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A preliminary report on the scattering of sound by eonsdiin.
the presence o! cylindriul obstacles vrffiven by the present"
authors at the Austin symposium in 1969 . In the expeflneateiprimary beams of 7 and 5 ma: Mquency intersect perpendicularly-in water. The transducers ere circular quartz crystals or l-inr
diameter. Solid metal cylinders and. later, solid metal spheres. _uere placed in the interaction region. and the m frequency was
detected by a 12 “In transducer. munted on a rotatable era pivotedat the center of the interaction region.

The eimls mm the sources were pulsed, and the gating and
travel distances so arranged that the pulses had the same length asthe width of the source transducers and arrived in the interaction
region at the some time.

The presence ofth 191m? in a “mutual intensity
ultrasound produces a ragga-Ashe! Mmgyngpggtern. Therefore,
the presence of tag mutually perpendicular-“beamsme‘ans that at
Virtually ovary «newsman. fim.fl1ELSrhn beans or wund
travelling collinear-1y. and WWMMK of nonlinear interaction.
gens-etin Analysis

The following procedure was employed to derive an approximate
theoretical expression (or the pressure a: the sun-frequency 3151.1.

The pressure in a sound lave emitted radially by an oscillating -
cylinder is in the linear case given by

p(r) a pup 300a) ' . (n

where HO. II are Hankel function of the first kind.
For two such initial beams. Designs developed on expremionto:- the: pressure at the combination frequency. based on the

abalysfs‘o! Vestervelt. If we use Dean's equation under the
sppmximtion thet D>a . and express the result in terms of the .pressure 0! the Men frequency at the field-point :- instead
of at the surface of the cylinder. we obtain the thlloving result»
for the pressure at the sum frequency:

11.“) e [no p1(r)][Re th-n (2 k e r ‘ (2).
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where k: ml 9 :02 and Refpi (r)] represents the real part of

1:n
Eq-(l) for each of the primary frequencies.

We now make a physical assumption about the system. Thus far.

we have been talking about omnidirectional primary beans. whereas

our experimental setup produces a diffraction beam with many side

lobes. we shall therefore assume that the scattered (diffracted)

field produced by the plane wave incident on the rigid cylinder is

equivalent to a cylindrical seurce modulated by the diffraction

pattem of a plane wave incident on the cylinder. This latter

expression has the form['

n
u

Ps1”) = Vim 2 sin gei . 1 mt21-0s1n2(k.a sin c)
r nkir 1 c

e -r/(r + Q (3)

where p (I) is the pressure amplitude of the plane wave at the
face ofithe cylinder. ' The subscript i = 1 refers to the 7-5132

signal. 1 = 2. to the 5 MHz. To take into account the attenuation

of the fundamental component in each of the primary beams because

of finite-amplitude wave distortion| we have multiplied the

expression for the pressure at low intensities by e—r/(r+ 1‘)

where Ii. the discontinuity distance. is given by

1 = (1 + _B_) H.k, (h)

1? a“ 1 ‘
A.B. being the uell—knm-rn coefficients in the expansion of the

pressure in terms of the density, N .k the acoustic Mach number

and the wave number. respectively. 1 i for the appropriate

primary beam.

In accord with our assumption. therefore. we explicitly identify

the 8(r) with the Re rpi(r)'| of Eq. (2), so that the pressure
“(r will be given by"

k r

mm = ps1“) psah') E», 2) LC 2 (s)

90 0

(cylinder)

Entirely analogous arguments can be used {or the case of a

solid metal sphere. beginning again with an interaction formula

dovelaped by Dean. As a final result. we obtain

p(r)=p (r)p (r) _B_+2 kor Ink»r (6)
' 31 52 A 2 '

Doco
. (sphere)

with ( ) ( ) 1 /(

p r = p '1‘ a . g -r r+ 1.)

Bi 1 _: :1 + cat: are J1(kias sin sin e- "
2r ' (7)

for the diffraction field of a plane wave by n spherqu' Here. of

course. :15 represents the radius of the sphere.
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medmental Results

The rimental arrangements have beendescribed in detail
previousl . The formulas cf diffraction theory (3) and [7)
were verified for the high intensity sources by using each source
separately and measuring the fundamental component as a function
of the angle 9. The results are shown for the cylinder in Fig. 1
(where both of the sources were tested) and for the sphere in
Fig. 2.

The corresponding interaction patterns are plotted in Figs.
3-5. Figure 3 gives the interaction at the sum frequency of
12 MHz for the 1/ “ radius md used for Fig.1. while Pig. 1+ shows
the corresponding interaction for a rod of 1/32" radius. Fig. 5
gives the sum interaction for the 1/8" radius sphereof Pig. 2.

In all these instances. there is substantial agreement between
the experimental data and the calculated values. Another check
of the theoretical ysis is the measurement of the peak in the
sum frequency (0 = O ) as a function of the distance of the receiver
from the cylinder. Forthe intensities used inFigs. 3.“. this
peak falls of! with increase in the distance over the entire range
available for measurement. because the wave quickly reachesthe
sawtooth shape and the conditions of Eqs.}.5 applied.

A different picture could be obtained by greatly reducing
the initial sound pressures. Theseresults are shown for the
1/ ” rod in Fig. 6. Bar r < 20 cm. the sum frequency contribution
is seen to increase with distance. This corresponds to the
region of the parametric array and eliminates the possibility
that the nonlinear interaction occurred at the surface of the
cylinder. The range 20 cm < r < 55 cm corresponds to a transition
zone. Rar :- 5 35 cm. the sum frequency contribution decreases
with increasing distance in accord with Eq- 5. This latter
equation is indicated by thedashed line in the figure.

The results of the measurements therefore substantially
confirm the appearance of interaction of sound with snund when
two beams are incident on a cylindrical . or spherical obstacle,
and the fact that this interaction takes place in the manner of
the parametric array proposed by Westervelt.
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SCATTERING OF SOUND BY RIGID CYLINDER
0c=0:3l75cm,r=48.18cm,R=2I.89cm
T)V=7MHZ,p_/’IWIH)Z= 2.45 x Ioedynes/cmz
1r}7/=5MHZ,p IIHIZ=L68 x I06dynes/cm2
_._}THEORY :: EXPERIMENT
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WITH SOUND FROM SCATTERING BY RIGID CYLINDER
oc'=o.3I75cm,r=48.I8cm.R=2I.89cm.

p (I) =2.45xl06dynes/Cm2.p (I) =I.68xlOdenes/Cm2
7MHZ - 5MHZ
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INTERACTION(AT'THE SUM FREQUENCY=I2MHZ)OF SOUND
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FIGURE 3.
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