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Ultrasonic Nondiffracting Transducer for Medical
Imaging
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Abstract—Historically, transducers having Gaussian shading and
Fresnel shaped voltage drives on an array of annular elements have
been used for medical imaging of the highest quality. These trans-
ducers have good focus within the depth of field and smooth near field
patterns. Outside of the depth of field the focus degrades with
diffraction effects. Nondilfracting solutions to the wave equation gov-
erning propagation in tissues (the scalar Helmholtz equation) have re-
cently been discovered and extensively tested on electromagnetic waves.
Very little work has been done with nondiffracting beams in acoustics
and none in medical imaging. A study of these methods for medical
imaging is reported. Computer simulations and experimental results
for a ten-ring annular Bessel shaded transducer are described. Both
CW and pulse wave results are shown and compared to conventional
Gaussian beams. The nondiffracting beam has about 1.27-mm radius
main lobe with a 20-cm depth of field compared to the Gaussian trans-
ducer of the same size with a 1.27-mm radius main lohe at a focus of
12 em and 2 - 4-cm depth of field. The side lobes of the nondifiracting
beam are the same as the J, Bessel function. The new beam forming
method may have promise in novel imaging and tissue characterization
modes whereby the effects of diffraction are eliminated.

I. INTRODUCTION

ONVENTIONALLY, transducers with Gaussian

beam shading are used in medical imaging because
the beam patterns are smoother in both near and far fields
[1]. The Gaussian beam diverges dramatically after the
Rayleigh distance because of diffraction. Dynamic focus-
ing is used to improve lateral resolution of the Gauss-
ian beam transducer in pulse-echo imaging. However, the
transducer can be focused only at one point in transmit.
The transmit beams diverge from the focal point reducing
resolution. The use of a transmit beam that does not di-
verge throughout the region of interest would greatly im-
prove current medical imaging methods.

Durnin [2] discovered recently a nondiffracting beam
that can have long depth of field. Compared to the Gauss-
ian beam, the nondiffracting beam has a small center lobe
and relatively large side lobes that travel in parallel with
the center lobe. Since the nondiffracting beam was dis-
covered, experiments for physical realization of finite ap-
erture J,, Bessel nondiffracting beams in optics have been
performed [3]. [4] by J. Durnin er al. Several investiga-
tors have further developed the idea either in theory or
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experiments [5]-[10]. Only two have reported investiga-
tions ‘of the nondiffracting beam with acoustical waves:
Hsu ef al. [11] who have constructed a Bessel beam ul-
trasonic transducer and Ziolkowski er al. [12] who have
simulated an acoustic pulse wave using superposition but
did not use the entire array simultaneously. These studies
were very preliminary. The practical embodiment of this
device for medical imaging will have advantages and dis-
advantages.

In this paper we report on evaluations of the nondif-
fracting J, Bessel becam and suggest its application to
medical imaging. We report results for both computer
simulations and their experimental verification with im-
ages of fields of the nondiffracting transducer for both
continuous-wave (CW) and pulse-wave (PW) excitations,
We also report measurements of focused and unfocused
Gaussian beams produced by the same transducer for the
purpose of comparisons. The effects of heterogeneity due
to tissue on the nondiffracting beam and on the focused
Gaussian beam are also reported.

A. Theory
From the source-free scalar wave equation
18

(V3 - —lj) U(r.r) =0,

™ or (1

one can obtain the following nondiffracting solution [2]
Pl

A(¢) exp [ —ja(x cos ¢
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where

a’ + B =4k% k:ll:‘ :

0 < a < Lk

where A(¢) is an arbitrary complex function of ¢, ¢ is
the integration variable, 8 is real, U( 7, 1) is sound pres-
sure, ¥ = (Xx. v, 1) represents the observing point, 1 is
time, w is angular frequency, and ¢ is the sound speed.
If A(¢) is independent of ¢, one obtains the simplest
axially symmeric nondiffracting solution which is propor-
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TABLE |
PoSITIONS OF THE EDGES OF ANNULAR ELEMENTS OF THE NONDIFFRACTING ANNULAR ARRAY TRANSDUCER
ALONG RADIUS

Element # | 2 3 4 5 6 s 8 9 10
Separation
Positions (mm ) 2.0¢ 4.59 7.20 9.81 124 15.0 17.6 20.3 2249 35.0
tional to C. Lateral Resolution
U(F, 1) = J,(ap) " (4) The lateral resolution of the J, Bessel nondiffracting
. o\ 3

where J, is the zeroth order Bessel function of the first
kind and p = Vx> + v’ is the distance away from the
center axis of the transducer. From (4), it is seen that the
beam pattern of the J, Bessel nondiffracting solution is
independent of distance, z, and « is a scaling parameter
of the J, Bessel function. This means that the J, Bessel
beam will travel to infinity without spreading.

B. Practical Depth of Field

In practical applications however, only a finite aperture
can be used to approximate the theoretical results of (4).
In this case, the maximum nondiffracting distance of the
J, Bessel beam (defined by [2, Fig. 6]) is,

= ﬂ"\l(k/(l’)z -1,

where a is the radius of the transducer.

For an unfocused Gaussian beam generated by a finite
aperture transducer, the depth of field is the Rayleigh dis-
tance which is the distance corresponding to the last max-
imum of the field on the center axis of the transducer. If
full width at half maximum (FWHM) of the Gaussian
beam at the trangducer surface is ¢ = 25 mm, the depth
of field is given by (see appendix)

(5)

B

(6)

If the Gaussian beam is focused, the depth of field
GFz.x is defined as the distance between the two out of
focus planes at which the beam spreads to V2 times the
beam width in the focal plane, so (see appendix)

o[- @l
)+ ()

where o is the parameter of the Gaussian function
e "**/* at the transducer surface, and F is the focal length
of the lens. If the FWHM of the Gaussian beam at the
transducer surface is 25 mm, £ = 120 mm, and £ = 10.5
mm ', one obtains GFz,, = 24.4 mm. Equation (7) is
valid for ¢ << a” and F* >> ¢”.

Gz = 121 mm,

beam is defined as the FWHM of the center lobe of the J,
Bessel beam:

3.04
BRL ==

(8)
a
If @ = 1.202 mm ', one obtains BR, = 2.53 mm. Sim-
ilarly the lateral resolution of the focused Gaussian beam
at the focal plane is defined as the FWHM of the beam in
the focal plane, which is given by (see appendix):
F
3.33 o
This equation is valid for ¢> << a® and F* >> ¢, If
FWHM = 25 mm at the transducer surface, &k = 10.5
mm™~' and F = 120 mm, one obtains GR, = 2.54 mm.
From the equations above, it is seen that the nondif-
fracting beam can be applied to medical diagnosis with
great potential utility. The nondiffracting Bessel beam has
greater side lobes but much greater depth of field than the
focused Gaussian beam. Its nondiffracting properties make
it a potential tool for tissue characterization because the
correction for diffraction will be negligible.

GR, = (9)

II. DEsSIGN OF THE NONDIFFRACTING TRANSDUCER

A nondiffracting transducer was designed by us and
constructed by Echo Ultrasound' using PZT ceramic/
polymer 1-3 composite. It is a broadband transducer
(about 50% of its center frequency), having a center fre-
quency of 2.5 MHz and is composed of ten annular ele-
ments with spacing between the elements less than 0.2
mm. The transducer is backed with low impedance and
matched to water with a front matching layer. The diam-
eter of the transducer is 50 mm. The positions of edges
of the annular elements along the radius were determined
from Table I, which was calculated from a Bessel func-
tion when parameter « in (4) was chosen as 1202.45 m™".
From Table I it is seen that the radius of the center ele-
ment of the nondiffracting transducer is 2 mm. The non-
diffracting distance Bz, calculated from (5) is 216 mm.

ITI. CoMPUTER SIMULATIONS

Pressure fields were simulated by digital computer using
an annular array having the same ring parameters as the
experimental transducer. The Rayleigh-Sommerfeld [13]
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scalar formulation of diffraction is very accurate for most
applications. However, because there is a double integra-
tion in this formula when calculating the radiation of the
Bessel beam annular array. it is very time consuming.
Therefore, in the simulations we used the Fresnel approx-
imation [13] to reduce the double integration to single and
implemented it on a Sun SPARCstation 1. Differences be-
tween the Rayleigh-Sommerfeld formulation and the
Fresnel approximation were found to be negligible for
field points greater than 3-4 cm away from the surface of
the transducer. Because the voltage, thus pressure, was
constant across each annular element of the transducer, a
stepwise approximation was used for the computer simu-
lations (for stepwise Gaussian shading, see [18]). The ac-
curacy of the field calculations was verified by experi-
ments described in Section IV.

CW fields of the nondiffracting transducer on center axis
and field distributions at several distances away from
transducer gave results similar to those previously pub-
lished [2] and will not be repeated here.

Pulse waves are very important for both medical im-
aging and Doppler measurements. Using linear system
theory [13], we calculated the radiation patterns of the
experimental nondiffracting transducer using excitation
with a 2.5-MHz pulse of about one and one-half periods.
For comparisons, the fields for focused and unfocused
Gaussian beam transducers were also calculated. Images
of the analytic envelope of calculated or measured pres-
sure waves were produced at various distances from the
transducers. The simulation results, as well as experimen-
tally measured results, will be shown in Section V.

IV. EXPERIMENTS

A block diagram of the experimental set up is shown in
Fig. 1. The Polynomial Waveform Synthesizer Model
2045 was used to generate either 200 ps 2.5 MHz tone
bursts or the pulses for the experiment. The signal was
amplified to drive the ten elements of the annular array.
By changing switches in the Ten Path Driving Circuit in
Fig. 1, the Bessel drive of the transducer can be easily
switched to Gaussian drive. To form a focused trans-
ducer, a plexiglas lens was attached to the surface of the
transducer. For Bessel drive, alternating polarities of the
driving voltages were applied for the ten successive rings,
and the amplitude of each ring was adjusted accordingly
to make the generated acoustic pressure equal to the max-
imum amplitude of the respective Bessel lobes. This re-
sulted in a stepwise approximation to the Bessel function
since the pressure across the annuli were relatively con-
stant rather than lobe shaped like the Bessel lobes. The
effect of this approximation is described later. For Gauss-
ian drive, the ten rings were driven in the same polarity,
and the generated acoustic pressures were adjusted to
match a stepwise approximation of the Gaussian function.
The signals were received by a 0.5-mm diameter NTR
System hydrophone (Model NP-1000), digitized (at 40
MHz sampling rate) and transferred to a SUN workstation
for image formation and processing. Movement of the hy-
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Fig. 1. Block diagram of experimental system for automatically measuring

continuous and pulsed acoustic fields of Bessel and Gaussian (focused
and unfocused) beam transducers.

drophone was controlled by computer and synchronized
to the data acquisition. The wideband detector and low
pass filter in Fig. 1 was replaced by an offsetting buffer
amplifier for the pulse experiments.

Because of the varying properties of each element of
the transducer, the acoustic field produced by each ele-
ment did not have exactly the desired amplitude at a given
field point even if the electrical signal on the transducer
element had exact Bessel or Gaussian amplitudes. To set
up the appropriate fields for each annulus, computer sim-
ulations were done for each annular element at distance z
= 205 mm on the central axis of the transducer. This dis-
tance was chosen to avoid rapid variation of the fields from
the outer ring element. The calculated normalized ampli-
tudes of the fields at this point (z = 205 mm) for both
Bessel and Gaussian beams are tabulated in Table II.

The amplifiers on each annulus were adjusted individ-
ually to produce the correct pressure as measured by the
hydrophone at 205 mm on the central axis of each ring.
This procedure corrected for variations in the ring re-
sponses.

V. REsULTS
A. Continuous Wave Studies

Fig. 2 shows images of the computer simulated pres-
sure field of the nondiffracting transducer for an exact CW
J, Bessel drive (acoustic field profile is an exact Bessel
shading function at the transducer surface). The field was
calculated over a rectangular area 48 mm wide and 200
mm long through the central axis of the transducer with a
pixel size of 0.48 mm X 0.5 mm. Each image begins
5 mm away from the surface of the transducer. The gray
levels of the images are linear, log compressed, —6-dB
clipped log compressed and —12-dB clipped log com-
pressed, respectively, as marked. The field is virtually dif-
fraction free for almost 20 cm.

Fig. 3(a) shows the computer simulated pressure field
of the nondiffracting transducer for CW with stepped Bes-
sel shading on the annuli. Panel (b) shows the pressures



LU AND GREENLEAF: ULTRASONIC NONDIFFRACTING TRANSDUCER FOR MEDICAL IMAGING 44]

TABLE I
ON Ax1s RELATIVE FIELD PRESSURES AT 205 mm FOR STEP DRIVE BESSEL AND GAUSSIAN BEAMS
Element # I 2 3 4 5 6 7 8 9 10
Bessel Beam 1.00 1.75 2.31 2.70 2.99 3.18 3.28 3.32 3.28 .02
Gaussian Beam 1.00 4.13 5 .85 7.91 7.01 5.58 4.03 2.66 1.61

Fig. 2. Continuous wave computer simulation for exact Bessel beam non-
diffracting transducer. Four images in figure are same ficld magnitude
displayed in envelope (linear), log compressed, —6 dB clipped log com-
pressed, and — 12 dB clipped log compressed, respectively. All images
begin 5 mm away [rorm transducer and pixel size is (.48 mm > 0.5 mm.

(b}
Fig. 3. Continuous-wave compuler simulation (a) and experimental mea-
surcitients (b) for a step Bessel approximation ol nondiflracting trans-
ducer. Formal is same as in Fig. 2.

Fig. 4. Continuous wave computer simulations for exact [ocused Gaussian
beam transducer. Focal length is 120 mm. Displays are in format of Fig.
2. All images begin 10 mm away from transducer, and pikel size is 0.48
mm X 0.5 mm.

experimentally measured using the system of Fig. 1. The
effect of a step approximation of the Bessel beam is clearly
predicted by the simulation.

Figs. 4 and 5 are images of computed and experimen-
tally measured fields of the ten element annular array
transducer for a CW focused Gaussian drive in the same
format as Figs. 2 and 3, respectively. The focal length is
120 mm and the field dimensions are 195 mm (long) by
48 mm (wide). Each image begins 10 mm away from the
surface of the transducer. The step approximation also
makes a difference in this case.

B. Pulse-Wave Studies

Figs. 6-8 illustrate simulated (with a pulse wave (PW)
and exact shading (a) and step shading (b)) and experi-
mentally measured (with a pulse wave and step shading
(c)) images of —6-dB clipped log compressed pulse fields
generated by nondiffracting (Fig. 6), focused Gaussian
(Fig. 7) and unfocused Gaussian beam (Fig. 8) trans-
ducers. Each panel includes images at four distances (z
= 50 mm, 100 mm, 150 mm, and 216 mm) away from
the surface of the transducers (except Fig. 7 for the case
of the focused Gaussian beam whose distances were set
to z = 50 mm, 120 mm, 150 mm, and 216 mm). The
electrical pulse used to excite the transducers for both
simulations and experiments was of the form

(10)

where f, = 2.5 MHz and ¢, = 0.4 ps. The sound speed
was assumed to be ¢ = 1.5 mm/us. The width of the

F1) = "% sin (2wf,1),
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(a)

()
Fig. 5. Continuous wave computer simulation (a) and experiment (b) for
step drive focused Gaussiun beam transducer. Each panel corresponds 1o
that in Fig. 4.

images was 50 mm (201 points) and length was 10.24 ps
(256 points). The focal length of the focused Gaussian
beam transducer was 120 mm and the FWHM (full width
at half maximum) of the focused and unfocused shading
of the Gaussian beam at the face of the transducer was 25
mm, which was the radius of the transducer. These results
illustrate that for pulses little error is introduced by ap-
proximating the Bessel function shading with positive and
negative steps of magnitude equal to the peak of respec-
tive lobes of the Bessel function. The Gaussian function
can be approximated with a stepwise function as well.
This greatly relieves constraints on transducer design.

C. Phase Aberration by Tissue

To study the phase aberrations of the nondiffracting
beam by soft biological tissue, a 10-mm layer excised beef
tissue (muscle plus fat) was placed in front of the trans-
ducer. The results are shown in Figs. 9(a) (CW case) and
(b) (PW case). Figs. 10(a) (CW case) and (b) (PW case)
are the results of the effects of the same beef tissue on the
focused Gaussian beam transducer. It is seen that the bio-
logical tissue has about the same effects on both the non-
diffracting and the focused Gaussian beams.

Fig. 6. Pulse wave compulter simulalions (with an exact drive (a) and step
drive (b)) and experimental measurements (with-a step drive (¢)) for Bes-
sel beam nondilffracting transducer. Images are measured at four dis-
tances: 7 = 50 mm, 100 mm, 150 mm, and 216 mm, respectively, and
pixels within —6 dB of the field maximum are log compressed and dis-
played. The pixel size is 0.06 mm * 0.25 mm.

V1. CoNCLUSION

A. Summary

A ten-element nondiffracting annular array was fabri-
cated using PZT ceramic/polymer 1-3 composite. The
fields of this array for CW and pulsed drive were obtained
by both computer simulations and experiments. Very large
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(a)

(h)

Fig. 7. Pulse-wave computer simulations (with exact drive (a) and step
drive (b)) and experimental measurements (with step drive (¢)) for fo-
cused Gaussian beam transducer. Foeal length is 120 mm. Images are
measured at four distances z = 50 mm, 120 mm, 150 mm, and 216 mm,
respectively, and pixels within —6 dB of the field maximum are log com-
pressed and displayed. The pixel size is 0.06 mm X (.25 mm.

depth of field ( >200 mm with a transducer radius of 25
mm ) was observed with the radius of the center lobe of
the nondiffracting Bessel beam equal to about 1.27 mm
throughout the depth of field. Good agreement between
the simulations and experiments was obtained. The non-

(a)

(L)

Fig. 8, Pulse—wave compuler simulations (with an exacl drive (a) and step
drive (b)) and experimental measurements (with a step drive (¢)) lor un
focused Gaussian beam transducer. Images are measured al four dis
tances z = 50 mm. 100 mm. 150 mm. and 216 mm, respeclively, and
pixels within —6 dB of the field maximum are log compressed and dis-
played. Pixel size is 0.06 mm X (.25 mm.

diffracting beam was also compared to conventional fo-
cused and unfocused Gaussian beams, The effects of bio-
logical tissue on both the nondiffracting and the
conventional focused Gaussian beams were also tested and
found to be about equal.
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(a)

Fig. 9. Effects of 10-mm beel tissue (muscle plus fal) on continuous field
tn} and pulse field (b) of step drive Bessel beam nondiffracting trans-
ducer. The beef is placed in front of the transducer. The images in (a)
and (1) are measured and displayed using the same parameters as those
in Figs. 3 and 6. respectively (because of the beef, the images in (a) start
25 mm away from the transducer and the size of the field is 180 mm X
48 mm. instead of 200 mm % 48 mm).

Although the diameter of the Gaussian beam at the fo-
cus was smaller, the diameter of the beams before and
after the focus were very broad compared to the nondif-
fracting beam.

B. Discussion

Hsu et al. [11] constructed a three-ring, narrow band
solid PZT J,, Bessel nondiffracting transducer using a non-
uniform poling technique. With this transducer, they gen-
erated rough CW nondiffracting fields. They did not study
further the properties of this transducer in pulse mode re-
quired for medical imaging. In 1989, Ziolkowski et al.
[12] simulated nondiffracting pulsed acoustic waves using
a linear array and a square array. However, they gener-
ated the pulse waves using superposition of the contribu-
tion of each element of the transducer array (each element
was excited by a complex time function) and did not use
the entire array simultaneously. Also, they did not apply

(a)

{b)

Fig. 10. The effects ol 10-mm beef tissue (muscle plus fat) on continuous
field (a) and pulse field (b) of step drive focused Gaussian beam Lrans-
ducer. Beel is placed in front of transducéer. Tmages in (a) and (b) are
measured and displayed using same parameters as those in Figs. 5 and
7. respectively (for placing beel. images in (a) start 25 mm away from
transducer, and the size of field is 180 mm * 48 mm, instead of 195 mm
% 48 mm).

their method to medical imaging. In this paper, we have
designed a broadband J, Bessel nondiffracting transducer
fabricated by Echo Ultrasound using PZT ceramic/poly-
mer 1-3 compesite. Because the J, Bessel profile is sym-
metric and the amplitudes of the lobes can be approxi-
mated with step functions (see Section IV in this paper),
it is easily constructed. With this nondiffracting annular
array transducer, we have successfully generated both CW
and pulsed waves that were not greatly distorted by the
phase aberrating effects of biological tissue. The advan-
tages of composites (high electromechanical coupling
coefficient, low crosstalk between elements of array. low
acoustical impedance and broad bandwidth [14]) allow
this nondiffracting transducer to be applied immediately
to medical imaging.

Because of the long depth of field ( >200 mm), the J,
Bessel nondiffracting transducer could be used to replace
the multiple transmits required in conventional B-scanners
that reduce the imaging frame rate resulting in blurred im-
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ages of moving objects. The small size of the center lobe
of the J, Bessel nondiffracting transducer may make it
possible to eliminate dynamic focusing in the receive
mode in commercial imaging instruments, simplifying the
designs of these instruments. J, Bessel nondiffracting
transducers could also be used in transmission imaging,
such as transmission ultrasonic tomography with the ex-
pectation of obtaining higher imaging quality over the
conventional Gaussian beam transducer which must be fo-
cused at a fixed distance. Another potential application of
the J, Bessel nondiffracting transducer would be tissue
characterization which requires correction for diffraction
for the estimation of tissue attenuation or B /A (nonlinear
parameter) [15]-[17].

The J, Bessel function determines the amplitude of the
side lobes of the nondiffracting beam. These side lobes
could be reduced in the pulse echo mode if a J, Bessel
nondiffracting receiver is used because the transmit and
receive beams are multiplied with one another. In pulse-
echo imaging, dynamic focusing in receiving could also
be considered to further suppress the side lobes. From (3),
it is seen that the size of the transducer, «. the maximum
nondiffracting distance, Bz,,;. and o which determines
the width of the center lobe of the Bessel beam, trade off
with each other. If Bz, is fixed, to reduce the size of the
center lobe of the J, Bessel beam (@ increase), the size
of the transducer, a, should be increased. Similarly, if a
is fixed, Bz, will reduce when the size of the center lobe
of the beam decreases. These tradeoffs are similar to those
of the Gaussian transducer in which depth of field and
resolution are related. Effective use of the nondiffracting
transducer in medical imaging will require complete un-
derstanding of the effects of these tradeoffs on resolution,
speckle, and contrast.

APPENDIX
DERIVATION OF LATERAL RESOLUTION AND DEPTH OF
FIELD oF FocuseEp aND UNFOCUSED GAUSSIAN
Beam TRANSDUCER

From the Fresnel approximation [13], one obtains the
field of a transducer shaded by a circularly symmetric
function A( p):

U(P)_MS“A(P)J (_ kx,p )
! Jlxs +2%) Jo & B

o

- exp [ jkop?/(2vx; + 2°)]p db. (11)

where P, (x,, z) is an observation point, p =
N yl is the distance away from the center axis of the
transducer, J, is the zeroth-order Bessel function of the
first kind, k = 2« /A is wave number and A is wavelength.

Let A( p) be the shading of focused Gaussian trans-
ducer, i.e.,

Alp) = e "/ exp [—jk(VF* + 0% = F)], (12)

(=3
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Fig. 11. Field of unfocused beam transtducer on center axis.

where F is the focal length of the lens and o is the | /e
radius of the Gaussian beam on the transducer surface.

A. Field of Unfocused Transducer on Center Axis
For an unfocused transducer, the shading is of the form

A(p) = e ?7" (F = o). (13)

For the field on center axis (x, = 0). (11) can be inte-

grated

ke —alfe?

s N 2T = 2% cos kat 2z, (14)

Equation (14) is plotted in Fig. 11 where ¢ = 15 mm
(FWHM = 25 mm), g = 25 mm, and £ = 10.5 mm

B. Depth of Field of Unfocused Gaussian Beam
Transducer

If we define the depth of field of an unfocused Gaussian
beam transducer as Gz, that corresponds to the last max-
imum of the field on the center axis, from Fig. L1, it is
seen that

Gz = 721 mm. (15)
This is (6) in the paper.
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C. Lateral Resolution of Focused Gaussian Beam at
Focal Plane

Substitute (12) into (11), we have

k"ﬂ"jk \'-".\,'1, ¥z2

jlxs + 2°)

— jk(NFT ¥ p* — P)] l(—ﬂﬁ)

U(P,) = S exp [—p/d’

-4

*a “

- exp [jko?/(2Vx; + ) ]pdp. (16)
If F* >> ¢2, one has
VF? +p? — F = 0*/2F (17)

and if > << a”. the upper limit of the integration in (15)
can be approximated by co. Using

= 5] ] PR
S xe PV I (Ex) dx = e VY, (18)
(

) 2P

where P and ¢ are parameters which are independent of
x. (16) can be written as

|u(p,)| = 2

- ‘;

+z2) e’

o] /

1 1 I .
4= 3 8 - ——s
‘ (‘ﬁ <2F Z\fx,'“’,+:3>>

(x5
)
S.
(19)

The lateral resolution of the focused Gaussian beam
transducer can be defined as the FWHM of the transverse
profile of the beam at distance £, and it can be obtained
from (19) (assume z >> x,)

R.(z) = 2\j—(ln 0.5) [(f;) & (g) o = B

(20)

At focal plane (z = F), the lateral resolution is given by
F

GR, =~ 3.33 —, (21)
ko

which is the derivation of (9).

D. Depth of Field of Focused Gaussian Beam
Transducer

If we define the depth of field of the focused Gaussian
beam transducer as the distance between two out of focus

IEEE TRANSACTIONS ON ULTRASONICS. FERROELECTRICS. AND FREQUENCY CONTROL. VOL. 37. NO. 5. SEPTEMBER 1990

planes in which the beam spreads to V2 times the beam
width in the focal plane. from (20), the depth of field can
be obtained

GF;I'I'HIK

(22)
which is (7) in the paper.
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