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Abstract—A way of constructing a required distribution of an ultrasonic field in the range of megahertz fre-
quencies in a liquid is developed by combining a system of two profiled solid plates (phase masks) positioned
in front of a single-element piezoelectric emitter. The possibility of creating phase masks to control the spatial
distribution of an acoustic field by changing the frequency of the radiation is studied.
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INTRODUCTION

Controlling the spatiotemporal distribution of a
wave field is required in many applications of acoustic
waves [1—3]. Multi-element emitters can be used for
this purpose, with each element operating inde-
pendently of the others. In some problems, a large
number of them may be required to create an acoustic
field. Multi-element devices are difficult to make and
control; in most cases, it is not possible to control the
operating efficiency of each emitting channel in ser-
vice [4]. Due to some technical limitations, actual
devices now consist of 100—1000 elements, and even
this quantity may not be enough to create a complex
spatial field distribution. In addition, actual multi-
channel devices are not always available, due to their
high cost.

Phase masks could be an alternative to multi-ele-
ment emitters. Such masks are nonuniformly thick
plates that allow the phase distribution of a transmit-
ted wave to be altered selectively so we can obtain the
required spatial distribution of a field [5]. This phase
control is possible because of the difference in sound
speeds in the environment and in the material of a
plate.

Note that only the wave phase (hence the name)
can be modulated using a single phase mask, while the
amplitude of the wave changes weakly. To create the
required spatial field distribution, we must control not
only the phase but the amplitude of the acoustic field
as well. The required spatial distribution of the ampli-
tude and phase can be obtained using two spaced
phase masks in the form of profiled plates [6], due to
the phase modulation in each. Choosing the profile of
plates and the distance between them allows us to
select the conditions under which the plate closest to
the emitter produces the required distribution of the

amplitude of pressure on the surface of the second
mask, which in turn creates the phase modulation
needed to form the required spatial distribution of the
amplitude and phase.

Phase masks can be made, for example, from pho-
topolymer resin using 3D printing laser stereolithogra-
phy with an accuracy of 0.1 mm.

In this work, we obtain an algorithm for calculating
the thickness profile of two solid plates, the combina-
tion of which allows us to form a given distribution of
the acoustic pressure in the transverse plane at a fixed
distance from the emitter (Fig. 1a). We study the effect
the nonuniform vibrational velocity of the emitter’s
surface on the quality of the field modulation by the
set of two phase masks. An experimental model of two
profiled plates is built on the basis of our results
(Fig. 1b). We also consider the possibility of creating a
multi-frequency phase mask that can be used to create
given distributions of the pressure amplitude at several
frequencies on a target plane.

CALCULATION OF PHASE MASKS

The phase delay of a transmitted wave is deter-
mined not only by the thickness, but also by the acous-
tic characteristics of the plate material and the immer-
sion liquid (water). The sound speed and the density of
water at an operating temperature of 22°C are
1491 m/s and 998 kg/m?, respectively. Since a photo-
polymer resin was used in solving the considered prob-
lem, we preliminarily measured the acoustic parame-
ters of the material. The speed of sound was deter-
mined by measuring the period of propagation of an
ultrasonic pulse with a carrier frequency of 1 MHz
through a plane-parallel sample of known thickness:
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2509 = 10 m/s. The measured density of the material
was 1198 £ 1 kg/m?.

Consider the problem in the following formulation.
Using a plane emitter and phase masks, we need to
create a distribution of intensity in the form of the let-
ter “I1” on the target plane, which is parallel to the
emitter surface and is located at some distance from it
(Fig. 1a). The main limitation on the accuracy of the
resulting spatial distribution of the acoustic field is the
diffraction limit, so the characteristic scale of the non-
uniformity of the predetermined field must exceed the
wavelength in water. We used a two-stage approach
(I, IT) to calculate the system of masks. In stage (I)
(the phase screen approximation, where the mask is
considered to be infinitely thin and does not change
the amplitude of a wave) an iterative procedure was
used to calculate the required phase shifts in the planes
of a mask. In stage (II), the field was calculated without
the above approximation, and the required profile of the
plates was determined. The iteration procedure at the
first stage utilized the sequence of operations below.

(1) The real amplitude of pressure is determined
according to a given intensity distribution in a plane
located at distance Z, from the emitter (Fig. 1a). The
phase of a wave is selected arbitrarily, for certainty we
equate it to zero. For the system of a large wave size, it
is sufficient to consider only propagating waves, so the
distribution of the complex amplitude is defined at the

nodes of a square grid with step A, = ¢, / (2f), where

f is the frequency and ¢, is the speed of sound in
water. The selected step is a half-wavelength in the
medium and determines the resolution with which the
phase mask is calculated.

(2) We use an angular spectrum [7] with a propaga-

tor of backward propagation from the plane Z; to Z, to
calculate the complex amplitude of pressure.

(3) The field calculated at Z, is modified according
to the phase screen approximation, but only with
respect to the phase, which is randomly defined in
interval (—Tt, 1) to start the iterative process at the next
step.

(4) The next step is taken toward the emitter

according to the modified field in the plane Z,. We use
the angular spectrum to calculate the complex ampli-

tude of pressure in the plane Z; of the location of the
first phase mask.

(5) The phase of the acoustic pressure is fixed on
the plane Z;, and the distribution of amplitude is
replaced by the one along the emitter’s surface that is
valid for a mask in full contact with it. We use a piston
model as a first approximation.

(6) An angular spectrum with a propagator of for-
ward propagation is used to calculate the pressure from
the plane Z, to the plane Z,. The resulting phase dis-
tribution is used for the subsequent iterative process
instead of the one initially defined at step 3.
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Fig. 1. (a) Geometry of the problem; (b) experimental
model.

(7) Steps 4—6 are repeated until the sum of the
point-to-point standard deviation of the amplitudes of
pressure calculated on the plane Z, converges to the
result obtained at step 2. The criterion for interrupting
the iterative process is the difference stops decreasing
with output to a constant. Around 1000 iterations were
sufficient for the case considered in this work.

The required phase distributions beyond the plane Z,
and in front of Z, are determined in this way. We recall
that in front of Z, it is given by the field on the emit-
ter’s surface. Beyond Z,, they are calculated according
to the required field at step 2. The required phase
delays A@(x, y) for both masks are determined by the
difference between the phases of the field at the input
and output of each plane, allowing us to calculate the
profile of each mask z(x, y) at the grid nodes using the
equation

A > — kamax
2(ny) = S oo (1)

m W

where &, = o/c, , k,, = ®/c, are the wavenumbers in
water and the material of the mask, respectively, and
Z .. is its maximum thickness.

max
At the second stage, the propagation of a wave from

the emitter’s surface to Z, through the first mask was
modeled without using the phase screen approxima-
tion, taking into account its profile found after the first
stage using Eq. (1). The field was calculated using the
open source software package k-Wave MATLAB
Toolbox [8], which uses a pseudo-spectral approach
and allows us to model the propagation of an acoustic
wave through a medium with a nonuniform sound
speed, uneven absorption, and an inhomogeneous
density. This procedure refined the required phase
delay in the plane of the second mask and allowed
determination of its thickness using Eq. (1). The
same software was used later to calculate the propa-
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No.7 2022



848

NIKOLAEYV et al.

Fig. 2. (a) Piezoceramic emitter. (b) Normalized amplitude and (c) phase of the normal component of the vibrational velocity in
water on the emitter’s surface, determined via acoustic holography.

gation of a wave through the second mask to the target
surface Z;.

STUDYING THE EFFECT
OF NONUNIFORM VIBRATIONS
OF AN EMITTER

Phase masks are usually calculated using a piston
approximation of the emitter’s mode of operation
[6, 9] that is not valid for actual transducers [10, 11].

The problem of determining the vibrational veloc-
ity of a surface can be solved via transient acoustic
holography [12—14], which has developed rapidly in
recent years. It allows us to calculate the spatial distri-
butions of pressure and vibrational velocity, including
on the surface of the emitter. To consider an actual
spatial field distribution, we measured a hologram of a
93.5 mm-diameter transducer with a resonance fre-
quency of 1.12 MHz (Fig. 2a) using a HGL-0200 cap-
sule hydrophone with a sensing area diameter of
200 um (Onda Corp., United States) that was moved
by an UMS-3 micropositioning system (Precision
Acoustics, United Kingdom). The obtained distribu-
tions of the amplitude and phase of the normal com-
ponent of the vibrational velocity on the emitter’s sur-
face are shown in Figs. 2b, 2c, respectively.

It can be seen that the distributions of the ampli-
tude and phase of the normal component of the vibra-
tional velocity on the emitter’s surface are strongly
nonuniform. The concentric pattern is caused by the
superposition of Lamb modes [11]. The rings with a
higher velocity compared to the surrounding areas
correspond to the places of the antinodes of standing
waves, where radiation into water is most efficient.

To compare results obtained using the piston
approximation and using the real distribution of the
emitter’s field, we calculated a set of masks to create a
given distribution in the form of the letter “I1” on the
target plane Z; (Fig. 3a). Figure 3b shows the ampli-
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tude of pressure obtained on Z; using an approxima-
tion of the uniform vibration of the emitter. Figure 3c
shows this distribution with allowance for its actual
vibrational velocity. It is noticeable that in the second
case (Fig. 3c), the calculated spatial pressure distribu-
tion at Zj is closer to the one given (Fig. 3a) with less
pronounced speckles of radiation. Note also that the
difference between these approaches is relatively
small, and for certain applications it is possible to use
the piston approximation when calculating acoustic
masks.

Experimental verification was performed using
printed phase masks (Fig. 1b) calculated taking into
account the real vibrational velocity of the emitter’s
surface. The profiles of the first and second plates are
shown in Figs. 3d, 3e, respectively. The units were
printed using Accura 60 material on a Prox 800 SLA
3D printer. Figure 3f shows the profile of a surface of
water under the action of acoustic radiation. The emit-
ter and masks were adjusted parallel to the target
plane, which coincided with the surface of the water.
The relief bulges correspond to the high amplitude of
the acoustic pressure.

MULTI-FREQUENCY MODULATION
OF THE FIELD

The constructure of two phase plates made as
described above allows changing an acoustic field in a
given way only at one frequency, which limits their
practical application. In this section, we propose a
technique of multi-frequency modulation by dividing
the phase mask into parts designed for different fre-
quencies.

If the required distribution of pressure is suffi-
ciently compact relative to the emitter’s size but sig-
nificantly exceeds the wavelength in the medium, the
acoustic beam in the plane of the second mask (the
one farther from the transducer) will also have a small
transverse size after propagation. Therefore, for effec-
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Fig. 3. (a) Distribution of the amplitude of pressure on a given target plane. The result of calculating (b) in the piston approxima-
tion of the emitter operation, (c¢) taking into account the measured hologram. The profile of the calculated masks at a distance of
(d) Z; and (e) Z,. (f) The relief of the water surface when the target plane and the water surface coincide.

tive modulation at several frequencies, acoustic beams
should be directed from the target plane to different
parts of the plane Z, (selecting the phase in step 1),
which will form the required field distribution at the
specified frequencies. It is convenient to choose the
parts on both masks similar in shape and location. The
corresponding part of the emitter under the first mask
will then be used effectively to create a given distribu-
tion of pressure in the target plane. The procedure for
selecting phase shifts and mask thickness for each fre-
quency is similar to steps 3—7 of the algorithm
described above.

The frequencies to which each mask part is tuned
within the operating bandwidth of the emitter should
be separated from one another enough so that the
remaining parts perturb the acoustic field in the
required distribution most uniformly. We must also
consider that when the mask is divided into more
parts, the energy of the acoustic field used for modu-
lation at a particular frequency falls. The resulting dis-
tribution of pressure in the target plane therefore devi-
ates more from the one specified.
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To test the system operating in the multi-frequency
mode, we first calculated field distributions ¢ and ©
(Figs. 4b, 4f) at 1.12 and 1.3 MHz, respectively. The
acoustic mask was divided into two halves. The phase
on the target plane (Figs. 4a, 4e) was chosen at step 1
so that the beam was maximally focused to the center
of its mask part (Figs. 4c, 4g). The parts responsible for
modulating at their own frequencies were combined
after calculations. The propagation of a wave was then
calculated through the combined mask, the result of
which is shown in Figs. 4d, 4h.

Similarly, phase masks with four-frequency modu-
lation in the range of 1—1.3 MHz with a step of
0.1 MHz were obtained. Four circles with a diameter
of 1.5 mm were selected as the target distribution.
Their centers were on the vertices of a square with
sides of 4.5 mm. A quarter of the mask allowed focus-
ing at the center of each circle. The calculated results
show that the focal point of this system can be steered
only by switching the frequency of the signal applied to
the emitter (Figs. 4i—4l).
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Fig. 4. Calculations for an acoustic wave with a frequency of 1.12MHz (first row) and 1.3 MHz (second row): (a, e) phase and
(b, ) amplitude of the required distribution; (c, g) field at the surface of the second mask; (d, h) obtained distribution on the tar-
get plane. Four-frequency operation mode of the system for steering the focus at frequencies of (i) 1, (j) 1.1, (k), 1.2, and

(1) 1.3 MHz (third row).

Improving the way of calculating phase masks can
focus the field to a larger number of points. This sys-
tem would therefore operate as a two-dimensional
antenna array upon switching the frequency in a cer-
tain range, allowing us to scan a spatial region with no
mechanical displacement of a single-element emitter.

CONCLUSIONS

We proposed a way of creating a required spatial
field distribution in a plane using a system of two
phase masks. It was shown that using the real vibra-
tional velocity of the emitter's surface to calculate
phase masks improves the quality of the target acoustic
pressure distribution, which can be significant for
some applications. It was demonstrated that the pro-
posed approach allows controlling the spatial distri-
bution of the field by changing the frequency of the
signal.
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