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ABSTRACT detectable difference-frequency sound. Regardless,
he still considered the possibility of producing a re-
The scattering due to the interaction of duasponse from the interaction of dual-frequency pres-
frequency beams on a three-dimensional objectsigres prompting for more analysis on the conditions
considered. The difference-frequency generateéhind difference-frequency sound.
from this interaction has the potential to improve the The difference-frequency field arises from the
classification of biological tissue. This work exanmronlinearity of the medium in response to a high in-
ines the effect of the contrast parameter on the sda&nsity incident pressure. The difference of two high
tered field produced from an ellipsoidal scatterer. frequency incident beams generate a low frequency
signal that can better capture the acoustic features of
the medium interrogated. This particular signal is of
1 Introduction interest in providing an increased penetration depth
[4][7]. The application of high frequency incident
In 1963, Ingard and Pridmore-Brown [5] observefields allows focusing and improved resolution of the
the generation of sum and difference frequencitssue.
from the intersection of two perpendicular plane In this work, a computational model is presented
waves in air. Darvennes and Hamilton [3] extendddr the solution of the forward scattered field due
this work to calculate the difference-frequency sound the difference frequency component. This is un-
outside the interaction region of two intersectindertaken by first solving for the first order pressure
Gaussian beams. Their work determined that tfields P, in the linearized wave equation due to the
scattering from the difference frequency dependddal frequency field. The difference frequency com-
on the frequency ratio, intersection angle, and souggenent generated from this solution, being localized
separation of the incident beams. Thierman [8] cowithin the medium is then applied as a source term
ducted experimental and computational work of?? in the second order wave equation for far-field
serving the difference-frequency signal producedbservations of the scattered pressbyeThe source
from the interaction of focused beams on varioterm is weighted by the nonlinear parameferA
targets. For the experimental setup and paraméiich determines the influence of the difference fre-
ters chosen, Thierman was unable to measure @ugency component. This nonlinear parameBgtd



characterizes the variation of the sound speed within

the medium. Pro(z) = P(z)

In Section 2, the governing equations for the first"* = A
and second order pressure fields are presented. Sec- + Gk%s/ Y (20) Prs ()G (2, 2o )dzq
tion 3 describes the computational model. Section 4 s
presents results for scattering from an inviscid fluid (2)
ellipsoidal shaped scatterer for varying compressibigr s — o, b,wherek;; = w,/co is the wavenum-
ity contrast parameters. ber andG(z, z,) is the three-dimensional free-space

Green'’s function,
2 Scattering from Inhomogeneous edkislz—o]
Media G(z,zo) = Inlz —a| 3)

Consider a confocal transducer emitting dual-
frequenciesw, and w, onto a volume () sur- x
rounding an ellipsoid scattering regidn;. The
incident field is represented a¥;(z,t) = o el
Re [Pia(g)(Jr)ejwat+Pib(£)(+)ejwbt} where p;g
and P;b’ represent the incident pressure amplitudes. 7<
When the incident field ensonifies the scattering vol- aQ y .
ume, the compressibility contrast= (ks — k)/k . ‘
cause the waves to scatter.

To obtain an expression for the difference-
frequency field, an expansion in pressiite= Py +
P+ Py+.., densityp = po+p1+p2+ ..., and veloc-
ity u = ug+u1 +uz+ ... is applied to the governingFigure 1: Depiction of problem geometry. Dual-
equations of motion. By retaining terms to the firsfrequencies focused on ellipsoid scatterer. Major
order, the first-order inhomogeneous wave equatiaxis of ellipsoid located along direction of propaga-
is expressed as, tion.

A similar process is applied for the second-order

1 92 . " i
V2 Py t) — z 82P18(Lt) wave equatlon [6], retaining terms up to the second
c ot order gives,
WL Pt @
= eVk(2) 5 75 11s(2, 1 62 (1-T) 02
3 ot V2P (2 t) — — < Py(z.t) = — — P (z,t
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for s = a,b, wherec, is the speed of sound and @)
v« (z) represents the region wheres nonzero. Con-

verting the first-order wave equation to the frequencywhere the terni* = 1 4 B/A contains the non-
domain, Egn. (1) can be mapped to the Kirchhoffinear parameter. The source telﬁ%Pf(g,t) de-
Helmholtz equation, scribes the interaction of the two first-order waves



that gives rise to several frequency components.

ConsideringP, = Re(Py, + P13), P? can be ex-

panded asRe(P?,) + Re(P%) + Re(PioPw) + Pn(z) = kg/ Vi (Zo)Pn—1(20)G(z, Zo)dVo (7)
Re(P}, Py) + 3| Pia| + 3| Pib|, wherex represents 2

the complex conjugate. The aforementioned termsThe Neumann Series approximation is valid for
represent the second harmonic fBY,, the sec- weak scattering where is small. Ase increases,
ond harmonic forP;;, the sum frequency termthe series diverges due to singularities that can be
the difference frequency term, and DC componeifitroduced in the complexplane. This has been ad-
respectively. This analysis deals only with thdressed by recasting the Neumann series to a ratio-
difference-frequency component arising from theal function of two polynomials im. The Neumann
term Re(Pj, Py,). Converting to the frequency do-series approximation is recast using Padé Approxi-
main and applying Green’s Theorem to Eqn. (4), tieants [1][2],

solution to the second-order field is,

M
N Al
_ n =1
Py(z) = k%/ HPEPMG(&,&O)@O (5) %o(z) +Z €"on(z) = do(z) + i
Qs POCH n=1 14+ Z Bm(z)ﬁm
m=1
wherek, = ky — k, is the difference frequency. (8)

The second-order pressuf? is considered to be a WhereN = 20 + 1. Equating like terms of in

radiated component. Therefore, for observatiops EAn- (8), the coefficientsl; and B,,, can be found.

within the object, the pressur@ will be zero. Once the first-order pressure fielé, and Py, are
determined, the far field second-order fiélgcan be
computed from the integral given in Eqgn. (5).

3 Computational Method

4 Results
The first-order scattered fields inside the scatter-

ing object are evaluated using Neumann series, B results for the difference-frequency are pre-
asymptotic series around the gauge parameféhe gsented for an ellipsoidl shaped scatterer with an as-
procedure is demonstrated féfi,. The solution pect ratio of 2. The major-axis of the ellipsoid has a
form s, nondimensional length af = 1 and is along the di-
rection of the incident beam. The computation grid
of cubic length2 x a was discretized using a uniform
Pra(z) = Z €"én(z) ©6) distribution of Ny = 128 points. The compressibility
n=0 spatial functiony,(x) is 1 inside the volumé2, and
The coefficientsp,, are obtained by substitutingd otherwise. A FFT based quadrature method was
the series (6) into Egn. (2). Equating like terms @ipplied to Egn. (7) to determine the Neumann Se-
e finds the zeroth-order coefficiemt, to be the inci- ries coefficients usingy = 15. An order of M =7
dent pressure and all subsequent terms to be deteas utilized to ensure convergent Padé Approximant
mined recursively from Egn. (7), terms.
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Figure 2: The first-order pressure fields are plotted at
a distance ofl0 x a. A k,a = 3.14 andkya = 3.17
were considered with a gauge parameter 1.

The angular distribution of the scattered pressq'?égur.e 3: leferen(_:e frequency pressure from an el-
. . éosmd at obersvation of0 x a. Comparison of var-

produced from the aforementioned method is pri - hown

sented for an observation radiuslofx a. The first- 00> ¢ STOWN-

order pressure®;, and Py, are shown in Fig. 2 for

ane = 1 with ak,a = 3.14 andk,a = 3.17. The 5 Conclusions

scattered energy appears predominantly in the for-

ward and backward direction as a result of the Orie’lﬂhe scattered field produced from the difference-

tation of the scattering object. The fiefd), radiates frequency due to the interaction of two incident

stronger in comparison tB,. beams was observed. The first-order pressure fields
The second-order pessure field due to the diffe'zrr]-S'de an ellipsoid was calculated using the Neu-

. mann Series Approximation. To consider high con-
ence frequency component is evaluated for a nonl{n—

ear parameter aB/A — 6.5. An analysis was per- rast, the series was recast using Padé Approximants.

formed comparing the sensitivity of the field due t-cl)-he field due to the difference frequency increases

a varying contrast parameter= 0.25.0.5,1.0,2.0 with compressibility contrast, however has a magni-

shown in Fig. 3. The observable far-field scawde thatis still quite small.

tering for the difference-frequency appears omni-

directional and of much lower amplitude. Increas-

ing ¢ from 0.25 to 0.5 and 1.0 saw modest increasedREfer ences

of about3 dB respectively. Increasing to a larger
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