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Abstract—A number of novel noninvasive surgical technologies utilizing high-intensity focused ultrasound
(HIFU) are based on using nonlinear acoustic effects that lead to distortion of the wave when it propagates
from an ultrasound transducer and formation of shock fronts at the focus. Typically, such transducers that
generate a high-power ultrasound beam, have near axially symmetric shape with a central circular opening to
accommodate a diagnostic probe for visualization purposes. To predict the focal field parameters of such
transducer geometries, an equivalent source model of a spherical segment is convenient, as nonlinear effects
in its field are well studied. The equivalent source parameters (diameter, focal length, and amplitude) are
optimized to closely approximate the focal region of the original transducer along the axial coordinate. This
paper investigates the effect of the central opening size on the nonlinear field characteristics and applicability
of the equivalent source model for a typical therapeutic ultrasound transducer with a frequency of 1 MHz and
F. = 0.9. It is demonstrated that the size of the central opening significantly affects the degree of nonlinear
waveform distortion in the focal region, and the equivalent source model can be applied only when the diam-

eter of the central opening is less than 20% of the transducer diameter.
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INTRODUCTION

In recent years, novel medical applications of high-
intensity focused ultrasound (HIFU) based on the use
of nonlinear acoustic effects were actively developing
[1—4]. One example is the HIFU noninvasive surgical
technology, in which ultrasound is focused on the tar-
get site of inducing an intended therapeutic effect, fol-
lowed by its thermal or mechanical destruction [3—5].
To achieve thermal destruction of biological tissue,
both weakly nonlinear and shock-wave sonication
modes have been used [6—9]. To create mechanical
tissue destruction, histotripsy methods have been
developed, which employ shock-wave pulse-periodic
sonication modes with a low duty cycle [3, 4, 10].

Modern HIFU transducers are often multielement
arrays, the elements of which are located on a spheri-
cal segment with a central opening that holds a diag-
nostic probe for visualization of the effect [11—17]. In
this case, the shape of the elements, as well as their
location on the surface, can be different. For example,
the phased arrays of the Sonalleve clinical HIFU sys-
tem (Profound Medical Corp., Canada) comprise 256
circular elements, randomly distributed on a spherical
surface in the case of the V1 model and on eight sec-
tors of the spherical surface in the case of the V2 model

[13]; a similar randomized design was also used previ-
ously [12]. The prototype of the system for treatments
of abdominal organs using boiling histotripsy has a
transducer in the form of a phased 256-element array,
in which the circular elements are located on 16 spirals
extending from the edge of the opening [11]. There are
transducers with sector geometry [14], with dense
mosaic filling of elements in the form of polygons [15],
with an arrangement of seven circular elements in the
shape of a daisy [16]. Despite the differences in the
shape of the elements and their arrangement around
the central circular opening, such transducers generate
acoustic fields that are close in structure to axially
symmetric ones.

For the most accurate acoustic characterization of
nonlinear fields generated by such transducers, a com-
prehensive approach based on complementary data
from physical and numerical experiments has been
developed and successfully applied [11, 13, 16—21]. To
set a boundary condition in numerical modeling,
acoustic holography method is used, in which spatial
distributions of amplitudes and phases of the ultra-
sound field are measured in a plane perpendicular to
the acoustic beam axis [19]. Measurements are carried
out in the linear propagation regime with the trans-
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ducer operating at low power output. Next, based on
the experimental holography data, spatial distribution
of the vibrational velocity on the surface of the trans-
ducer is calculated using the Rayleigh integral. The
boundary condition obtained in this way is scaled in
amplitude and used to numerically model the three-
dimensional Westervelt equation within a wide range
of power levels supplied to the transducer [11, 13, 16—
22]. With this method, one can determine the param-
eters of nonlinear ultrasound field in the entire volume
of the focused beam; however, modeling of the three-
dimensional Westervelt equation requires large com-
putational resources and is not yet widely available
today [23].

In many cases, when it is sufficient to know the
field parameters only in the focal region of the beam,
a simpler equivalent source model is applicable, which
allows the use of existing open-access numerical algo-
rithms for modeling axially symmetric beams [24, 25].
The principle of constructing an equivalent source
model is as follows: an equivalent source in the form of
a spherical segment with a uniform distribution of
vibrational velocity over its surface is selected in accor-
dance with the real transducer in such a way that, in
the case of linear propagation, the axial distributions
of the pressure amplitude in the vicinity of the focal
maximum for the real transducer and the equivalent
source match each other in the best possible way [17,
26]. In some cases, the correspondence between the
pressure amplitude in the focal region, determined at
a certain level from the maximum in the analytical
solution for the equivalent source and calculated from
the acoustic holography data for the original trans-
ducer, is used [27—29]. In other cases, it is possible to
achieve coincidence of the pressure amplitude at the
focus, the position of the zeros closest to the focus,
and the pressure amplitude distributions between
them [13, 17]. Since for highly focused transducers
nonlinear effects are most pronounced in the focal
region, where the field amplitude is the highest, and in
the prefocal region the beam propagates almost lin-
early, it is assumed that the selected equivalent source
model, when scaling its power, will govern the field in
the focal region of a real transducer also in the case of
nonlinear propagation, including the formation of
shock fronts in the focal profile of the wave [17, 26].

Indeed, recent studies have shown that the equiva-
lent source model governs with good accuracy the
shock-wave fields generated by multielement phased
therapeutic HIFU arrays and sector transducers [11,
13, 17, 20, 28, 29]. The simplicity of using the equiva-
lent source model is that to construct it, it is sufficient
to know only the one-dimensional distribution of the
linear field along the beam axis in the focal region of
the transducer. Then modeling the nonlinear field cre-
ated by the selected equivalent source is conveniently
carried out using open-access software packages, e.g.,
in “HIFU beam” [25]. It is important to note that the
results of previous numerical experiments for trans-
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ducers with different values of the focusing angle and
aperture, measured in wavelengths of the transducer’s
operating frequency, are also available [17].

As mentioned above, many of the modern high-
power focused ultrasound transducers have an open-
ing in the center, which is used to accommodate a
diagnostic ultrasound probe [11, 13, 17, 20, 28, 29]. In
one of the recent studies on the acoustic characteriza-
tion of the field of a 256-element phased therapeutic
array of the MR-HIFU Sonalleve V2 system (Pro-
found Medical Corp., Canada) with a central opening
of a sufficiently large size (opening diameter 40 mm,
outer diameter of the transducer 136 mm), it was
shown that the equivalent source model, when simu-
lating nonlinear effects, underestimates the level of
peak positive pressure in shock-wave focusing modes
by up to 20% compared to the real field [13]. More-
over, for a similar Sonalleve therapeutic array of the
previous model V1 with a central opening diameter
twice smaller than that of the V2 model and similar
other parameters, the equivalent source model governs
with high accuracy (difference less than 5%) the values
of peak positive and negative pressures in the focal
wave profile in the entire range of array operating
power levels (up to 1.1 kW of acoustic power) [13, 20].
Thus, in [13] it was demonstrated that if the central
opening of the transducer is sufficiently large, the
equivalent source model does not provide acceptable
accuracy. In order to achieve it, it is necessary to con-
duct modeling taking into account a central opening
of the same diameter as in the real transducer. Such
model of the transducer in the form of a segment of a
sphere with a central opening made it possible to pre-
dict the parameters of the nonlinear field at the focus
of the V2 array much more accurately (the difference
is less than 5%) compared to the model of an equiva-
lent source.

The aim of this study was to quantify the effect of
the size of the central opening on the degree of nonlin-
ear effects in the focal region of the transducer and to
estimate the maximum values of the opening diameter
at which the equivalent source model can be consid-
ered applicable. A transducer with a frequency of
1 MHz, aperture of 100 mm, and focal length of
90 mm, typical for existing ultrasound surgery sys-
tems, was considered as an example. In the numerical
experiment, cases of openings with diameters within
the range from 10 to 70 mm with a step of 10 mm were
investigated. The differences in the spatiotemporal
structure of the nonlinear acoustic field of the trans-
ducer and the corresponding equivalent source, which
appear as the size of the central opening increases,
were analyzed (Fig. 1). Nonlinear effects were mod-
eled in a wide range of the transducer’s acoustic
power: from linear focusing to the formation of the
developed shock in the wave profile at the focus, and
reaching the saturation regime [17].
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Fig. 1. (a) Model of a spherical transducer with F; = 0.9 (side view); models of spherical transducers with different sizes of central

opening (front view): (b) 0, (c) 40, (d) 70 mm.

NUMERICAL MODEL
1. Linear Field

Modeling of the acoustic field generated by trans-
ducers (Fig. 1) operating in the linear ultrasound
propagation conditions was performed using the
Rayleigh integral assuming a uniform distribution of
the normal component of the vibrational velocity v,
over the active surface X of the transducer [19]:
ikR
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where p(x,y,z) is the complex pressure amplitude at
the observation point with coordinates (x,y,z),
(x1, 1, z;) are the coordinates of the transducer surface

element, R = \/(x —x) +(y-n) +(z-2z) is the
distance between the surface element and the observa-
tion point, k£ = 2xf /cO is the wave number, f is the
ultrasound radiation frequency, ¢, is the sound speed
in the propagation medium, p, is the density of the
propagation medium.

The analytical solution of the Rayleigh integral (1)
for the distribution of the complex pressure amplitude
along the z axis of a transducer in the form of a spher-
ical segment with a radius of curvature F and an aper-
ture D has the form

(r o ) _ eikz _ eikRmax @

p , < Do 11—z / F
where r is the transverse coordinate measured from
the z axis, p, = pycy¥, 1s the characteristic pressure

amplitude at the source, v, is the amplitude of the
vibrational velocity at the surface of the transducer,

R = F\/l +(1-z/F)’ —2(1- 2/ F)cos Oy, is the
distance from the observation point to the edge of the
transducer, o, = arcsin(a/F) is the convergence
angle, a = D/2 is the radius of the transducer [19].
Alternatively, to characterize the convergence angle of
the ultrasound beam, a dimensionless parameter is

often used, equal to the ratio of the focal length of the
transducer to its diameter (the F-number): F, = F/D
[17]. For the transverse distribution of the pressure
amplitude along the axis » in the focal plane z = F of
the transducer in the form of a spherical segment, the
approximate solution of the Rayleigh integral (1) has
the form:

2
p(r’z — F) — pOkFO(‘max 2Jl(kr0(‘max)
2 | krOl,

: 3)

where J, is the Bessel function of the 1st kind and 1st
order [30].

In the case of a spherical transducer with a central
opening of diameter d, the distribution of the pressure
amplitude along the beam axis z due to the linearity of
the problem, can be found as the difference between
solutions (2) for a transducer with an aperture of D
without a central opening and a transducer with an
aperture equal to the diameter of the central opening
d. Similarly, the transverse distribution of the pressure
amplitude in the focal plane z = F can also be calcu-
lated analytically as the difference of solutions (3) for
transducers with apertures D and d.

2. Nonlinear Field

For nonlinear modeling, we used a “HIFU beam”
software package based on the solution to the Westervelt
equation for axially symmetric focused beams [25]:

22 _o(0p, Ty, 12)
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2.2 3 (4)
e dp  B3dp
2p0c0 0T 2¢3 0T

where T =1 — z/ ¢, is the retarded time, 7 is time, € is
the nonlinearity coefficient, & is the thermoviscous
absorption coefficient. In the context of the problem
considered here, the physical parameters of the prop-
agation medium corresponded to the parameters of
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water at a temperature of 20°C: ¢, = 1485 m/s, py, =
997 kg/m?, ¢ = 3.5, § =4.33 x 10~° m?/s [13].

In the simulations, the grid step along the axial
coordinate z was A, = 0.025 mm, and the step along

the radial coordinate » was /. = 0.05 mm. For calcu-
lations at high power levels of the transducer, the step
along the r axis was reduced by four times to avoid
Gibbs oscillations in the wave profile.

ALGORITHM FOR CONSTRUCTING
AN EQUIVALENT SOURCE MODEL

The first step in constructing an equivalent source
model is to find the spatial distribution of the pressure
amplitude along the axial coordinate z in the focal
region of the original transducer. In this paper, the
analytical solution of the Rayleigh integral (2) was
used to obtain this distribution. In the case where an
equivalent source is constructed for a real physical trans-
ducer, the axial distribution of the pressure amplitude is
determined either using its nominal dimensions or, more
accurately, based on the hydrophone measurements
under the condition of linear wave propagation at low
radiated power [13, 16, 20, 29].

The second stage is to find the parameters of the
equivalent source, including the aperture, focal
length, and wave amplitude on the transducer, in such
a way that the axial distribution of the pressure ampli-
tude for the selected equivalent source in the region of
the main focal lobe provides the best match with the
corresponding distribution for the original transducer.
In the case of the transducers selected in this study
with a uniform vibrational velocity distribution on a
spherical surface in the form of a ring, the equivalent
source parameters can be calculated analytically,
based on the condition that the amplitude of the field
at the focus and positions of the zeros closest to the
focus (in front of and behind it) along the transducer
axis coincide for the original transducer and the equiv-
alent source [17, 26].

It can be shown that a sufficient condition for
meeting these requirements for a transducer with a
central opening and its equivalent source is the equal-
ity of the focal lengths F, characteristic initial pressure

amplitudes p, = p,cyvy, and areas of their operating
surfaces. Indeed, according to the solution (2), the
distribution of the pressure amplitude along the axis of
the equivalent source has the form

- R
sin (k 27 fmaxeq max’eqj

5 , (%)

2
A (r=0,2) = =2

where Ry eq = Fy1+ (1= 2/ F)* = 21— 2/ F) COS Oy cq
is the distance from the observation point to the edge
of the equivalent source, O, ., = arcsin(a, / F),
d=1-2z/F, k =2nf /¢, is the wave number, and fis
the ultrasound frequency. The corresponding pressure
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amplitude distribution for a spherical transducer with
a central opening can be written as

sin (k Rmaxl - Rmax2) .
2

The condition of coincidence of the zeros closest to
the focus in the solutions (6) and (7) is the condition
when the sine arguments become equal to *m:

k F(1 - 8) - Rmax,eq
2

A(r:O,z)=2—§°

(6)

— kRmaxl ;Rmaxz — iTE, (7)

or

F(l - 6) - Rmax,eq = Rmaxl - Rmax2' (8)
Considering that § < 1 near the focus, the expansion
of the solutions for R, into a Taylor series in o at the
point 6=0 up to the first-order accuracy,
R... = F(1-09cosa,,,,), and further substitution into

max

the solution (8), yields

1-cosa

max,eq

= COS Uy — COS Oy 2- (9)

Here Oy eq = arcsin(a/ F) is the angle between the
axis of the equivalent source and the direction to its
outer edge from the point of the geometric focus,
Opay 12 = arcsin(a, , / F) represents the angles between
the axis of the ring transducer and the direction to its
inner and outer edges from the geometric focus point,
respectively.

Note that the condition (9) is met if the areas of the

equivalent source S, = 2nF *(1-cos Olinaxeq) and the
spherical segment with a central opening

S = 2nF*(cos Olax1 — COS Oy ) are equal. This auto-
matically ensures meeting the third condition of equal
pressure amplitudes at the focus for equal the pressure
amplitudes p, on the surfaces of the equivalent source

peq,F = pOkF(l — COs (xmax,eq) = pOfSeq/(COF) (10)
and a spherical transducer with a central opening:
Pr = pOkF(COS Olpax1 — COS amaxZ) = pOfS/(COF) (11)

As follows from the solution (9), the radius of the
equivalent source q,, can be calculated as

aeq = F\/l - (1 + cos Olpmax2 — COS OCmaxl)z’ (12)

and the distance / between the zeros of the field around
the focus on the beam axis in accordance with (7) is

4m/k 4m/k

[ = =
COS Oy — COSO, 2 1 —cCOsO

(13)

max,eq

RESULTS
1. Linear field

Figure 2 shows the axial distributions of the pres-
sure amplitude, normalized to the characteristic value
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Fig. 2. Axial distributions of normalized pressure ampli-
tude in linear beam for transducer with central opening of
40 mm in diameter: black, original transducer; red, equiv-
alent source.

of the initial pressure p, = p,cyVv,, for a transducer with
a central opening diameter of 40 mm and its equivalent
source. The distributions are practically indistinguish-
able from each other not only in the region of the focal
maximum, but also in several subsequent diffraction
lobes before and after the focus. Thus, in the case of
linear wave propagation, the condition of equal areas
of the initial transducer with a central opening and the
equivalent source with the same focal lengths and
pressure amplitudes on the operating surface ensures
matching the pressure distributions along the beam
axis of these transducers in a wide range of distances
(~0.3F) and positions of several field zeros around the
focus (Fig. 2).

Shown in Fig. 3 are two-dimensional distributions
of the normalized pressure amplitude under linear
focusing conditions for transducers without an open-
ing (Figure 3a) and with openings of 40 (Fig. 3b) and
70 mm (Fig. 3d) diameters. The distributions for each
transducer with a central opening (Figs. 3b, 3d) and
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for the corresponding equivalent source (Figs. 3c, 3d)
with the aperture calculated using (12), are shown in
pairs. Accordingly, for a transducer with the parame-
ters indicated earlier and central opening diameter of
40 mm, the equivalent source has a full aperture of
92.9 mm, and for a transducer with a 70 mm opening,
the full aperture of the equivalent source is 74.6 mm.
As follows from the results presented in the figure, an
increase in the size of the opening and a corresponding
decrease in the area of the operating surface of the
transducer lead, in accordance with the solutions (2)
and (3), to a decrease in the pressure amplitude at the
focus. This result follows from the Rayleigh integral
solution (1): the focusing gain of the pressure ampli-
tude at the focus is proportional to the area of the
operating surface of the transducer.

The size of the focal region, the boundaries of
which we define at the level of —6 dB from the pressure
amplitude at the focus, also changes with an increase
in the size of the opening. Along the beam axis, the
focal spot size was 10.6 mm for the transducer without
an opening, 12.5 mm for the transducer with an open-
ing of 40 mm in diameter, and 19.9 mm for the trans-
ducer with an opening of 70 mm in diameter. The
fields of equivalent sources, as follows from their defi-
nition, had the same dimensions along the beam axis
and, accordingly, the same tendency to lengthen the
focal region as the central opening of the original
transducer increased. However, the change of the focal
region in the transverse direction, with an increase in the
size of the opening, is qualitatively different for the origi-
nal transducers and equivalent sources. The focal width
for transducers with an opening decreases with an
increase in the diameter of the opening: 1.9, 1.7 and
1.5 mm, respectively (Figs. 3a, 3b, 3d); while for equiv-
alent sources, conversely, it increases: 1.9, 2.0, and
2.5 mm, respectively (Figs. 3a, 3c, 3d).

The observed trends in the change in the dimen-
sions of the focal region of equivalent sources are

/Py
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Fig. 3. Distributions of normalized pressure amplitudes in the axial plane in a focal region of the linear ultrasound beam for trans-
ducers with different central openings and their equivalent sources. (a) Transducer without an opening; upper row (b, d) — fields
of original transducers; lower row (c, d) — sources equivalent to them. Aperture diameters: (a) 0, (b, ¢) 40, (d, ¢) 70 mm.
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Fig. 4. Saturation curves: dependences of peak positive and
peak negative pressures (solid lines) and shock amplitude
(dashed lines) on transducer power for different sizes of the
central opening: red, 0; blue, 40; black, 70 mm. Points on
curves correspond to conditions for formation of devel-
oped shock in the focal waveform. Dotted line shows cor-
responding dependences of pressure amplitude at the
focus in a linear beam.

explained by the change in their area and, accordingly,
the aperture. Indeed, when increasing the central
opening of the original transducer, the area and aper-
ture of the equivalent source are reduced. The source
becomes less focused and consequently the size of its
focal region increases, both in the longitudinal and
transverse directions (Figs. 3a, 3c, 3d). The trends
towards lengthening and, conversely, narrowing of the
focal region of ring transducers with increasing the
size of the central opening were noted earlier in [31,
32] and can be qualitatively explained as follows. As
the size of the opening increases and the width of the
ring transducer decreases accordingly, the diffraction
divergence of the beam it creates increases. This leads
to an increase in the region of intersection of waves
arriving with the same phase to the transducer axis
from different parts of the ring, i.e., to an extension of
the length of the focal region. On the other hand, the
larger the size of the opening, the greater the angle at
which the waves that arrive in phase to the transducer
axis interfere. This leads to a narrowing of the trans-
verse dimensions of constructive interference, which
determines the width of the focal region. As follows
from solution (13), elongation of the focal region
occurs slowly at first, then more rapidly, formally
tending to infinity as the size of the opening
approaches the size of the original transducer.

Thus, the equivalent source model, constructed in
accordance with the above principles, makes it possi-
ble to match the axial pressure distributions for the
original transducer and the selected equivalent source
in a sufficiently wide region around the focus (Fig. 2).
However, as the opening size increases, the model
yields significant differences in the transverse pressure
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distributions, indicating the possibility of different
manifestations of nonlinear effects at increasing trans-
ducer power levels.

2. Effect of Opening Size on the Manifestation
of Nonlinear Acoustic Effects

Figure 4 compares the results of numerical model-
ing of nonlinear operating modes of transducers with
the same power, but without an opening and with
openings of 40 and 70 mm. The dependences of the
peak positive and peak negative pressures, as well as
the amplitude of the shock front at the focus on the
power of the transducers (saturation curves) are pre-
sented. The corresponding dependences of the pres-
sure amplitude at the focus in the absence of nonlinear
effects are also given. It is seen that changing the size
of the opening leads to significant differences in the
dependence of the peak positive pressure and the
shock amplitude in the wave profile versus transducer
power. At the same time, the differences in the depen-
dence of the peak negative pressure versus power are
substantially weaker.

At low powers, as in a linear beam, the peak posi-
tive pressure at the focus increases proportionally to
the square root of the power and the area of the trans-
ducers (Fig. 4). With further increase in power and
corresponding strengthening of nonlinear effects, the
peak positive pressure for transducers with larger
opening increases at first slower, then, when the shock
front is formed (the beginning of steep sections on the
curves), it increases faster and reaches higher values at
high powers in saturation modes (flattening of the
curves).

Power levels, at which a shock front begins to form
in the wave profile (the beginning of the dashed curves
in Fig. 4) and a developed shock is formed (p+ = A,
marked with dots in Fig. 4), increase with the size of
the opening. For example, to achieve the condition of
developed shock front at the focus, a power of 635,
745, and 1032 W is required for transducers without an
opening and with openings with diameters of 40 and
70 mm, respectively. The intensities on the surfaces of
the transducers are 7.4, 10.2, and 22.6 W/cm?, and the
amplitude of the developed shock are Ay, = 97, 116,
and 145 MPa, respectively. As can be seen from the
figure, the shock amplitude in saturation modes also
increases with increasing the opening diameter. The
observed trends can be explained by the increase in the
beam convergence angle created by thinner ring trans-
ducers, which leads to less collinear and, thus, less
efficient interaction of waves. Similar effects were
observed in the fields of transducers without an open-
ing with larger focusing angles [17, 34]. Thus, in terms
of manifestation of nonlinear effects, larger central
opening in the transducer with a given external aper-
ture (Fig. 1) leads to its operation as being more
focused compared to the original.
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In Fig. 5, the differences between the wave profiles
at the focus for different opening diameters are ana-
lyzed in more detail in three typical cases of manifes-
tation of nonlinear effects: in the quasi-linear regime,
when 10% of the wave intensity falls on the higher har-
monics [17, 33], in the above-considered regime of
formation of a developed shock, when the lower
boundary of the shock is located at the zero pressure
level [17, 34], and in the saturation regime, when the
derivative of the peak positive pressure with respect to

the pressure at the source dp* / dp, decreases to 10% of

the corresponding value for the case of formation of a
developed shock [17].

The results in Fig. 5 show that the thresholds of the
quasi-linear regime are reached significantly later with
increasing opening diameters: the transducer powers
are 68, 79, and 109 W (initial intensities of 0.79, 1.08,
and 2.38 W/cm?) for openings with diameters of 0, 40,
and 70 mm, respectively. At the same time, the quasi-
linear profiles themselves differ only slightly (Fig. 5a).
To form a developed shock at the focus, a higher trans-
ducer power is also required, the magnitude of the
peak positive pressure and amplitude of the shock are
significantly higher for transducers with larger open-
ing size, while the peak negative pressures are close in
magnitude (Fig. 5b). Saturation regime is also
achieved at high powers: 5846, 7063, and 9522 W (the
intensity on the transducer is 68, 97, and 208 W/cm?),
the peak positive pressure and the amplitude of the
shock front increase with increasing opening size,
while the peak negative pressures are only slightly dif-
ferent (Fig. 5¢).

Figure 6 shows the spatial distributions of the peak
positive and peak negative pressures in the axial plane
of the beam for the regimes when a developed shock is
formed at the focus of transducers without an opening
and with openings of 40 and 70 mm in diameter. As in the
case of linear focusing, with increasing size of the open-
ing, the length of the focal region for the peak positive
pressure increases, 6.7, 7.8, and 13.3 mm at a level of
—6 dB, and the transverse beam width in the focal plane
decreases: 0.8, 0.6, and 0.3 mm (Figs. 6a, 6c, 6e). It
should be noted that in a nonlinear beam in the regime
of formation of a developed shock at the focus, the
width of the focal region for the peak positive pressure
and the effect of its narrowing are much more pro-
nounced (a decrease by almost three times with an
increase in the size of the opening from 0 to 70 mm)
compared to a linear beam (a decrease by 30%).

3. Comparison of Ultrasound Fields of Transducers
with a Central Opening and Their Equivalent Sources

Figure 7 shows the distributions of the normalized
pressure amplitude along the beam axis and across the
axis in the focal plane for transducers with central
openings with diameters of 10 (left column), 40 (mid-
dle column) and 70 mm (right column) and for their
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Fig. 5. One cycle of the wave profile at the focus for trans-
ducers with different sizes of the central opening: red, 0;
blue, 40; black, 70 mm; and different focusing regimes: (a)
quasi-linear regime (10% of wave energy in higher har-
monics); (b) formation of developed shocks (when lower
boundary of the shock front corresponds to zero pressure,
Ag, = pT); (c) saturation regime.

equivalent sources in the case of linear focusing, as
well as saturation curves at the focus, demonstrating
the manifestations of nonlinear effects for the corre-
sponding cases. As noted above, despite the good
match of the field distributions along the beam axis
around the focus in the case of linear focusing
(Figs. 7a—7c), the transverse structure of the field for
the original transducer and its equivalent source is dif-
ferent, becoming wider for equivalent sources
(Figs. 7d—7f), and such a difference increases with an
increase in the diameter of the central opening.
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Fig. 6. Distributions of the peak positive (upper row) and peak negative (lower row) pressures in the axial plane of the beam for
the case when a developed shock (4g, = p) is formed at the focus for different diameters of the central opening: left column, 0;
middle column, 40; right column, 70 mm.
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Fig. 7. Comparison of ultrasound field characteristics for transducers with central opening (purple curves) and for their equivalent
sources (green curves) for different diameters of the central opening: (a, d, g) 10, (b, e, h) 40, and (c, f, i) 70 mm. Top row: axial
distributions of normalized pressure amplitudes in the linear beam. Middle row: transverse distributions of normalized pressure
amplitudes in the focal plane of a linear beam. Bottom row: saturation curves for the peak positive and peak negative pressures at
the focus; points on curves correspond to formation of developed shock in the focal waveform.

An increase in the opening size also leads to an transducers the power required to form a developed

increase in the discrepancy between the values of the
peak positive pressure at the focus of the nonlinear
beams (Figs. 7g—7i). Moreover, if for the original
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shock (marked by dots on the curves) increases with
increasing opening size—645, 745, and 1032 W—then
for the corresponding equivalent sources, on the con-
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Fig. 8. Dependences of the peak positive and peak negative pressures at the focus on the diameter of a central opening for original
transducers (blue curves) and for the corresponding equivalent sources (red curves) for different focusing regimes: (a) quasi-lin-
ear; (b) formation of developed shock; (c) saturation regime (shock amplitude is shown by dotted line).

trary, it decreases: 630, 558, and 390 W (Figs. 7g—7i).
For the same regime of forming a developed shock at
the focus, the peak positive pressures also change dif-
ferently: they increase (100, 116, and 145 MPa) for the
original transducers and decrease (98, 84 and 53 MPa)
for the equivalent sources. Thus, for transducers with
large opening diameters, the parameters of the non-
linear field at the focus will not correspond to those
predicted by the equivalent source model.

Figure 8 shows the dependences of the peak posi-
tive and peak negative pressures, as well as the shock
amplitude at the focus, on the size of the central open-
ing for the original transducers and their equivalent
sources in three characteristic modes of manifestation
of nonlinear effects: quasi-linear, formation of a
developed shock, and saturation. As noted above, the
peak positive pressures differ most significantly from
each other, especially in the modes of strong manifes-
tation of nonlinearity (Figs. 8b, 8c). Ifin the quasi-lin-
ear case both dependences decrease monotonically
(Fig. 8a), then in cases of formation of a developed
shock (Fig. 8b) and saturation (Fig. 8c), the peak pos-
itive pressure, as well as the shock amplitude, increase
with an increase in the diameter of the opening for the
original transducers, but decreases for equivalent
sources. A difference of 10% between the curves in the
regime of formation of developed shock is achieved
with an opening diameter of 22 mm (22% of the trans-
ducer diameter). The differences in peak negative
pressure values are less significant but also increase
with increasing the opening size: p_ increases faster for
equivalent transducers, so the waveforms with shocks
of ring transducers (Fig. 5) will be more asymmetric
compared to those of their equivalent sources.

Thus, the equivalent source model makes it possi-
ble to accurately describe nonlinear fields of transduc-
ers with a central opening if the opening size is ~20%
or less of the transducer diameter. For larger sizes,
more precise models must be used.

CONCLUSIONS

The paper analyzes the effect of the size of a central
opening in a spherical single-element transducer with
a uniform distribution of normal component of vibra-
tional velocity on its surface on the manifestation of
nonlinear effects in focused ultrasound beam such
transducer creates. It is shown that the presence of a
central opening significantly affects the parameters of
the nonlinear field in the focal region, leads to a higher
effective focusing angle and, therefore, to higher levels
of the peak positive pressure and characteristic ampli-
tudes of the shock front in the focal waveform. With an
increase in the diameter of the central opening, the
beginning of shock formation, formation of a devel-
oped shock, and saturation of the pressure field
parameters at the focus occur at higher acoustic pow-
ers of the transducer.

The limits of applicability of the equivalent source
model in the form of a spherical segment for describ-
ing the nonlinear field at the focus of a spherical trans-
ducer with an opening in the center were determined.
It is shown that the condition of equivalence of the lin-
ear fields of transducers as a spherical segment without
an opening and with a central opening is met when
their areas are equal; however, the model can be
applied only in the case of relatively small diameters of
the central opening. For the transducer considered in
this paper with F, = 0.9 the model is applicable if the
diameter of the central opening does not exceed 22%
of the transducer diameter. The applicability criterion
was a difference in the amplitudes of developed shocks
in the focal pressure waveform of less than 10%. As the
size of the central opening increases, the simplified
equivalent source model becomes unsuitable for
describing nonlinear field of the original ring trans-
ducer at the focus, so modeling the operation of such
transducers requires a more accurate consideration of
their geometry.

In a subsequent study, it is planned to generalize
the conclusions about the applicability of the equiva-
lent source model for estimating the parameters of
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nonlinear fields of spherical transducers with different
dimensions relative to the ultrasound wavelength and
F, values.
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