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Ultrasound focusing manifests itself as the accumulation of ultrasound energy on the target. It attracts
extensive interest owing to its substantial advantage in engineering detection and biomedical science. However,
the conventional focusing technique leads to the undesirable off-target influence in the nonfocusing region,
hindering its application such as ultrasound surgery. Here we propose an ultrasound beam with idiosyncratic
sharp autofocusing properties and implement it with the binary metasurface. The beam shows a sharp
accumulation at the focus with an abrupt increase of intensity by three orders of magnitude while keeping the
unintended region intact. The sharp autofocusing is realized by the controlled transverse self-acceleration and
collapse of caustic at the focus in a nonlinear fashion. The intensity contrast, width, and position of the beam are
highly tunable to realize the freewheeling focusing with high efficiency. Remarkably, the possibility to synthesize
the abrupt autofocusing by the phase-only modulation is revealed. As an implementation, we demonstrate that
the precise control of the sharp converging beam can be realized by an extremely simple metasurface with binary
elements. The sharp autofocusing beams would open an avenue to realize the diverse ultrasound focusing with

promising applications in medical ultrasound imaging, therapy, and nondestructive evaluation.

DOLI: 10.1103/PhysRevB.102.064308

I. INTRODUCTION

Ultrasound beams are used for energy delivering on the
target in numerous scenarios. Among the various technolo-
gies developed in ultrasound beam control, spatial ultrasound
focusing has always been a subject of substantial significance
which is widely deployed in versatile applications [1-14].
In nondestructive evaluation techniques, it is employed for
inspecting materials with hidden flaws [13,14]. Focused ul-
trasound beams also play a key role in biomedical ultrasound
imaging and therapy where the energy is converged to the
targeted tissue [1-12]. Conventionally, the energy conver-
gence of ultrasound beam is realized by curved focusing lens
or active phased array, which gradually reshapes the wave
front of the ultrasound beam with acoustic intensity smoothly
accumulated until approaching the focal point. In this case,
the energy of the ultrasound beam is delivered in a dispersed
volume proportional to A3(f/D)*, where A is the wavelength,
f is the focal length, and D is the transverse size of the
beam on the initial source plane [15]. Therefore, the energy is
spatially distributed in a relatively large volume, especially for
low frequency and long focal length. For various applications,
however, it is highly desirable to focus the ultrasound energy
right onto the target in an abrupt manner, while maintaining
the low intensity profile in other unintended areas. Particu-
larly, the controlled sharp focusing contributes to biomedical
ultrasound surgery where the beam should only impact the
expected region while leaving any preceding tissue intact. It
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can be useful in particle trapping and manipulation with high
precision and localization as well [16—18].

On the other hand, traditional ultrasound focusing is re-
alized with the lens of curved shapes or phased array with
the actively controlled elements [3,6]. The large size and
sophisticated configurations of these techniques inevitably
hinder their application in practice. Recent advances of acous-
tic metamaterial enable the unprecedent and effective sound
focusing by controlling the phase delay in a planar structure
with the substantially reduced thickness [19-32]. However,
the spatial variations of the phase distribution for producing
the focusing beam require a large amount of subwavelength
unit cells with a complicated microstructure, which poses
challenges to the fabrication process [19,27-29], especially
for biomedical ultrasound whose typical wavelength is in
the millimeter scale. It calls for a simpler and practically
feasible configuration to realize the ultrasound focusing with
compact metasurface, yet possessing the sharp autofocusing
with negligible off-target influence to the nonfocusing region.
The autofocusing beams have attracted wide interest in optics
and acoustics [33—-37], which render significant properties
such as nondiffraction, self-healing, and multifocal.

In this work, we solve these difficulties by introducing a
type of ultrasound beam with sharp autofocusing properties,
and implementing it with a compact ultrasound metasurface
consisting of only binary elements. The generated autofocus-
ing ultrasound beam focuses in a nonlinear fashion, exhibiting
the abrupt increase of acoustic intensity by three orders of
magnitude at the focal point, while the intensity remains
almost constant during the propagation. The comparison of
the traditional acoustic focusing by the curved lens and
complex metasurface, and the sharp autofocusing ultrasound
beam in this work, is schematically illustrated in Fig 1. The
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FIG. 1. Comparison of the traditional acoustic focusing by the curved lens (left), the complex metasurface (middle), and the sharp
autofocusing ultrasound beam with the binary metasurface (right). Acoustic intensity in the traditional focusing along the axis is smoothly
accumulated to the focal point. However, ultrasound intensity is abruptly increased in the sharp autofocusing beam while maintaining negligible

in nonfocusing region.

ultrasharp autofocusing comes from the unique transverse
self-acceleration of the proposed beam and resultant acceler-
ating energy flux near the focal plane. The intensity, focal po-
sition, and width of the autofocusing beam are highly tunable,
showing the capability and flexibility to achieve discretionary
focusing while ensuring high intensity contrast, precise focal
position, high efficiency, and subdiffraction-limit resolution.
In order to facilitate the implementation of this beam, we
further explore the possibility to synthesize the abrupt autofo-
cusing only by manipulating the phase distribution. Remark-
ably, the sharp focusing and precise control of the beam is
realized with a simple planar surface with binary elements.
With sudden convergence of sound energy by three orders of
magnitude and extreme simplicity in metasurface realization,
as well as the flexible tunability, the proposed sharp auto-
focusing ultrasound beams possess fascinating prospects in
practical applications such as biomedical ultrasound surgery,
nondestructive evaluation, and particle manipulation.

II. THEORETICAL DESIGN

We start by considering the propagation of axisymmet-
ric beams in cylindrical coordinates depending only on r
and z, as illustrated in Fig. 1. The sharp autofocusing ul-
trasound beam is proposed based on the circular Airy dis-
tribution of pressure on the initial launch plane p(r,z =
0) = po(r), which is radially symmetric and described

by [38,39]
—r ro—r
) exp <a ) (1)
w

where Ai(-) denotes the Airy function, ry is the initial radius of
the primary ring, and w is a scale factor. Here « is an exponen-
tial decay factor to ensure that the wave conveys finite energy,
yet it is typically small to keep the behavior of the wave
approximating an ideal diffraction-free Airy wave packet in

pMM=A<m

general. It has been proved that the Airy function is the
nondiffraction solution of the time-harmonic paraxial wave
equation, and the resultant sound beam follows the parabolic
trajectory. The profile of pressure py on the initial plane (z =
0) is shown in Fig. 2(a), with the parameters of ro = 4.6A,
w = 1.1A, and o = 0.05, where X is the wavelength of the
ultrasound beam. From Eq. (1) and Fig. 2(a), it is readily seen
that for r < ry, the ultrasound beam decays exponentially,
whereas the oscillations of the Airy tails slowly decay outside
this region. The fast Fourier transform (FFT) amplitude of pg
as a function of the radial spectral component k is depicted in
Fig. 2(b), where the FFT amplitude oscillates between positive
and negative values with a decreasing envelope. The power
carried by the circular Airy beam is given by
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We carried out the numerical simulations to investigate the
sharp autofocusing characteristics of the proposed ultrasound
beam. Throughout this paper, the numerical simulations are
conducted by the finite element method based on commercial
software COMSOL Multiphysics. The background medium is
water, with the mass density and ultrasound speed being
1000kg/m? and 1500 m/s, respectively. Without losing gen-
erality, we consider the ultrasound of frequency 500 kHz and
wavelength A = 3 mm. The input pressure py on the initial
launch plane (z = 0) has the form as in Eq. (1). The intensity
contrast G, defined as the ratio of the ultrasound intensity to
the average intensity on the initial source plane, is introduced
to quantitatively evaluate the intensity enhancement and en-
ergy confinement. The distribution of the intensity contrast G
of the generated ultrasound beam is illustrated in Fig. 2(c),
where the ultrasharp focusing behavior is observed. Despite
the intensity oscillation, the maximum intensity for every z
remains almost a negligible value. On the contrary, at the focal
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FIG. 2. Evolution of the sharp autofocusing ultrasound beam for ry = 4.6A, w = 1.1A, and o = 0.05. (a) The profile of the normalized
ultrasound pressure py on the initial source plane (z = 0). (b) The FFT amplitude of the pressure p, on the initial source plan. (c) Intensity
contrast G evolution of the autofocusing ultrasound beam. Ultrasound beam emitted from the source plane automatically converge to a small
focal point at the designated position, resulting in the drastic enhancement of ultrasound energy. The intensity contrast G is defined as the
ratio of the ultrasound intensity to the average intensity on the initial source plane (z = 0). (d) Radius coordinate r of the highest intensity of
the beam during propagation. The maximum intensity converges in a nonlinear fashion, enabling the abrupt autofocusing. Intensity contrast
G of the autofocusing ultrasound beam (e) along the propagating direction (r = 0) and (f) on the focal plane (zg = 30.8A) and FWHM (D,)

is 0.63A.

point zg = 30.8X, a large inward transverse velocity is at-
tained and the energy rushes in an accelerated fashion toward
the focal point, leading to a rapid increase of the ultrasound
intensity. We define the radius of the ultrasound Airy ring
Riax (z) as the radial position of the maximum intensity for ev-
ery distance z. It describes the caustic surface evolution of the
autofocusing beam [40,41], as displayed in Fig. 2(d). It shows
that the caustic possesses an increased transverse velocity and
bends toward the axis with acceleration, which abruptly col-
lapses at the focal point. For a better view of the performance
of the autofocusing ultrasound beam, we give the distributions
of the intensity contrast G near the focal point along the axis
(r = 0) and on the focal plane (zg = 30.81) in Figs. 2(e) and
2(f), respectively. Significantly, the three orders of magnitude
abrupt increase of the intensity contrast G is clearly observed
in Fig. 2(e), which reaches 3750 at the focal point. More-
over, the full width at half maximum (FWHM) of the sharp
autofocusing beam D, is only 0.63%, which unambiguously
evidences the effective focusing property of the proposed
ultrasound beam.

III. TUNABILITY OF THE SHARP AUTOFOCUSING
PROPERTIES

To realize the on-demand autofocusing, we further analyze
the tunability of the discussed ultrasound beam by controlling
the input pressure pg on the initial source plane. In order to
maintain the finite energy of the ultrasound beam and facilitate
the practical implementation, the decay factor o = 0.05 is
set to be constant, so the initial source plane and ultrasound
beam can be controlled by manipulating the initial radius ry
and the scale factor w. For every set of parameters (rg, w),
we calculate the maximum intensity contrast G,y in the
spatial field, and the profile of G,x as functions of ry and
w is displayed in Fig. 3(a). The white contour in Fig. 3(a)
indicates the parameter space where the maximum contrast
Gmax 1s larger than 1000 (log;y(Gmax) > 3). It demonstrates
that a relatively large contrast G« can be obtained in a wide
range of parameter combinations by appropriately choosing
the parameters, and the intensity contrast peak can be maxi-
mized to be around 4000. Much higher values of Gy,.x can be
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FIG. 3. Tunable intensity contrast and focal position of the sharp autofocusing beam. (a) The intensity contrast G, (b) the focal length
zr, and (c) the FWHM D, as functions of the initial radius r( and scaling factor w in Eq. (1). The white contours in (a) and (b) indicate the
parameter space where G,y 18 larger than 1000. The focal position can be freely controlled from 0.32A to 47.8A. The FWHM D, over the

whole considered parameter range is smaller than 0.85A.

accessed by further suppressing the diffraction by decreasing
the decay factor «. Meanwhile, the corresponding focal length
zr and the FWHM D, of the sharp autofocusing beam are
illustrated in Figs. 3(b) and 3(c). Remarkably, the energy
of the ultrasound beam can be freely focused to arbitrary
positions ranging from the very near field to far field by
adjusting the parameters of the initial pressure covering the
focal length zg from 0.32A to 47.8\ [Fig. 3(c)]. Moreover,
the focal length zg within the white contour (Gyax > 1000)
ranges from 4.7\ to 47.8A, proving the high tunability of
the on-demand autofocusing while maintaining the desired
sharp energy increase. It is noteworthy that over the whole
considered parameter space, the FWHM remains smaller than
0.85A. In a certain parameter space, it approaches 0.45\
which is well beyond the diffraction limit, as a result of the
interference and diffraction of the Airy rings in the near-field
region [28,42]. The numerical results convincingly evidence
the flexibility of the proposed sharp autofocusing ultrasound
beam to generate the discretionary focusing while ensuring
high intensity contrast, precise position, high efficiency, and
subdiffraction-limit resolution.

IV. REALIZATION WITH PHASE-ONLY MODULATION

In principle, the amplitude and phase of ultrasound pres-
sure on the initial source plane should simultaneously satisfy
the requirement for generating the sharp autofocusing beam.
Yet it is challenging in experiment and industry to indepen-
dently manipulate these two degrees of freedom, either by
the active phased array based on the sophisticated electronic
control or with the passive metascreen consisting of numerous
microstructures, especially for the large input source where
large amounts of elements are needed. Alternatively, the con-
trol of the pressure phase has been proved to be achievable
by active phased array or various passive metasurface for
airborne sound. Therefore, it is necessary to investigate the
possibility to synthesize the sharp autofocusing only with
the phase modulation, which would greatly facilitate the re-
alization in practical applications. Hereinafter, we introduce
a source plane with the modified initial pressure p;, which
inherits the phase profile of the ideal initial pressure py but
with unitary amplitude. The comparison of the amplitude

(blue lines) and phase (red lines) between py (upper) and p;
(lower) is illustrated in Fig. 4(a), with the same parameters
(o, 19, w) as in Fig. 2. The propagation dynamics of the
autofocusing ultrasound beam are demonstrated in Fig. 4(b).
Compared with the results in the ideal case, the reduced
requirement of the initial amplitude distribution moderately
weakens the interference and diffraction of the Airy rings
in the near field. It leads to a slight difference in the inten-
sity oscillation feature. However, the modification with the
phase-only modulation has nearly no influence on the sharp
autofocusing properties. It is clear that the ultrasound energy
flux abruptly concentrates at the focal point, giving rise to the
rapid and tremendous increase of the intensity. A maximum
intensity contrast G of 3736 is obtained which is quantitatively
similar to the idea case (3750). The profiles of G along the
axis (r = 0) and on the focal plane (z = z¢) are shown in
Figs. 4(c) and 4(d), respectively. The ultrasound intensity is
converged to the identical focal position zg = 30.8A as in the
ideal case in Fig. 2(e), and the FWHM keeps the same as
D, = 0.63A. These results prove that the proposed sharp aut-
ofocusing ultrasound beam can be conveniently synthesized
with the phase-only modulation, which provides an effective
methodology to implement it in practice.

V. IMPLEMENTATION WITH BINARY ULTRASOUND
METASURFACE

To achieve the application of autofocusing in compact
devices, we consider the implementation of the sharp auto-
focusing ultrasound beam with the passive ultrasound meta-
surface. Particularly, we employed a simple planar surface
decorated with the grooves of 1/4 depth, which provides the
binary phase delay 0 and 7 of the reflected ultrasound wave.
It has been reported that the metasurface with the phase-
only modulation can generate the Airy beam maintaining the
key features such as the self-acceleration, nondiffraction, and
self-healing [36,43], which enables the implementation of
the sharp autofocusing in our work. The schematic plot of
the ultrasound metasurface is illustrated in Fig. 5(a), where
the normally incident sound wave will acquire phase delay
of 0 or m after being reflected by the metasurface, which
effectively satisfies the requirement of the phase profile in
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FIG. 4. Autofocusing behavior of the ultrasound beam generated by phase modulation. (a) Comparison of the amplitude and phase profiles
between the ideal pressure p, (upper panel) and modified pressure p; (lower panel). The p; maintains the phase of p, while modified with the
unitary amplitude. (b) Intensity evolution of the autofocusing ultrasound beam generated with the phase modulation. Autofocusing behavior
remains similar. (c),(d) Intensity contrast profiles along the axis (» = 0) and on the focal plane (zg = 30.8)). The intensity converges at the
identical focal position as in Fig. 2, and the FWHM D, keeps the same D, = 0.63.

Fig. 4(b). Here, the operating frequency is 500 kHz, and the
depth of the grooves is only 0.75 mm. As a result, the reflected
ultrasound beam by the binary metasurface undergoes the
sharp autofocusing and tremendous energy accumulation at
the targeted position, while the intensity in other unintended
areas keeps as negligible values. As expected, the ultrasound
energy is exactly converged at the identical focal point as in
Figs. 2 and 4, and the FWHM nearly remains the same, while
the near field differs from Fig. 2 arising from the absence of
the amplitude manipulation. Benefiting from the simplicity
and the ultrathin thickness, the binary metasurface provides
an easy and lower-cost method to generate the proposed sharp
autofocusing ultrasound beam in compact practical devices.

VI. DISCUSSION

In conclusion, we introduce the sharp autofocusing ultra-
sound beam endowed with the abrupt increase of the inten-
sity by three orders of magnitude at the focal point while
maintaining an almost constant intensity in unintended areas.
The sharp autofocusing feature of the ultrasound beam stems
from the transverse self-acceleration and nonlinear collapse

of the caustic of the beam, giving rise to the accelerated
accumulation of the internal energy flux at the target focal
position. The focus intensity and position are found highly
tunable, which unveils the flexibility to achieve discretionary
focusing while ensuring the high intensity contrast, precise
position, high efficiency, and subdiffraction-limit resolution.
We further demonstrate the implementation of the autofo-
cusing beam with a compact planar ultrasound metasurface
consisting of only binary elements. The working frequency
of the ultrasound metasurface presented here (500 kHz) is
a typical frequency used in biomedical ultrasound, and the
smallest geometric scale in the metasurface is 0.75 mm, which
can be expediently fabricated with the current processing
technologies such as three-dimensional printing and fine ma-
chining technologies, facilitating the experimental realization
and promoting the application in practice. Remarkably, the
performance of the proposed sharp autofocusing ultrasound
beam is not limited by this specific metasurface. Any other
metastructure with the phase control capability is suitable
for the implementation, due to the reduced requirement of
the beam modulation revealed by our study. The working
frequency can be further tuned by scaling the metastructure
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FIG. 5. Autofocusing ultrasound beam generated by the binary metasurface. (a) Schematic plot of the ultrasound metasurface consisting
of grooves with the depth A /4, providing the binary (0 and ) phase modulations of the reflected wave. The inset shows enlarged view of the
metasurface. (b) Intensity evolution of the autofocusing beam generated with the metasurface. (c) Intensity contrast G along the axis, with the
sharp increase of energy at the focal point zg = 30.8A. (d) Intensity contrast G on the focal plane as a function of . The FWHM is D, = 0.62A.

or by employing other types of metasurface. We anticipate
the simplicity in realization of the ultrasharp autofocusing
ultrasound beam with abrupt convergence of sound energy.
The proposed tunable autofocusing ultrasound beam may
establish a platform for arbitrary beam control and shed light
on the versatile applications in biomedical ultrasonography,
nondestructive evaluation, and particle manipulation.
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