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A two-dimensional (2D) slice of a 3D hemispherical acoustic Luneburg lens using a quasi-conformal
transformation and face-centred-orifice-cubic (FCOC) unit cells is designed and fabricated. With the
system, the focusing characteristics of acoustic waves with frequencies that satisfy the homogeneous
medium condition of the metamaterial are observed, such as focusing of acoustic plane waves at the
antipodal point on the transformed surface of the opposite side for the incident direction and focus
spreading due to total internal reflection at the focus point. The attenuation losses of the system are
measured and compared with those of an untransformed system with respect to frequency. The value
of the acoustic Goos-Hanchen shift is determined by comparing the experimental and theoretical and
simulated values of the focus points with respect to the incident angle. The effect of acoustic Fresnel
filtering due to the angular distribution of the incident waves at the flat surface boundary is verified by
comparing the results of the experiment and a simulation.

Phenomena with a metamaterial that has both negative permittivity and permeability were studied by the Rus-
sian scientist Veselago in 19671, Thirty years later, Smith et al. showed an experimental result for a metamaterial
with a negative refractive index?. Since then, there have been studies of physical phenomena in various areas,
such as negative and zero refractive index values®*. In particular, it has attracted much attention because it can
be used to actually implement an application such as a transparent cloak or concealment>¢. Additionally, in this
field, the range of applications is very wide, depending on whether the wave used is an electromagnetic wave
or a sound wave’.

In the case of electromagnetic waves, the refractive index of the material is defined as the ratio of the velocity
of the electromagnetic wave in vacuum to that of the medium therein. The refractive index value of a material
is greater than one, because the velocity in the material is smaller than that in vacuum. However, in the case
of sound waves, the acoustic refractive index is defined as the ratio of the sound velocity in air to that in the
medium. The value of the acoustic refractive index of a material is less than one, since the sound velocity in the
material is generally faster than that in air. If the acoustic refractive index of a unit cell is greater than one like the
optical refractive index, it is possible to realize an acoustic device that has the same shape and characteristics as
an optical device. Additionally, the results of a study of the geometrical optical properties can also be similarly
applied to geometrical acoustics. Therefore, to achieve a refractive index greater than one, we have to ensure that
the velocity of the sound wave is slow in the material.

We observed that an orifice plate inserted in a cylindrical waveguide reduces the velocity of a sound wave in
the waveguide. A two-dimensional (2D) face-centred-orifice-cubic (FCOC) unit cell, which is a kind of orifice-
type unit cell with an acoustic refractive index greater than one, was designed®. The unit cell may be considered as
a cross-superposition of one-directional unit cells and as a complementary cell of the face-centred-cubic (FCC)
unit cell. Using FCOC unit cells, we successfully realized acoustic convex, GRIN and Luneberg lenses®-1°. The
FCOC unit cells used in convex lenses have symmetrical orifice diameters in all directions and, in the case of
GRIN lenses, 1D asymmetry. In the case of the Luneberg lens, there is a characteristic that all have asymmetry
in each direction. It can be seen that such acoustic lenses correspond almost identically to optical lenses and
their associated characteristic equations'>'2.
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The Luneberg lens has the characteristic that the focal point of the waves is formed at the antipodal point of
the incident direction on the surface of the device'®. Therefore, it is possible to effectively observe phenomena that
exceed the classical diffraction limit due to the near-field effect, such as evanescent waves or super lensing effects
observed mainly near the surface!®'*'®, Meanwhile, there have been various attempts to implement acoustic
devices with new functionality by controlling acoustic beams'*?. Among these attempts, the conformal transfor-
mation method can be used to reshape the form of the structure while maintaining its physical characteristics, so
much research is being carried out in this area'*?!->%. In particular, in a flattened Luneburg lens, which is properly
and conformally transformed, a 2D flat detector array can be used to observe the focused image, since the focus
is formed on the flat plane. In addition, it is possible to make sure of the acoustic Goos-Hanchen shift (GHS)
by the total internal reflection and the acoustic Fresnel filtering effect (FFE) due to the angular distribution of
the acoustic wave incidence angle*~%. Acoustic GHS is a must take into account when designing an accurate
acoustic lens, and acoustic FFE is an important factor in accurately predicting the propagation of sound waves
after passing through an acoustic device.

In this paper, we realized a flattened hemispherical acoustic Luneburg lens, which consists of FCOC unit
cells, using the conformal transformation result??. From an experiment and a simulation, we observed, for the
first time, the effect of the acoustic GHS and FFE of the device.

Theoretical description

The major characteristic of a spherical Luneburg lens is the focusing of waves at the antipodal point of the inci-
dent direction. If the sphere of the lens is transformed to a hemisphere, the transformed focusing surface will be
a flat plane. To obtain the transformed electric permittivity tensor of the hemispherical Luneburg lens, we have
to consider the Jacobian transformation matrix first as shown in Eq. (1).
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where x; and x; are the coordinate components in the untrqnsformed and transformed domains, respectively.
'The electric permittivity tensor in the transformed system £’/ can be written as
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i represents the transformation from the coordinate basis i to the unit basis i’ of the primed (or transformed)
system After the transformatlon of the sphere to the hemisphere with the coordinate of (p ¢ z ) and diago-
nalization with (p qb z"), the transformed electric permittivity and the refractive index can be obtained. If we
set the magnetic permeability tensor ¥ as the identity tensor for a Luneburg lens with the refractive index of
the surrounding air ng, the electric permittivity tensor 7 can be written as follows'*:

/ﬁ =1, el = n%(r) 8 and np(r) = ng /(2 — r2/a?). (3)
The electric permittivity of the hemispherical Luneburg lens is derived as follows?:
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The values of 4 and . are greater than 2 and less than 1/2, respectively. o and a are the radial distance from
the 2’ axis and the radius of the Luneburg lens, respectively. The result is applied to the acoustics. To realize the
transformed hemispherical acoustic Luneburg lens, we use FCOC unit cells with different orifice diameters with
respect to their positions using Eq. (6).

Figure la shows that the points D1, E1, E2, and D2 on the right surface of the sphere are transformed to the
points D1’, E1’, E2/, and D2’ on the right flat plane of the transformed hemisphere, respectively. The values of
n11 are greater than one, and the values of n33 are less than one.

Design and fabrication of the experimental setup

We use the approximation that the values of n33 are neglected and approximately equal to those of 1, because
sound waves with n33 diverge given that the refractive index is less than one?. Additionally, since the sound
velocity for ns3 is faster than that for ny;, the divergence effect of n33 is associated with an earlier time than ny,
which contributes to the focusing effect. Therefore, the term n33 does not contribute to the focusing behavior of
the device at the same time. Instead, we approximate that the values of n33 are nearly equal to the values of n1; to
increase the symmetry and isotropicity of the FCOC unit cell in arbitrary positions of the device for the sound
pressure amplitude®®. When we set the values of 133 to one, in the simulation, we observe that the smaller the
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Figure 1. (a) shows the transformation pair between the sphere and hemisphere. The points Dy, Ej, E», and

D, on the right surface of the sphere are transformed to the points D, E}, E5, and D) on the right flat plane

of the transformed hemisphere, respectively. (b,c) show the spatial distributions of the refractive index ny;

and n33, respectively. (d) shows the designed 2D hemispherical Luneburg lens with FCOC unit cells using the
approximation n33 = 1. (e,f) show a schematic diagram of the experimental setup and photograph of the
hemispherical Luneburg lens fabricated, respectively. In the (f), a cap is for measuring the sound pressure inside
the FCOC unit cell, and a rotatory knob is to handle for giving the angle of incidence. The lengths of L1, L2, L3,
W and H are 1070, 530, 1920, 1150 and 50 mm respectively.

angle of incidence is, the smaller the expected focusing effect. In the case of normal incidence, most waves are
transmitted as if there is no lens, and focusing is not observed. This is because the refraction effect of the unit cell
for sound waves that satisfy the homogeneous medium condition is very small when the incident angle is zero.

We fabricated a transformed hemispherical acoustic Luneburg lens consisting of FCOC unit cells, as shown
in Fig. 1d. The volume of the cavity of the unit cell is 125 cm?; the orifices that form the sidewalls of the cell
were created by drilling a hole in the centre of a 3.0-mm-thick acrylic plate with a diameter calculated using

Egs. (4)-(6)1"2,
neg = o1+ (t'/d)(Sw — Sor) /Sor1'*, 1o = /(po/Bo). (6)

t'is the effective thickness, d is the unit cell length, and S,, and S, are the cross-sectional areas of the waveguide
and the orifice, respectively. The centre axis of the device is now set as the x-axis, and the device has y-symmetry,
as shown in Fig. 1d. Figure 1b shows the spatial distribution of the refractive index of the transformed hemi-
spherical Luneburg lens #;;. The maximum and minimum values of 11 are 9.547 at both side ends and 1.345 at
both the front and back regions of the device. Figure 1c shows the spatial distribution of 1133, over which the values
are distributed between 0.9977 and 0.1053. Figure 1d shows the designed 2D hemispherical Luneburg lens with
the FCOC unit cells, where we have used the approximation n33 = n;;. The diameter and height of the device
are 1060 and 50 mm, respectively. The inset indicates the FCOC unit cell with an orifice diameter ¢, thickness ¢
(3 mm), and unit cell length d (53 mm). The 2D FCOC unit cell can be regarded as a cross-superposition of 1D
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Figure 2. Intensity distributions of the acoustic waves after passing through the transformed hemispherical
Luneburg lens for normal incidence. (a—c) show the simulation results for frequencies of 450, 650, and 1050 Hz,
respectively, where the attenuation losses are not considered. (d-f) are the experimental results corresponding to
(a—c), respectively. The intensity range of each color bar of the figures has arbitrary values in each figure.

orifice-type unit cells of the x and y directions. The maximum and minimum values of the orifice diameter are
29.8 and 1.6 mm, respectively, and correspond to the minimum and maximum values of the refractive index
ny1, respectively.

Rectangular waveguides are installed to guide the incident and transmitted waves on the left- and right-hand
sides of the Luneburg lens. The dimensions of these waveguides are the same on both sides: a width of 1150
mm, a height of 50 mm, and a thickness of 3 mm. The propagation length for the incident waves is 1070 mm,
from the speaker array acting as the sound source to the left-hand side vertex of the hemispherical 2D lens,
while the propagation length for the transmitted waves is 1920 mm, from the transformed flattened surface of
the hemispherical lens to the end boundary. Figure 1e shows a schematic diagram of the experimental setup.
A photograph of the fabricated hemispherical acoustic Luneburg lens with FCOC unit cells is shown in Fig. 1f.

Experiment and methods

To generate acoustic plane waves, a 12-speaker array with a length of 1150 mm is located at the left-hand end
boundary of the waveguide as shown in Fig. le. The acoustic plane waves generated by this sound source enter
the vertex of the transformed hemispherical Luneburg lens for normal incidence. To change the direction of the
incidence, we turn the device (or the perpendicular axis of the device plane) around counterclockwise. Because
of the frequency constraint of the homogeneous medium condition for the metamaterial (i.e.,d < 1/4) and the
value of the attenuation loss of the system, the highest and lowest frequencies for the employed metamaterial are
approximately 1150 Hz (d >~ 1/6) and 350 Hz (d =~ 1/20), respectively, where the value of the sound velocity
is 345 m/s*!. Amplitude-shift-keying modulated acoustic pulses with a frequency of 2 Hz and a width of 10 ms
are used to eliminate the echoes stemming from the multiple reflections that occur at the boundaries®*-*. These
acoustic pulses are activated simultaneously and in-phase using a functional generator. A sound absorber is used
on the right-hand end of the waveguide to minimize any reflected waves and is experimentally confirmed to
operate in our required frequency range. To obtain a perfect description of the wave propagation, the pressure
amplitudes and the retarded times from the sound source are measured at 53 mm intervals along the x and y
directions throughout the whole system, including inside and outside the hemispherical Luneburg lens, using a
condenser-type microphone. To increase the reliability of the measurement, the average values of the pressure
amplitudes and the retarded times for the sound waves are obtained by measuring the acoustic signals ten times
at each position.

Results and discussion

Figure 2 shows the intensity distributions of the acoustic waves after transmittance through the transformed
Luneburg lens, where the directions of incidence of the waves are all parallel to the centre axis (or x-axis).
Figure 2a-c show the simulation results for wave frequencies of 450, 650, and 1050 Hz, respectively, where
the attenuation losses are not considered. Figure 2d-f are the experimental results corresponding to Fig. 2a—c,
respectively. By comparing the ratio of the maximum intensity of the incident region to that of the focused region
in the experiment with that in the simulation, we determined the attenuation losses of the transformed hemi-
spherical Luneburg lens with respect to the frequencies. The values of the attenuation loss in Fig. 2d-f are 0.7,
0.92, and 0.98 Np/m, respectively, where the intensity range of each color bar of the figures has arbitrary values
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Figure 3. (a) shows the normalized intensity distributions measured along the center axis including the focus
points at the given frequencies of 450 (red circle), 650 (green circle), 850 (blue square) and 1050 (black square)
Hz, respectively, for normal incidence. The inset shows the normalized intensity distributions measured along
the transverse direction (or y-axis) for the propagation including the experimental focus point at the same
frequencies above. (b) shows the FWHM values of the acoustic intensity spots at the focused points of the centre
axis with respect to frequency. The red squares show the values measured at the experimental focus point of

the intensity spot, and the blue squares indicate the values measured at the theoretical focus point. The inset
indicates the change in the distance of the focus point from the centre of the flattened surface along the centre
axis with respect to frequency.

in each figure. The values of attenuation loss are approximately 6-7 times larger than those of the untransformed
acoustic Luneburg lens'. This result is reasonable, because the values of the distribution of the orifice diam-
eter for the transformed hemispherical Luneburg lens are smaller than those for the untransformed spherical
Luneburg lens. As the orifice diameter decreases, both the refractive index and the extinction index increase’.
In the case of the hemispherical Luneburg lens, the values of the orifice diameter are distributed in the range of
1.6 to 29.8 mm, whereas in the case of the spherical Luneburg lens, the values are distributed in the range of 26.6
to 48 mm'?. We determined the effective reflectivity r(= Pyef/Pinc) of the waves for the device by measuring the
value of the standing wave ratio (SWR) along the centre axis with the frequencies. The measured values of the
effective reflectivity are 0.18, 0.29, 0.25 and 0.21 at frequencies of 450, 650, 850 and 1050 Hz, respectively. From
the results, we verify that the effective power reflectance of acoustic waves for the transformed hemispherical
Luneburg lens is less than ~ 8.5 % of the incident power in the frequency region.

Figure 3a shows the normalized intensity distributions measured along the centre axis including the focus (or
the maximum intensity) points at the given frequencies of 450 (red circle), 650 (green circle), 850 (blue square)
and 1050 (black square) Hz, where the incident directions of the waves are all parallel to the centre axis. The inset
shows the normalized intensity distributions measured along the transverse direction (or y-axis) for the propa-
gation including the experimental focus (or maximum valued) point at the same frequencies above. Figure 3b
shows the full width at half maximum (FWHM) values of the acoustic intensity spots at the focused points on
the centre axis with respect to the frequencies. The red squares show the values measured at the experimental
focus (or maximum valued) point of the intensity spot, and the blue squares indicate the values measured at the
theoretical focus point (or at the point on the transformed flattened surface). We measured the sound pressure
of the theoretical focus at a distance of 50 mm perpendicular to the flat surface of the device to avoid the edge
effect of the unit cell orifice. Since these two graphs are nearly identical, we confirm that the acoustic waves are
focused almost at the transformed flattened surface (i.e., theoretical focus plane) after passing through the lens.
The upper right inset indicates the change in the distance of the focus point from the centre of the flattened sur-
face along the centre axis with respect to frequency. At low frequencies, the focus point is slightly off the surface.
With increasing frequency, the focus point becomes close to the surface. This is due to the divergence effect of
the waves with respect to frequency.

Figure 4a—e shows the experimental results of the focusing of acoustic waves with a frequency of 850 Hz after
passing through the device for incident angles of 0°, 10°, 20°, 30°, 40°. From the figures, we can observe changes
in the displacement of the focus along the surface from the centre of the transformed flattened surface of the
hemispherical lens with the incident angles. Since the refractive index values are all different along the points
of the flattened surface, as in Fig. 1b, we can consider the distribution of the critical angle along the surface?®.
This distribution is plotted with red circles in Fig. 5a. The blue squares show the incidence angles with respect to
the theoretical focusing point of the acoustic waves on the flattened surface of the device. If the incident angle
is smaller than the critical angle inside the device, some of the acoustic rays are transmitted to the outside, and
the rest of the rays are reflected from the flattened surface of the device. If the incidence angle is larger than the
critical angle, the acoustic rays cannot transmit and reflect from the surface due to total internal reflection. When
the incidence angle is 39.8°, the expected focusing point is displaced along the surface approximately 322.5 mm
from the centre of the flattened surface, and the critical angle corresponding to the point is equal to the incidence
angle, as shown in Fig. 5a. Therefore, total internal refection occurs at this angle (or at the corresponding point).
From this figure, we can expect that focusing occurs only when the incidence angle is smaller than the critical
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Figure 4. (a-e) show the experimental results of focusing of acoustic waves with a frequency of 850 Hz after
passing through the device when the incident angles of the waves are 0, 10, 20, 30, and 40°, respectively. (f)
shows the simulation result when the incident angle is 20° for a comparison with (c). The white arrows in the
figures show the directions of the acoustic radiation after passing through the flattened surface. The intensity
range of each color bar of the figures has arbitrary values in each figure.
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Figure 5. (a) shows the distribution of the critical angle (red circle) according to the refractive index
distribution of the flattened surface and the theoretical focus point (blue square) on the flattened surface for the
angle of incidence. (b) shows the focus point on the flattened surface for the angle of incidence. Here, the blue
squares, red open circles and green open triangles represent the measured, theoretical and simulated results,
respectively. The error bar indicates that the focus point is spread.

angle, as shown in Fig. 4a—d. When the incidence angle is nearly equal to the critical angle, we observe that the
focused acoustic spot spreads without collecting at one point due to the effects related to the total internal reflec-
tion of the acoustic waves, such as the evanescent waves on the surface boundary, as shown in Fig. 4e.

For the frequency of 850 Hz, the focus points on the flattened surface with respect to the incident angles
are measured and plotted in Fig. 5b. The blue squares, red open circles and green open triangles represent the
experimental values, theoretically calculated values and simulated values, respectively. The error bar indicates that
the focus is spread. As shown in Fig. 5b, the actual experimental value of the focus point on the flattened plane is
always greater than the theoretically expected or the simulated value. Three regressive lines were obtained with a
linear fit using the least square method for each group. The slopes of the blue line for the experimental group and
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the red line for the theoretical group and the green line for the simulated group are 9.01 x 10~>and 8.09 x 1073
and 6.74 x 107> m/ °, respectively. Although there is a small but apparently distinguishable difference between
first two values (= 10.8%), there is an important physical phenomenon in the difference: the acoustic GHS by
total internal reflection®*. It is known that this shift occurs at the boundary of two media when the incident
wave undergoes total internal reflection. The displacement of the focus due to the acoustic GHS is measured to
be approximately 3.68 x 1072 m at 6; = 40° with f = 850 Hz. Comparing the result of experiment with that of
simulation, it can be seen that the difference is apparent and can be clearly explained by GHS. The displacement
of the experimental focus point relative to the simulated focus point is approximately 9.08 x 1072 m at §; = 40°
with f = 850 Hz. In the figure, the simulated value is lower than the theoretical value. It seems to be due to the
approximation of the refractive index distribution. The simulation results for the incident angles are shown in
the Supplementary Information.

When plane waves are incident on the device from the outside, the angle of incidence of the wave is constant.
After entering the device, the waves (or rays) have different directions because they leave from different points
on the hemisphere to a certain focus point on the flattened surface?’. Therefore, the incident acoustic waves at
the focal point, which is on the flattened surface, can be thought of as a wave (or ray) collection with an angular
distribution of various directions around the incident angle determined from the outside. In these waves con-
verged to the focus point, a portion of the acoustic waves with an angular direction smaller than the critical angle
at that point can transmit the boundary surface with different transmittance ratios with respect to the incident
angle and rest of them are reflected; however, the waves with an angular direction larger than the critical angle
are nearly reflected with the effect of GHS, and parts of the waves propagate as evanescent waves®>**. Therefore,
due to the angular distribution of the incident waves with respect to the critical angle, the propagation direction
of the transmitted waves rotates in the direction of the outward normal. Figure 4f shows the simulation result
when the incident angle is 20° for a comparison with Fig. 4c. The white arrows in the figures show the propagation
directions of the acoustic waves after passing through the flattened surface. In the experiment, the propagation
direction is rotated ~ 35° in the direction of the outward normal when compared to the simulation result. This
rotation of the propagation direction shows the effect of acoustic Fresnel filtering, which is similar to the effect
in optics®”?. We observe that the closer the external incidence angle is to the critical angle, the larger the focus
spreading effect. When the angle of incidence significantly exceeds the critical angle (6; 2 55°), the waves are
not transmitted. In this case, the waves with an angular distribution for which the angular component of the
incident direction is less than the critical angle are very small or nearly zero.

Conclusion

With a 2D slice of a 3D hemispherical acoustic Luneburg lens using a quasi-conformal transformation and asym-
metric FCOC unit cells, we performed an experiment with a simulation and observed the characteristics of the
transformed flattened device in the frequency region that satisfies the homogeneous medium condition of the
metamaterial. Using the approximation that the values of n33 are nearly equal to the values of 111, the desired
focusing effect, such as focusing of acoustic plane waves at the antipodal points on the transformed surface of
the opposite side of the device with respect to the incident angles and frequencies, was observed. The attenua-
tion losses of the system were measured and compared with those of an untransformed system with respect to
frequency. The value of the acoustic GHS was determined by comparing the experimental and theoretical and
simulated values of the focus points with respect to the incident angle. The effect of acoustic Fresnel filtering
due to the angular distribution of the incident waves at the flat surface boundary was verified by comparing the
results of the experiment and the simulation.

Received: 7 February 2020; Accepted: 23 October 2020
Published online: 04 November 2020

References
1. Veselago, V. The electrodynamics of substances with simultaneously negative values of epsilon and mu. Soviet Phys. Uspekhi 10,
509-514 (1968).
2. Smith, D. R, Pandilla, W. ., Vier, D. C., Nemat-Nasar, S. C. & Schultz, S. Composite medium with simultaneously negative perme-
ability and permittivity. Phys. Rev. Lett. 84, 4184 (2000).
. Park, C. M. & Lee, S. H. Zero-reflection acoustic metamaterial with a negative refractive index. Sci. Rep. 9, 3372 (2019).
4. Park, C. M. & Lee, S. H. Propagation of acoustic waves in a metamaterial with a refractive index of near zero. Appl. Phys. Lett. 102,
241906 (2013).
5. Popa, B.-L, Zigoneanu, L. & Cummer, S. A. Experimental acoustic ground cloak in air. Phys. Rev. Lett. 106, 253901 (2011).
6. Zigoneanu, L., Popa, B. & Cummer, S. A. Three-dimensional broandband omnidirectional acoustic ground cloak. Nat. Mater. 13,
352-355 (2014).
7. Bongard, E, Lissek, H. & Mosig, J. R. Acoustic transmission line metamaterial with negative/zero/positive refractive index. Phys.
Rev. B 82, 094306 (2010).
8. Park, C. M. & Lee, S. H. An acoustic lens built with a low dispersion metamaterial. J. Appl. Phys. 117, 034904 (2015).
9. Park, C. M., Kim, C. H., Park, H. T. & Lee, S. H. Acoustic gradient-index lens using orifice-type metamaterial unit cells. Appl. Phys.
Lett. 108, 124101 (2016).
10. Park, C. M. & Lee, S. H. Acoustic Luneburg lens using orifice-type metamaterial unit cells. Appl. Phys. Lett. 112, 074101 (2018).
11. Born, M. & Wolf, E. Principles of Optics (Cambridge University Press, Cambridge, 1999).
12. Gomez-Reino, C., Perez, M. V. & Bao, C. Gradient-Index Optics (Springer, Berlin, Heidelberg, 2002).
13. Demetriadou, A. & Hao, Y. Slim Luneburg lens for antenna applications. Opt. Express 19, 19925-19934 (2011).
14. Zhou, Y. et al. Acoustic surface evanescent wave and its dominant contribution to extraordinary acoustic transmission and col-
limation of sound. Phys. Rev. Lett. 104, 164301 (2010).

w

Scientific Reports |

(2020) 10:18991 | https://doi.org/10.1038/s41598-020-76111-4 nature research



www.nature.com/scientificreports/

15. Christensen, J., Martin-Moreno, L. & Garcia-Vidal, E ]. Theory of resonant acoustic transmission through subwavelength apertures.
Phys. Rev. Lett. 101, 014301 (2008).

16. Jung, J., Garcia-Vidal, F. J., Martin-Moreno, L. & Pendry, J. B. Holey metal films make perfect endoscopes. Phys. Rev. B 79, 153407
(2009).

17. Zhang, X. & Liu, Z. Superlenses to overcome the diffraction limit. Nat. Mater. 7, 435 (2008).

18. Zhu, J. et al. A holey-structured metamaterial for acoustic deep-subwavelength imaging. Nat. Phys. 7, 52 (2011).

19. Peng, Y. G. et al. Super-resolution acoustic image montage via a biaxial metamaterial lens. Sci. Bull. 65, 1022 (2020).

20. Shen, Y. X. et al. Ultrasonic super-oscillation wave-packets with an acoustic meta-lens. Nat. Commun. 10, 3411 (2019).

21. Zhu, R. et al. Bifunctional acoustic metamaterial lens designed with coordinate transformation. Appl. Phys. Lett. 110, 113503
(2017).

22. Schurig, D. An aberration-free lens with zero F-number. New J. Phys. 10, 115034 (2008).

23. Schurig, D., Pendry, J. B. & Smith, D. R. Calculation of material properties and ray tracing in transformation media. Opt. Express
14, 9794-9804 (2006).

24. Schurig, D. et al. Metamaterial electromagnetic cloak at microwave frequencies. Science 314, 977-980 (2006).

25. Fa, L. et al. Acoustic Goos-Hianchen effect. Sci. China-Phys. Mech. Astron. 60, 104311 (2017).

26. lizuka, K. Elements of Photonics (Wiley, New York, 2002).

27. Lee, S. H. et al. Experimental measurement of gain and loss in a microcavity laser. Phys. Rev. A 85, 023839 (2012).

28. Rex, N. B, Tureci, H. E., Schwefel, H. G. L., Chang, R. K. & Stone, A. D. Fresnel filtering in lasing emission from scarred modes
of wave-chaotic optical resonators. Phys. Rev. Lett. 88, 094102 (2002).

29. Kundtz, N. & Smith, D. R. Extreme-angle broadband metamaterial lens. Nat. Mater. 9, 129-132 (2010).

30. Li, J. & Pendry, J. B. Hiding under the carpet: A new strategy for cloaking. Phys. Rev. Lett. 101, 203901 (2008).

31. Caloz, C. & Itoh, T. Electromagnetic Metamaterials: Transmission Line Theory and Microwave Applications (Wiley, Hoboken, 2006).

32. Stremler, E. G. Introduction to Communication Systems 3rd edn. (Addison-Wesley Publishing Company Inc., Boston, 1990).

33. Zigoneanu, L., Popa, B.-1,, Starr, A. F. & Cummer, S. A. Design and measurements of a broadband two-dimensional acoustic
metamaterial with anisotropic effective mass density. J. Appl. Phys. 109, 054906 (2011).

34. Popa, B.-I. & Cummer, S. A. Non-reciprocal and highly nonlinear active acoustic metamaterials. Nat. Commun. 5, 3398 (2014).

35. Kinsler, L. E., Frey, A. R., Coppens, A. B. & Sanders, J. V. Fundamentals of Acoustics 4th edn. (Wiley, New York, 2000).

Acknowledgements

The authors wish to thank Prof. Lee, H. W. of Inje University for a helpful discussion. This work was supported by
grants from the National Research Foundation of Korea, funded by the Korean government (MEST) (Grants NRF-
2017R1D1A1B03033936, NRF-2017R1A2B4009179, NRF-2020R111A1A0106835, NRF-2020R1F1A1065865).

Author contributions
C.M.P. prepared the figures. S.H.L. designed and prepared the experimental setup. G.Y. and K.C. prepared the
measurement program. S.H.L. and C.M.P. performed the experiment and wrote the main manuscript text.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-76111-4.

Correspondence and requests for materials should be addressed to S.H.L.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

Scientific Reports |

(2020) 10:18991 | https://doi.org/10.1038/s41598-020-76111-4 nature research


https://doi.org/10.1038/s41598-020-76111-4
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Hemispherical acoustic Luneburg lens with the acoustic Goos–Hänchen shift and Fresnel filtering effect
	Theoretical description
	Design and fabrication of the experimental setup
	Experiment and methods
	Results and discussion
	Conclusion
	References
	Acknowledgements


