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ABSTRACT

Equations have been derived to discuss the con-
vergent field distributions formed by the three
different focusing devices, such as an acoustic
lens, a concave transducer and an off-centric
concave transducer, which are practically
employed in acoustic microscopy. The field dis-
tribution near the focusing area can be sys-
tematically investigated by introducing two
parameters D and E, where D=a“/Rp ), (a; the
radius of concave aperture, R;; the radius of
curvature of concave aperture, and XL; the
wavelength in the liquid couplant) and
E=(ks/kL)(a/(1+g)) (kS and k;; the propagation
constants in the solid rod and in the liquid
couplant, respectively, and g; the normalized ec-
centricity introduced for the systematical treat-
ment of those focusing devices), respectively.
The fields obtained by the present analysis are
compared with those obtained by the direct cal-
culation on the diffraction theory to reveal the
validity of the present study. It is shown that
the excellent focusing characteristics are ex-
pected with increasing of D and/or decreasing of
E among the three focusing devices, which can be
hardly speculated by the diffraction theory.

1. INTRODUCTION

A highly convergent acoustic beam in acoustic
microscopy has been practically obtained by
focusing devices such as an acoustic lens [1], a
concave transducer [2] and/or an off-centric con-
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cave transducer [3] as shown in Fig. 1. The to-
tal performance of the acoustic microscope
strongly depends on the focusing characteristics
of the focusing device being employed. So far,
the focusing performance of each device has been
investigated individually [4-12], so that unified
analysis on the focusing devices is expected to
discuss the relationship of the characteristics
among them,

In this paper, the acoustic fields formed by
these devices are theoretically investigated in
order to obtain general understanding on the
relationship in the focusing performance, so that
two parameters, D and E, which dominate the con-
vergent field distributions formed by these
devices, have been derived. Further, taking a
fused quartz and a sapphire as the solid rod
materials, the field distributions obtained by
the present approach are compared to those ob-
tained by the numerical calculation under dif-
fraction theory [11], where the diffraction of
the acoustic fields in the solid rod and the
transmittance for the acoustic waves propagating
from the solid rod into the liquid couplant are
taken into account, to reveal the significant ad-
vantage of the present approach for understanding
the focusing characteristics.

2. THEORETICAL ANALYSIS

On the basis of an idea that the convergent field
distribution is mainly affected by the phase dis-
tribution rather than the amplitude distribution
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Fig. 1 Focusing devices in acoustic microscopy.
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of acoustic waves on the concave surface facing
to the 1liquid couplant, a theory is developed by
combining two approaches: namely, wavefront op-
tics and wave optics. First, by the wavefront
optics approach, the field distribution on the
concave surface is derived for each device to
have uniform amplitude with the phase delay
depending on the opening angle of the concave
aperture. Next, by the wave optics approach, the
field distribution near the focusing area formed
by that on the concave aperture is derived using
the Lommel's approximation method [13].

Figure 2 shows the geometrical configuration of
the typical focusing device and a related coor-
dinate system for calculation of the acoustic
field. In Fig. 2, S denotes the spherical bound-
ary between the solid rod and the liquid
couplant, viz., the concave aperture. We define
the rectangular coordinate system, (x,y,z), with
the center of concave surface S as the origin O
and the symmetric axis of the device as the z
axis. Points C; and C; are the centers of curva-
ture for the concave aperture and the concave
transducer, respectively, fabricated on the solid
rod. Ry is the radius of curvature of the con-
cave aperture. The distance between C; and C, is
given as €eRy, where € is the normalized ec-
centricity detined as €=C;C,/Ry [12]. In Fig. 2,
the off-centric concave transducer is repre-
sentatively shown as the focusing device, because
the acoustic lens and the concave transducer can
be equivalent to the limiting cases of the nor-
malized eccentricity, =0 and €=, respectively,
of the off-centric concave transducer. kg and k

are the propagation constants in the solid ro&
and the liquid, respectively.

Acoustic waves generated from the concave
transducer on the solid rod propagate toward its
center of curvature CZ and arrive at the concave
aperture S, and then is focused by the focusing
function of acoustic lens. Now let us denote the
field distribution radiated from S into the lig-
uid as uy. Then the field u, at the observation
point p in the liquid can be obtained from the
Rayleigh-Sommerfeld diffraction integral as
follows:

)

1 exp(jk;rqq)
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s
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where ds; is the surface element on S, ryy is the
distance between dsy and p. Here the ogliquity
factor is readily %Pproximated by unity, and the
time dependence e™ ¥ is omitted for simplicity.

Initially, let us consider the field distribution
u. Referring to Fig. 2, let us take the coor-
dinates (xl,yl,zl) at an arbitrary point s on S.
Further, we ta%f tQF s%herica12c005dinates (p,8)
such that p =x1°+y +21%, pp=x1 Y17, Xy=ppcosd ,
Yy1=pypSing, where p1s the chord between the
origin O and the point s on S. From the concept
of the wavefront optics, we assume that the field
distribution wy(x;,yy,27) at the point s has the
phase delay corresponding to the distance gs as
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Fig. 2 Cross-sectional geometry of focusing
device and the coordinate system used
for analysis.

compared with the field uL(O,O,O) at the origin
0. The distance gs can be now obtained as

gs = RL[1+€—{(1+€)2—EDZ/RL2} 172 (2)

1f (1+€)2 is much larger than the other terms,
the distance qs can be approximated by

i € 2

s = —
2Ry, Tre’ (3)

Therefore, the field distribution up, can be
expressed as

G L B 2
TS JR, Tre "
u, = ug e (4)

where u, is the constant amplitude factor on S.
Now ug 1s taken as unity. In Eq. (4), thejfhase
delay increases in proportion to kg and p“©. It
also depends on the normalized eccentricitye.

Next, let us consider the acoustic field uy at
the observation point p in the liquid. It is
sufficient to discuss the field on the x-z plane,
because the focusing devices are symmetric with
respect to the z axis. So, let the coordinates
at the point p be (XZ,O,Zz). In the same way as
the derivation of the distance gs, the distance
ry, between the surface element dsy and the point
p can be approximated as

2
x O X Ri=25 5
Iy = 22+-——-2 il s 2C059+ L=2 & (5)
222 29 2RL22

The surface element dsy on S is given by

dsl = pdpd8 (6)
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Substituting Eqs. (4), (5) and (6) into Eq. (1),
the field uy can be expressed as

x 2
; 2
jky (zo+==)
L 222
u2<x210122) s=—
3z
€ Ry -z pz
;
a j(k k ..__
N BRARTFT R
e DJO(‘kLthZ/ZZ)dD (7

0

where a is the radius of the concave aperture,
and Jy is a Bessel function of the first kind,
zero order. By applying the integration of parts
with Eq. (7),
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Further, by introducing the variables defined
with the following equations

2
a k €
E -5~ _ (9)

X z
V=2 w22 p- —,
a RL RL)‘L ki, 1+¢€

the variables in Eq. (8) can be replaced as
follows:

1 1
ke €  1-W(1-E
1-22(1-8 )
RL kL 1+€
(10)
v
G
1-W(1-E)
2uDv
Y =
W

Therefore, the acoustic fields on the (V,W) plane
can be determined only by the parameters D and E.
Here, the parameters V and W are the relative
distances normalized by a and R;, respectively.
On the other hand, the parameter D, depending on
a, Ry and Ay, is the normalized depth of the con-
cave aperture S. The parameter E, depending on
ke, kL and £ , is the velocity ratio multiplied
tﬁe normalized eccentricity e.

The focal point giving the greatest amplitude on
the z axis is obtained by

RL 3
zy = [1- vi 1 (11)
_kg € {k__La (1_5 _e)}z -6
kL 1+€ ARL kL 1+€

Equation (11) shows that the focal point is on
the concave aperture side of the paraxial
focal point given by the equation that
z2=RL/[1—(kS/kL)(e/(l+ €))], and approaches it
with increasing D.

3. CALCULATED RESULTS

According to the theoretical analysis of the
focused acoustic fields developed above, numeri-
cal calculations are carried out taking fused
quartz and sapphire as materials of solid rod.
The focusing characteristics obtained by the
present theory are compared with those by the
direct calculation under the diffraction theory
[11] to reveal the validity of the present study.

Figure 3 shows the acoustic field distributions
along the z axis and at the focal plane calcu-
lated for a fused quartz rod. The parameters are
as follows: the acoustic frequency is 200 MHz,
and the radius of curvature of the concave aper-
ture is 1.0 mm., Figure 3 shows the acoustic
fields for three cases; (a) D=135 and E=0.2
(e=4.0, a =60°), (b) D=135 and E=0.25 (g=+,
am=60°), and (c) D=63 and E=0.2 (e=4.0, a _=45°),
where q  is the maximum opening angle of tﬂe con-
cave aperture. As easily seen from the figures,
the values of the normalized eccentricity € and
the opening angle o, are closely related to the
focusing characteristics. As the parameter E in-
creases, the focal length becomes longer. As the
parameter D decreases, the width of mainlobe be-
comes wider.
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Fig. 3 Acoustic field distributions along the z axis and
at the focal plane calculated for fused quartz rod
(£=200MHz, R;=1.0 mm).
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Next, let us consider the relationship in the
focusing characteristics among the three focusing
devices. Figure 4 shows the focusing charac-
teristics as a function of the normalized ec-
centricity € in a case of D=135 having the fol-
lowing parameters: the acoustic frequency of 200
MHz, the radius of curvature of the concave aper-
ture of 1.0 mm, and the maximum opening angle of
60°. Figures 4(a) and 4(b) are for fused quartz
and sapphire, respectively. Here, the focal
length, the beam width (half of relative
amplitude), the position of the sidelobe, and the
amplitude of the sidelobe are considered as the
quantities associated with the focusing charac-
teristics, which can be obtained theoretically
from Eq. (8) for a large value of D. The scale
for the beam width and for the position of the
sidelobe is in terms of V=x,/a. The scale of the

focal length is in terms of W=z,/R;. In Fig. 4,
the solid lines and the dashed-and-dotted lines
represent the results calculated by the present
theory, while the the closed circles and the
opened circles represent the corresponding
results obtained by the direct calculation under
diffraction theory taking into consideration the
diffraction of the acoustic field in the solid
rod and the transmittance for acoustic waves
across the boundary between the solid rod and the
liquid. The present theory shows that, in the
range of the normalized eccentricity € from O to
5 for fused quartz and from O to 2 for sapphire,
the beam width, the focal length, and the posi-
tion of the sidelobe increase rapidly with in-
creasing of ¢ . In the range of larger normalized
eccentricity €, those values reach to constant.

It can be seen that the solid rods with high
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Fig. 4 Focusing characteristics as a function of normalized eccentricitye .
The two ultimate limits of the normalized eccentricity,€ =0 ande = =,
correspond to a concave transducer and an acoustic lens, respectively.
The solid lines (—) and dashed-and-dotted lines (—--) represent
the results obtained by the present theory, while the closed circles
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velocity such as sapphire are required to design
an excellent focusing performance at a high nor-
malized eccentricitye. It can be also seen that
with the off-centric concave transducer an almost
same excellent focusing performance is expected
as that of sapphire rod by designing the normal-
ized eccentricity € at a small value, even for
rod materials such as fused quartz with rela-
tively small velocity. The results obtained by
the present approach give a similar tendency to
those attained by the direct calculation, so that
this analysis will be preferably accepted to
speculate the focusing performance of the devices
without the complicated calculation on diffrac-
tion theory. The reasonable results are
naturally obtained that the excellent focusing
characteristics are expected for the use in
acoustic microscopes with increasing of D and/or
decreasing of E.

From the above analysis, two parameters of D and
E may be called as "field design parameters", be-
cause the effect of the various parameters (such
as acoustic frequency, materials used for solid
rod and liquid, radius of curvature of concave
aperture, and opening angle of the concave
aperture) on the focused field distributions can
be easily understood by these parameters without
the complicated numerical calculation.

4, CONCLUSION

A unified analysis of the focusing devices in
acoustic microscopy was derived. It was carried
out by combining the wavefront optics approach
and the wave optics approach. First, the field
distribution radiated from the concave surface
was derived by the wavefront optics approach.
Then, the field distribution formed by this con-
cave aperture was derived using the Lommel's ap-
proximation method. It has been shown that the
focused field distribution of such devices can be
systematically determined by introducing the two
parameters D=a“/R Ay (a is the radius of concave
surface, RL is the radius of curvature of the
concave aperture, and ) dis the wavelength in
the liquid) and E=(kg/kp)(e/(1+€)) (kg and ki is
the propagation constants in the solid rod and in
the 1iquid, respectively, and g is the normalized
eccentricity). Both results of the focusing
characteristics obtained by the present approach
and by the direct calculation gave a similar ten-
dency to reveal the significant advantages of the
present study for understanding the characteris-
tics of the focusing devices. We conclude that
the principal performance of the focusing devices
in acoustic microscopy can be systematically un-
derstood by using the acoustic field design
parameters D and E proposed in this paper.

Recently, it is required to design the acoustic
beams with large focusing depth and the conver-
gence in some degree for investigating the inter-
nal inspection of the solid material as well as
the biological specimen, so that the present
analysis can be expected to be applied for the
design purpose of such focusing devices.
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