absorption of the next microwave pulse. Thus, microwave heating can be ruled out 

ill our case. 

Other possible mechanisms which may explain the observation of an acous

tic signal at 4°C include microbubble formation as proposed by Htmter et al.(1981). 

If microbubble foonation is responsible for the generation of the acoustic signals, 

Sigrist (1986) suggested that a nonlinear dependence of the acoustic amplitude on 

the incident radiation in~ensity would result, particularly at 4°C. Our measurement 

at room temperature (see Fig. 3.12) does not reveal any nonlinearity. It would be 

interesting to perform the measurement at 4°C. However, due to the unfavorable 

signal-to-noise ratio and the difficulty in maintaining a constant temperature for 

a sufficiently long time, this would be a difficult experiment. 
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Sigrist (1986) also discussed the laser-induced dissociation of the water 

molecules as a possible contribution to the acoustic wave generation. Due to the 

nruch lower microwave photon energy and intensity used in our experiment, it is 

very unlikely that this mechanism can give any contribution at all to the generation 

of the acoustic waves. 

In Table 5.2, we present a sununary of the results of experiments performed 

by these authors, including an estimate of the relaxation time T. The results of 

our experiments are also surrunarized in Table 5.3. 
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Table 5.2: Summary of experiments on temperature dependence of radia
tion-induced acoustic signals in water. 

Gorodetskii et al. Tam and Patel Lyamshev et al. 
(1978) (1979) (1980) 

Radiation YAG laser dye laser YAG laser 
,\ =1.06 p.m ,\ =610 nm ,\ =1.06 p.m 

Pulse width 30 ns 1 p.s 500 ns 

Temp. of min. signal _2°C 4°C 2.4°C 
( extrapolated) 

Acoustic frequency -100 kHz - 170kHz 60 kHz 

Amplitude at ref. temp. 3.0 (16°C) 5.0 (21°C) 8.0 (7°C) 
(arb. unit) 
Amplitude at 4°C 0.5 <0.2 2.0 
(arb. unit) ( extrapolated) (noise level) 
T 12 ns < 2 ns 8 ns 

Hunter et al. Hunter et a/. Sigrist 
(1981) (1981a) (1986) 

Radiation Ruby laser proton beam C02 laser 
A =694.3 nm 30 GeV ,\ =10.6 p.m 

Pulse width 40 ns 1.5 - 3 p.s 180 ns 

Temp. of min. signal _2.5°C 6°C _ 2°C 

Acoustic frequency -40 kHz - 20kHz -5 MHz 

Amplitude at ref. temp. 4.7 (20°C) 
(arb. unit) 
Amplitude at 4°C 0.5 
(arb. unit) 
r 20 ns 

Note polarity at 4°C attributed to 
opposite to that observed laser heating 

in laser experiment 
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Table 5.3: SUllllIlarY of present study on temperature dependence of micro
wave-induced acoustic signals in water. 

Present Study Present Study 

Radiation Microwaves Microwaves 
2450 MHz 2450 MHz 

Pulse width 200 ns 400 ns 

Temp. of min. signal 4°C 4°C 

Acoustic frequency 500 kHz 500 kHz 

Amplitude at ref. temp. 8.5 (20.6°C) 11.5 (17.1°C) 

Amplitude at 4°C 0.09 0.11 

T 0.20 ns 0.13 ns 



CHAPTER 6 

ENHANCED l\1ICROWAVE-INDUCED THERMOACOUSTIC 

El\1ISSION FROM A THIN WATER LAYER 
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Thennoacoustic emissions have been used as sources of acoustic waves in ultrasonic 

testing and nondestructive evaluation (NDE) of materials. However, since the 

conversion efficiency into acoustical energy in the thermoacoustic process is rather 

low, a high power radiation source is usually required. A focused laser beam is 

such an example. Very often, a large aperture plane wave is called for in scattering 

and attenuation experiments. This requirement cannot be met by the focused laser 

source. The piezoelectric transducers normally used in ultrasonic experiments also 

have limited aperture, and suffer from the presence of ringdown behavior. 

In this chapter, we shall report a method of generating wide aperture, 

unipolar plane waves from a thin water layer trapped between two dielectric media 

by the microwave-induced thermoacoustic effect without requiring a very high 

power microwave source. In most of our experiments, the thennoacoustic signal 

induced by a single microwave pulse is so weak that it is embedded in the thermal 

noise. Signal averaging has to be employed to extract this signal and one would 

not expect to observe the signal directly using an oscilloscope. In one instance, 

when a piece of acrylic block was placed directly on the Lexan base in the water 

tank, an exceptionally strong signal was observed which saturated the amplifier 

and caused an overflow in the signal averager (see Fig. 4.4). It was initially thought 

to be due to occassional glitches in the electronics. When the experiment was later 

repeated (without the second stage amplifier), and monitored on an oscilloscope, 
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an illlexpected signal was observed on the screen of the oscilloscope. From its time 

of arrival, the source of the signal was traced back to the thin water layer trapped 

between the acrylic block and the I..exan base of the water tanle When the acrylic 

block was removed, no trace of signal could be seen. This signal also disapeared 

when the edges of the acrylic block in contact with the Lexan base were sealed with 

a silicone sealant, so that an air gap replaced the water layer. The thermoacoustic 

signal seemed to be enhanced considerably in this thin v.rater layer. 

The physics behind tins enhancement turns out to be rather simple. Since 

water has a Illgh dielectric constant ('" 80), microv.rave radiation will illldel'go 

rrrultiple reflections between the dielectric boillldaries trapping the water layer. 

This creates a long effective path length. Thus, most of the microv.rave energy is 

absorbed in a tIlln water layer, resulting in an enhanced specific absorption rate and 

a corresponding enhancement in the thermoacoustic signal. FUrthermore, the small 

dimension of the source results in a narrower acoustic pulse width with a much 

wider bandwidth compared to the acoustic pulse originated from a single boundary. 

Thus, tIlls thin-water-Iayer source is a more efficient emitter of ultrasonic energy. 

6.1 Theory 

(a) Source geometry 

The geometry of the source configuration is shown in Fig. 6.1. A water layer 

(tIllckness d) is sandwiched between two dielectric media (tIllcknesses Ll and Lz. 
respectively). Air is asSumed to be present in the region z < 0 wIllIe the region 

beyond the second dielectric layer is occupied by water. We will assume plane 

wave propagation for both the electromagnetic and acoustic waves, so tIlls is a 

one-dimensional problem. To avoid confusion in notation, upper case letters will 
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Figure 6.1: Geometry of the microwave-induced thennoacoustic source in a thin 
water layer. 

be used to represent electromagnetic quantities (such as the frequency of micro

wave, refractive indices and wave vectors) while lower case letters are reserved for 

acoustical quantities when similar quantities are involved. The symbol c will rep

resent acoustical velocity, while the velocity of the electromagnetic wave will be 

denoted by J,em) • 

(b) Specific absorption rate in the water layer 

Suppose that the incident electromagnetic plane wave propagates along the z

direction and the electric field vector E is polarized along the x-direction. In 

each of the regions I, II, III and IV, we can write the electric field vector as 
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the superposition of two travelling waves going in opposite directions due to the 

reflections at the boundaries. In region V, only the transmitted wave emerges from 

the layers. Thus, 

and 

E{z) = xE{z) (6.1) 

EieiKz + Ere-iKz ; z < 0 

E/1eiK1(z-zt} + Eble-iKl(Z-Zt} ; 0 < z < zl 

E{z) = E/weiKw(z-Z2) + Ebwe-iKw(z-Z2) ; zl < z < z2 (6.2) 

Ej2eiK2(z- Za) + Eb2e-iK2(Z-Za) ; z2 < z < Z3 

; z > Z3 

The magnetic field vector B in each layer is related to E by 

B=NKxE 
J( 

.... 

(6.3) 

where N is the refractive index of the mediwn concerned and K is the wave vector 

which points in the direction of propagation. So, 

B(z) =yB(z) (6.4) 

and 
No{EieiKz - Ere- iKz ) ; z < 0 

Nl(E/leiKl(Z-Zt} - Eble-iK1(z-zt}) ; 0 < z < Zl 

B(z) = Nw(E/weiKw(z-Z2) - E bwe-iKw(z-Z2») j Zl < z < Z2 (6.5) 

N 2(E/2eiK2(z-za) - Eb2e-iK2(Z-Za») j Z2 < z < Z3 

; z > Z3 

The subscripts 0, 1, 2, w represent the corresponding quantities in air, 

mediwn 1, mediwn 2 and water respectively. Each mediwn will be asswned to be 

norunagnetic, with magnetic permeability J.l=1. It is useful to define the following 



164 

quantities : 

INw 
Nw (6.6) - N1 ' 

2Nw 
Nw (6.7) - N2 ' 

6 eiK1Ll , (6.8) 

~w eiKwd , (6.9) 

6 - eiK2L2. (6.10) 

The amplitudes Er , Et , EfI, Eb1 , ... etc. can be fOWld by requiring that the 

tangential components of the electric field and the magnetic field vectors be con

tinuous at the bOWldaries. Using the results from Appendix C, these amplitudes 

can be solved from the following matrix equations: 

( ~ ) =M') ( ! ) , 
(~)=M3)(:) , 

(6.11) 

(6.12) 

(6.13) 

(6.14) 

(6.15) 



(1+Nd 
M<1) = 2~1 

(1- Nt) 
26 

(l-h Nw) 
M<2)= 2~w 

(1- 1 Nw) 
2~w 

and 

(1- Nl)~l 
2 

(1+Nt}6 
2 

(1- 1 Nw)~w 
2 

(1 +1 Nw)~w 
2 

(1- 1/2Nw)6 
2 

(1 + 1/2Nw)6 
2 
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(6.16) 

(6.17) 

(6.18) 

(6.19) 

(6.20) 

In general, the wave numbers [(1, [(2, [(wand the refractive indices 

N1, N2, Nw can be complex. For our purpose, the two dielectric media are assumed 

to be lossless, so only [(wand Nw are complex. 

[(w = l(,w + iCtw, 

Nw=N~+i N~. 

(6.21) 

(6.22) 

To calculate the average specific absorption rate (SAR) (rate of energy absorbed 

per unit volwne) in the water layer (region III), we need to mow only the re

flected and transmitted wave amplitudes (Er and Et). The incident, reflected and 
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transmitted intensities (in Gaussian cgs units) are respectively 
c(em) 

Ii - 871" IEil2 , (6.23) 
c(em) 

Ir 871" IErl2 , (6.24) 
c(em) 

It 871" N~IEtI2 . (6.25) 

The average specific absorption rate (average SAR) of the water layer (thiclmess 

d) is 

Q Ii - Ir - It 
d 

~ (I-Iii' -Iii') (6.26) 

Since the ratios Erl Ei and Eel Ei can be obtained by solving the matrix equations, 

the ratio Q I Ii can be calculated. 'TIus ratio depends only on the thiclmesses 

L1, ~, d and the refractive indices NI , N2, Nw of the three materials. We have 

used acrylic as the dielectric media in regions I and II, since its acoustic impendance 

closely matches that of water. The acoustic waves generated in the water layer 

suffer little reflection loss in going through the acrylic layer. 

The refractive index of acrylic is approximately 1.5 from dc to microwave 

frequencies, while the refractive index of water is very. strongly frequency depen

dent. The Debye relaxation model can be used to calculate the refractive index of 

water at various frequencies (Hasted 1972). According to this model, the frequency 

dependence of the dielectric constant of water is given by 

€(Q) - E'(Q) + i €"(Q) 
·€o - €oo 

- Eoo + 1 '(""\ . 
+ZHr 

The real and imaginary parts of the dielectric constant are 

€'(Q) 

€"(Q) 

€o - €oo 

- €oo + 1 + Q2r2 ' 

(eo - €oo)Qr 
1 +Q2r2 

(6.27) 

(6.28) 

(6.29) 
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The relaxation time, T, associated with the rotation of the permanent dipoles of 

the water molecules in the oscillating electric field is typically of the order of 10 

ps. Extensive experimental investigations of the dielectric properties of water have 

been reported in the literature. There has been experimental evidence that points 

towards the existence of a shorter second rel~ion time ('" 0.25 ps) (Grant et al., 

1981). However, this second relaxation shows its effect only when the frequency 

is a few hundred gigahertz. Thus, for our purpose, the frequency dependence of 

the dielectric constant of water can be described satisfactorily by a single Debye 

relaxation model. We will use the following values given by Grant et al. (1981) in 

our calculations: 

€o = 80.10 

€oo =5.74 

T = 9.48 ps 

The refractive index of water can then be found from 

Nw - N~+i N~=#, 

N~ ~{ V(€,2 + €"2) + €'P/2 , 

N~ - ~{ V(€,2 +€"2) - e'}1/2 , 

where the magnetic penneability p, is taken to be unity. 

(6.30) 

(6.31) 

(6.32) 

(6.33) 

It is to be noted that if the thiclmess of the water layer d is sufficiently 

small, then the heat deposition profile within the layer is practically unifonn and 

the SAR is given. by equation (6.26). However, if d is large, then Q is z-dependent, 

and we need to know the electric field amplitudes Etw and Ebw within region III 

in order to calculate the SAR fWlction at various positions. Quoting again the 

results derived in Appendix C, we have 

Qi;l - 2"wNw {I iw I' e-2o('-") + 1 t I' e'a(z-,,) + 

21~;11~~1 cos(2[(~(z - Z2) + (¢>t - ~b)]} (6.34) 
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Figure 6.2: Geometry for calculating the thennoacoustic pressure waveform gen
erated by the absorption of electromagnetic energy in a thin layer of water. 

where (¢f - ¢b) is the phase difference between Efw and Ebw. 

(c) Generation of thermoacoustic pulses 

To calculate the thennoacoustic pressure generated by the absorption of the elec

tromagnetic energy, we will first consider the geometry shown in Fig. 6.2, where 

the water layer of thiclmess d is trapped between two media which are assumed 

to be semi-infinite in extent. The effect of the removed botll1daries between air 

and mediwn 1 on one side and between medium 2 and water on the other side can 

be reintroduced later by simply incorporating the reflection and transmissiori of 

the generated pressure wave at the boundaries into the final result. As usual, it 
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is more convenient here to work with a single acoustic frequency component and 

find the actual pressure waveIonn in the time-domain by using the technique of 

Fourier analysis. The frequency-domain wave equation (2.38) is transformed into 

d
2
\lf(z,w) + k2'TI( ) - 0 dz2 l~ Z,W - z<o, 

d2\lf(z,w) ,2,TI( ) _ _ f3q(z) 
dz2 + ICW~ z,w - C pw p 

(6.35) o ~ z ~ d, 

d
2
\lf(z,w) +k2'TI( )-0 
dz2 2~ z,w - z>d, 

with 
w w W 

kl = -, k2 = -, kw = -, (6.36) 
CI D2 Cw 

where Cl, C2, Cw are the acoustic velocities in medium 1, meditun 2 and water re-

spectively, and q(z) = Q(Z)Tmw is the heat absorbed per unit volume, assuming an 

impulse microwave pulse of width Tmw. Taking water to be the standard medimn, 

we can define the acoustic refractive indices of medium 1 and medium 2 by 

Cw kl 
~=~=kw' ~~ 

Cw k2 
~=~=kw' ~~ 

It is also useful to define the relative densities 

PI ( ml = - , 6.39) 
pw 

~=~, ~~ 
pw 

and a phase factor 

((w) = eikwd . (6.41) 

If the water layer is thin, q can be considered as unifonn and the solution of the 

wave equation (6.35) can be written as 

'1fJl(w)e-ik1Z ; z < 0, 

\If(z,w) = '1fJf(w)eikwz + 'I/Jb(w)e-ikw(z-d) - ! ; 0 ~ z ~ d, 
w 

(6.42) 

./L(w)eik2(z-d) > d 'P2 j Z , 
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where 

s = J!!L (6.43) 
PwCp' 

By imposing the botUldary conditions that the pressure p(z) = -iwp'lJ(z) and the 

fluid velocity v(z) = -a'lJ{z)/az be continuous across the botUldaries at z = 0 and 

z = d, we get four sinrultaneous equations in 7j;I, 'I/J" 'l/Jb and 'I/>J., 

nl'I/Jl -'l/J,+(% 

n2'I/>J. - ('I/J,-% 

ml'I/Jl 
S - 'I/J,+(%- k2 w 

(6.44) 

~'I/>J. 
s 

('I/J,+%- k2 w 
Mter some algebraic manipulation, we get 

with the solutions 

If medium 2 is not semi-infinite, but has a finite thiclmess ~, and water 

fills the rest of the space·beyond the botUldary, then the amplitude 'I/>J. is nrultiplied 

by a factor 72,w = 2~Z2/{Z2 +Zw) upon transmission across the botUldary, where 

Z2 = P2~ and Zw = pwCw are the acoustic impedances of medium 2 and water 

respectively. The amplitude of the pressure wave in water is 

p(w) = -iwpw'I/>J.(w)72,w . (6.48) 
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In tenns of ffi2 and n2, the amplitude transmission coefficient can also be expressed 

as 
1'-. _ 2ffi2n2 

2,w- + ffi2 n2 

The pressure amplitude can then be expressed explicitly as 

p(w) = 

(6.49) 

(6.50) 

I t is to be noted that p( w) is well behaved at all frequencies and it can be inverted 

by the inverse Fourier transfonn to get the pressure pulse in the time-domain, 

p(t) = ~ i dw p(w)e-iw(t- L2/C2 -La/cw) . 
271" J-oo (6.51) 

The time integral of the pressure pulse (or the total impulse per unit area) is given 

by the zero frequency component of (6.50), which can be evaluated by letting 

((w) = eikwd 
-t (1 + ilcwd) , 

so 

p( w = 0) - L p( t) dt 

(P~:d) (nlm, ~ml"') (,!,~~) (6.52) 

In the case when medium 1 and medium 2 are made up of the same 

materials, ml = ffi2 = m, nl = n2 = n, so (6.50) and (6.52) can be simplified to 

. ((3CwQd'): (2mn) ( 1 ) ( (e
ikwd 

- 1) ) 
p(w) = -z Cp m+n kwd (m+n) - (m- n)eikwd ' (6.53) 

p(w = 0) = ((3CwQd) (~) . 
Cp m+n 

(6.54) 



If a transducer with an impulse response H(w) is used to detect the pres

sure pulse, ·then the voltage output will be given by 

V(w) = p(w)H(w). (6.55) 

It is often convenient to characterize the output signal strength in terms of the 

total energy of the output voltage pulse, i.e. 

(6.56) 

Using Parseval's theorem, this signal strength can also be calculated in the fre

quency domain by 

52 L IV(w)j2dw 

- L Ip(wWIH(w)12dw (6.57) 

6.2 Results of Calculations 

'The expression (6.50) for the frequency spectra of the pressure pulses generated 

from the water layer of thickness d were evaluated for several different boundary 

conditions. 'The corresponding time-domain pressure wavefonns were also evalu

ated nwnerically by the inverse FIT algorithm. 'The results are shown in Fig. 6.3. 

It is seen that the pressure pulse is a superposition of rectangular pulses, each of 

width d/Cw, resulting from the multiple reflections of the initial pulse at the two 

boundaries. 

'The initial pulse has a height of PoT2,w, with 

f3c'!oq 
Po = I)C .. P 

(6.58) 

and T2,w is the transmission factor from medium 2 to water given by (6.49). The 

pulse height Po before transmission is independent of the thickness of the water 
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Figure 6.3: Pressure waveforms and corresponding frequency spectra of the 
thin-water-Iayer thennoacoustic source for different boundary media. (a,b) 
PI = P2 = 1.15 g/cm3

, CI = C2 = 2700 m/s (acrylic). (c,d) PI = P2 = 0.92 
g/cm3 , CI = C2 = 1950 m/s (polyethylene). (continued on next page) . 
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Figure 6.3: (continued) (e,f) PI = P2 = 1.18 gjcm3
, CI = ~ = 2540 mjs (Mylar). 

(g,h) PI = P2 = 1.00 gjcm3
, Cl = ~ = 1500 mjs (acoustical impedances of the two 

boundary media match that of water). (continued on next page) 
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Figure 6.3: (continued)·.(ij) PI = 0.001 gJcm3
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PI = 2.49 g/cm3

, P2 = 1.15 g/cm3
, CI = 5660 mis, C2 = 2700 m/s (medium 1 = 

glass, medium 2 = acrylic). 
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layer or the properties of the boundary media used, and is proportional to q. If 

medium 1 has an acoustic impedance ZI, matching that of water, then a purely 

unipolar pulse is obtained, and the transmitted pressure pulse height depends only 

on the transmission factor n,w' On the other hand, if medium 2 has the same 

impedance as water, while ZI differs considerably from Zw, then a bipolar pulse 

results if ZI < Zw, and a unipolar pulse with width 2d/Cw is obtained if ZI > Zw, 

due to a s~gle reflection of the initial pulse from the interface between medium 

1 and water. If both ZI and Z2 differ considerably from Zw, then the resulting 

pressure pulse is governed by the multiple reflections of the initial pulse from 

the two boundaries. If both ZI, Z2 ~ Zw, then the pressure pulse is practically 

unipolar with a 'tail' due to the small but nonzero reflections. 

For comparison, the calculated thermoacoustic pressure spectrum and 

waveform resulting from the absorption of microwave in water at an interface 

between acrylic and water is shown in Fig. 6.4. The m.a.xinrum pulse height is also 

Po = ({3c'!q)/(2Cp ) , where q refers to the absorbed heat per unit volume at the 

interface. However, the pulse width is of the order of the attenuation length (2a)-1 

of microwave power in water, which is nruch longer than the width of the water 

layer d used in the previous situation. For the 2450 MHz microwaves, a '" 0.3cm-1 

and thus the bandwidth of this pressure pulse is only", 90 kHz. On the other hand, 

for the thin-water-Iayer source, the thickness d can be less than 0.1 mm, with a 

corresponding bandwidth of Cw/d > 15 MHz. 1 It will be shown later that with 

the proper choice of the thicknesses Ll and ~ of the two boundary media, q can 

be enhanced by nearly 80 times in the thin water layer, when compared to that 

at the single interface of water with one of the media. Thus, the thin-water-Iayer 

source can be a nruch more efficient source of ultrasonic energy than the single 

boundary source. 

1 In reality, this may not be achieved due to the finite width r mw of the microwave pulse. The 
actual bandwidth is the lesser of l/Tmw and cw/d. 
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Figure 6.4: Pressure wavefonn and the corresponding frequency spectrum of the 
thennoacoustic pulse generated at an acrylic-water interface. 

The fraction of the incidence microwave energy reflected, transmitted and 

absorbed (in the water layer) in passing through the dielectric and water layers 

for different thiclmesses d, with L1 = ~ =24.6 nun and n1 = 1't2 = 1.5 is shown 

in Fig. 6.5. This plot was generated by evaluating (6.24), (6.25) and (6.26) after 

solving the preceeding matrix: equations for (Er / Ei) and (S/ Ei) numerically. The 

ratio Q / Ii (which determines the thennoacoustic pulse height for a unit of incident 

microwave intensity) is also evaluated and shown in Fig. 6.6. The heat deposition 

profiles Q(z)/ Ii inside the water layer calculated from (6.34) for various values of 

d are shown in Fig. 6.7. It can be seen that the heat deposition profile is 

practically tmif'onn for values of d up to '" 1.5 mm. At larger thiclmesses, standing 

wave patterns are fonned due to the interference of the forward and backward 

going electromagnetic waves inside the water layer. As expected, if d» (2a) -1, 

the heat deposition profile tends to an exponential decay curve, since the forward 

going wave has been so attenuated that the amplitude of the reflected wave at 

the second boundary is negligible, and now the source configuration is effectively 
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FigUre 6.5: Variation of the relative transmitted (It! Ii), reflected (IT/Ii) and ab
sorbed (Qd/li) microwave energy with water layer thickness d for the thin water 
layer thennoacoustic source (Ll = ~ = 24.6 nun, nl = 112 = 1.5). 
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Figure 6.6: Variation of Q/ Ii with water layer thickness d for the thin-water-layer 
thermoacoustic source (Ll = ~ = 24.6 mm, nl = n2 = 1.5). 
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a single boundary thermoacoustic source. 'The value of Q / Ii at the first botU1dary 

approaches a value of 36.4 m- I , in comparison to the limiting value of 838 m- I for 

d -jo O. 'This represents an enhancement of the thermoacoustic pulse height by a 

factor of 23 for the thin water layer thermoacoustic source. 'Ibis factor can be made 

as high as 80 if values of the refractive indices (nI' n2) and thiclmesses (Ll' L2) 

are chosen to maximize it. Fig. 6.8 shows the variation of Q/ Ii with Ll and ~, 

for the case when ni = ~ = 1.5 and d -jo O. It can be seen that the contours are 

mostly running parallel to the Ll axis. TIIUS, Ll has little effect on the microwave 

absorption rate in the water layer, though it tends to maximize the absorption 

rate if it is a multiple of a half wavelength. However, the absorption rate is at a 

maxinnun when ~ is an odd multiple of a quarter wavelength in medium 2, and 

minirrn.un when ~ is a multiple of a half wavelength. The effect of the refractive 

indices of the boundary media can be seen in Fig. 6.9. Here, the maximized value 

of the absorption rate (Q/ Ii)max at e<;lCh value of the refractive index is plotted. It 

is assumed that the two boundary media have the same refractive index n. 

If the pressure pulse widt~ .~~ considerably smaller than the response time 

of the transducer used in the detection of the pulse, then the output from the 

transducer is essentially its impulse response, and the amplitude of the signal 

output is proportional to the total impulse delivered to the transducer. 'Thus, the 

thin-water-Iayer thermoacoustic source may also be used to determine the impulse 

response of the transducer. If the incidence microwave intensity is mown, this 

technique can be used in the calibration of the transducer. From (6.52), it is seen 

that the total impulse delivered to the transducer is proportional to the product 

Qd. Since Q falls off with increasing d, Qd will reach a maxinnun as d increases 

from zero. 'The earlier part of the Qd/ Ii curve in Fig. 6.5 with a maximum at 

'" 0.6 mm clearly shows this behavior 2. 

2The later part of the curve is governed by the microwave resonance cavity effect, where strong 
absorption occurs for certain values of d. However, d is now greater than a few millimeters, and 
does not fall into the domain of 'thin water layer'. 



183 

40 

30 

10 

o 
o 10 20 30 40 

Ll (mm) 

Figure 6.8: Contour plot for the dependence of Q/ Ii on Ll and ~ for a thin water 
layer trapped between two dielectric media (nl = 1t2 = 1.5, d -+ 0). The contours 
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6.3 Experimental Study of the Thin-Water-Layer Thermoacoustic Source 

(a) Method 

The general experimental setup and techniques for the detection of the microwave 

induced thennoacoustic emissions has been described in Chapter 3. Only the de

tails of the thin-water-layer source need to be elaborated here. The thennoacoustic 

source is shown in Fig. 6.10. The first medium was a rectangular acrylic block (70 

mm x 110 mm x 24.6 mm high) attached to the center of the base of the water 

tank by silicone rubber adhesive/sealant (Dow Corning RTV) to exclude water 

from any space between the water tank base and the bottom surface of the acrylic 

block. The second medium was another acrylic block with the same thickness (50 

mm x 85 mm x 24.6 mm), placed on top of the first acrylic block. The thin wa

ter layer trapped between the two acrylic blocks constituted our thennoacoustic 

source region. The thickness of this water layer could be varied. by attaching a 

known number of layers of transparent self-adhesive tape (3M Scotch tape) along 

two opposite sides on the bottom surface of the upper acrylic block. The thickness 

of a layer of adhesive tape was found from the measurement of the thickness of 10 

adhesive tape layers using a micrometer, and was found to be 6O±3J.lm. Thus, the 

water layer thickness could be incremented in steps of 60 J.lm. The water tank was 

filled with water and the transducer was positioned near the water surface, with its 

axis perpendicular to the surfaces of the acrylic blocks. Care was taken to ensure 

that no air bubble was trapped between the surfaces of the two acrylic blocks. 

Two pieces of nylon string were attached to an edge of the upper acrylic block 

to facilitate easy movement (to remove air bubbles), removal and replacement (to 

put on more layers of adhesive tape in order to vary the water layer thickness) of 

the upper acrylic block durng the course of an experiment without disturbing the 

position of the transducer. 
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The thennoacoustic signals from the thin water layer and the acrylic/water 

interface at the upper sunace of the upper acrylic block were recorded using the 

signal averaging technique described earlier (Sec. 3.4) for various thicknesses d of 

the water layer. The microwave pulse heights were also recorded. 'The time integral 

of the square of the analytic signal magnitude (which is proportional to the total 

energy contained in each acoustic pulse, see Sec. 4.1) was computed and its square 

root was taken as the signal strength of the thermoacoustic signal 3. This signal 

strength was then normalized by dividing it by the square of the microwave pulse 

height. TIle experiment was repeated using three transducers with 500 kHz, 1.6 

MHz and 2.25 MHz center frequencies. 

(b) Results 

Typical thennoacoustic signals recorded by the signal averager are shown in Fig. 6.11 

for the 500 kHz and 2.25 MHz transducers using the source configuration illustrated 

in Fig 6.10. One way to compare the experimental result with the theory is to find 

the ratio of the signal strengths from the thin-water-Iayer thennoacoustic source 

and the single water/acrylic boundary thennoacoustic source 4. Table 6.1 gives 

the experimental values of this ratio for the 2.25 MHz transducer (d =0.12 mm) 

and the 500 kHz transducer (d =0.30 mm) together with the values predicted from 

theory. TIle experimental ratios are smaller than the calculated ratios for both 

transducers, and the discrepancies are greater for the higher frequency transducer. 

These differences may be due to the attenuation of the acoustic waves in travers

ing through the acrylic block. The att~nuation generally increases with frequency, 

which explains the greater discrepancy for the 2.25 MHz transducer. 

It is also interesting to compare the signal waveforms obtained from the 

3With the aid of the PC-320 signal processor board, these computations could be done in real 
time. 

4i.e. when the upper acrylic block is removed. 
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Figure 6.11: Typical signals from the thin-water-layer therrnoacoustic source de
tected by the 2.25 MHz (top) and 500 kHz (bottom) transducers. (a) return from 
the top surface of the upper acrylic block, (b) return from the thin water layer, (c) 
reflection of (b) from the botmdaries. 
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Table 6.1: The ratio of the signal strengths from the thin water layer thermoacous
tic source and the single water/acrylic bO\llldary thermoacoustic source 

Transducer experimental calculated 
ratio ratio 

2.25 MHz 20 ± 3 28.0 
(d =0.12 nun) 

500 kHz 15 ± 5 18.8 
(d =0.30 nun) 

tm:> types of thermoacoustic sources. Fig. 6.12 (a) and (b) show respectively the 

signal waveforms from the single boundary source and the thin-water-layer source. 

Fig. 6.12 (c) is the resultant waveform obtained by differentiating and then invert

ing (a). This waveform is similar to (b). Fig. 6.13 shows the same results for the 

500 kHz transducer. 

As far as the transducer response is concerned, the incident pressure pulse 

from the single boundary source looks like a negative step function pulse. Since the 

exponential precursor is slowly rising 5, the transducer responds only to the sharp 

fallirig edge of the pressure pulse. On the other hand, the pressure pulse from the 

thin-water-Iayer source is a positive unipolar pulse. Differentiating the negative 

step function results in a negative unipolar pulse. The waveform (a) is thus the 

negative step function response of the transducer while (b) is the impulse response. 

Therefore, it should be expected that by differentiating and then inverting the 

negative step function response, the impulse response would be obtained. 

The variation of the thermoacoustic signal strength S from the thin water 

5characteristic time = (2ca)-1 '" 20J.l8 compared to'" O.5J.l8 response time of the transducer. 



190 

(a) 

(b) 

(c) 

Figure 6.12: (a) The negative step flUlction response of the 2.25 MHz transducer 
obtained from the single acrylic/water boWldary source. (b) The impulse response 
of the 2.25 MHz transducer obtained from the thin water layer source bollllded by 
two acrylic surfaces (d = 0.12 nun). (c) Waveform obtained by differentiating and 
then inverting (a). 
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(a) 

(b) 

(c) 

Figure 6.13: (a) The negative step f1lllction response of the 500 kHz transducer 
obtained from the single acrylic/water b01llldary source. (b) The impulse response 
of the 500 kHz transducer obtained from the thin water layer source bounded by 
tm> acrylic surfaces (d = 0.30 mm). (c) Waveform obtained by differentiating and 
then inverting (a). 
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layer with the thickness of the water layer d is shown in Fig. 6. 14a,b,c for the 500 

kHz, 1.6 MHz and 2.25 MHz transducers. The solid lines are the results of fitting 

the data points to the theoretical curves calculated using equations (6.26), (6.53) 

and (6.57). Since both the transducers' sensitivities and the microwave powers used 

were not accurately mown, the scale factors for the calculated signal strengths were 

adjusted to get the best fit curves to the data points. 'The calculated curves give 

the correct positions of the maximum signal strengths in all three cases. It is to be 

noted that the data points plotted at 'd = 0' actually correspond to the case when 

the upper acrylic block is placed directly on the upper surface of the lower acrylic 

block, with a thin water layer separating the two surfaces 'in contact'. It is not 

clear what the thickness of this water layer is, but it would be dependent on the 

weight of the upper acrylic block, the surface tension of the water/acrylic interface 

and the surface roughness. 'The signal strengths should vanish as d -+ O. However, 

the actual signal strength observed seems to be much larger than expected. 

6.4 Conclusion 

We have demonstrated a teclmique of constructing a microwave induced thenno

acoustic source capable of launching large aperture pulsed ultrasonic plane waves 

in water. A model has also been developed to explain the enhancement of the de

tected ultrasonic signals using this source configuration over the single boundary 

source, which at first glance seemed to be anomalous. With proper matching of 

the acoustic impedances of the boundary media, a unipolar ultrasonic wave can 

be obtained. 'Though broad bandwidth transducers were not available for us to 

demonstrate this feature of the source directly, comparison of the signal waveforms 

obtained from this source and the ones obtained from the single boundary source 

suggests that the acoustic pulse is in fact unipolar. 'This ultrasonic source can be 

applied in transducer calibration and in obtaining the one-way impulse response 
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Figure 6.14: {a} Variation of the thennoacoustic signal strength S from the thin 
water layer with the thickness of the water layer d in the thin-water-Iayer thenno
acoustic source configuration for (a) the 500 kHz transducer, (contirrued on next 
page) 
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Figure 6.14: (b) (continue from previous page) the 1.6 MHz transducer, (continued 
on next page) 
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195 



196 

of the transducer as opposed to the two-way impulse response usually obtained 

using the pulse echo technique. This source is also useful in ultrasonic scattering 

and attenuation experiments where the wide aperture, wide bandwidth and plane 

wave characteristics of the source are desirable (Yu et al., 1979; Thompson and 

Hsu, 1988), which are often difficult to obtain using a piezoelectric transducer as 

the source of the acoustic pulse. 
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CHAPTER 7 

SUl\t1J.\.1ARY AND CONCLUSION 

In summary, this dissertation has covered three areas in radiation-induced thenno

acoustic emissions: 

1. application to biomedical imaging and tissue characterization, 

2. temperature dependence of the acoustic signals in water, 

3. constmction of a large aperture thennoacoustic source of ultrasonic frequency 

suitable for NDE applications .. 

Each of these areas will be summarized below, together with suggestions for pos

sible future experiments. 

7.1 Imaging Applications 

A model for interpreting the thennoacoustic signals detected by a directional trans

ducer in our experimental system has been developed, which may be used in the 

design of future thennoacoustic imaging systems employing deeply penetrating rar 

diations. The model will also facilitate comparisons with other types of imaging 

systems, such as the pulse-echo ultrasonic imaging system. Specifically, the out

put signal can be expressed as the convolution of the step-function respons~ of 

the transducer with the derivative of a source-profile function J(z) which may be 

interpreted as a sample of the thennoacoustic source distribution over a sampling 
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aperture defined by the directivity function of the transducer, and over a slice 

thickness detennined by the bandwidth of the frequency response of the trans

ducer. 

A comparison was made between a thermoacoustic imaging system and a 

pulse-echo imaging system with respect to their lateral and depth resolutions. It 

is found that the central frequency of the transducer used in the thermoacoustic 

imaging system has to be increased by a factor of v'2 relative to the central fre

quency used in the pulse-echo system, wIllie preserving the bandwidth to central 

frequency ratio, so that the intrinsic difference in the lateral and depth resolutions 

are properly compensated. 

A new method of characterizing biological tissues by their thermoacoustic 

properties is proposed. The properties of interest in this case is the distribution of 

the thermoacoustic source function (3Q(r)/Cp. A model has been developed relat

ing the power spectrum of the thermoacoustic signals to the tissues' microstructure 

via the autocorrelation function of the thermoacoustic source distribution in the 

tissues. By employing transducers with appropriate central frequencies, different 

length scales within the tissues can be investigated. 

The results of the imaging experiments confinn that thermoacoustic emis

sions can be induced by low-power microwave pulses, which are detectable using 

the signal averaging technique. The analytic signal magnitude has been success

fully employed in detecting the peak of the thermoacoustic pulses, with superior 

performance. Excellent depth resolution has been obtained, which is comparable 

with a wavelength of the acoustic pulse observed. Other rJ. signals have also been 

converted to video signals using the analytic signal magnitudes, resembling A-mode 

pulse-echo imaging. Signals from various materials have been examined. Returns 

from a flat surface has been shown to be governed by the impulse response of the 

transducer. Results from the microwave bone phantom show that good resolution 
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can be obtained and that signals can be detected even in the presence of the bone 

obstruction. Thennoacoustic emissisons from two biological materials, collagen 

fibers and dog kidney have also been observed, indicating the prospect of using 

thennoacoustic emissions in diagnostic imaging. The signals from the dog kidney 

show some structtrre, which may be related to the tissue structtrre. Thennoacous

tic emissions have also been detected from the dose-gradient at the edges of an 

x-ray beam in water, showing the potential of using this technique in the location 

of the x-ray beam edges relative to the critical organs during radiation therapy, so 

that these critical organs may be spared from unnecessary radiation doses. All of 

these results suggest that thermoacoustic signals generated by deeply penetrating 

radiations offer the possibility of producing medical images not revealed by con

ventional ultrasonic, x-ray, and magnetic resonance imaging. We may conclude 

that employing thermoacoustic emissions as an adjunct to ctrrrent conventional 

noninvasive diagnostic techniques is technically feasable and potentially useful. 

The proposed models for thermoacoustic imaging and tissue character

ization make use of the thennoacoustic wave equation which has been derived 

by assuming propagation in a homogeneous, isotropic and inviscid mediwn. In 

essence, this assumption amounts to neglecting the attenuation (absorption and 

scattering) of the thermoacoustic waves by tissues. This is not a serious limitation, 

since'the effect of attenuation can be incorporated into the model by letting the 

acoustic wave mmlher to be complex. No experiment has yet been done to verify 

the proposed thennoacoustic method of tissue characterization. Thus, experiments 

using animal tissues and tissue-simulating phantoms will be desirable. If tissue

sinrulating phantoms are to be used, the major forseeable problems will be the 

construction of phantoms which simulate both the acoustical and electrical prop

erties of soft tissues, and also possess granularity similar to the cellular strudtrre 

of tissues. Nonna! animal tissues and tissues with mown pathological conditions 

may be used as samples to investigate whether they can be differentiated by their 
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thermoacoustic signatures. The advantage of using phantoms is that the samples 

are more easily reproducible and their characteristics can be controlled, whereas 

natural variation occurs even within the same class of animal tissues. It would also 

be interesting to compare the results of using different heating energy (such as rJ. 

current, microwaves of different frequencies, or even laser pulses), since the tissues 

would interact differently with different forms of energy. 

7.2 'Thmperature Dependence of Acoustic Signals 

We have observed a non vanishing acoustic signal induced by microwave pulses in 

water at 4°C, in contrast to the predictions of the thermoacoustic model. This non

thermal component of the acoustic signals has a waveform similar to the derivative 

of the thennal component. Its amplitude is a maximum at or near 4°C. The overall 

temperature dependence of the detected signal amplitude follows that of the ther

mal expansion coefficient of water. However, the signal waveforms show a gradual 

phase change as the temperature transits from below 4° to above 4°C with a phase 

change of 7r/2 occurring at 4°C (±0.2°). Our results differ from the results of the 

laser and proton beam experiments in that the temperature of mininn.nn signal 

strength does not differ significantly from 4°C. 

The exact mechanism for the generation of this nonthennal signal is still 

not understood, but our results may be consistent with models based on nonequlib

rium theImodynamic processes. One such model was proposed by Pierce and Hsieh 

(1986), which included an additional source term proportional to (r/Tabs)(f)2Q/8t2). 

Our results are consistent with their model with r ~ 0.2 ns and 0.13 ns for 200 

ns and 400 ns microwave pulse widths, respectively. However, any model that in

cludes an additional source term proportional to 82Q/8t2 in the wave equation can 

also be consistent with our observations. A further test of the relaxation model 
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can be made by repeating the temperature dependence experiment using aqueous 

solutions of electrolytes at varying concentrations as suggested by Sigrist (1986) 

for laser induced acoustic signals, since the presence of dissolved salts would alter 

the relaxation properties of the water molecules. The value of T observed might 

be expected to vary with the salt concentration. 

7.3 l\t1icrowave-Induced mtrasonic Source 

We have demonstrated a technique of constructing a microwave induced thenno

acoustic source capable of launching large aperture ultrasonic plane wave pulses in 

water. The source consists of a thin water layer trapped between two dielectric me

dia. Due to the large mismatch in the dielectric constants, the incident microwaves 

will undergo nmltiple reflections between the dielectric boundaries trapping the wa

ter, resulting in an enhanced specific microwave absorption in the thin water layer. 

This source may be useful in the nondestructive evaluation (NDE) of materials by 

ultrasonic scattering and attenuation, where the wide aperture, wide bandwidth 

and plane wave characteristics of the source are desirable and often difficult to 

obtain using a piezoelectric transducer as the ultrasonic source. 
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APPENDIX A 

THElliVIODYNAMIC RELATIONS ENCOUNTERED IN THE 

DERIVATION OF THE THERMOACOUSTIC WAVE EQUATION 

This appendix will supply the missing steps in the derivation of the thennoacoustic 

wave equation described in Chapter 2, section 2.1. To simplify the notation, the 

subscript t has been dropped so P, p, T represent the fluid pressure, density and 

temperature respectively. There is no ambiguity since the acoustical quantities are 

not dealt with here. 

First, it is asswned that the thermodynamic state of the fluid can be 

specified by three state variables: pressure P, mass density p and temperature T. 

The specific vohllne V = 1/ p is sometimes used in place of p. The equation of 

state relates these three state variables: 

P=P(p,T) . 

The other pertinent state functions are: 

internal energy per unit mass 

U=U(p,T), 

enthalpy per unit mass 

H = H(p, T) = U + PV; 

. entropy per unit mass 

S=S(p,T), 

(A.I) 

(A.2) 

(A.3) 

(AA) 
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which is defined by 

(A.5) 

where (dH)p is the differential change in H at constant P. Note that if the fluid 

is in motion, the complete differential d(X) refers to a differential change in the 

thermodynamic variable X of a certain fluid particle. 

Some thermodynamical quantities are defined below: 

heat capacity at constant pressure 

Cp= (~)p =T(~)p , 
heat capacity at constant vc.lume 

ratio of the heat capacities 

'{)U\ (OS) 
Cv = (or ) p = T or p , 

Cp ,= Cv ' 

thermal coefficient of volume expansion 

isentropic bulk modulus 

J(s = -V (~~) s = p (~;) s ' 

isothermal bulk modulus 

J(T=-V(~~)T =P(~;)T' 
isentropic speed of sound 

_ (Ks) 1/2 _ (OP) 1/2 

c- p - op s ' 

(A.6) 

(A.7) 

(A.S) 

(A.9) 

(A. 10) 

(A.ll) 

(A.12) 



isothermal speed of sound 

cr= (;t = (~;)~2 
The first law of thennodynalnics is expressed as 

dU - TdS -PdV 
P 

- TdS + p2dp 
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(A.13) 

(A.14) 

In deriving equation (2.5) from (2.3), and (2.6) from (2.5) we need the 

following relations: 

(~~)T = ~ [p- P~P (7~ 1) 1 ' 
c2 =,e:? , 

(~)p =p~ . 
A useful relation used to simplify equation (2.12) is 

c2(32T 
,-I = C

p 
. 

(A.15) 

(A. 16) 

(A.17) 

(A.lS) 

Proof of (A.15). The differential of the internal energy function (A.2) is 

dU _ (aU) cIT + (8U) dp 
aT p . 8p T 

- GvdT + (~~)T dp . (A.19) 

Using the above relation, the isobaric heat capacity can be expressed as 

Cp (~)p 
- (~t +p(~)p 
- Cv-(3p - +-. (aU) PP 

8p T P 
(A.20) 
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Suhstituting Cv = Cp/'Y into the above equation and rearranging, we obtain the 

required relation 

Proof of (A.16). 

chain rule, 

(A.21) 

By expressing the entropy as S = S(p, T), we find the 

(OS) (aT) (op) =-1 or p op s as T . 
(A.22) 

It is also permissible to take T and P as two independent variables and express 

the entropy as S = S( P, T) to obtain 

(A.23) 

(A.24) 

(A. 25) 

(A. 26) 

and finally 

(A. 27) 

Proof of (A.17). From the equation of state P = P(p, T), we have the chain 

rule 

(A.28) 

(A.29) 



206 

Proof of (A.IS). 

obtain 

Using the first law of thennodynamics (A.14), we can 

(A. 3D) 

(A.31) 

Differentiating both sides with respect to T while keeping p constant, we obtain 

Noticing that 

{A.33} 

equation {A.32} can be arranged into 

(A.34) 

after making use of equation (A.15). Comparison of the above equation with {A.17} 

yields the result 

{A.35} 
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DIRECTIVITY FUNCTION OF PLANE AND WEAKLY 

FOCUSING TRANSDUCERS 
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The directivity ftulction for a simple case of a plane transducer is dealt with in many 

textbooks in acoustics, while the case of a curved. transducer has been discussed 

in the classic work of O'Neil {1949}. They are discussed here for the sake of 

completeness. 

B.l Plane Thanducer 

Referring to the geometry of Fig B.1, we assume, for simplicity, an axially syrrunet

rieal transducer and a lll'lifonn velocity distribution on the transducer face. The 

transducer face is a plane circular disc of radius a. The directivity ftulction is then 

re-
ikr l e

ikR 

D{r,B) = -2- d2r' -R ' (B.1) 
7l'a E 

where 

R = Ir- r'1 (B.2) 

The source point on the transducer surface has the cartesian coordinates 

, -' "/"'.1 _.J • ,,/,.' z' - 0 x - r cos '(J, Y - r SID'(J , -, {B.3} 

while the observation point in the fluid has coordinates 

x = rsinB, y = 0, z = rcosB . (BA) 
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~~+-~~----------------------~ 
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Figure B.1: Coordinate system for calculating the directivity flUlction of a plane 
transducer. 

There is no loss of generality by taking the point to be located at the x - z plane. 

The distance between these t'WO points is 

(B.5) 

(B.6) 

where it is asstuned that 1'" Ir « 1 and sin8 « 1 so that we may keep only the 

tenns up to (1'" Ir)2, while discarding all tenns with higher powers of (r'lr) and 

the tenn in sin8(r'lr)2 in the expansion of R. The directivity flUlction (2.78) can 

then be written as 

D(r,O) re- ikr f 2 eikR 

- rra2 h d r' If 
~ _1 ;: dT' r' e (ikr'2) f27r d¢' 

7ra2 a xP 2r }o 
exp[-ikr' sinO cos ¢'] . (l3.7) 

The angular integral is recognized as a representation of the Bessel function of 
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zeroth order, so 

(B.8) 

This integral caIUlot be evaiuated in closed fonn, except in certain special cases, 

such as when () = 0 (on-axis) or when r ~ 00 (far field). Otherwise, numerical 

methods have to be employed to evaluate this integral. 

(a) On-axis directivity function 

For points on the transducer axis (()=O), the integral for the directivity function 

(B.8) can be readily integrated. Thus, 

D{r = z,() = 0) _ ~;: dr' r' (ikr'2) . 
a2 0 exp 2z 

exp(ika2/2z) - 1 
(ika2/2z) 

sin(ka2/4z) (ika2
) 

- (ka2/4z) exp 4z (B.9) 

In fact, the on-axis value of the directivity function can be evaluated exactly with

out approximation using (B.l). By changing the variable of integration from 1" to 

R using R2 = 1"2 + Z2, we have 

D{r = z, () = 0) 

If the assUmption z ~ a is taken, it reduces to the form evaliIated earlier in (B.9). 

The amplitude of this on-axis directivity fWlction D{ z) is plotted in Fig. B.2 for the 

500 kHz transducer used in our experiment {with a=O.95 em, f 500 kHz, c=1500 
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m/s). Note that the function ID(z)l/z is proportional to the on-axis pressure field 

distribution of the transducer when the transducer is the source of the pressure 

wave. This function is also plotted in the figure. 

(b) Far-field directivity function 

In the far-field (1' -+ 00), the integral (B.8) becomeS 

D(r -+ 00, B) ~ ;: dr' rI Jo(kr' sinO) 
a 0 

2J1 (ka sin B) 
kasinO 

(B.11) 

Thus, the directivity function in the far field is real, and its angular dependence 

is the Fraunhofer diffraction pattern of the transducer's circular aperture. This 

pattern is plotted in Fig. B.3 for the 500 kHz transducer. 

B.2 Curved 'fransducer 

The geometry shown in Fig. B.4 is employed. The radius of curvature of the 

transducer is L and the center of curvature is located at the point C. The source 

point on the transducer surface is defined by the cylindrical coordinates (r', ¢/), 

where r' is its radial distance from the axis, and ¢/ is its azimuthal angle. The 

angle subtended by the source point at C (measured from the axis) is denoted by 

,,(, which is related to r' by 

Ifrl ~ L then 

. r' 
sm"(= L . 

../L2 - r2 1"2 
cos "( = L ~ 1 - 2L . 

The angle subtended by the transducer radius at C is denoted by a:, with 

. a 
sma: = L 

(B.12) 

(B.13) 

(B.14) 
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Figure B.2: 'The on-axis directivity fWlction ID{z)1 and field distribution ID{z)llz 
for the 500 kHz plane-disc transducer (a=O.95 em, f 500 kHz, c=15oo m/s). 
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Figure B.3: 'The directivity fWlction in the far-field for the 500 kHz plane-disc 
transducer (a=O.95 em, 1=500 kHz). 

and the 'depth' of the transducer's surface is 

h = L(1 - cos a) . (B.15) 

In terms of these quantities, the differential area element on the trans

ducer's surface is 

L2' d d,/,.' T'dT' d¢/ sm, "'( 'f-' = . cos"'( 
(B.16) 

'The factor of cos"'( may be taken as 1 for a weakly focusing transducer. TIle 

cartesian coordinates of the souree point (with 0 as the origin) are 

x' = Lsin"'(cos¢/ , Y = L sin "'(sin ¢>' , t = L(I- cos"'(), (B.17) 

and the coordinates of the observation point are 

x=rsinO, y=O, z=rcosO, (B.18) 
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R 

1< ~ 
Figure B9!: Geometry for calculating the directivity fllllction of a curved trans
ducer. 

so 

[ 
2L L 2L.. ,] 1/2 

R = r 1- -(cosO - - )(1 - cos,) - - smOsm ,cos¢> 
r r r 

If we assume that 

and 

then 

L(l- cosO!) . 
--'---~ « 1, I.e. h « r 

r 

LsinO! 1 -- « ,i.e. a « r 
r 

R ~ r - Leos 0(1 - cos 1') + L2 (1 - cos,) - LsinO sin ,cos ¢>' 
r 

(B.19) 

(B.20) 

(B.21) 

~ r - r' sin 0 cos ¢/ - r'2 (cos 0 - !:.) (B.22) 
2L r 

The directivity fllllction can then be expressed as 

D(r,O) = ,,:, I dI r' exp [i~' (~ -cos o)].t d.p' exp[ -ikr sinO cos 1>1 . 
(B.23) 
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Figure B.5: The directivity fWlction at center of curvature for the 2.25 MHz weakly 
focusing transducer (a=0.95 cm, f 2.25 MHz, L=lO em). 

The same integral representation of the zeroth order Bessel function appears in 

the angular integration. Thus, 

2 I [ikrl2 (L )] D(r,O) = a2 0 dr' r' exp 2L r - coso Jo(kr'sinB). 

(a) Directivity function near the focal plane 

At points near to the focal plane (z ~ L), the directivity function becomes 

D(r, B)lrcosl};::jL - ~ r dr' r' Jo(kr' sinB) 
a }o 
2J1 (kasinO) 

kasinB 

(B.24) 

(B.25) 

This expression is exactly the same as the far-field directivity of a plane-disc trans

ducer. This function is plotted in Fig. B.5 for the 2.25 MHz curved transducer 

used in our experiment (a=O.95 em, f 2.25 MHz, L=lO cm). 
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(b) On-axis response 

For points on the transducer axis, the integral (B.24) for the directivity function 

of the curved transducer can be evaluated as 

D(r =z,O =0) = ;, r. dr' r exp [i~2 (~-1)] 

sin [~(f - 1)] [ika2 (L -1)] 
- ka2 (k _ 1) exp 4L Z 

4L z 

(B.26) 

This on-axis directivity function D(z) is plotted in Fig. B.6 for the 2.25 MHz 

weakly focusing transducer, together with its field distribution D(z)/z. Note that 

the maximum of the directivity function is located at the center of curvature (z=lO 

em), while the maxirmun of the field distribution is shifted closer to the transducer 

(at z ~8 cm). The 'focal point' of the transducer nonnally refers to the maximum 

of the field distribution. 

'. 
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Figure B.6: The on-axis directivity function /D(z)/ and field distribution /D(z)//z 
for the 2.25 MHz curved transducer (a=O.95 em, f 2.25 MHz, L=lO em, c=1500 
m/s). 
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APPENDIX C 

PROPAGATION OF A PLANE-POLARIZED 

ELECTROMAGNETIC WAVE ACROSS A SERIES OF PARALLEL 

DIELECTRIC LAYERS 

In Chapter 6, the propagation of a plane-polarized electromagnetic plane wave 

through a thin water layer sandwiched between two dielectric slabs was discussed. 

We will now cg~ip'er a general case, where the electromagnetic wave propagates 

through a serieS of N parallel dielectric layers. The geometry of the problem is 

shown in Fig. c.l. The electromagnetic plane wave (frequency w) propagates along 

the z-axis, and is polarized along the x-a.'Cis. The j-th layer has a complex 

refractive index nj = nj + inJ, and thickness dj . Each layer is assumed to be 

nonmagnetic, with a magnetic permeability of one. Inside this dielectric layer, the 

complex wave munber is 

kj - kj +iaj , 

- ':::.(nj +inJ) . 
c 

The electric and magnetic fields are given by 

and a factor of e-iwt is understood. 

(C.1) 

(C.2) 

(C.3) 

The E and B fields have to satisfy the boundary conditions that their 

tangential components are continuous across each boundary. At the j-th boundary 
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Figure' 0.1: Propagation of a plane electromagnetic wave through a series of di
electric layers. 



(at Z = Zj-ll j = 1,2, ... , N), the boundary conditions are 

Ef,j-l + Ebtj-l 
1 

- ~j Eftj + ~jEb,j , 

m· 
Ef,s-l ....,. Eb,lJ-l - _, Ef' - m·(Eb · 

~j ,J JJ ,J' 

where 

~j - eikjdj , 
n' 

m' - _J 
J 

nj-l 

The set of equations (CA) can be written as a matrix equation: 

where the matrix Mj) is 

(1 +mj) 
2~j 

(1- Nj ) 
~j 

(1- Nj)~j 
2 

(1 +Nj)~j 
2 
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(e.4) 

(e.5) 

(e.6) 

(e.7) 

(e.8) 

At the last boundary where the transmitted wave emerges, the corresponding ma

trix equation is 

where the matrix MN+1) is 

(1 +mN+l) 
2 

(1- mN+d 
2 

o 

o 

(e.9) 

) . (C.lO) 
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Given the incident amplitude Ej , the transmitted and reflected wave am

plitudes can be found from 

(C.Il) 

where 

The wave amplitudes in layer j can then be calculated from 

Knowing (EI,j,Eb,j), the heat deposition profile in the j-th layer can be 

calculated. The Poynting vector (in Gaussian cgs units) is given by 

c 
- 47r~[Ej(z)] x lR[Bj(z)] , 

- z4: [IEI,jle-ll'j(z-Zj)cos(wt- kj - <PM) + 
IEb,ilell'j(z-Zj) cos(wt + It; - <Pb,j)] x 

Injl [IEf,jle-ll'j(z-Zj) cos(wt - kj - <Pf,j - 1'j) -

I Eb,j I ell'j(Z-Zj ) cos(wt + IS - <Pb,j - 1'j)] , 

where the complex refractive index has been expressed as 

(C.14) 

(C.15) 

and <PI,j and <PbJ are the phases of EI,j and Eb,j, respectively. The time-averaged 

Poynting vector can be shown to be 

<Sj(Z» = zS: {njIEI,jI2e-2Il'j(Z-Zj) - njIEb,jI2e2Il'j(Z-Zj) 

-2njl EI,j II Eb,il sin[21S(z - Zj) + <PI,j - <Pb,i]}. (C.16) 
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'The heat deposition profile is then given by 

Qj(Z) - - \l . <Sj(Z) > 
n"Q'~ {IE '1 2e-2aj (z-Zj) + IE '1 2e2aj(z-Zj) + - }} 411' I,} b,} 

21 EI,jll Ebdl cos[2kj(z - Zj) + ¢/,j - ¢b,j]} . (GI7) 
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