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Broadband acoustic metalaser for continuous sine waves and pulses

Xudong Fan®,">" Qi Jin,' Haicai Xiao,' Yang Kang,' Xiaolong Huang,'! Can Li®,' Ning Li,' and
Chunsheng Weng!

' National Key Laboratory of Transient Physics, Nanjing University of Science and Technology, Nanjing, 210094,

China
2Minisz‘ry of Education Key Laboratory of Modern Acoustics, Nanjing University, Nanjing, 210093, China

® (Received 11 September 2023; revised 6 November 2023; accepted 5 December 2023; published 14 December 2023)

We propose a broadband acoustic metalaser that can effectively concentrate incident acoustic energy
on the central axis for a long distance. The acoustic metalaser is axisymmetric and consists of a series of
concentric-ring-like structures. By adjustment of the geometric parameters of the structure, the transmitted
phase can be effectively controlled, and an energy-concentrated beam with a central pressure maximum
along the beam axis can be generated. Because of the similar phase tendency of the metastructure at
different frequencies, the same structure could achieve broadband acoustic energy convergence without
the need for changes. We examine the broadband performance of the proposed metalaser using continuous
sine waves of different frequencies from 2.5 to 18 kHz numerically and experimentally. In addition, the
propagation of pulse waves with relative bandwidths of 53% and 117% through the metalaser is also
investigated in the transient domain, where the effect of the acoustic metalaser on a broadband signal
containing multiple frequencies is examined simultaneously. The results prove the ability of the metalaser
for broadband acoustic energy convergence while the signal envelope is kept almost unchanged. Our work
should find applications in many fields where the convergence of broadband or pulsed acoustic signals is

desired.
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I. INTRODUCTION

The convergence of acoustic energy is an important
phenomenon and also plays a significant role in many
fields, such as acoustic imaging [1] and particle manipula-
tions [2,3]. Unlike conventional natural acoustic materials
with a large size and a curved shape or active speaker
arrays with complex signal-processing systems and high
cost, recently emerged acoustic metamaterials and meta-
surfaces [4—7] exhibit ability for the convergence of acous-
tic energy by directly tailoring the transmitted and/or
reflected phase delay. There are several types of metama-
terial that are commonly used for the precise manipulation
of acoustic waves; for example, labyrinthine metamateri-
als of either reflected type [8] or transmitted type (single
layer [9,10], double layers [11] and a helical structure
[12]), Helmholtz resonators [13—16], metagratings [17,
18], coding metamaterials [19,20], and lossy metamate-
rials [21,22]. Fascinating focusing phenomena have been
achieved by acoustic metamaterials with the advantages of
planar configuration, subwavelength thickness, low cost,
and high efficiency [23-25]; however, previous reflection-
type metamaterials suffer from the aliasing of the incident
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and reflected fields and most of the transmissive designs
have limited working bandwidths due to specific resonance
mechanisms. These drawbacks tremendously limit prac-
tical applications such as nondestructive evaluation and
acoustic imaging. With regard to this, the study of broad-
band transmissive-type metamaterials to effectively extend
the working frequency bandwidth and simplify the applica-
tions has attracted much attention [26-—28]. Extraordinary
success has broadened the potential applications for acous-
tic focuses; however, in most previous studies, the behav-
iors of metamaterials or metasurfaces were studied only in
the frequency domain, where the behaviors of metamateri-
als and metasurfaces for different frequencies were dealt
with individually (i.e., monochromatic sine waves), and
the investigation of real broadband time-domain signals
containing multiple frequencies simultaneously is missing.

In this work, we propose an acoustic metalaser for the
broadband convergence of acoustic energy on the central
axis for a long range. The metalaser is axisymmetric and is
composed of a series of concentric-ring-like structures. By
adjustment of the abrupt cross section of the concentric-
ring-like structure, the transmitted phase can be effectively
controlled and modulated to cover the entire 277 range. The
propagation of continuous sine waves of different frequen-
cies through the metalaser is first investigated numerically

© 2023 American Physical Society
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and experimentally in the frequency domain. Then, broad-
band pulse waves with relative bandwidths of 53% and
117% are directly used to examine the performance of the
acoustic metalaser in the transient domain, where the effect
on broadband incident waves containing multiple frequen-
cies is investigated and studied simultaneously. The results
prove the ability and effectiveness of the acoustic metalaser
proposed here for the broadband convergence of acoustic
energy while the signal envelope is kept almost unchanged.
Our work should help the further investigation of acoustic
energy concentration and harvesting, which is applica-
ble in many fields, such as acoustic imaging, ultrasound
therapy, and particle manipulation, and other broadband
devices.

II. DESIGN OF THE CONCENTRIC-RING-LIKE
METALASER

The acoustic metalaser for the convergence of acoustic
energy proposed here is illustrated in Fig. 1(a), where the
metalaser consists of a series of ringlike structures with
the same width . Figure 1(b) shows an enlargement of
part of the ringlike structure shown in Fig. 1(a), where the
height 4, the width ¥, and the wall thickness ¢ of the struc-
ture are 5 cm, 0.2/ and 0.05W, respectively. The structure
consists of several straight panels, which create a series of
abrupt cross sections within the straight channel. Hence,
by adjustment of the ratio of the sharp change of the cross
section, i.e., w/W, the transmitted phase of the pressure
field can be effectively controlled to cover the full 27
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range, with the simulated results shown in Fig. 1(c). Eight
discrete phases used for the construction of the acoustic
metalaser are indicated by the eight black circles. The inset
in Fig. 1(c) shows the transmitted phases when the fre-
quency f and the geometric parameter w/W are varied.
From the results, the phase response of the same struc-
ture varies with the working frequency; the phase-response
tendency, however, is similar within a broad frequency
bandwidth, indicating that the same metalaser could be
potentially used for broadband manipulations of the inci-
dent acoustic waves with no need for any changes of the
structure.

The transmitted-phase profile, ®(r), on the interface
of the metalaser satisfies the generalized Snell’s law of
refraction with the following form for normally incident
plane waves [29]: ksin6;, = d®(r)/dr, where k = 2 /) is
the wave number, with A being the wavelength, 6; is the
refraction angle, and r is the transverse coordinate in the
cylindrical coordinate system.

For the convergence of acoustic energy considered here,
the phase distribution on the surface of the metalaser is
axisymmetric around the z axis and independent of the
azimuthal angle ¢. To concentrate acoustic energy on the
central z axis for a long propagation distance, an acoustic
Bessel beam with paraxial parameter § = 15° is generated
as an example, with the phase profile along the r direction
being [29]
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(a) Concentration of acoustic energy via an acoustic metalaser, which is axisymmetric and composed of a series of

concentric-ring-like structures. (b) Part of the concentric-ring-like structure of the metalaser. (c) Transmitted phase of the pressure
field at a frequency of 5700 Hz. The eight black circles correspond to eight discrete phases covering the 27 range. The inset shows
transmitted phases when the frequency /' and the geometric parameter w/W are varied. (d) Profiles of the transmitted phase and the

geometric parameter along the » direction.
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The phase profile for the metalaser is shown in Fig. 1(d),
and the corresponding distribution of the geometric param-
eter w/ W is, in turn, obtained with the aid of the results in
Fig. 1(c) at 5700 Hz. Note that the angle of 15° chosen
here is not mandatory, but generally speaking, the propa-
gation range of the acoustic laser will increase as the angle
decreases.

III. CONVERGENCE OF ACOUSTIC ENERGY
FOR CONTINUOUS SINE WAVES

To examine the performance of the acoustic metalaser
for the broadband convergence of acoustic energy, we first
numerically simulate continuous sine plane waves trans-
mitted through the same metalaser at different frequencies
as illustrated in Fig. 1(a). The transmitted intensity fields
for three typical frequencies, i.e., 4000, 8000, and 12 000
Hz, from the simulations are shown in Fig. 2(a). From the
results, the acoustic metalaser here can effectively concen-
trate the incident acoustic energy on the central axis of
the transmitted beam for a long distance, and the energy
outside the beam center is much weaker, as expected. Cor-
responding transmitted fields within the regions marked by
white boxes are measured, with a photograph of a sample

4 kHz
Simulation

8 kHz

Simulagion

of the metalaser being shown in Fig. 2(b). The experimen-
tal results further validate the extraordinary performance
and broadband features of the metalaser proposed here. We
examine the normalized intensity distribution (i.e., ampli-
fication, obtained by the transmitted intensity divided by
the incident intensity) along the transverse » direction and
axial z direction for the three frequencies considered here,
with the results being shown in Figs. 2(c) and 2(d), respec-
tively. From the results, acoustic energy is concentrated
at the beam center for a long distance. We further exam-
ine the amplification for different frequencies from 2.5 to
18 kHz, with the results being shown in Fig. 3, where the
maximum amplification is larger than 20 within the entire
frequency range considered here. The results confirm the
excellent performance of the acoustic metalaser proposed
here for the broadband convergence of acoustic energy
with no need for any change of the structure.

Here the simulations are conducted with COMSOL
MULTIPHYSICS, which is commercial software based on
the finite-element method. The interface of “Acoustic-
Thermoviscous Acoustic Interaction, Frequency Domain”
is used together with a 2D axisymmetric model. Perfectly
matched layers are used for the outer boundaries of the
computation domain to avoid reflection. A free triangular
mesh with a maximum size of /5 is used within the main
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(a) Measured and simulated transmitted intensity fields for continuous sine waves at different frequencies. (b) Photograph of

a sample of the metalaser. (c) Transverse profile of the intensity amplification along the r direction at z = 1 m. (d) Axial profile of the

intensity amplification along the z direction at » = 0.
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FIG. 3.
5.3,7.4,11.1,13.0, 14.0, and 16.3 kHz.

computation domain, and a mapped mesh of eight layers is
used for the perfectly matched layers. Particularly, a finer
mesh is configured near boundary layers to obtain acoustic
fields precisely. The speed of sound and the mass density
for the metalaser are 2278 m s~! and 1100 kg m~3, respec-
tively, and for the background fluid they are 343 m s~! and
1.21 kg m~3, respectively. A parametric sweep of the inci-
dent frequency is used to examine the performance of the
metalaser for different frequencies.

Besides, the sample of the metalaser shown in Fig. 2(b)
was fabricated by 3D-printing technology with white
epoxy resin. The sample is 60 cm in diameter and 5 cm
in height. Transmitted acoustic fields were measured in
a 2D cross section in free space. A loudspeaker with a
diameter of 10 cm was fixed at the incident side of the
metalaser. The speaker was connected to a signal genera-
tor and a power amplifier to generate steady sound signals
for different frequencies, and a 1/4-in. microphone was
used to measure transmitted acoustic intensity fields with a
scanning resolution of 1 cm.

IV. CONVERGENCE OF ACOUSTIC ENERGY
FOR BROADBAND PULSE WAVES

The acoustic metalaser here exhibits excellent abil-
ity for broadband convergence of acoustic energy. How-
ever, the previous simulations were conducted in the fre-
quency domain, which means monochromatic incident
plane waves (continuous sine waves of a single frequency)
were used as the source. To directly examine the response
and the performance of the acoustic metalaser for broad-
band incident waves with a certain bandwidth, we further
simulate a broadband Gaussian wave packet transmitted
through the metalaser. The Gaussian wave packet as a
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Maximum values of the amplification for different frequencies. The insets show simulated acoustic intensity fields for 3.8,

function of time ¢ has the following form:
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where pg is a constant pressure, 4 and o are the mean
and the standard deviation of the Gaussian function, and
fo is the central frequency. The signal and the correspond-
ing frequency spectrum are shown in Figs. 4(a) and 4(b),
respectively. Here, we choose u = 27y and o = T/2, and
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FIG. 4. (a) A broadband Gaussian wave packet with expecta-

tion u = 27 and standard deviation o = Ty/2. (b) Correspond-
ing frequency spectrum for the sound signal in (a). The relative
bandwidth for the signal is about 53%.
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FIG. 5. Propagation of a pulse wave
through the metalaser. (a) Simulated

= 1 acoustic pressure fields and (b) inten-

o sity fields at different points in time. (c)
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the relative bandwidth of the Gaussian pulse here is about
53%. The relative bandwidth is calculated by Af /fy =
(fa — f1)/fo, where fi and f, are the two cutoff frequencies
at the —3-dB locations around the central frequency f;.

We simulate the propagation of the pulse wave through
the acoustic metalaser. Here, the simulations are conducted
in the time domain (“transient domain”) and the time
resolution for the computation is 7;/60, with the spatial
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FIG. 6. Propagation of the pulse wave through the metalaser. (a) A broadband Gaussian wave packet with expectation u = 27, and
standard deviation o = T /5. (b) Corresponding frequency spectrum for the sound signal in (a). (c) Acoustic intensity fields at different

points in time.
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resolution unchanged as described in the last section. Fig-
ures S(a) and 5(b) show the simulated acoustic pressure
fields and intensity fields at different points in time. It can
be clearly observed that acoustic energy starts to converge
after passing through the metalaser (¢ ~ 67p). The energy
becomes more and more concentrated and the amplifica-
tion is larger than 1 when ¢ > 127). Then the concentrated
wave packet continues to propagate along the central z
axis with the wave shape and the envelope kept almost
unchanged [see Fig. 5(c) for the measured sound signals
at several spatial locations as indicated by black dots in
Fig. 5(a)].

To further examine the broadband performance of the
acoustic metalaser for the convergence of acoustic energy,
we simulate the propagation of a Gaussian wave packet
with a broader bandwidth of about 117% [u = 2Ty and
o = Ty/5 in Eq. (2)]. The signal and the spectrum for the
wave packet are shown in Figs. 6(a) and 6(b), respectively.
Figure 6(c) shows the acoustic intensity fields at different
points in time. From the results, the metalaser can still
focus the incident energy along the central z axis for a
long propagation distance, which again proves the excel-
lent ability of the metalaser proposed here for broadband
acoustic energy convergence while the signal envelope is
kept almost unchanged.

V. CONCLUSION

In summary, we propose an acoustic metalaser for the
convergence of acoustic energy within a long propagation
distance and a broad working frequency bandwidth. By
carefully controlling the geometric parameters within the
metalaser, we generate an acoustic Bessel beam with a cen-
tral pressure maximum. Continuous sine waves of different
frequencies and pulse waves with relative bandwidths of
53% and 117% are used to examine the performance of
the metalaser via the finite-element method in both the fre-
quency domain and the transient domain. Numerical and
experimental results prove the ability and effectiveness of
the metalaser proposed here for broadband energy concen-
tration with the same structure without any changes. Our
work should help further study of acoustic energy conver-
gence and should find applications in many fields where
manipulations of broadband acoustic waves are desired,
such as acoustic imaging, ultrasound therapy, and particle
manipulation, and in other broadband devices.
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