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lead to an 



as the wave progresses and for media with low linear absorp- 
tion coefficients, serves as a descriptor of the degree of finite 
amplitude distortion. 3 [For 0- < 1, there are no discontinui- 
ties in the wave but the waveform may be distorted. For this 
reason, 0- is sometimes called the distortion parameter. ] In 
its general form, the shock parameter is given by the line 
integral along the path I [ray tube, (Blackstock, 1972) ] as 
follows: 

0- = l•k 
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FIG. 7. Normalized weak shock heating for plane waves. Frequency -- 4 
MHz. Maximum heating rates increase as the point of observation ap- 
proaches the source but higher source intensities are necessary to achieve 
maximal heating. 

sented as H/Io, the maximum heating occurs at approxi- 
mately •r = 2. 

Total heating is the sum of the excess material and weak 
shock heating rates. This behavior is illustrated in Fig. 8. The 
assumptions leading to this conclusion should be valid under 
the experimental conditions of this study. 

The approach that we have used here is simple enough 
to allow a good intuitive feeling for the physical processes 
that are involved. Weak shock theory provides the basic con- 
cepts of finite amplitude absorption. However, it assumes 
that the linear absorption of the propagating medium is neg- 
ligible and needs to be  Tj
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FIG. 9. Representative temperature measurements. The solid curve repre- 
sents the temperature as recorded by a thermocouple embedded in an agar 
sample. The dashed curve is the temperature rise which would have oc- 
curred in the medium in the absence of the thermocouple. It was obtained 
by computing a series of heating curves for the measured beam pattern of 
the source and matching them to the experimental curve in the time period 
t > 1 s. The dotted curve, the difference between the solid and dashed curves, 
is the temperature rise which results from localized heating and other spur- 
ious effects related to the presence of the thermocouple. 

pie is confined to a layer of a few tens of micrometers and, 
because of heat diffusion, the rate of rise of temperature re- 
sulting from localized heating becomes negligible after a few 
tenths of a second (Fig. 9 ). In contrast, the direct heating of 
the medium by absorption, is distributed over the sound 
beam with a radius of the order of 1 mm. Thus the rate of rise 

of temperature of the medium between 1 and 2 s is dominat- 
ed by heating of the medium. Use of the data obtained be- 
tween 1 and 2 s avoided the artifact of localized heating 
caused by the presence of the thermocouple in the sound 
field, but for our focused sound fields, heat diffusion from 
the beam had a significant effect upon the rate of rise of 
temperature at times greater than 0.5 s. Hence, it was neces- 
sary to apply a theoretical correction to the temperature data 
(as discussed below) for heat diffusion from the sound beam 
to obtain the actual heating rate. 

For temperature data acquisition, the output of the ther- 
mocouple amplifier was recorded on a strip chart or convert- 
ed to digital form and stored in a laboratory computer. Sam- 
ple temperature data are shown in Fig. 9. These raw data 
include contributions from localized relative motion heating 
of the thermocouple as well as direct heating of the medium. 
Note the rapid rise in the first 0.1-0.2 s (localized heating) 
followed by a slower rise which is dominated by heating of 
the medium. The problem of relative motion losses in a finite 
amplitude wave has not been investigated. For the present 
study, the question has been avoided by elimination of local 
heating from the total heating rates. A further potential 
source of error is the conduction of heat away from the cen- 
ter of the field along the thermocouple wires. The magnitude 
of this effect is difficult to estimate, particularly in the dy- 

namic system considered here, but an estimate based on the 
formulation of Dickinson (1985) gave the error to be typi- 
cally 20% at low amplitudes. Experimental comparisons of 
the heating rate measured by thermocouples made from dif- 
ferent thicknesses of wire indicate that this error is less than 

10% in practice. 

E. Beam patterns versus heating patterns 

In order to make the corrections to the temperature data 
for heat diffusion alluded to above, we require information 
on the spatial distribution of the heating rate at the site of the 
thermocouple. The only device available to us with adequate 
resolution for these sharply focused sound fields is the ther- 
mocouple itself. At low intensities, we found that the re- 
sponse of the thermocouple to short (0.05 s) pulses was a 
linear function of local intensity over a range greater than a 
factor of 10. Thus the low intensity beam patterns could be 
obtained by slowly sweeping the thermocouple across the 
beam while pulsing the source at a cycle of 0.05 s on and 2 s 
off. The focal length Zo of the field was taken to be the dis- 
tance from the source where the sound beam had its smallest 

cross section. At the present time, there is no established way 
to measure directly the heating patterns of focused sound 
fields under nonlinear conditions. Thermocouples have suf- 
ficient spatial resolution for the task if very short pulses of 
sound are used in the measurements but we have no basis in 

present knowledge to conclude that the localized heating at 
the thermocouple interface is proportional to the heating of 
the medium under shock conditions. For this reason we have 

computed the effects of finite amplitudes on heating patterns 
as discussed below. 

There are two qualitatively different finite amplitude ef- 
fects on the beam patterns of sound sources. First, under 
certain conditions, the distribution of the intensity of the 
sound itself is changed because of relatively greater attenu- 
ation of the axial portion of the beam. This tends to "flatten" 
the beam pattern when the axial portion of the beam be- 
comes a sawtooth wave (Muir and Carstensen, 1980; Car- 
stensen et al., 1980, Shooter et al., 1974). Second and per- 
haps more important for this study, the "heating pattern" of 
the sound field can be sharpened when the shock parameter 
for the axial portion of the beam is between 1 and 3. This 
arises because the heating rate increases very rapidly as a 
function of intensity once shock formation begins. Thus the 
large axial intensities produce disproportionately greater 
heating rates than the lower intensities away from the axis. 
When the shock parameter is much greater than 3, the 
transaxial intensity distribution and the heating rates com- 
bine to make the heating pattern broader than it is at low 
source intensities. We treated the subject by measuring the 
transaxial intensity pattern of the transducer at low intensi- 
ties and computing finite amplitude effects for off-axis field 
points as though they corresponded to proportionally lower 
source intensities than points on the axis. Examples of such 
computed heating patterns are shown in Fig. 10. 

F. Data processing 

To relate the observed heating rate at 1.5 s to the initial 
heating rate of the medium at each experimental condition, a 
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depends upon being able to deposit heat selectively at depths 
somewhat below the surface of the body. If plane-wave ultra- 
sound is used, the maximum heat development is usually at 
the surface of the body. With plane waves at finite ampli- 
tudes, surface heating, if anything, would be exaggerated. 
On purely linear considerations, it is frequently desirable to 
use focused fields for deep heating. The qualitative charac- 
teristics of finite amplitude heating which have been illus- 
trated 
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