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Karo corn syrup; and 48.9 m(isopropyl rubbing alcohol 
(90% pure). Alcohol was added to the water/phosphate/ 
sugar mixtui'e to reduce the sound speed and attenuation, 
and to stabilize the medium against bacterial growth. It is 
known that the water and alcohol undergo a complex inter- 
action. The addition of alcohol to water apparently increases 
the relative amount of water in the bound versus free state. 23 

In general, the B/A of a water/alcohol mixture increases 
rapidly for alcohol volume fractions between 10% and 50%, 
and then starts to level off. The B/A of predominantly water 
and T-butanol mixture ranged from 5-11 in Sehgal et al.'s 
study. 23 Other 50% alcohol solutions such as methanol and 
isopropanol have measured B/A values higher than that of 
water. 24 The difference in the nonlinear parameter of our 
attenuating medium, assuming B /A -- 6-10 (/3 = 4-6) rela- 
tive to water (/3 = 3.6), has the effect of increasing the effec- 
tive shock parameter (or harmonic pressure) by a factor of 
1.1-1.7 (0.8-4.6 dB) over the same conditions in water. 

The frequency-dependent absorption of our attenuating 
medium was determined by radiation force insertion loss 
measurements to be 0.012f 1'9 Np/cm with fin MHz (Fig. 
1 ). Although the frequency dependence (n = 1.9) is high- 
er 22 than that oftissues (n = 1.2-1.3 ), the nearly square-law 
function of frequency in the attenuating fluid enables com- 
parison against other theoretical results. The velocity of the 
attenuating medium was determined to be 1501 m?s using 
the time of flight of an unfocused 10-MHz nominal frequen- 
cy pulse. The attenuating medium Was recovered after each 
day of use and tested for a change in the acoustic properties 
(attenuation and velocity) over time. The attenuation and 
velocity varied by + 10% and + 3 % (from 1501 m/s up to 
1549 m/s), respectively, over the course of a week. The 
change in attenuation is within the range of uncertainty of 
the experimental technique. 21 

II. PROCEDURES 

The spatial-average source intensity Io through the lens 
was determined from radiation force measurements using a 
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FIG. 1. Frequency-dependent attenuation of water/alcohol/phosphate/su- 
gar mixture. Data points (,) were fitted to the function 0.012f 1'9 (---), 
wheref is in MHz. The standard deviation of the absorption data is shown. 
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FIG. 2. Automated harmonic data-acquisition system. 

Transducer 

rubber absorber and a Sartorius microbalance. 2• Total out- 

put power from continuous-wave measurements was divid- 
ed by source area to determine spatial-averaged intensity 
and pressure. A linear increase of pressure with voltage was 
observed, and the results were, in some cases, extrapolated to 
higher voltages. 

Field pressure distributions were determined using the 
PVDF hydrophone. The 75-W hydrophone cable was con- 
nected directly to a Tektronix 7D20 digitizing oscilloscope 
(40-MHz sampling rate; Zin •-1 MW;Cin = 20 pF) as 
shown in Fig. 2. A low-output impedance amplifier from the 
oscilloscope was used as a preamplifier for the Tektronix 
496P programmable spectrum analyzer. Harmonic beam 
patterns were obtained through computer control of the sig- 
nal generator, spectrum analyzer, and stepping motors on a 
three-axis coordinate system (Velmex Inc., 0.01-mm preci- 
sion). The Tektronix FG5010 function generator was pro- 
grammed to send a burst of 100 cycles of a specified frequen- 
cy) every 2 ins. With the spectrum analyzer running 
asynchronously on maximum hold, the peak values of the 
first five harmonics at each point within the field (41 points 
per scan line) were stored in an array after a specified acqui- 
sition duration (usually between 8 and 12 s). The point-to- 
point (incremental) distances for the axial and radial scans 
at each frequency are given in Table I. The incremental radi- 

TABLE I. Incremental scan distances. 

Frequency (MHz) Axial increment (mm) Lateral increment (mm) 

1.75 2.80 0.30 

2.25 1.75 0.25 

2.94 1.40 0.20 

3.38 



TABLE II. Spatial-average source intensity (Io). 

Low intensity High intensity 
Generator ' Generator 

Frequency voltage Io(W/cm 2) voltage Io(W/cm 2) 

1.75 0.1 0.049 0.55 1.52 

2.25 0.1 0.087 0.5 2.24 

2.94 0.2 0.070 0.6 0.92 

3.38 0.1 0.071 0.4 1.18 

al distance was chosen to include some minor lobes of the 

beam (only part of a sidelobe is evident at 1.75 MHz) while 
retaining an adequate resolution. 

To observe changes in the harmonic content of the field 
with intensity, scans at "low"- and "high"- power levels 
were performed. The power spectrum at low power mainly 
consisted of linear radiation from the transducer. The high- 
power level was chosen to approach the upper limit of quasi- 

linear shock at the focus for each frequency, while remaining 
in the linear operating region of the electronic amplifier and 
sources. Source intensities are given in Table II. The axis of 
the transducer was determined from lateral scans in orthog- 
onal planes. Axial scans were then performed at the two 
intensity levels to determine the focal distance for each har- 
monic. The focal distance was defined as the distance from 

the center of the lens to the center of the region where the 
peak amplitude varied by less than - 0.5 dB. Lateral beam 
patterns were obtained at the focus of the fundamental and 
the second harmonic at the four source frequencies and two 
intensity levels. 

In order to distinguish between linear superposition of 
transmitted harmonics and nonlinearly generated harmon- 
ics in the fluid media, waveforms and spectral content at the 
acoustic source were measured using the hydrophone. The 
second harmonic at the source was found to be between 

-- 25 and -- 30 dB below the fundamental at all frequencies 
and power levels. 
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FIG. 3. Axial and lateral beam patterns in water for the 2.25-MHz source at 
•0=0.087 W/cm •. The first (--), second (---), third (-'-), 
fourth (---), and fifth (...) harmonics are shown. 
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FIG. 4. Axial and lateral beam patterns in water for the 2.25-MHz source at 
Io = 2.24 W/cm •, The first (--), second (---), third (-'-), fourth (---), 
and fifth (...) harmonics are shown. 

2341 J. Acoust. Soc. Am., Vol. 86, No. 6, December 1989 C.R. Reilly and K. J. Parker: Finite-amplitude effects 2341 



III. RESULTS 

The axial and lateral harmonic beam patterns (normal- 
ized to the peak fundamental amplitude) in water for the 
2.25-MHz low and high intensities are given in Figs. 3 and 4. 

In Fig. 3 (low power), the magnitudes of the third 
through fifth harmonics are barely above the noise floor at 
approximately - 55 to - 60 dB. In Fig. 4 (high power), 
the beam patterns of all harmonics are clearly shown with 
diffractive sidelobes. Since the hydrophone active element 
has a 1-mm diameter, fine structures such as the fourth and 
fifth harmonic sidelobes are not resolved. 

High-power beam patterns for all four frequencies are 
shown in Figs. 5-8, where direct comparisons of the results 
in water and attenuating fluid are made. The attenuation 
effects are more significant at higher frequencies and higher 
harmonics, as expected. Even the highly attenuated beam 
patterns show strong diffractive effects of sidelobes and axial 
nulls. 

The more traditional examples of time- and frequency- 
domain representations of one waveform (2.25 MHz), mea- 

sured at high intensity at the focus, are given in Fig. 9 for 
water and Fig. diffected. ina70r Td
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FIG. 9. The (a) time-domain waveform and (b) its harmonic content at the 
focus within water for the 2.25-MHz source (Io = 2.24 W/cm2). 
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water can be used to predict results in tissues, where the 
small signal attenuation of the fundamental is applied to the 
fundamental, twice to the second harmonic, and so forth. 

As a final note, Saito et al. 2ø described the ratio of funda- 
mental to second harmonic as being relatively constant be- 
yond the focal region in their study. However, in all cases 
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