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Fourier inversion of acoustic wave fields in anisotropic solids
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This paper is concerned with the analysis of acoustic wave fields encountered in phase-sensitive acoustic
microscopy(PSAM) applied to elastically anisotropic solids. We show that the fast Fourier transform technique
provides a computationally efficient method of calculating two-dimensional amplitude and phase images of
these fields. More importantly, we demonstrate how this technique, applied to complex wave field data, can be
used to treat inverse problems such as source reconstruction, image quality assessment, and the determination
of elastic constants. Monochromatic and also more general time-dependent excitations, such as tone bursts and
short pulses, are treated, and the resulting wave fields described. The evolution of these wave fields with
increasing frequency is discussed, and emerging infinite frequency features, such as the ray surface and phonon
focusing caustics, are identified. A number of numerical simulations are presented that are in good agreement
with measured data from the literature. As an illustration of elastic constant determination, we use the point
spread function determination based on our PSAM measurements on the longitudinal mode in silicon to
determine the elastic consta@i; of Si.
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I. INTRODUCTION gular aperture to insonify a solid at normal incidence, the

k-space angular spectrum within the solid does not differ

There has been sustained interest for a number of years {arkedly from that resulting from a time-harmonic point
the pointlike excitation and detection of acoustic wave fieldsforce acting along the axial direction in the infinite con-
in elastically anisotropic solids using phase-sensitive acousinuum. For this reason, and also because the thrust of this
tic microscopy(PSAM) and other meangsee, e.g., the re- paper is the demonstration of broad principles, we do not
views in Refs. 1-5, the recent papérsand references con- take account of surface effects here. The modifications re-
tained therein In the case of harmonic or quasiharmonic quired to incorporate surfaces into the calculations are rela-
excitation, the spatial variation of these fields is particularlytively straightforward, but we defer them to later presenta-
striking, revealing as it does the combined effects of internations.
diffraction and phonon focusing. Very-high-frequency im-  The layout of this paper is as follows: In Sec. Il we de-
ages obtained with ballistic phonons display patterns of nonscribe the PSAM technique and the physical conditions that
diffraction-broadened caustics that are well accounted for iyre achieved with it. In Sec. 1ll we develop the theory for the
the ray approximation, but these images are intensity plotSorward problem of the wave field of a point force with har-
devoid of phase information. In analogous experiments donghonic and more general time dependence. We present a
at MHz ultrasonic frequencies, the caustics unfold into Airy,number of numerical simulations for silicon, obtained using
Pearcey, and higher-order diffraction patterns, which therrFT’s, which are in excellent agreement with measured data
broaden and merge as the frequency is progressively lowayailable in the literature. In Sec. IV we discuss a spatially
ered. As a tradeoff for this loss of detail in the focusing, onegistributed source, treating both forward propagation and in-
is able to retain both phase and amplitude data in internajersion, and also the issue of image quality determination. In
diffraction images. This is what is done in PSAMapturing  Sec. V we illustrate the potential of our technique for inverse
the two-dimensional (2D) complex signal transmitted problem solving, by using the point spread function determi-
through a sample. We show in this paper that with combineghation from our PSAM measurements on the longitudinal
phase and amplitude data, it is possible to use the angulafode in silicon, to determine the elastic const@nt of Si.

spectrum approach and the fast Fourier transf@f®T)  Finally in Sec. VI we present our conclusions.
technique to tackle forward propagation and inversion prob-

lems, such as source reconstruction, image quality assess-
ment, and the determination of elastic constants.

Our treatment is based on the Green’s funci@a(X, ») PSAM is used for studying the propagation of divergent
for an infinitely extended anisotropic elastic continuum,ultrasonic beams through a solid, usually in the nature of an
which we evaluate by the angular spectrum method to proelastically anisotropic crystalThe acoustical part of the ex-
vide synthetic data for inversion. More general time-perimental setup in PSAM is shown in Fig. 1. A pair of
dependent forms of excitation, such as tone bursts and shappint-focus transducers, one a transmitter and the other a
pulse excitation, are also treated, and the resulting waveeceiver, is focused through a transmission fluid onto oppo-
fields compared. As regards the role of the sample boundsite faces of the sample. One of the transducers is raster
aries, in using a focusing transducer of relatively small anscanned parallel to the surface, yielding an image of the

II. THE PSAM EXPERIMENTAL TECHNIQUE
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| usually adequate for achieving pointlike excitation and con-
n sequent propagation in a wide spread of forward directions
within the solid.

SOURCE "—T
Ill. POINT SOURCE: THE FORWARD PROBLEM

To apply the 2D fast Fourier transform in the treatment of
wave propagation and “internal diffraction” of acoustic

waves in anisotropic solids, we need first of all to explore the

SAMPLE
— link between the strict Green’s function approdemd the
Fourier-transform-based angular spectrum methddom
4+> there we proceed to the calculational technique used in the
later sections.

SCAN

A. Time-harmonic point force
DETECTOR

We treat, as the forward problem, the displacement field
of a time-harmonic point force of angular frequenay
=2f, acting in thex; direction at the origif0, 0, 0 in an

FIG. 1. Schematic representation of the acoustical part of ’[hém"f"t_eIy eXtenS'Ve, an,'SOtmp'C elastic contln'uum of mass
PSAM experimen{Ref. 1). The ultrasonic signal is generated and densityp a_nd EIaSt'(_: Stlffness tenso_rjkL._The dlsplacem_ent
detected by a pair of transducers focused on opposite surfaces of theésponse in the; direction at a poin in the observation
sample. One of the transducers is raster scanned parallel to th@ane, which is perpendicular to thg direction, is the dy-
sample surface. namic Green’s functiorGs(X, ), which has the integral

representatich
transmitted sound field. The system operates on rf signals

excited by a narrow-bandwidth cw generator, the output of _ 3 iw 34 () o
which is split into the signal that generates the ultrasonic Gz3(X,w)= 21 mfﬂdﬂ sM3AGY expi ws'™ - X)
wave and an electronic reference. The transmitted ultrasonic "=

signal is time gated to separate the longitudinal and transver- 1 2m
sal acoustic modes of propagation and to eliminate multipass + 8 7n f dpsMAAQ |, 2
echoes. The signal from the ultrasonic path is then mixed in pAJo

two channels with the electronic reference 0° and 90° phasgnere &M is the slowness vector associated with e
shifted, and after boxcar averaging, the scheme delivers twgeqstic branch: longitudingl), fast transverséFT) and
low-frequency signals that may be regarded as the real ang,y, ransverséST), dQ) is the infinitesimal solid angle in

imagin_ary parts of the _analytical signal pertaining to the u"slowness space, antl{) =[U{"]2 is the coupling factor for
trasonic wave transmitted through the sample. The two- L) o 3

. (n) . _
dimensional map of the amplitude and phase variation of thigai.h mo.de, W'ﬂ?3 being thex; component of the polar
signal has properties similar to a hologram. Application ofization eigenvector.

- : . . In the intermediate and far field, wheassx>1, the sec-
mlf’hzcgg;ﬁ e?tisrgg?%v ee d high-resolution data to be Obtamec()jnd term in Eq(2), for which the associated strain field falls

- . off as ~1/x?, is small compared with the first term, for
By the use of the focusing transducers and the CouIOIIn%hich the strain field falls off as-1/x, and so is neglected

fluid, which transmits only pressure waves, excitation, an . ; > .
elow. In many experiments, a wave train of finite duration

detection of displacement normal to the surface of the soli ther th roctl h " . loved
is achieved, which is pointlike to the extent that the lateraf@N€r than a periectly monochromatic source 1s employed,

sizes of the focal areas on the opposite surfaces of the sampq’i?d time gating Is useq to separately study the longitudinal
are smaller than the wavelengihwithin the sample. The and transverse wave fields. In the equations below, we ac-

diameter of the Airy diskd, on the surface in relation tois cordingly SUppress th_e polarization in<_ja>and ;ummatﬁon
given by over that index. The integral over solid andleis readily

transformed to a surface integral ovey, (S,), yielding

1.22 ¢,

[ A
NI i) w PRI PR
A S“’( 0) Cg G33(X,(1)) 8’7sz dsldsz V3 qu”US X)1 (3)

wherec,, andcg are the sound velocities in the transmissionwhereV;(S) is thex; component of the group velocity or ray
fluid (watep and the sample respectively, afdds the half  vector
aperture angle of the lens. Since in most solids the sound

velocity is more than double that of watén the case of ﬁS(s?)
silicon, even for the transversal modes it is closer to a factor V= i—
of 4), a lens of half aperture angle greater than about 30° is §-V.S(S)
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V is normal to the acoustic slowness surface, the surface tF_FT: log, N2
representing the directional dependence of the slowgess to 2N |’
To render Eq(3) more transparently in the form of a Fourier which for N=1024 comes tdggr/ty~[ 1/20072.

t{ansform, we change the integration variable to wave vectof, applying a discrete Fourier transform we have to take
k= (ky,kz) = 0§ =w-(s1,S;), Yielding account of the distribution of sampling points and the band-
N width limits in IZ” space. Assuming sampling of a square area
~ 2o | 33 . e of side a with N points per line, the spatial frequency of
G33(X’w):Af dkl(V—Sexmwxgss]]exmk'rx), sampling isa/N, and hence according to the Nyquist crite-
(4)  rion, to avoid aliasing effects, only structures lqi< wN/a
should be sampled. For acoustic slowness of the order of 0.2
where A=i/8m%pw, and Az, V3, ands; are regarded as ys/mm,N= 1024, and propagation distance 10 mm, this lim-
functions ofIZ”/w. In numerical simulations we include in its the frequency to the region<N/(2sa) =256 MHz. Ex-
the integrand a slowly varying windowing functidr(k) periments at higher frequencies may be simulated by increas-
that could represent the directionality of the transducers anthd the value ofN, or to some extent by reducing the
that provides a smooth cutoff to the domain of integration. Propagation angle or narrowing the windowing functién
The above expression is almost identical to that for the
field of a focusing transducer transmitted through a parallel-
sided solid, except that in the latter situation, the fadtgis By application of the method described above, one is able
absent andd\A 53 is replaced by the product of the transmis- to perform numerical simulations of wave propagation, hav-
sion coefficients at the surfaces, which has a similar angulang the freedom to choose many parameters: type and size of
spectral behavior for smaK,. The results we present here Crystal, wave polarization, type and distribution of the excit-
are not very sensitive to the precise formkfand the dif-  ing force, etc. We present here the results of calculations for
ference between the two approaches amounts to not muckave fields generated by a point source. The examples have
more than varying the windowing function. More important Peen chosen to show the potential of the forward-

is the influence of the phase variation associated with th@ropagation technique and to produce results comparable to
slowness componesg in Eq. (4). those available in the literature or analyzed earlier by the

authors.

Figure 2 depictsf333(>?”) in the planexz=20 mm for an
(00Y)-oriented silicon crystal, fof =10 MHz (a) and(b), 50
In the case of excitation by a time-dependent sidghd)  MHz (d) and infinite frequencye). The calculations are for
with frequency spectruri(w), the transient response is  the ST branch and are thus relevant to existing experimental
data pertaining to finite wave trains and time gating to sepa-
- ~ . . rate the faster L wave train from the other two. The FT
Gag(X,1)= f Ga(X, 0)f(w)exd —iwt]do, (5 branch in the vicinity of th&100 axes of crystals such as Si
is almost perfectly shear horizontaliH) polarized and so
whereG (%, w) is given by Eq.(4). If we perform the inte- is not poupled_to by _the axial _excita_ltion discussed Hére.
gration with respect ta first, this yields the function Extensive stud_les of internal diffraction patterns by Wolfe
and co-worker* and Wuerzet al'? have concentrated on
A the ST internal diffraction pattern, for which the amplitude
K(K, ’t):f dwf(w)—ggexp{iw[xgsg—t]}, (6)  distribution reveals an abundance of structure absent from
Vs the L pattern.

. The amplitude images in Figs(& and Zd) are essen-
for the remaining Fourier transform with respectka The tially identical to the experimental and calculated images of
advantage of this is that thefunctions for the L, FT, and ST Si reported by Weaver, Hauser, and Wbiféor the same
modes can be combined at this stage, leading to a significaparameters. Their experimental setup is the same as that
saving in computational time. We show examples of this typeshown in Fig. 1, and as explained in Sec. Il, the insonifica-
of calculation in Fig. 3. tion by a pressure wave through water delivers a pointlike
force normal to the surface. The infinite-frequency intensity
plot (e) matches very closely the measured ST component of
) S the phonon focusing pattern of Si.

Equation(4), proposed in simplified form by Plutt al.’ Comparing Figs. @) and 2c) we see that as the fre-
is in the form of a Fourier transform, and may be performedquency is raised from 10 to 50 MHz the fringe spacing de-
numerically by application of the 2D FFT algorithm. This creases, and the underlying caustic structure begins to
entails numerica”y SOIVing Christoffel's equation IOI’ the emerge. In the inﬁnite_frequency intensity pattéeh calcu-
slownesses and eigenvectSréor an NXN array ofk;’s. lated on the basis of the ray approximation, the caustic struc-
The subsequent saving in computational time in using a FFTure is fully developed.
as compared with a “classical” numerical Fourier inversion, Figure 2g) shows the response to a 15-MHz tone burst of
is 8 periods. This is intermediate between monochromatic and

D. Numerical simulation of forward propagation

B. General time-dependent point force

C. Calculational technique
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10 MHz

FIG. 2. () Amplitude and(b) phase images of
silicon, representing the spatial dependence of

Gay(X,) in the planex;=20 mm and for fre-
quency f =10 MHz. (d) Depicts the 2D ampli-
tude variation at 50 MHz an(t) and (f) the am-
plitude variation along the central line in casas
and (d), respectively.(e) The infinite-frequency
phonon focusing pattern for Sfg) Response in
the planex;=10 mm to a 15-MHz tone burst of 8
periods as observed after a 2.45-delay. The
reference axes are aligned along the cubic crys-
tallographic axes, and the spatial range of the
scan is 1% 15 mnt in each case. The darkness
of the gray scale ifa) and(d) proportional to the
amplitude, in(e) to the intensity, and iiig) to the
real part of the analytical signal.

50 MHz

-6 -4 2 0 2 4 6
() Position (mm)

(9)
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FIG. 3. Numerical simulation of a short-pulse
transient signal in a001)-oriented Si crystal.
Scan area 2020 mnt, distance between source
and measuring plané=10 mm, delay timet
=1.31us(a) and(b), t=1.70us (c) and(d), and
t=2.15us (e) and (f). (a), (c), and (e) are for
infinite frequency, while the remaining three are
for a mean frequency of 30 MHz and bandwidth
12 MHz.

©)

€) H

pulse excitation, which we illustrate later. It demonstrates thepart of the analytical response for the same time intervals and
way interference of the waves creates the internal diffractiorior a pulse of mean frequency 30 MHz and Gaussian enve-
pattern. The parameters of the calculation are the same as flmpe of bandwidth 12 MHz. For these latter three images,
those of one of the measurements of Wolfe and Hatiaad ~ summation has been performed over all three modes of
the pattern obtained is in good agreement with their meapropagation, but only the L and ST show any visible pres-
sured pattern. ence in the images, because the FT mode is so very weakly
Figure 3 depicts the simulated response of Siin an experieoupled for axial excitation along the direction.
ment with short-pulse point excitation for three values of the It can be seen that the broad-band responses in Figs. 3
time delay, 1.31, 1.70, and 2.1&. The observation surface 3(d), and 3f) straddle the wave arrivals predicted on the
area is 220 mnf, and the observation plane is 10 mm basis of the ray approximation, but as expected they have an
from the excitation point in th¢001] direction. These are oscillatory shape with finite spread because of the limited
exactly the parameters of the experimental results on Si rebandwidth of the excitation. These images compare well
ported by Wolfe?® Figures 3a), 3(c), and 3e) are intensity ~ with the corresponding experimental images of Wait&he
plots for infinite frequency and are calculated in the ray ap-apparent L wave reflections in Fig(d, i.e., the convex
proximation. They essentially represent planar sections ahward circular segments, are an aliasing effect, an artifact of
three heights through the L and ST sheets of the group vahe image sources in neighboring cells, that are inherent to
locity surface. Figures (B), 3(d), and 3f) are the corre- discrete Fourier transforms. They could be eliminated by
sponding internal diffraction images representing the reathoosing a larger value df, but we have left them in be-
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cause they resemble the actual L mode side wall reflections

— — As3 . — . [Ag)?
present in the measurements of Wdife. u’ (kI )=ulk,l,w) V—anp(—lk:;'): (ky)

Vy|*

11

Applying the inverse 2D Fourier transform we obtain the
Hitherto we have been considering a point force. Here wemage of the source

formulate the forward and inverse propagation problems for
a planar distributed source and demonstrate the reconstruc- F'(X) =F(X)) ® PSKX), (12)
ftion of the source structure from complex dgta c_oIIected duryyhere the point spread functid®SH
ing PSAM measurements. Generally speaking, in the current
experimental approaches one has access only tastkem- .
ponent of the response in the viewing plane, not the full PSR’XHFJ dk?
vector response, so rigorous inversion is not possible. Nev-
ertheless, by a procedure akin to synthetic aperture inversios a characteristic of the entire imaging procéseluding
in optics, we are able to achieve a reasonably accurate recoforward wave propagation and calculated invergiand is to
struction of the source. We discuss the methods of imagbe interpreted as the image of an elementary point source.
quality estimation for that technique.

IV. DISTRIBUTED MONOCHROMATIC SOURCE

As3)? e
V. expik;-X) (13

3

C. Imaging quality

A. Forward propagation The process of measurement through a crystal and nu-

For a force in thex; direction with a 2D distribution merical reconstruction of a planar source or structure can be
function in thex;=0 planeF(X;)exp(—iwt), the response in treated as a stationary and linear imaging process in two

the x3=I plane is given by the convolution integral dimensions. A measure of the quality of the imaging is the
modulation transfer functidi (MTF), defined ink-vector or
us(%,1,0) =F(%)®Gas(X |, w), (7)  spatial frequency space as the modulus of the Fourier trans-

_ i i form of the PSF. The MTF is influenced by the apertures of
which may be calculated from the inverse 2D Fourier transyhe two transducers, the transmission coefficients at the sur-

form of faces, and th&” dependence o6;;. Bearing in mind the
fact that the first two factors have a relatively small influence
on the results in comparison with the last one, and reiterating
our desire to focus on principles rather than detail, we will
discuss below only the image quality limitations associated

Uk, l,0)=F(k)-Gas ko), (8)

whereF (k) is the 2D Fourier transform of the source struc-

ture. 15
From Eq.(4), it follows for the Fourier domain Green’s func- With Gs. Applying the definition of the MTF to Eq(13) we
tion that obtain
- 2
Gas(K, | )oc{A%exp[i Is ]] @) MTE(R )= | Asskil@) (14)
Iy w N7 w . = — .
33(K Vs 3 V= VR fw)

The angular spectral behavior of relati® depends on the |n case of observation by means of the ST mode, low spatial
propagation mode and type of crystal. For longitudinalfrequencies are represented loyectors close to thé100)
waves it is similar to the complex 2D Fresnel functi®r girection (smallk,) and are rarely transferred to the image,

Newton's ring$ with the shape of the fringes distorted 5 5o the MTF has the form of a somewhat distorted annu-
slightly by anisotropy. In the case of the ST mode of a crysta|ar aperture ik, space
I :

such as $DOl),Ehe amplitude of this function»is small in the There are other types of inverting functions besides Eq
central area irk; space, approaching zero lgt=0, where  (10) which for particular types of crystals and specific

U3=0, and hence\ 35=0. propagation modes, could lead to broadening of the trans-
ferred spatial frequency range and improvements in the MTF
B. Inverse problem and resolution. Such optimization, similar to the problem of

Treating the collected 2D data at the viewing surface as &P°dization in optics, would entail the definition of goal
complex distribution at a synthetic aperture, we invert thefunctions and other issues. We do not, however, wish here to
propagation process to recover the image of the source by %t involved in lengthy discussions of inversion techniques

numerical back propagation technigielo this end, we ap- and algorithms. Concentrating rather on principles, we will
ply the complex conjugate of relatid®): refer only to the back-propagation technique described

above. It has the advantage of ensuring that amplitudes of
_ Ags _ . weak, noise-prone components are not amplified, and in nu-
Gkl w)= V—eXFl(—Ike,Xs):Gaa(ku ,— ). merical simulation allows us to use the same procedure in
8 (10) inversion as in forward propagation, with only a change in
sign of the distance parameteiVith this approach then, we
The product of Eqs(8) and (10) yields present below the results of inversion of simulated results for
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FIG. 4. (a) and(c) PSF andb) and(d) MTF
for the imaging by back propagation of ST waves
in silicon at the frequencya) and(b) 100 MHz

100 MHz
% ESParlO0MH: b) MIFe100 and (c) and (d) 10 MHz. The scan range in im-
ages(a) and(c) is 15 mm, and in the spatial fre-
quency domain image&) and (d) is 35 lines/
mm. The MTF has a maximum of about 10
lines/mm at 100 MHz and 1 line/mm at 10 MHz.
-~ o}
c) PSFat10MHz d) MTF at 10 MHz

point and extended sources, and treat an example of invel EXAMPLE OF ELASTIC CONSTANT DETERMINATION

sion of measured data for a pointlike source. The point spread function given by E(L3) relates to

Figure 4 shows the MTF and PSF for 10- and 100-MHZz;je4| conditions, in the sense that the same crystal model

ST waves generated by a point source ifd@l)-oriented Si. 5jies to the forward and inverse transforms. When the for-
crystal of 15-mm thickness. It depicts the expected depenyarq propagation is experimentally measured or, for what-
dence of the resolution on the measurement frequency. Exser reason, does not correspond to the inverse model, then a
trapolating on this basis, one infers that micrometer resolUjggs_than-ideal PSF is obtained. This fact can be exploited in
tion could be achieved by going to a frequency of a fewinyerse problem solving. Thus, for inversion of experimental

gigahertz. _ R _data to obtain elastic constants, we perform the following
As a demonstration of the potential imaging qualltystepS:

achievablet ‘_Nitl?. P%AM inl ctor(;jqnction with atFFI inversion, . (1) Calculate the Fourier transform of the measured com-
we present in Fig. 5 simulated image reconstructions, using N ) eay .
and ST waves, of an object in the form of a sinusoidal Si-.plex distribution, Wh'.Ch we ca_nsg“seatk“ o) and which we
emens star wﬁich is a standard object for the testing of Op|_nterpret as the Fourier domain Green’s function of the actual
tical systems. system. ) S

Despite the frequency being the same in both cases, the (2) Generate the model inverse distributiGiy(k; ., ),
difference in resolution is quite striking. As expected, be-based on assumed crystal characteristics.
cause at the same frequency L waves are faster and have (3) Multiply the above two functions. _
longer wavelengths than ST waves, they achieve lower reso- (4) Perform an inverse Fourier transformation to get the
lution. This is reflected in the blurred central fine-structureimage of the source.

region, which covers a larger area for the L waves. On the For a pointlike source, the maximum of the PSF thus
other hand, since the ST waves i) tend not to trans- obtained is a measure of the 2D correlation between the com-

mit low spatial frequencies, because for thésg is small, plex measured signal for the sample acEgg(EH l,w) ob-
the outer more broadly structured regions of the test star arained from the numerical model. The maximum is sensitive
obscured in that case. to the elastic constants used in the calculation, and falls off
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FIG. 5. (&) Numerical image reconstruction of
a 1+sin(16p) Siemens test star, as measured
through a 15-mm-thick silicon crystal at 20 MHz
and then reconstructed with back propagation
procedures(b) using L waves andc) using ST
waves.(d) Modulation transfer function shown in
spatial frequency spadéines/mn), of the imag-
ing procesgpropagation and reconstructiofor
20-MHz ST waves. The darkness of the gray
scale in(d) is proportional to the amplitude

rapidly when these deviate from the values pertaining to thé(a) for L mode propagation in 801), to determine the

specimen.

“longitudinal” elastic constantC,; of silicon. Figure &d)

As an illustration of elastic constant determination usingshows the calculated PSF based on known values of the elas-
PSAM, we make use of the experimental data shown in Figtic constant<C,, andC,, and three different values &,

1 1
0] 0.9
0.8]
: 08 § 07
g 074 5 06
£ 061 o054
8 E 0.4
0.5 S 0.3

So
0.4 0.2
o5 0.1

’ T T T T T ',‘} — T = Trp—
150 160 170 180 -0.1 0 0.1
C11 (GPa) Position (mm)
c) d)

094117-8

FIG. 6. (a) Real part of the field distribution
measured by the PSAM technique at 380 MHz in
a (100)-oriented Si crystal of thickness 5%@m,
time gated to extract the longitudinal mode and
avoid multiple reflections. The horizontal and
vertical field size is 1.66 mmb) Corresponding
simulated pattern using the known elastic con-
stants of Si.(c) Dependence of the correlation
between(a) and (b), i.e., peak value of the PSF,
on the assume@,, value.(d) PSF cross section
for C,,=165 GPa(thick solid ling, 155 GPa
(thin solid ling, and 150 GP4dotted ling.
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to which the data are most sensitive. The PSF @y (c) There is no need for attaching transducers to the
=165 GPa, which is close to the known value for Si, issample.

clearly much sharper and has a larger maximum value than (d) Lateral variations of elastic constants in a plate could
the other two. Figure @) shows the variation of the peak be easily measured. _

height, or correlation value, with assumed valueQgf. It (&) Twinning, cracks, and other flaws will show up clearly

shows a clear maximum at the known value®j;. Mea- N PSAM, making it a suitable method for nondestructive

surements on both the longitudinal and transverse modd§Stng-

would be required to recover all three elastic constants of () It is a technique that probes bulk elastic constants
silicon. rather than near-surface elastic constants, as is the case with

It is evident from Fig. 6c), and other estimates of ours surface wave techniques, such as laser ultrasound, SBS, and

concur with this, that PSAM can achieve somewhat betteponventlonal scanning acoustic microscopy.
than 1% accuracy in absolute elastic constant determination,
which is comparable with that obtained by pulse echo and
many other measuring techniqu&s’ In competition with We have shown that the angular spectrum method, in con-
the well-established standard methods, the niche area we ejunction with 2D FFT's, constitutes a computationally very
visage for PSAM is in application to samples that are avail-effective means for calculating acoustic wave fields in elas-
able in the form of thin plates or even small-angle wedgestically anisotropic solids. We have treated harmonic as well
The advantages of PSAM in this situation are as follows. as more general time-dependent forms of excitafffor

(& Not much sample preparation is requifed contrast ~ which the computational savings are relatively even grgater
to accurate shaping for resonance experiments, a highly poknd have considered both point excitation and distributed
ished surface for surface Brillouin scatterit®BS), accurate  sources. We have presented a number of simulated images,
parallelism for pulse-echo experiments, gtc. which are in good agreement with measurement. Most im-

(b) While our illustrative example above involves only the portantly, we have shown how our FFT approach, when ap-
L mode signal andC,4, in general, a single image contains plied to the combined amplitude and phase data obtained
the effects of L, ST, and FT wave propagation in a widewith the PSAM technique, provides a very effective means
spread of directions and is sensitive to a larger number ofor treating inverse problems such as source reconstruction,
elastic constants. image quality assessment, and elastic constant determination.

VI. CONCLUSIONS
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