CHrinese PuysicaL Sociery | IOP Publishing

CPB

Chinese Physics B

http://cpb.iphy.ac.cn https://iopscience.iop.org/journal/1674-1056

High-efficiency unidirectional wavefront manipulation for broadband airborne sound

with a planar device

Yang Tan(i%4%), Bin Liang(£#%), and Jianchun Cheng(f& &%)
Citation:Chin. Phys. B, 2022, 31 (3): 034303. DOI: 10.1088/1674-1056/aclel4
Journal homepage: http://cpb.iphy.ac.cn; http://iopscience.iop.org/cpb

What follows is a list of articles you may be interested in

Broadband topological valley-projected edge-states transport in composite structure

phononic crystal

Hong-Yong Mao(&1% 5 ), Fu-Jia Chen([%:45 %), Kai Guo(¥H1), and Zhong-Yi Guo(F & X)
Chin. Phys. B, 2021, 30 (8): 084302.  DOI: 10.1088/1674-1056/abeag9

Tunable band gaps in acoustic metamaterials with periodic arrays of resonant shunted

piezos

Chen Sheng-Bing, Wen Ji-Hong, Wang Gang, Wen Xi-Sen
Chin. Phys. B, 2013, 22 (7): 074301. DOI: 10.1088/1674-1056/22/7/074301

Acoustic scattering from a submerged cylindrical shell coated with locally resonant

acoustic metamaterials

Li Li, Wen Ji-Hong, Cai Li, Zhao Hong-Gang, Wen Xi-Sen
Chin. Phys. B, 2013, 22 (1): 014301. DOI: 10.1088/1674-1056/22/1/014301


http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac1e14
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac1e14
https://doi.org/10.1088/1674-1056/ac1e14
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abea89
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abea89
https://doi.org/10.1088/1674-1056/abea89
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/22/7/074301
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/22/7/074301
https://doi.org/10.1088/1674-1056/22/7/074301
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/22/1/014301
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/22/1/014301
https://doi.org/10.1088/1674-1056/22/1/014301

Chin. Phys. B 31, 034303 (2022)

High-efficiency unidirectional wavefront manipulation for
broadband airborne sound with a planar device

Yang Tan(i#4%), Bin Liang(Z&#)", and Jianchun Cheng(f£&#)

Key Laboratory of Modern Acoustics (Ministry of Education), Institute of Acoustics, Department of Physics,
Collaborative Innovation Center of Advanced Microstructures, Nanjing University, Nanjing 210093, China

(Received 28 May 2021; revised manuscript received 1 July 2021; accepted manuscript online 17 August 2021)

In the past decade, one-way manipulation of sound has attracted rapidly growing attention with application potentials
in a plethora of scenarios ranging from ultrasound imaging to noise control. Here we propose a design of a planar device
capable of unidirectionally harnessing the transmitted wavefront for broadband airborne sound. Our mechanism is to use
the broken spatial symmetry to give rise to different critical angles for plane waves incident along opposite directions.
Along the positive direction, the incoming sound is allowed to pass with high efficiency and be arbitrarily molded into
the desired shape while any reversed wave undergoes a total reflection. We analytically derive the working bandwidth and
incident angle range, and present a practical implementation of our strategy. The performance of our proposed device is
demonstrated both theoretically and numerically via distinct examples of production of broadband anomalous refraction,
acoustic focusing and non-diffractive beams for forward transmitted wave while virtually blocking the reversed waves.
Bearing advantages of simple design, planar profile, broad bandwidth and high efficiency, our design opens the possibility
for novel one-way acoustic device and may have important impact on diverse applications in need of special control of

airborne sound.

Keywords: acoustic metamaterials, one-way wavefront manipulation, broadband planar device
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1. Introduction

Since the invention of electrical diodes enabling rec-
tifying of current, considerable efforts have been dedi-
cated to research on one-way manipulation of other kinds
of energy forms.!!™! In acoustics, the attempts to break
the symmetry in sound propagation began with the emer-
gence of acoustic diode that used nonlinearity to break
the limitation of reciprocity, offering the possibility to de-
sign novel functional devices that only allowed acoustic
wave to pass along one particular direction and may en-
able special application in various scenarios.>®! Later, dif-
ferent mechanisms were proposed for the purpose of further
improving the performance of acoustic one-way devices by
breaking the spatial symmetry instead of the time reversal

7-231 giving rise to different designs featuring broad

7,8,10,12,13,19,23

symmetry,|

! high forward transmis-
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working bandwidths, L

sion efficiencies, [7-8:11:12.14]

compact sizes,
nar proﬁles,[l4‘16’18’20] etc. In addition, acoustic asymmetric
transport in PT-symmetric system[?*2>! and topologically pro-

[26.27] have also been inves-

tected one-way sound propagation
tigated. So far, it is still challenging to realize one-way ma-
nipulation for broadband airborne sound by using a planar and
ultra-lightweight device. More importantly, most of the exist-
ing designs are only aiming at producing a different transmis-
sion efficiency for wave propagating along opposite directions,
which limits their application potential in practical situations

where the transmitted waves usually need to be modulated to
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form various wave fields on demand.

In this study, we propose to realize a highly asymmetric
manipulation of the wave field for airborne sound by designing
a planar device that works for both normal and oblique inci-
dences within a relatively broad frequency range. The rest of
the paper is organized as follows. In Section 2, we introduce
the schematic of the proposed model and elucidate the under-
lying mechanism of our design. Then in Section 3, we give a
practical implementation of the proposed model by rationally
arranging slits composed of different gases which ensures the
low energy loss in forward transmission and light weight of the
device. In Section 4, the asymmetric wavefront-steering per-
formance of the resulting device is demonstrated numerically
via distinct examples of anomalous refraction, unidirectional
acoustic focusing and Bessel beam production, and some dis-
cussion on the results is also provided. Finally, a brief sum-
mary is given in Section 5.

2. Design of planar device for unidirectional
wavefront manipulation

The schematic of our proposed design of the planar de-
vice capable of asymmetrically controlling the wavefront for
broadband airborne sound is illustrated in Fig. 1. Our model is
composed of a metasurface (MS) and a layer of homogeneous
medium (HM) with judiciously designed system parameters
which include the phase gradient d¢ /dx of MS and the refrac-
tive index ny, of HM (defined as ny = ¢ /ch, where ¢, and ¢

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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represent the sound speed of HM and the background medium,
respectively). The metasurface is assumed to have an acoustic
impedance well matching the background medium (chosen as
air here for which the mass density is py = 1.21 kg/m?® and
sound speed is c¢o = 343 m/s) and low energy loss. We define
the positive incidence (PI) as the incidence direction of plane
wave that comes from the side of the homogeneous layer,
along which the incident sound will be allowed to pass the
system, and the incidence from the opposite side as the nega-
tive incidence (NI). These two opposite directions are marked
by the blue and red arrows in Fig. 1, respectively.

o

Y
PI

Fig. 1. The schematic of the proposed planar unidirectional acoustic
transmission device. The propagation trajectories of wave incident from
two opposite directions with an incident angle of 6; are marked by blue
and red arrows.

The mechanism underpinning our designed unidirectional
wavefront-steering device can be understood as a broken of
symmetry in the propagation trajectory of incident plane wave
impinging on two sides of the system with broken spatial sym-
metry, giving rise to quite different angles of refraction for the
PI and NI cases. Due to the broken spatial symmetry of our
system, it would be possible to ensure the wave incident from
the side of the homogeneous layer at an angle not exceeding
the critical angle of the interface, while the reversed wave has
an incident angle larger than the critical angle and undergoes
a total reflection at the interface. This can be achieved by ju-
diciously choosing the system parameters including the phase
profile of the metasurface and the refractive index of the ho-
mogeneous medium, and further enables asymmetric manipu-
lation of the transmitted wavefront if the phase gradient pro-
vided by the metasurface is controlled locally. Due to the sim-
plicity of our proposed model, the propagation trajectory and
critical angles for plane wave in the PI and NI cases can be
analytically derived, which offers a fast and precise prediction
of the working bandwidth of the resulting one-way device.

According to the generalized Snell’s law, 8] the angles of
refraction provided by the metasurface in our designed planar
device for the PI and NI cases can be calculated by

1d
6; p1 = arcsin <sin 0, + kT) (p) )
. no . 1 do
AN "0 Ging - — =¥ )
't NI arcsin (nh sin 6; + konh ) , ( )

where 6; and 6; are the angles of incidence and refraction, ny
and ng = 1 are the refractive indexes of HM and air, kg is the

wave number in air, and d¢/dx is the phase gradient of MS.
Obviously, when the system parameters in the device are prop-

erly chosen such that

1 do

. n 1 d
Sln9,+k()dx‘<l< 0 q)

2 ging+—-- 2
nhsm ’+k0nhdx ) 2

the refraction angle is a real value for the PI case, which
physically indicates that the acoustic energy of the airborne
sound incident normally on the inserted layer of HM can pass
through it and then modulated by MS to form the desired pat-
tern on the transmitted side. For the NI case, on the other hand,
the refraction angle has nonzero imaginary part since the trans-
verse wave number is larger than the total wave number after
passing through MS. Hence the plane wave coming from the
opposite side is converted into the evanescent wave in HM and
virtually blocked. It should be noted that, although plane wave
becomes evanescent in HM for the NI case, HM needs to be
thick enough to ensure sufficient attenuation of the evanescent
wave along y-axis. Equation (2) gives the theoretical working
bandwidth of such unidirectional control of wavefront that is
expected to have high forward transmission efficiency due to
the good impedance match and has the capability to work for
oblique incidence case, which will be verified via numerical

simulations in the following.

3. Implementation of impedance matched meta-
surface

As a practical implementation of the proposed theoret-
ical model shown in Fig. 1, we choose to build the acous-
tic metasurface by using multiple cut-through slits that are
filled with two noble gases (argon and xenon) on a rigid
thin plate.[?”! The different regions of air, argon, and xenon
can be separated by using polyethylene films (thin enough
to be regarded as transparent to acoustic waves), as success-
fully realized in previous experiment.!®! The sound speed and
acoustic impedance of these materials are cxe = 169 m/s,
car =323 m/s, Zxe = 996.1 Pa-s/m, Zp, = 576.2 Pa-s/m.
By simply modulating the filling ratio of these two gases, the
phase shift of transmission wave changes accordingly. Notice
that, the good impedance match and low energy loss of natural
gases used in this specific design ensures near-unity forward
transmission efficiency and well mimics the desired effective
parameters to validate our above assumptions. In addition, due
to the low dispersion of the gases and the transparency of the
thin membrane separating different gases, the resulting device
can work in a relatively broad frequency range and have ultra-
light weight, providing special functionality and flexibility im-

portant for practical scenarios.
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4. Unidirectional wavefront manipulation

In the following, we will demonstrate the unique uni-
directional wavefront-steering functionality of our proposed
planar device, which is characterized by the fact that for the
PI case the incident wave is manipulated flexibly to form
the desired wavefront after being allowed to pass the system
and, contrarily, the transmission of NI wave is still forbid-
den. Three typical examples will be showcased: asymmetric
anomalous refraction, high-efficiency convergence of acoustic
energy and production of Bessel beam.

4.1. Asymmetric anomalous refraction

For producing the anomalous refraction for plane wave
with a wavelength of Ay incident along the forward direc-
tion, one needs to establish a constant phase shift gradient
(d@/dx =2m/d). The schematic of the metasurface is shown
in Fig. 2(a). Four slits with one filling with air and others
filling with xenon and argon form a period. The slits are sepa-
rated by rigid walls with width of w and the width of the filling
gases is a, and the width of one period is thus d = 4(w + a).
The thicknesses of the metasurface and the gases can be read-
ily derived as follows:

hO = 3/'10/4 3
nxe —1
hang = Aot (= DAo/t =iy 3 4 (3

NAr — nXe

where h,; represents the thickness of argon in the ith slit and
the relative phase shift of the ith slitis (i — 1)7/2.

We first consider a simple case of normal incidence of
plane wave. In the current study we choose the structural pa-
rameters as d =4 cm, w =2 mm, p = 8 mm and Ay = 3.5 cm

such that the first inequality of Eq. (2) is satisfied. The trans-
mittance and phase shift are numerically calculated for each
slit and the simulated results are shown in Fig. 2(b). It is ob-
served that the slits can be rationally designed to produce pre-
cise full-range control of phase shift and near-unity transmis-
sion efficiency, as marked by the blue and red dots in the fig-
ure, thanks to the well-matched acoustic impedance and low
energy loss. On the other hand, the homogeneous medium
layer is chosen to be filled with methane gas (ccy, = 448 m /s,
Zcu, = 294.3 Pa-s/m) with a thickness of 7 = 1.7d such
that the requirement of ¢, > cod /Ao given by Eq. (2) is sat-
isfied. Throughout the paper, the numerical simulations are
performed by using full-wave simulation based on the finite
element method (COMSOL Multiphysics).

We have performed a series of numerical simulations to
verify the functionality of producing unidirectional anoma-
lous refraction of the designed device. Typical numerical re-
sults are illustrated in Fig. 2(c), which gives the simulated
spatial distributions of acoustic pressure at the frequency of
fo = 9800 Hz. The Floquet periodic boundary conditions are
applied to the top and bottom boundaries of the system. It
is clearly observed that for the NI case, the incident acous-
tic wave is subject to strong interference and converted into
evanescent mode that cannot penetrate into the homogeneous
medium layer, resulting in a total reflection on the interface be-
tween air and MS. In contrast, the incident plane wave in the PI
case normally impinging on the HM is allowed to pass through
the system and then leave with a refraction angle of 61°, which
agrees well with the prescribed angle given in Eq. (1). It is also
noticed that the output waveform is well preserved, which, in
addition to the controllable refraction angle, would be highly
desirable for the practical application of the resulting one-way
devices such as in acoustic communications and imaging.

(a) 11234 (b)
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Fig. 2. (a) The schematic of the impedance-matching metasurface used in our design. (b) The transmittance (red dots) and phase shift (blue
dots) of each slit (i = 1,2,3,4). (c) The simulated sound pressure field of PI (left) and NI (right) at a particular frequency of fo = 9800 Hz.

Due to the fact that the acoustic signals used in practical
applications usually have finite bandwidth, it is necessary to

investigate the performance of our design with fixed param-

eters when the frequency of incident wave deviates from fj.
We plot in Fig. 3(a) and Fig. 3(b) the typical results of sim-

ulated sound pressure field for two particular frequencies of
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8765 Hz and 10500 Hz, respectively. As shown by the numer-
ical results, for both the cases, the incident acoustic energy
is allowed to pass through the device along positive direction
while being virtually blocked as the incident direction is re-
versed, proving the effectiveness of the proposed one-way de-
vice. Furthermore, the waveform of the transmitted wave is
well maintained, and the refraction angles agree well with the
theoretical predictions in Eq. (1), which are about 78° and 55°
at 8765 Hz and 10500 Hz, respectively.

For a quantitative evaluation of the unidirectional trans-
mission property of the proposed device within a certain range
of driving frequency, we introduce a parameter of contrast ra-

tio, defined as!?!

T —Tn

=1 N 4
¢ T+ Ta @

where Tpy and Ty refer to the energy transmittance in the PI
and NI cases, respectively. Obviously, the value of R ranges
from O to 1, and a higher R, indicates that the acoustic trans-
mission in the system is more asymmetric.

For such a specific device with fixed structural parame-
ters, the working bandwidth for normal incidence can be de-

f=8765 Hz
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rived by rewriting Eq. (2) as follows:

C C
70<f<7h,

d d )

where f is the frequency of incident wave. Figures 3(c) and
3(d) illustrate the simulated results of transmittance and con-
trast ratio for the designed planar device, respectively. Notice
that unidirectional acoustic transmission is achieved within a
relatively broad frequency range, which agrees quite well with
the theoretical predictions given by Eq. (5) (the frequency
range with a contrast ratio exceeding 0.82, which represents
the difference in sound pressure level larger than 10 dB, is
marked by the gray region in the figure). In particular, our pro-
posed mechanism ensures both a high forward transmission
efficiency and a large contrast in the transmissions along the
two opposite directions simultaneously, as evidenced by the
fact that the average forward transmittance and contrast ratio
reach Tp; = 0.8871 and R, = 0.9551, respectively, suggesting
the high efficiency of the proposed device. This is highly de-
sired in practical applications of one-way acoustic devices and
is hard to achieve with other nonlinearity-based designs which
have high transmission contrast yet low forward transmission
efficiency.[>-6-30]

(b) f=10500 Hz

1

0

PI
-+ i

(d1.0r
0.8
0.6

0.4

Contrast ratio

0.2
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8500 9000 9500 100001050011000
Frequency (Hz)

Fig. 3. (a) and (b) Simulated spatial distribution of the acoustic pressure at 8675 Hz and 10500 Hz, respectively. (c) Simulated transmittance
and (d) contrast ratio as functions of frequency for the PI and NI cases.

Given the fact that the incident angle of incoming wave
may varies in practice, it is important to inspect the angular de-
pendence of the one-way performance of our designed device.
For a clear view, we plot in Figs. 4(a) and 4(b) the 2D maps
of transmittance and contrast ratio obtained from numerical
simulations, respectively. An inverted V-shaped zone of high
contrast ratio can be clearly observed, proving that our strat-

egy is also capable of working for obliquely incident waves.
The effective range of incident angle is closely related to the
frequency. For the frequency lower than 9000 Hz, the working
angle width is approximately 20°.

We further investigate the formation of such an effective
zone. Due to the periodicity of the metasurface with a constant
phase shift gradient, the generalized Snell’s law, considering
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periodic gratings, should be modified as3!!

1dp 2n

E$+m/€()7d’ (6)

1 sin 6; — n; sin 6; =

where m is the order of diffraction associated with the grat-
ing. For small incident angle, it can be proven with classical
diffraction theory that m = 0, and the critical incidence angles
beyond which the transmission wave becomes evanescent for
the PI and NI cases are

(-)C(?,)I = arcsin (no © ) Gc(g\)n

7d arcsin (nh — fd) (7

When 6; > GC(O), the diffraction order will jump to —2 in our
case, causing another group of critical angles expressed as

GC(;,IZ) = arcsin (no + fd>

PI

a 1.0
( )11000 Y7
10500 0.8
N
£ 10000 0.6
§° 9500
£ 9000 0.4
g
& 8500 0.9
8000
7500 0
b 1.0
(b) 11000
10500 0.8
N
T 10000 0.6
§> 9500
g 9000 0.4
o
2 8500
) 0.2
8000
7500 0

—20

-2 .
GC(’NI) = arcsin (—nh + fd) ®)

In fact, m = —2 corresponds to the negative refractive phe-
nomenon and the transmission wave becomes evanescent
while 6; < Oc(fz). As a consequence, acoustic wave is blocked
when incident angle is between the two critical angles of dif-
ferent diffraction orders, i.e., GC(O) <6< 60(72). We plot these
critical angles in Eqgs. (7) and (8) as a function of frequency in
Fig. 4, where cyan for PI, blue for NI, and solid lines for m =0
while dashed lines for m = —2. Good agreement between the
simulated results of transmittance with the above theoretical
analyses can be observed in Figs. 4(a) and 4(b), which clearly
manifests that asymetric tramission arises from different criti-
cal angles for PI and NI caused by the broken spatial symme-

try.
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Fig. 4. (a) Transmittance of PI (left), NI (right) and (b) the contrast ratio as a function of frequency and incident angle (c) Frequency
I (blue solid line), 6 C PI (cyan dashed line) and o'~ NI (blue dashed line),
which are plotted in (a) and (b) as well for comparlson with the smulated results.

dependence of the critical angles including 9( )I (cyan solid line), 9

4.2. Unidirectional planar focusing lens and axicon

Next, we will demonstrate the capability of the proposed
device to manipulate the forward transmitted wavefront more
diversely than simply bending its propagation direction while
blocking the reversed wave. Considering the significance of
energy focusing and beamforming in practical applications
such as acoustic ultrasound imaging and therapy, we choose
two distinctive examples of unidirectional acoustic focusing
and one-way production of Bessel beam to demonstrate the
performance of our device in 3D space for normal incidence.
In this part, cylindrical coordinate is used with z-axis indicat-
ing the incident direction and the slits of MS are numbered

along p-axis.

4.2.1. Unidirectional planar focusing lens

The schematic of designing a planar focusing lens is il-
lustrated in Fig. 5(a). One can readily derive the desired phase
shift at an arbitrary point P(p) for producing a focus with a
focal length F,

o(p) = if(x/p“rFZ F) )

where F is the given focal length, Ag is the wavelength of in-
cident wave in air. It should be noticed that, when phase shift
expressed as Eq. (9) is used, there exists a critical distance
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pe = npF/ lfnﬁ and the second inequality in (2) cannot
be satisfied in the region where p < p.. As a consequence,
the metasurface should be divided into two parts. For p < pc,
constant phase gradient is used to ensure the energy from NI is
forbidden everywhere along the device. For p > p,, the phase
shift is designed as Eq. (9).

Here, as an example, we set Ag = 4 cm, hy = 1.03A,
F=30cm, w=2mm, p=_8 mm. In addition, helium gas
(cge =970 m/s, Zye = 174 Pa-s/m) is employed as the HM
to decrease p.. The corresponding thickness of Argon in each
slit is shown in Fig. 5(b) and the phase shift is conical (red
dots) for p < p. while being hyperboloidal (blue dots) where
P > Pe-
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Fig. 6. (a) Spatial distribution of the normalized intensity field |p|?

at p = 0) and (c) transverse cross-section (along p-axis at z = F =
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Fig. 5. (a) Schematic diagram of the design of focusing lens. A hy-
perboloidal phase profile along p direction is utilized to focus acoustic
plane wave to a single point at a distance F from the device. The blue
spherical line with radius F is the desired equiphase surface. (b) The de-
signed thickness of argon in each slit and the corresponding phase shift
to be conical (red dots) and hyperboloidal (blue dots), respectively.
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for the PI case (left) and the NI case (right). (b) Longitudinal (along z-axis
0.3 m) intensity profile of PI (blue line) and NI (red line). Logarithmic

0.5
)

coordinate for |p|? is used here to clearly show the difference in order of magnitude. The black dashed line indicates the relative intensity of
the incident plane wave and the magenta pentacle in (b) indicates the target focus position. (d) Longitudinal cross-section of the normalized
transmission intensity field for the PI case (upper) and the NI case (lower) at A = 0.9 (left) and A = 0.8 (right).

034303-6



Chin. Phys. B 31, 034303 (2022)

Figure 6(a) shows the typical simulated results of compar-
ison between the normalized spatial distributions of acoustic
intensity | p|2 in the transmitted region for acoustic normally
incident from two opposite sides. The numerical results show
that for the PI case, the incident acoustic energy is focused
with high efficiency into the prescribed focal region, as charac-
terized by a strong amplification of acoustic intensity at the tar-
get region located approximately at z = 0.3 m (see Fig. 6(b)).
For the NI case, contrarily, there is no appreciable enhance-
ment of the acoustic intensity in the transmitted region, sug-
gesting the effective elimination of the reversed wave. For
a quantitative estimation of the performance of the designed
unidirectional planar focusing lens, the normalized intensity
distribution along z-axis at p = 0 as well as along p-axis at
z=F = 0.3 m are shown in Figs. 6(b) and 6(c). We use the
logarithmic coordinate for |p|? here to clearly show the differ-
ence of order of magnitude. The intensity of pressure at the
focal point is two orders of magnitude higher than the one of
incident wave for the PI case while one order lower for the NI
case, proving the efficiency of the unidirectional focusing ef-
fect. We further investigate the effectiveness of the proposed
device when the incident wave length A deviates from Ay. The
transmission fields for the PI and NI cases at A = 0.94 and
A = 0.8 are shown in Fig. 6(d). It is obvious that our de-
vice can still effectively focus the incident energy at the pre-
designed focal region for PI while blocking the sound energy

Normalized acoustic intensity
EE T

(a) 0 1
Pl A= NI
1.4 1.4
1.2 1.2
1.0 1.0
z 08 0.8
S 0.6 0.6
0.4 0.4
0.2 0.2
0 0
—0.5 —0.5
© ., A =0.9X .
1.2 E
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fa\ 0.8 %
= 0.6 S
0.4 E
0.2 =
—-05 0 0.5 —-05 0 0.5
p (m) p (m)

[p|?

of NI, except for slight variation in the focal length at different
frequencies due to the dispersion of MS.

4.2.2. One-way planar axicon

As shown in Fig. 7(a), to design a planar acoustic axicon
with a base angle 3, the phase shift at the point P(p) should
be conical and expressed as

2
= —psinf. (10)
o(p) P B
To ensure the unidirectional effect, according to Eq. (2), the
base angle should satisfy sinf3 > n,. Here we set f = 25°
and other parameters just the same as those in the above sub-
section except the phase shift. The corresponding theoretical

thickness of argon in each slit according to Eq. (10) is shown
in Fig. 7(b).
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Fig. 7. (a) Schematic diagram of the design of acoustic axicon. The
blue cone-like line with base angle 3 is the desired equiphase surface.
(b) The theoretical thickness of argon in each slit of the metasurface.
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Fig. 8. (a) Spatial distribution of the normalized intensity field |p|? for PI (left) and NI (right). (b) The intensity profile along p-axis in the plane located
at z=0.7 m. (c) and (d) Longitudinal cross-section of the normalized transmission intensity filed at A = 0.94y and A = 0.8y, respectively.
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The normalized intensity distribution |p|? in a longitudi-
nal cross-section of PI and NI is shown in Fig. 8(a). To quan-
tify the performance of the device, in Fig. 8(b), we plot the
transverse cross-section intensity distribution at z = 0.7 m for
comparison. A non-diffracting Bessel beam propagating with
arelatively long distance can be observed for the PI case while
the sound pressure is still nearly zero for the NI case, proving
the effectiveness of the proposed mechanism, which enables
the design of a planar unidirectional axicon. Similarly, sim-
ulations are also carried out when the incident wave length
changes from Ay. Typical results of transmission intensity field
for incident wave with A = 0.9y and A = 0.8 are shown
in Figs. 8(c) and 8(d), respectively. For both the cases, the
non-diffracting Bessel beam for PI can be observed and the
acoustic energy for NI is effectively blocked, confirming the
broadband characteristic of our device.

5. Conclusion

In summary, we have proposed the design of a planar uni-
directional wavefront-steering device for airborne sound by
combining a metasurface and a layer of homogeneous medium
which can all be implemented by using natural materials.
Based on a mechanism that uses the broken spatial symme-
try to produce different critical angles along opposite direc-
tions, the designed device can work in a relatively broad fre-
quency range for both normal incidence and oblique incidence
within a certain angle range, and maintain high contrast ratio
and forward transmittance simultaneously. When ensuring the
effectiveness of unidirectional transmission, the sound pres-
sure distribution of PI can be manipulated flexibly, which is
verified numerically via distinctive examples of unidirectional
anomalous refraction, acoustic focusing and Bessel beam pro-
duction.

Notice that high-efficiency focusing of acoustic en-
ergy into the desired spatial region and production of non-
diffractive beam are of both fundamental interests and practi-
cal significance in various applications ranging from acoustic
non-destructive evaluation to ultrasound imaging. It can there-
fore be expected that the breaking of transmission symmetry
of an acoustic focusing lens or an acoustic axicon would be
intriguing, which not only overcomes the conventional limita-
tions and may have the potential to revolutionize acoustic tech-
nologies in various fields such as acoustic imaging and therapy
by effectively blocking the unwanted backscattered waves.
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