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A preliminary report on the eesttering of sound by sound:in.
the presence of ¢ylindrical cbstacles utf-fiun by the present-
authors at the Austin symposium fm 19691 J  In tha experimente;

primary beams of 7 and 5 Mhz frequency intersect perpendicularly
in water. The trapsducers are circular quarts crystals of l-ins
diameter. Solid metal cylinders mpd, later, so0lid metal spheres,
were placed in the interaction region, and the eun frequency was
detected by a 12 Miz transducer, munted on a rotatable arm plvoted
at the center of the interaction reglon.

The gignals from the sources were pulsed, and the gating and
travel distances so arranged that the pulses had the same length as
the width of the source transducers and arrived in the interactior
region at the same tizme,

The presence &ECLNE '¢yiini@ed ih a Beam of Daw intenaity
tltrasound produces a mydti-dabe diffractiog-pattern. Therefore,
he presence of two mutuaily perpendicular beams means that at
birtually every detecving-anple 0, fhere. iilbe P beans of sound
travelling collinearly, and héceNoipalilK of nonlinear interanction.

@eorétical Analysis

The following procedure was employed to derive am spproximate .
theoretical expression for the pressure of the sum-frequency signal.

The pressure in a sound wave emitted radially by an oscillating -

cylinder is in the linear case given by
p(r) = p(aé) B (xr) . . Q)

q

; <

where H., are Bankel function of the first kind,
B

For two such initial beans, Deanl>lhas developed an sxpresstion
for the pressure at the combization frequency, based on the
&enalyeis of Westervelt. If we use Dean's equation under the
epproximation that ™>a , aad express the result in terms of the .
pressure of the fundamefital froquency at the field point r instead
of at the surface of the cylinder, we obtain the following result -

" for the pressure at the sum frequency:

p,(r) = [Be P (r)][Re p(n)] (2 +%_)_ k+r ‘ (2)

Po%
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where k.= wy + 2, and Re!_'pi {r}] represents the resl part of

‘a
Eq.{1) for each of the primary frequencies.

We now mske a physical assumption about the system. Thue far,
we have been talking about ommidirectional primary beams, whereas
our experimental setup produces a diffraction beam with many eide
lobes. Ve shall thercfore assume that the scattered (diffracted}
field produced by the plane wave incident on the rigid cylinder is
equivalent to a ¢ylindrical source modulated by the diffraction
pattern of a plane wave j,.;}cident on the cylinder. This latter
expression bas the form['

= 3
Psi(r) = Pi(n a_c sin 15, + 1 wtaﬂ-gsinz(kiacsin Gl <

T TR, T
i

Lo /e f; (3)

where p, {I) is the pressure amplitude of the plane wave at the
face nfithe eylinder, - The subscript i = 1 refers to the 7-lHz
sippal, i = 2, to the 5 MHz. To take into account the attenuation
of the fundamentsl component in cach of the primary beass because
of finite-amplitude wave dictortion, we have multiplied the
expression for the pressure at low intensities by e—r/(r+ f;)

vhers fi.' the discontinuity distance, is cliven by

1 = {1+ B ) Kk )
1 2 0

i

A,B, being the well-known coefficients in the expansion of the
pressure in terms of the density, K 'ki the acoustic Mach number
and the wave number, respectively, i for the appropriate
primary beam.

In accord with our assumption, therefore, we explicitly identify

the B(r) with the Re l'pi(r)] of Eq. {2}, so that the pressure
p*(rg will be given by’ '
k. r

»
p.lry =p (r) p_ (1) B+ 2 - (5}
+ 81 82 A c”

o0 0

{cylinder)

Entirely amalogous arpvments can be nsed for the case of z
solid metal sphere, beginming again with an interaction formula
developed by Dean. As a final result, we obtein

k. r
p i) =p (D p_ (r}fB+2)2e _ fnk _r (63
* 5 % |3 2 M
0%
- (sphere)
with
8
Zr &)
for the diffraction field of a plane wave by a aphere[l’]' Bere, of
course, a repregents the radius of the sphere.

pai(r) = pi(T) a 1 arf(r+ £

. 2 :
rl+ eot 1o Ji(ka sin 3.0 e




Experimental Regults

The rimental arrangements have been described in detajl
previousl « The formilas &f diffraction theory (3) and (7)
ware verified for the high intensity sources by using each source
separately and measuring the fundamental component as e function
of the angle 6. The results ars shown for the cylinder im Fig. 1
(where both of the sources were tested) and for the ephere in
Fig. 2.

The corresponding interaction patterns are plotted im Figs.
I<5, Figure 3 gives the interaction at the sum frequency of
12 MHz for the 1/8" rudius rod used for Fig.l, while Fig. U shovs
the corresponding interaction for a rod of 1/32" radiws. Fig. 5
gives the suw interaction for the 1/8" radius sphere of Fig. 2.

In all these instanceg, there is substantial agreement between
the experimental data and the calculated velues. Amother check
of the theoretical ag.alarsis is the memsurement of the peak in the
sum frequency (@ = O°) as a function of the distance of the receiver
from the cylinder. For the intensities used in Figs. 3,4, this
peak falls off with increase in the distance over the entire range
availeble for measurement, because the wave guickly reaches the
sawtooth shape and the copditions of Egs.2?,5 applied.

4 different picture could be obtained by greatly reducing
the initial sound pressuree. These results are shown for the
1/8" rod in Fig, 6. For r < 20 cm, the sum frequency contribution
is seen to increase with distance. This correspends to the
region of the parametric array and eliminates the poesibility
that the nomlinear interaction occurred at the surface of the
cylinder. Thé range 20 em < r < 35 cwm correspends to a tramsition
zone. For r > 35 cm, the sum frequency contribution decreases
with increasing distance in accord with Egq. 5. This latter
equation is indicated by the dashed line in the figure.

The resuits of the measurements therefore aubstantially
confirm the appearance of interaction of sound with scund when
two beams are incident on a cylindrical . or sphericel obstacle,
and the fact that this interaction takes place in the manner of
the parametric array proposed by Westervelt.
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