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We report the realization of broadband reflected acoustic focusing lenses based on thermoacoustic phased arrays of
Bessel-like beams, in which the units of phase manipulation are composed of three rigid insulated boundaries and a thermal
insulation film in air with different temperatures. Based on these units, we realize a reflected focusing lens which can
focus reflected acoustic energy on a line, and its fractional bandwidth can reach about 0.29. In addition, we discuss the
influences of the base angle of Bessel-like beam, the number of basic unit, and the variation of unit temperature on focusing
performances in details. Furthermore, the reflected focusing lens for the cylindrical acoustic wave based on the Bessel-like
beam is also demonstrated. The proposed focusing lens has the advantages of a broad working bandwidth, large focus size,
and high robustness, which may provide possibilities for the design and application of acoustic lenses.
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1. Introduction

Acoustic focusing (AF) has increasingly attracted inter-
est owing to its great potential applications in many scenarios,
ranging from acoustic energy harvesting to ultrasonic med-
ical diagnosis and treatment.!'™* The emergences of sonic
crystals (SCs),~7! and acoustic metamaterials!®~13! have pro-
vided more possibilities and alternative concepts to designers
of AF lenses. By gradually changing the parameters of the
units of SCs, the AF lenses with gradient-refractive indexes
have been demonstrated.!'®1%1 However, the unit size is com-
parable to or larger than the wavelength, and thus this type of
AF lens is large at low frequency. Moreover, the AF lenses
fabricated by acoustic metamaterials are composed of a se-
ries of units with different negative refractive indices.?9-24]
Based on small size and large negative refractive index of
units, small and thin AF lenses have become possible.> Be-
sides, the Mie resonances of cylinder structures, 1420271 the
temperature gradients induced by heat sources, %! the phase
manipulation of metafibers!**-*! and different numbers of cav-
ity structures,*>331 and the interferences in metal plate with
binary wave-path slits,* have also been introduced to realize
the advanced AF lenses successively.

Recently, acoustic metasurfaces have opened a new av-
enue to design advanced AF lenses with subwavelength thick-
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ness and planar structure. The AF lens is realized by tailor-
ing the phase delays in a planar structure much thinner than
the working wavelength.[>361 But most of AF lenses usu-
ally have a large acoustic impedance difference between lens
materials and ambient media, which inevitably affects their
working bandwidth. To overcome this problem, the units
filled with air with different temperatures!*’#81 and different
proportions of two gases!*>*°l have been proposed to fab-
ricate the metasurfaces, which can obtain matched acoustic
impedances between both media and broad working band-
widths. Most of these lenses generally focus the acoustic en-
ergy on a point,[*%41 which is not suitable for some special
application scenarios. As a typical example, the sound sys-
tem in a large stadium and the driving-bird equipment in an
airport both need a large focusing region.!3>*°1 The Bessel
beam proposed by Durnin!!
non-diffracting feature. Therefore, the design of broadband
AF lenses based on the Bessel-like beam is highly desired.

can realize AF on a line with

In this work, we propose broadband reflected AF lenses
based on thermoacoustic phased arrays of Bessel-like beams.
The units of phase manipulation are designed by employing
air with different temperatures surrounded by three rigid in-
sulated boundaries and a thermal insulation film. Based on
these units, we design a broadband reflected AF lens which
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can focus the reflected acoustic energy on a line, and its frac-
tional bandwidth can reach about 0.29. We also discuss the
details of the influence of the base angle of Bessel-like beam,
the number of basic unit, and the variation of unit temperature
on the AF performance. Moreover, the reflected AF lenses
for cylindrical acoustic wave with different base angles of the
Bessel-like beam are also investigated in detail.

2. Design of reflected AF lens based on acoustic
Bessel-like beam

2.1. Design of Bessel beam

The reflected AF lens in this work is based on the Bessel-
like beam owing to its features of line focusing and non-
diffraction. Assuming an acoustic wave with the normal in-
cidence propagates along the x direction and passes through a
reflected phased array, the reflected angle 6, (measured from
the x direction) can be derived according to the generalized
Snell’s law!%?!

— = —ine,, (1)

where kg = 27 f /¢y is the wave number, ¢y is the acoustic ve-
locity of air at 300 K, f is the frequency, and ¢(y) is the phase
delay distribution of the reflected phase array along the y di-
rection.

incident plane wave

(a)

focus line

Reflected thermoacoustic
phased array

p/rad

—0.4 —0.2 0 0.2 0.4

y/m

Fig. 1. (color online) (a) Schematic diagram of reflected AF lens based on
Bessel-like beam. (b) Discrete phase distribution of 81 units (red hollow
circles) of designed AF lens. Blue lines in panel (b) represent theoretical
continuous phase delays.

To realize a reflected acoustic Bessel-like beam, the dis-

tribution of the phase delays along the y direction is expressed
[39]
as

@(y) = —koly|sin, 2

where 8 is the base angle of the Bessel-like beam. In this
work, we propose a reflected AF lens consisting of a thermoa-
coustic phased array of the Bessel-like beam. As shown in
Fig. 1(a), the incident acoustic wave (black arrows) is placed
at the right side. The reflected acoustic wave is formed as the
Bessel-like beam, focusing on the red line AB. The relation-
ship between the length of the focus line (D) and the base angle
B is

D=H/tanf, (3)

where H is the half height of the AF lens.

In the reflected thermoacoustic phased array, the param-
eters are selected as y = 81 cm, 8 = 7/20, f = 5.0 kHz, and
co = 343 m/s. As shown in Fig. 1(b), the theoretical contin-
uous phase delays [blue solid lines] of the Bessel-like beam
can be obtained by Eq. (2), and 81 red hollow dots represent
discrete phase delays of the thermoacoustic phased array.

2.2. Basic thermoacoustic theory

To realize thermoacoustic phased array, we first design
a reflected thermoacoustic unit with phase manipulation. As-
suming that air is the ideal fluid, the acoustic velocity ¢ and the

density p of air are determined by the temperature 7', which
47]

c=/YRT /M, “

p = poM/RT, ®)

where ¥ = 1.4 is the ratio of the molar heat capacities of
air, M = 28.97 x 1073 kg/mol is the molar mass of air,
R = 8.31 J/(mol/K) is the molar gas constant, and pg =
101.325 kPa is the pressure at 273 K.

are shown as follows!

2.3. Reflected thermoacoustic unit of phase manipulation

The reflected thermoacoustic unit is constructed by three
rigid thermal insulation boundaries (blue solid lines) and a
thermal insulation film (red dashed line) immersed in air with
the temperature 7', which is shown in Fig. 2(a). The thickness
of the rigid thermal insulation boundary is d, and the length
and width of the unit are / and h, respectively. To obtain the
reflected phase delays, we design a model shown in Fig. 2(b).
The acoustic wave is horizontally incident from the right side
and passes through the unit with the rigid thermal insulation
boundaries. At the left boundary, the acoustic wave is reflected
again and returns to the outside.

Throughout this work, the acoustic characteristics are
simulated by the finite element method based on COM-
SOL Multiphysics software, and the structure parameters
of the unit are selected as [ =8 cm, h =1 cm, d =
0.05 cm, and the ambient temperature 7p = 300 K. Be-
sides, we introduce the influence of temperature on the
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thermal parameters of air, such as the thermal conduc-
tivity k = —0.00227583562 + (1.15480022 x 107%) x T —
(7.90252856 x 1078) x T? + (4.11702505 x 10~'1) x T3 —
(4.11702505 x 10713) x T* W-m~!-K~! and the thermal ca-
pacity C, = 1047.63657 — 0.372589265 x T + (9.45304214 x
107%) x T? — (6.02409443 x 1077) x T3 + (1.2858961 x
10719) x T# J.(kg:K)~'. The parameters ¢ and p of air can
be calculated from Eqgs. (4) and (5), respectively. Moreover,

the heat flux of the external boundaries is continuous, and the
thermal convection inside the model is neglected in the thermal
simulations. Figure 2(c) shows the reflected phase delays ¢ of
the unit with different air temperatures, in which the parame-
ter ¢ is shown in the range from 0 to 27 owing to its period-
icity. Note that the reflected phase delays could cover a whole
27 range in the temperature range 560 K-2450 K (shown in
shaded region).

rigid thermal insulation boundary Lo \
N c i
.= 0.8
reflected units of | g o i
h thermoacoustic phase control ] & E
. < = 0.6
Air(T) | *E [
@ N
= > i
\ S-
0.4+
(a)
reflected incident i
waves waves 0.2k
Alr(TO) _
(b) ok , ()
0 1 2 3

T/10% K

Fig. 2. (color online) (a) Reflected unit of thermoacoustic phase manipulation, and (b) numerical model for simulation of reflected phase delays. (c) Reflected

phase delays of units with different temperatures.

3. Numerical results and discussions
3.1. AF performances

Figures 3(a) and 3(b) show the distributions of the re-
flected intensity field through the theoretical continuous phase
delays and the thermoacoustic phased array, respectively. It
is obvious that the reflected acoustic wave is formed as the
The reflected
acoustic energy is focused on a line at the right side of the
lens almost without diffraction. Based on Eq. (3), the theoreti-

Bessel-like beam [shown in red diamonds].

cal length of the focus D is calculated as 2.53 m, which agrees
well with the simulated result in Fig. 3(b), and is larger than
that of previous AF lenses.[*#0] Furthermore, the AF char-
acteristic induced by the thermoacoustic phased array agrees
well with the theoretical result in Fig. 3(a). Moreover, it is
found from Fig. 3(c) that the AF does not exist in the free
space. Therefore, the reflected AF lenses with large focus-
ing region and high performance is demonstrated based on the
Bessel-like beam.

To clearly exhibit the AF performances, the transverse
and longitudinal distributions of the acoustic intensities [lines
I-1V in Figs. 3(b) and 3(c)] are simulated, which is shown
in Fig. 4. Note that, with the thermoacoustic lens, the centre
position of the focus is (124.1 cm, 0), the maximum intensity
at the center of the focus is about 6 times than that in the free
space. Besides, as shown in Fig. 4(a), the intensity along the
line I (from 0.5 m to 2.5 m) is larger than 3.0 Pa’, showing
a high performance of line focusing. Furthermore, it is found

from Fig. 4(b) that the acoustic energy is mainly focused at

0.4
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—0:
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> a
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Fig. 3. (color online) Spatial distributions of reflected intensity field for
Bessel-like beam induced by (a) theoretical continuous phase delays

and (b) thermoacoustic phased array, and (c) for free space at 5.0 kHz.
Red arrows in panel (b) refer to incident acoustic waves.
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Fig. 4. (color online) Distributions of reflected intensity through (a)
lines I and II1, and (b) lines II and IV in Fig. 3.
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the position y = 0, and the diffraction is very weak, showing
obvious non-diffracting characteristic of the AF lens.

3.2. Broad working bandwidth

To show the bandwidth of the AF lens, we simulate the
distributions of the reflected intensity field at different frequen-
cies, which is shown in Fig. 5. It is found that, at three selected
frequencies, the reflected acoustic energy is also focused on a
line at the right side. Thus, the working bandwidth of the lens
reaches more than 1.4 kHz, and the fractional bandwidth (the
ratio of the bandwidth to the center frequency) is about 0.29.
Besides, with the increase of the frequency, the focus position
moves to the right. This characteristic is also shown in Fig. 6.
Such a phenomenon results from the fact that the incident an-
gle and the phase distribution of the lens are the same. By in-
creasing the frequency, the reflected angle 6, decreases based
on Eq. (1), and therefore the focus length increases. Based
on these results, we deduce that the proposed AF lens has the

oo o O
[p[?/Pa?  |p|*/Pa?

|p|*/Pa?

Fig. 5. (color online) Spatial distributions of reflected intensity field induced
by reflected AF lens at (a) 4.2 kHz, (b) 4.9 kHz, and (c) 5.6 kHz. Red arrows
refer to incident acoustic waves.
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advantages of s broad bandwidth and an adjustable focus po-
sition.

p|*/Pa?

— — - 4.2 kHz "

r 4.9 kHz ~
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0.5 1.0 1.5 2.0 2.5
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Fig. 6. (color online) Transverse distributions of reflected intensity
through focus induced by reflected AF lens at different frequencies.

3.3. Influence of base angle of Bessel-like beam on AF per-
formances

We also study the influence of the base angle B of the
Bessel-like beam on the AF performance. Figures 7(a)-7(c)
show the theoretical continuous phase delays (blue line) and
discrete phase delays (red hollow dots) of the reflected AF
lenses with different 3. The distributions of the acoustic in-
tensity field induced by the reflected AF lenses with § = 6°,
12°, and 15° are shown in Figs. 7(d)-7(f), respectively. It is
obvious that the Bessel-like beam and the AF effect still exist
with different §. The focal length and the focus size decrease
gradually with the increase of 3, which can be explained by
Eq. (3). Therefore, the focus energy is more concentrated and
the focus position moves to the left gradually. The transverse
distributions of the reflected intensity through the focus with
different 8 are shown in Fig. 8.

5
[}
=
[al)
>
B
0
6
)
ol
&
B
0
7
=
ol
>
=
0
1.0 2.0 3.0
z/m

Fig. 7. (color online) Theoretical continuous phase delays (blue line) and discrete phase delays (red hollow dots) of reflected AF lenses
with base angles (a) 6°, (b) 12°, and (c) 15°. Spatial distributions of reflected intensity field induced by reflected AF lenses with base
angles (d) 6°, (e) 12°, and (f) 15° at 5.0 kHz. Red arrows in panels (d), (e), and (f) refer to incident acoustic waves.
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p|?/Pa?

0.5 1.0 1.5 2.0 2.5
x/m
Fig. 8. (color online) Transverse distributions of reflected intensity

through the focus with different values of 3.

We also find that, with the increase of f3, the intensity
at the focus increases, and the focus position moves to the

p/rad

G
Z

¢ /rad

—~
)
~

p/rad

z/m

left, which arises from the fact that the refraction angles of
two transmitted beams increases, and the interference region
moves to the left and becomes small. Therefore, the acoustic
energy is more concentrated, which agrees with that in Fig. 7.

3.4. Robustness of an AF lens

To demonstrate the robustness of a reflected AF lens, we
separately adopt four, six, and eight types of basic reflected
units with different air temperatures to design the AF lenses
with 81 discrete phase delays (red hollow dots), in which the
phase delay distributions are displayed in Figs. 9(a)-9(c). As
shown in Figs. 9(d)-9(f), the Bessel-like beam and the AF ef-
fect still exist for three cases, and the reflected acoustic en-
ergy is also focused on a line at the right side. Note that with
more basic reflected units, the maximum intensity at the focus
increases slightly, and the characteristics of the focus almost
remain unchanged.

5
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[a W}
a
=
0
6
]
[a W}
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0
6
™
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[a W
~
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0
1.0 2.0 3.0
z/m

Fig. 9. (color online) Theoretical continuous phase delays (blue line) and discrete phase delays (red hollow dots) of reflected AF lenses based
on (a) four, (b) six, and (c) eight types of reflected units. Spatial distributions of reflected intensity field induced by reflected AF lenses with (d)
four, (e) six, and (f) eight types of reflected units at 5.0 kHz. Red arrows in panels (d), (e), and (f) refer to incident acoustic waves.
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Fig. 10. (color online) Spatial distributions of reflected intensity field
induced by reflected AF lenses in Fig. 3(b) by increasing temperatures
of units (a) 1007, (b) 3007, and (c) 5007 at 5.0 kHz. Red arrows in
panels (a), (b), and (c) refer to incident acoustic waves.

Figures 10(a)-10(c) show the distributions of the intensity
field induced by the thermoacoustic phased array, in which the
temperatures of all units increase 1007", 3007, and 5007, re-
spectively, and the other parameters are the same as those in
Fig. 3(b). It is obvious that, with the increase of the tempera-
tures of all units, the lens also has high AF performance, and
the focus position remains the same, but the intensity of the fo-
cus decreases slightly. The aforementioned results verify the
high robustness of the proposed reflected AF lens.

3.5. Reflected AF lens for cylindrical acoustic wave

Based on the generalized Snell’s law, we also realize a
reflected AF lens based on the Bessel-like beam for a cylin-
drical acoustic wave. As shown in Fig. 11, the position of the
incident cylindrical wave is located at (25 cm, 0), and the re-
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flected acoustic wave induced by the cylindrical acoustic wave
is formed as Bessel-like beam, and is focused on a line at the
right side. The phase delay @(y) of the thermoacoustic phased
array for the cylindrical acoustic wave satisfies

o(y) = —ko(|y[sin B+ /y* +L2), (6)

where L is the distance between the positions of the cylindrical
acoustic source and the lens.

The theoretical continuous phase delays (blue lines) and
the 81 discrete phase delays (red hollow dots) of the AF lenses
for the cylindrical acoustic wave with different base angles are
shown in Figs. 12(a)-12(c), in which the parameter L is se-
lected as 0.25 m. Figures 12(d)-12(f) show the spatial distri-
butions of the reflected intensity field induced by the designed
AF lenses with B = 6°, 12°, and 15°, respectively. It is obvi-
ous that the reflected acoustic energy induced by the proposed

0.4

—
»
Nl

p/rad

G
=

o

p/rad
o v A 00 N A OO N A O
b _ 6—s A o G o e

—~
(¢}
~

p/rad

AF lenses for the cylindrical acoustic wave is also formed as
the Bessel-like beam and is focused on a line at the right side.
With the increase of 3, the focus size decreases, and the focus
position moves to the left gradually; which are similar with
those in Fig. 7.

cylindrical
acoustic source

focus line

Reflected thermoacoustic
phased array

Fig. 11. (color online) Schematic diagram of reflected AF lens for cylin-
drical acoustic wave.

|p|?/Pa? |p|?/Pa?

p|?/Pa?

1.0 2.0 3.0

z/m

Fig. 12. (color online) Theoretical continuous phase delays (blue line) and discrete phase delays (red hollow dots) of reflected AF lenses for
cylindrical acoustic wave with base angles (a) 6°, (b) 12°, and (c) 15°. Spatial distributions of reflected intensity field induced by reflected
AF lenses for cylindrical acoustic wave with base angles (d) 6°, (e) 12°, and (f) 15° at 5.0 kHz. White dots in panels (d), (e), and (f) refer to

cylindrical acoustic source.

4. Conclusion

In conclusion, we have demonstrated broadband reflected
AF lenses for both plane and cylindrical acoustic waves based
on Bessel-like beams. In the reflected thermoacoustic phased
arrays, each unit consists of three rigid insulated boundaries
and a thermal insulation film in air with different temperatures,
and its reflected phase delays could cover the whole 27 range.
Based on the units, a broadband reflected AF lens is realized.
The results show that the fractional bandwidth can reach about
0.29 and the length of the focus reaches about 2.53 m, which
is larger than that of previous AF lenses. The focus size and
the focal length both decrease gradually with the increase of
the base angle, and the maximum intensity at the focus in-
creases slightly with more basic units, but the focus charac-
teristics almost remain unchanged. Furthermore, the reflected
AF lenses for the cylindrical acoustic wave are also realized.

The proposed AF lens has the advantages of broad working
bandwidth, large focus size, and high robustness, which pro-
vides more mechanisms for acoustic manipulation and extends
its potential applications in acoustic lenses.
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