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Stealth acoustic materials
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2 Universitat Politécnica de Valéncia, Camiy de vera s/n, 46022, Valéncia, Spain
(Dated: November 15, 2019)

We report the experimental design of a 1D stealth acoustic material, namely a material that
suppresses the acoustic scattering for a given set of incident wave vectors. The material consists of
multiple scatterers, rigid diaphragms, located in an air-filled acoustic waveguide. The position of the
scatterers has been chosen such that in the Born approximation a suppression of the scattering for
a broad range of frequencies is achieved and thus a broadband transparency. Experimental results
are found in excellent agreement with the theory despite the presence of losses and the finite size of
the material, features that are not captured in the theory. This robustness as well as the generality
of the results motivates realistic potential applications for the design of transparent materials in

acoustics and other fields of wave physics.

I. INTRODUCTION

Wave scattering represents one of the most studied
phenomena in wave physics. When a system with re-
fractive index contrast between the obstacle and the sur-
rounding material is radiated by an incident wave, the
incident energy is both radiated and absorbed by the
obstacle, forming a scattering pattern which strongly
depends on the geometry and size of the obstacle as
well as on the frequency-dependent properties of its con-
stituents. The control of the scattering of waves repre-
sents a major topic of interest in acoustics'?, photonics®
and electromagnetism? due to the vast possibilities in
fundamental physics with potential applications. Com-
plex media® and recently metamaterials®, have been
shown as potential candidates to control the scattering
of different types of waves. In particular it has been
shown that metamaterials in both electromagnetism” and
acoustics® can be used to induce a dramatic drop in the
scattering cross section of cylindrical and spherical ob-
jects, making them nearly invisible or transparent to an
outside observer.

Ordered media, known as photonic? '! or phononic
crystals'>'* in optics and acoustics respectively, have
been exploited due to their particular dispersion relation,
presenting band gaps for different ranges of frequencies.
In periodic structures, order is present on every scale, al-
lowing for multiple Bragg scattering and localized states
to form a band gap when the wavelength of the prop-
agating wave is of the order of a multiple of the dis-
tance between scatterers. In the Born approximation,
periodic structures are transparent at low frequencies!.
Among other potential applications, these systems have
motivated tunable frequency filters'®!7, beam forming
devices'®, waveguides'?, wave traps?® 22 and slow wave
systems%’26 .

On the other hand, disordered media are also good
alternatives to control wave scattering in a different
manner?”. Waves entering in a disordered material are
scattered several times before exiting in random direc-
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tions, producing interferences leading to interesting, and
sometimes unexpected, physical phenomena®®. For ex-
ample, in the acoustical?” or optical®® analogy of Ander-
son localization, multiple scattering creates modes with
a high level of spatial confinement in which the wave re-
mains in the sample for a long time. Contrary to the
periodic case, configurations of multiple scatterers with
random and independent coordinates have no order at
any scale and as a consequence no characteristic length
appears in the system. Therefore no band gap is formed
in such kind of structured materials and wave is randomly
scattered.

Other approaches based on complex structures with
correlated disorder®3'*4 created by introducing local
correlations between positions of scatterers in an oth-
erwise random ensemble, have been used to control the
overall scattering strength of the material and create a
strong wavelength dependence of the transmission. If
the structure is properly designed, the system can even
present isotropic band gaps?>4° in the absence of peri-
odicity. Such disordered materials are known as hyper-
uniform materials®*4? and nearly suppress all scattering
at low frequencies. Hyperuniform materials are a sub-
set of the systems known as stealth materials, referring
to configurations of multiple scatterers that completely
suppress scattering of incident radiation for a set of wave
vectors, and thus, are transparent at these wavelengths.
The hyperuniform materials represent the low-k limit of
the stealth materials and are, counterintuitively, disor-
dered and highly degenerate.

In this work we construct disordered stealth configu-
rations by engineering the material properties in a con-
trolled manner in such a way that the system prevents
scattering only at prescribed wavelengths with no restric-
tions on any other wavelengths. In particular we focus on
the suppression of the Bragg scattering of the correspond-
ing periodic case and make the structured system trans-
parent for a broadband range of frequencies. The inverse
problem to generate the configuration of multiple scat-
terers with a specific scattering properties is non-trivial,
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FIG. 1. (Color online) Schematic example for the case of

square periodicity in 2D with a lattice period L.
space. (b) Reciprocal space.

(a) Direct

as multiple solutions are conceivable. The approach is
based on the optimization of the structure factor which,
in the Born approximation, can be used as the outcome
of a scattering experiment. The configuration of multi-
ple scatterers is used to construct one dimensional (1D)
stealth structures made of rigid diaphragms embedded in
an air-filled waveguide. The system is analyzed by using
the Transfer Matrix Method (TMM). Full wave numeri-
cal simulations have been done by using Finite Element
Method (FEM). The system is analyzed considering the
intrinsic viscothermal losses of the system. Experiments
are performed to validate the theoretical results.

II. SCATTERING BY MULTIPLE SCATTERERS
A. Structure factor

We are interested in the study of the scattering of
waves by disordered materials made of a discrete dis-
tribution of point scatterers. In order to theoretically
and numerically deal with such distribution of scatter-
ers, the space is periodically divided using a lattice F
which unit cell has a volume V and in which N scat-
terers are distributed at the positions 7; (i = 1,...,N)
as schematically shown in a two dimensional example in
Fig. 1(a). The lattice F has a reciprocal lattice F* in
which the lattice sites are specified by the reciprocal lat-
tice vector, é, with the property GR = 27m for all lattice
places é, where m = +1,42,.... The reciprocal funda-
mental unit cell has a volume V* = (27)¢/V (where d
is the dimension of the d-dimensional Euclidean space
in which the problem is defined). Although this choice
introduces anisotropy, the periodic boundary conditions
do not affect the generality of the properties discussed in
this work.

Let us consider the scattering of a beam with wave-
length A by the assembly of N scatterers. We assume
that the scattering is weak, so that the amplitude of
the incident beam is constant throughout the sample
volume (Born approximation), and only scattered waves

of the first order are considered; absorption, refraction
and higher order scattering can be neglected (kinematic
diffraction). The direction of any scattered wave is de-
fined by its scattering vector G =k, — k?o, where k,
and kB are the scattered and incident beam wavevec-
tors, being 6 incidence angle. For elastic scattering,
|ks| = |ko| = |k| = 27/X and then G = |G| = 4 sin(0).
The amplitude and phase of this scattered wave will be
the vector sum of the scattered waves from all the scatter-
ers Uy(q) = Zl 1 fie em1CTi , with f; the atomic structure
factor. The scattered 1nten81ty reads as
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The structure factor, S(G), is defined as this intensity
normalized by 1/ Zjvzl ff
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If all the scatterers are identical, then
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Therefore the structure factor S (é), is proportional to
the intensity of scattering of incident radiation from a
configuration of NV scatterers. It is worth noting here
that the structure factor can be also related with the
scattering cross section as follows

N N B
ZZ —1G (7 —7) fQNS(é), (5)
J=1k=1

where o is the total cross section and €2 is the solid angle.

Notice that the Laue condition'®*" implies that the
constructive interferences will occur provided that the
change in wave vector between the incident and reflected

waves was a vector of the reciprocal lattice. Therefore
the Bragg scattering condition is \E| = 2|s§1‘9' In the case

1D (6 = ©/2), the wavevectors are collinear and then,

k| = |G| /2.
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FIG. 2. (Color online) Representation of the structure factor for (a) a periodic, (b) a random, (c) a hyperuniform and

(d) a stealth distributions of N = 30 scatterers. The hyperuniform configuration is obtained to reduce scattering in the range
|k| < |kp/2.5] (where kg = wN/L is the Bragg condition of the corresponding periodic configuration). The stealth configuration
is optimized for kg /5 < |k| < kp/1.5. The target range of frequencies of the two last cases are shown by the yellow area in (c)

and (d).

B. Design of the discrete materials with prescribed
scattering properties

The optimization procedure consists of prescribing the
scattering characteristics by using the structure factor
and constructing configurations of multiple scatterers
that give rise to these targeted value. In contrast to the
real-space methods, we target information in reciprocal
space to construct configurations whose structure factor
exactly matches the candidate structure factor for a set
of wavelengths.

The objective function is based on the structure factor
S(G). For a given limit of wave vectors, fixing the opti-
mization domain 2 in the reciprocal space, the structure
factor should have a target value, S, for all the wave
vectors in 2. Then, the objective functions will be based
on the following expression

O i) = Y (S@) =Su),  (©
Gen

and a standard deviation function

o= |5 S IS@) — b, 7
Gen

where 1 = % Y acq S(@) is the mean value in the target
range of wave vectors. The optimization algorithm will
look for configurations of multiple scatterers 7; that si-
multaneously minimizes the potential and the standard
deviation function.

C. Different kind of materials based on S(G).
Examples in 1D

The interest of this work is focused on stealth ma-
terials, which are built from a configuration of multi-
ple scatterers whose structure factor is exactly zero for

some set of wavelengths. In the low-k limit, several dis-
ordered systems, known as hyperuniform?33:37,39-42,44,46
materials, nearly suppress all scattering. These systems
have the property that limy_,q S((_j) = 0, i.e., infinite-
wavelength density fluctuations vanish. Following this
definition, we can see that periodic , i.e. crystalline con-
figurations, are by definition, in the Born approximation,
hyperuniform since they suppress scattering for all wave-
lengths except those associated with Bragg scattering.
It is worth noting here that other kind of materials can
be defined by using the structure factor. For example,
equiluminous materials scatter waves with the same in-
tensity for a set of wave vectors. The structure factor for
this class of materials is simply a constant for a set of
wave vectors. Subsets of equiluminous materials include

—

super-ideal gases S(G) = 1 as well as the stealth materi-

—

als S(G) = 0. Super-ideal gases are single configurations
of multiple scatterers whose scattering exactly matches
that of an ensemble of ideal gas configurations, or Pois-
son point distributions, for a set of wave vectors, being
S (é) = cte.

Figure 2 shows the 1D structure factor for several con-
figurations made of N = 30 point scatterers in a unit cell
of length L. The first analysis is done for the periodic
case in which the system has a periodicity of L/N (see
Fig. 2(a)). In this case, the structure factor can be ob-
tained analytically. If the Bragg condition is fulfilled the
structure factor takes the value N for kg = N7 /L. For
wavelengths out of the Bragg condition, the structure
factor is zero. This means that a periodic distribution
of scatterers suppress scattering for all wavelengths ex-
cept those associated with Bragg scattering, correspond-
ing to a structure factor with a form of Dirac comb as
shown in Fig. 2(a). As soon as the structure becomes
fully random, the periodic behavior of the structure fac-
tor is broken and random scattering is produced (see Fig.
2(b)). The structure factor for a hyperuniform distribu-
tion of scatterers is shown in Fig. 2(c). The range of



frequencies in which scattering is suppressed translates
with the cancellation of the structure factor. As it can
be seen, the suppression of the scattering is produced
around k = 0. Moreover, the structure factor peaks at
wave vectors corresponding to the characteristics length
scales of the periodic distribution, among them the first
Bragg peak meaning that the system presents some hints
of periodicity. This result is in agreement with those ob-
tained in recent works showing that hyperuniform ma-
terials present isotropic band gaps.?"3%4°. Figure 2(d)
shows the results for a stealth material optimized in the
range kp/5 < |k| < kp/1.5. Effectively, the structure
factor for such configuration of multiple scatterers is ex-
actly zero for the prescribed set of wavelengths. This
means that this structure completely suppress scatter-
ing of incident radiation for this set of wave vectors, and
thus, is transparent at these wavelengths.

IIT. STEALTH MATERIALS FOR ACOUSTIC
TRANSPARENCY

A. Stealth distribution of point scatterers

In this Section, we design a 1D stealth configuration
made of N = 25 scatterers embedded in a fluid medium
of length L = 1 m for making the system transparent in
a broad range of frequencies around the corresponding
Bragg frequency of the equivalent periodic distribution
of scatterers with periodicity L/N. The range of wave
numbers to be optimized is 0.92kp < k < 1.06kp. In
particular, if we consider air as the fluid medium of the
waveguide (with ¢ = 340 m/s the speed of sound), the
range of frequencies to be optimized corresponds to the
domain f = [3910,4504] Hz being fg = ¢N/L = 4250 Hz
the Bragg frequency.

The resulting configuration of multiple scatterers ob-
tained from our optimization procedure is shown in the
upper panel of Fig. 3 with blue dots. The structure fac-
tor of the periodic case presents a peak at the Bragg fre-
quency of the system, as shown in Fig. 3. The optimized
stealth structure has a minimum of the structure factor
in the optimization range of frequencies (yellow region).

B. Physical system: 1D waveguide with
diaphragms

To implement the stealth material we consider the
propagation of sound waves within an air-filled cylindri-
cal tube (with density and sound velocity of air defined
as p and c respectively) of section S = 7wR? with di-
aphragms of length d,, and section s,, = 772 placed along
the waveguide at positions Z,,, as shown in Fig. 4. The
tube and the diaphragms are made of aluminium that
can be considered acoustically rigid for the purpose of
this work. The target frequency range is well below the
first cutoff frequency of higher propagation modes in the
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FIG. 3. (Color online) Structure factor for the periodic and
stealth material. Upper panel represents both the periodic
configuration [red squares (m)] and the stealth configuration
[blue dots (e)]. The positions of the scatterers in the stealth
configurations are: z,/L = [0.083, 0.099, 0.116, 0.15, 0.211,
0.256, 0.273, 0.289, 0.305, 0.322, 0.338, 0.354, 0.439, 0.46,
0.523, 0.582, 0.653, 0.673, 0.735, 0.755, 0.8, 0.854, 0.871,
0.904, 0.93]. Lower panel shows the structure factor for the
periodic distribution [black dashed line, (——)] and for the
stealth material [blue continuous line (—)]. Yellow area shows
the frequency range of the optimization.

waveguide, therefore the problem can be considered as
one-dimensional. Moreover the size of the diaphragms
can be considered small enough to be in the Born ap-
proximation.

1. Theoretical model: Transfer Matriz Method

The sound waves that propagate in the proposed
acoustic structure are subject to the viscothermal effects
on the walls which are taken into account by considering
a complex expression for both the impedance and the
wave number. In our case, we used the model of losses
from Ref. [25], namely we replace the wave number and
the characteristic impedance by the following expressions

%_wc+a+wu+m—m>7 -

e\ V2RSS VP

_re (142 A-(y-1))
Zq—5q<1+\/§Rq/5 N ) (9)

where § = /2u/pw is the viscous boundary layer thick-
ness, 4 = 1.839 1075 kg m~' s! being the viscosity of
air, P, = 0.71 the Prandtl number and v = 1.4 the heat
capacity ratio of air. Notice that these expressions corre-
spond for the wavevector and impedance of a cylindrical
tube of radius R, and section S,;.

The transfer matrix between the two faces of the sys-
tem, T, extending from z = 0 to thickness x = L, pre-
senting N diaphragms placed at position Z,, relates the




FIG. 4. (Color online) Schematics of both a three dimensional
view (a) and the cross section (b) of the cylindrical waveguide
along the n-th diaphragm. (c-e) Experimental set-up. (c)
Connections: left diaphragme and flat connection for empty
tube. (d) Separators. (e) Picture of the stealth material.

sound pressure, p, and normal acoustic flux, v, between
its two faces by using

where
N
T11 T2
T — — T[T .Ta, 11
[Tm Tm} Zl;[l it (11)
with
B cos(kww;)  —1Zy sin(kyw;)
Tw, = [—Z’w sin(kyww;)  cos(kyww;) (12)
and
B cos(kad;) —1Zgsin(kqd;)
Tq, = [Zd sin(kad;)  cos(kads) (13)

describing the propagation through a waveguide of length
w; and a diaphragm of thickness d;.

The reflection and transmission coefficients can be di-
rectly calculated from the elements of the matrix given

in Eq. (11) as*”

Qesz
T = L
T11 4+ Th2/Zy + ZwTo1 + Too
T T/ Zw — ZwTo1 — T
R — 11 + Tha/ 21 22’ (15)
Ty 4+ Tho/Zy + ZwTo1 + Too
Ty + Tho/Ze — ZoTor + T
Rt — 11+ T2/ 21 + 122 (16)

T+ T2/ Zw + ZyTo1 + Too '

where the superscripts (4, —) denote the incidence di-
rection, i.e., the positive and negative z-axis incidence
respectively. We notice that, if the system was symmet-
ric, then, T1; = Tsy, and as a consequence, RT™ = R™.
The reciprocal behaviour of the system can be seen from
the fact that its determinant is one (T11T22 —T12T21 = 1)

2.  Ezperimental set-up

The experimental set-up was made of a cylindrical
waveguide with radius R = 1.25 c¢m, which cut-off fre-
quency is around 8000 Hz well above the analyzed range
of frequencies. Two types of pieces were built: the con-
nections [Fig. 4(c)] and the separators [Fig. 4(d)]. Two
types of connections were built, the ones with no di-
aphragm, in order to measure the properties of an empty
waveguide, and the ones with a diaphragm, in order to
obtain the scattering properties of the stealth material.
The dimensions of the diaphragms were d,, = d = 2 mm
and r,, = 1.04 cm, dimensions for which the Born approx-
imation is fulfilled. The separators had different lengths
in order to fit all the positions x,, in the stealth material.
A picture of the stealth material once the different pieces
are properly assembled is shown in Fig. 4(e).

A loudspeaker is used to generate a plane wave field,
and a single microphone was used to measure the transfer
functions between the signal provided to the loudspeaker
and the sound pressure at four locations in order to ex-
perimentally obtain the reflection and transmission coef-
ficients of the stealth material (the 1 microphone tech-
nique was used, see Ref. [47]). On the other side of the
tube, an anechoic termination with less than 5% of re-
flection in the analyzed frequency range is used.

The stealth material is experimentally analyzed in the
forward and in the backward incidence directions. To do
that, we have to reverse the source and the anechoic ter-
mination in order to experimentally obtain all the scat-
tering parameters, i.e., R, R~ and 7.

IV. RESULTS

In this Section, we analyze and present the theoretical
results obtained from the TMM and the experimental re-
sults for the reflection, transmission and absorption co-
efficients of the designed stealth material. In addition to
these results, we have used a numerical approach based
on the Finite Element Method (FEM) to perform full



wave numerical simulations in order to check that the
possible evanescent coupling between scatterers is weak
and can be neglected. In the numerical model the vis-
cothermal losses were accounted for using the effective
parameters defined above for each domain. An incident
plane wave is used as excitation of the system and per-
fectly matched layers were placed at the boundaries of the
numerical domain to avoid unexpected reflections. The
mesh is designed such as to ensure a maximum element
size of A\p/20 (being \p = k' = L/N/7).

We start by the analysis of the lossless case. In Fig.
5(a) we represent the scattering coefficients of the peri-
odic distribution of scatterers. The Bragg scattering is
shown in the target range of frequencies with an strong
reduction of the transmission and an enhancement of the
reflection, representing the band gap of the structure.
The fact that we are dealing with finite structures ex-
plains the lobes of the reflection and transmission coef-
ficients out of the band gap that corresponds to Fabry-
Perot resonances.

Figure 5(b) shows the scattering coefficients of the de-
signed stealth material in the lossless case. The reflection
coefficient is dramatically reduced and the transmission
is almost one for the target range of frequencies. There-
fore, the stealth material can be considered as transpar-
ent, even if IV scatterers are placed. For the frequencies
out of the optimization range the system is not transpar-
ent. We notice that in this lossless case, RT=R~. The
differences between the numerical and the analytical re-
sults out of the target frequencies shows that the evanes-
cent coupling between the scatterers are not negligible.
However in the optimization range, where the scattering
is suppressed, the coupling is weak and the transparency
of the system is shown by the numerics and analytics.
Therefore, the optimization procedure is robust with re-
spect to the evanescent coupling.

We analyze now the lossy case in order to show their
effects on the scattering properties of the stealth mate-
rial. Numerical, theoretical and experimental results are
compared in Figs. 5(c) and 5(d). In this case, as the
stealth material is not symmetric, R™ # R™, but being
reciprocal T+ = T~ = T. We start by analyzing the
results for the system excited from the right side (for-
ward direction, Fig. 5(c)). In the optimized frequency
band, the values of the reflection coefficient are nearly
zero while the transmission coefficient has been reduced
with respect to the lossless case. However the coefficients
keep the flat behavior also shown in the lossless case. In
order to check the transparency of the stealth material,
we compare its transmission coefficients with the corre-
sponding empty waveguide. In the optimized range of fre-
quencies the transmission of the stealth material matches
the transmission of the empty tube in very good agree-
ment between numerics, analytics and experiments. As
in the lossless case, out of the optimization range, the
system is not transparent.

One of the properties of the structure factor is that
S(=G) = S(G), ie. the scattered intensity should be
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FIG. 5. (Color online) Analysis of the scattering produced
by the stealth material. In the Figure the transmission, 72,
[reflection, R?] analytically and numerically calculated are
represented by the shaded pink (. . .) and red dashed (——)
lines respectively [shaded blue ( ) and blue continuous (—)
lines respectively] and the experimental values are represented
by red squares ([J) [blue triangles (A)]. (a) Scattering coeffi-
cients of (a) the periodic distribution in the lossless case, (b)
the stealth material in the lossless case, (¢) and (d) the stealth
material in the lossy case excited from the forward and back-
ward incidence directions respectively. Black (—) continuous
line and black circles (O) represent the transmission coeffi-
cient of the empty waveguide, theoretical and experimental
values respectively. (e) |RT| — |R™| from the TMM (=) and
experimental results ().

the same in opposite directions even if the configuration
of multiple scatterers conforming the stealth material is
not symmetric, i.e., the reflection coefficient from both
sides of the structure should be equal. Figure 5(d) ana-
lyzes the same coefficients as Fig. 5(c) but evaluated for



the backward incidence direction, having a similar be-
havior as the opposite direction. Figure 5(e) shows that
the difference between the amplitudes of the reflection
coefficients evaluated from each side of the stealth mate-
rial is less than 3% in the whole frequency range. The
slightly differences are due to the fact that the analyzed
system is finite and the optimization procedure is based
on an infinite one. Out of the target frequency range, the
differences are bigger because the scattering is stronger
than in the optimization range due to finite size effects
of the system. However, the differences between the two
sizes remain small than 3%.

Finally, we want to point out that the reflection coef-
ficient of all the analyzed systems in Figs. 5(b-d) follows
the same trends as the theoretical value of the structure
factor, see Fig. 2. This proves that the size of the di-
aphragms allows the system to work in the Born approx-
imation.

V. CONCLUSIONS

By capturing a configuration of multiple scatterers in
the direct space and Fourier transforming it to the recip-
rocal space, the structure factor has been used to design
configurations of multiple scatterers with prescribed scat-
tering characteristics in the Born approximation. The
methodology proposed in this work allows us to engi-
neer different kinds of materials: hyperuniform, steath,
equiluminous and super-ideal materials. We have paid
attention to the case of stealth materials, made from a
configuration of multiple scatterers which structure fac-
tor is exactly zero for a target set of wavelengths. There is
a main property of such materials: the broadband trans-
parency in the target range of frequencies. The physical

system used to check the theoretical predictions consists
of an air-filled 1D waveguide with diaphragms. The po-
sitions of the centers of the diaphragms, which are small
enough to fulfill the Born approximation, correspond to
a stealth point distribution to avoid Bragg scattering
and to achieve broadband transparency around this fre-
quency. The system is analyzed analytically, numerically
and experimentally along the two incidence directions
showing very good agreement and reproducing the pre-
scribed scattering properties of the system. Moreover
and interestingly enough, we have proven that the opti-
mization procedure is robust enough to be independent
of the presence of losses. The optimization is also very
robust to the finite size effects, showing that the property
S(G) = S(—@) is fulfilled with differences less than 3%
between the reflection coefficients evaluated from each
side of the structure in the whole range of frequencies.
These preliminary results could be the basis for future
applications in acoustics and more generally in wave
physics. It is worth noting here that the methodology is
general and can be applied for any type of wave. Exten-
sion to higher dimensions could provide very promising
applications for the broadband control of waves.
ACKNOWLEDGMENTS

This work has been funded by RFI Le Mans Acous-
tique (Région Pays de la Loire) in the framework of
the APAMAS project, by the project HYPERMETA
funded under the program Etoiles Montantes of the
Région Pays de la Loire as well as by the Ministerio
de Economia y Competitividad (Spain) and European
Union FEDER through project FIS2015-65998-C2-2-P.
V. Romero-Garcia and L. M. Garcia-Raffi acknowledge
the short term scientific mission (STSM) funded by the
COST (European Cooperation in Science and Technol-
ogy) Action DENORMS - CA15125.

vicente.romero@univ-lemans.fr

C. Shen, J. Xu, N. X. Fang, and Y. Jing, “ Anisotropic com-

plementary acoustic metamaterial for canceling out aber-

rating layers,” Phys. Rev. X 4, 041033 (2014).

N. Jiménez, T. J. Cox, V. Romero-Garcia, and J.-P.

Groby, “Metadiffusers: Deep-subwavelength sound dif-

fusers,” Sci. Rep. , 5389 (2017).

3 H. Shen, D. Lu, B. VanSaders, J. J. Kan, H. Xu, E. E.
Fullerton, and Z. Liu, “Anomalously weak scattering
in metal-semiconductor multilayer hyperbolic metamate-
rials,” Phys. Rev. X 5, 021021 (2015).

4 V. S. Asadchy, I. A. Faniayeu, Y. Radi, S. A. Khakhomov,

I. V. Semchenko, and S. A. Tretyakov, “Broadband reflec-

tionless metasheets: Frequency-selective transmission and

perfect absorption,” Phys. Rev. X 5 (2015).

P.A. Martin, Multiple Scattering. Interaction of Time-

Harmonic Waves with N Obstcles (Cambirdge University

Press, UK, 2006).

6 N. Engheta and R.W. Ziolkowski, eds., Metamaterials:

Physics and Engineering Explorations (Wiley-IEEE Press,

-

2006).

Andrea Alu and Nader Engheta, “Achieving transparency
with plasmonic and metamaterial coatings,” Phys. Rev. E
72, 016623 (2005).

Pai-Yen Chen, Mohamed Farhat, Sébastien Guenneau,
Stefan Enoch, and Andrea Alu, “Acoustic scattering can-
cellation via ultrathin pseudo-surface,” Appl. Phys. Lett.
99, 191913 (2011), https://doi.org/10.1063/1.3655141.

E. Yablonovitch, “Inhibited spontaneous emission in solid-
state physics and electronics,” Phys. Rev. Lett. 58, 2059
(1987).

S. John, “Strong localization of photons in certain disor-
dered dielectric superlattices,” Phys. Rev. Lett. 58 (23),
2486 (1987).

11 J. D. Joannopoulos, S. G. Johnson, J. N. Winn, and
R. D. Meade, Photonic Crystals. Molding the Flow of Light
(Princeton University press, 2008).

M.M Sigalas and E.N. Economou, “Elastic and acoustic
wave band structure,” J. Sound Vib. 158, 377 (1992).

10

12


mailto:vicente.romero@univ-lemans.fr
http://dx.doi.org/ 10.1103/PhysRevE.72.016623
http://dx.doi.org/ 10.1103/PhysRevE.72.016623
http://dx.doi.org/ 10.1063/1.3655141
http://dx.doi.org/ 10.1063/1.3655141
http://arxiv.org/abs/https://doi.org/10.1063/1.3655141

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

R. Martinez-Sala, J. Sancho, J. V. Sanchez, V. Goémez,
J. Llinares, and F. Meseguer, “Sound attenuation by sculp-
ture,” Nature 378, 241 (1995).

Pierre Deymier, ed., Acoustic Metamaterials and Phononic
Crystals (Springer, 2013).

Charles Kittel, Introduction to Solid State Physics (Wiley;
8 edition (November 11, 2004), 2004).

J. V. Sanchez-Pérez, D. Caballero, R. Martinez-Sala,
C. Rubio, J. Sanchez-Dehesa, F. Meseguer, J. Llinares,
and F. Galvez, “Sound attenuation by a two-dimensional
array of rigid cylinders,” Phys. Rev. Lett. 80, 5325-5328
(1998).

V. Romero-Garcia, J. V. Sanchez-Pérez, and L. M. Garcia-
Raffi, “Tunable wideband bandstop acoustic filter based
on two-dimensional multiphysical phenomena periodic sys-
tems,” J. Appl. Phys. 110, 014904 (2011).

I. Pérez-Arjona, V. J. Sinchez-Morcillo, J. Redondo, V. Es-
pinosa, and K. Staliunas, “Theoretical prediction of the
nondiffractive propagation of sonic waves through periodic
acoustic media,” Phys. Rev. B 75, 014304 (2007).

A. Khelif, M. Wilm, V. Laude, S. Ballandras, and
B. Djafari-Rouhani, “Guided elastic waves along a rod de-
fect of a two-dimensional phononic crystal,” Phys. Rev. E
69, 067601 (2004).

M.M. Sigalas, “Defect states of acoustic waves in a twodi-
mensional lattice of solid cylinders,” J. Appl. Phys. 84,
3026 (1998).

A. Khelif, A. Choujaa, B. Djafari-Rouhani, M. Wilm,
S. Ballandras, and V. Laude, “Trapping and guiding of
acoustic waves by defect modes in a full-band-gap ultra-
sonic crystal,” Phys. Rev. B 68, 214301 (2003).

V. Romero-Garcia, J.V. Sanchez-Pérez, S. Castifieira-
Ibanez, and L.M. Garcia-Raffi, “Evidences of evanescent
bloch waves in phononic crystals,” Appl. Phys. Lett. 96,
124102 (2010).

Toshihiko Baba, “Slow light in photonic crystals,” Nat.
Photonics , 465-473 (2008).

Olgun Adem Kaya, Ahmet Cicek, and Bulent Ulug, “Self-
collimated slow sound in sonic crystals,” J. Phys. D Appl.
Phys. (2012).

G Theocharis, O Richoux, V Romero-Garcia, A Merkel,
and V Tournat, “Limits of slow sound propagation and
transparency in lossy, locally resonant periodic structures,”
N. Jour. Phys 16, 093017 (2014).

J.-P. Groby, R. Pommier, and Y. Aurégan, “Use of slow
sound to design perfect and broadband passive sound ab-
sorbing materials.” J. Acoust. Soc. Am. 139, 1660 (2016).
A. Ishimaru, Wave Propagation and Scattering in Random
Media (Oxford University Press, New York, 1997).
Diederik S. Wiersma, “Disordered photonics,” Nat. Pho-
tonics 7 (2013).

H. Hu, A. Strybulevych, J. H. Page, S. E. Skipetrov, and
B. A. van Tiggelen, “Localization of ultrasound in a three-
dimensional elastic network,” Nat. Phys. 4, 945 (2008).
T. Sperling, W. Biihrer, C. M. Aegerter, and G. Maret,
“Direct determination of the transition to localization of
light in three dimensions,” Nat. Photonics 7, 48 (2013).
Yizhong Fan, Jerome K. Percus, Dorothea K. Stillinger,
and Frank H. Stillinger, “Constraints on collective density

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

variables: one dimension,” Phys. Rev. A 44, 2394 (1991).
U. Kuhl, F. M. Izrailev, A. A. Krokhin, and H.-J. Stock-
mann, “Experimental observation of the mobility edge in a
waveguide with correlated disorder,” Appl. Phys. Lett. 77,
633-635 (2000), https://doi.org/10.1063/1.127068.
Salvatore Torquato, Random Heterogeneous Materials:
Microstructure and macroscopic properties (Springer,
2002).

Obioma U. Uche, Frank H. Stillinger, and Salvatore
Torquato, “Constraints on collective density variables:
Two dimensions,” Phys. Rev. E 70, 046122 (2004).

U. Kuhl, F. M. Izrailev, and A. A. Krokhin, “Enhance-
ment of localization in one-dimensional random poten-
tials with long-range correlations,” Phys. Rev. Lett. 100,
126402 (2008).

Robert D. Batten, Frank H. Stillinger, and Salvatore
Torquato, “Classical disordered ground states: Super-ideal
gases and stealth and equi-luminous materials,” J. Appl.
Phys 104, 033504 (2008).

Marian Florescu, Salvatore Torquato, and Paul J. Stein-
hardt, “Designer disordered materials with large, complete
photonic band gaps,” PNAS 106, 20658 (2009).

O Dietz, U Kuhl, J C Hernandez-Herrejon, and L Tessieri,
“Transmission in waveguides with compositional and struc-
tural disorder: experimental effects of disorder cross-
correlations,” N. Jour. Phys 14, 013048 (2012).

Weining Man, Marian Florescu, Eric Paul Williamson,
Yingquan He, Seyed Rez, Hashemizad, Brian Y. C. Leung,
Devin Robert Liner, Salvatore Torquato, Paul M. Chaikin,
and Paul J. Steinhardt, “Isotropic band gaps and freeform
waveguides observed in hyperuniform disordered photonic
solids,” PNAS 110, 15886 (2013).

Weining Man, Marian Florescu, Kazue Matsuyama, Polin
Yadak, Geev Nahal, Seyed Hashemizad, Eric Williamson,
Paul Steinhardt, Salvatore Torquato, and Paul Chaikin,
“Photonic band gap in isotropic hyperuniform disordered
solids with low dielectric contrast,” Opt. Exp. 21, 19972
(2013).

Salvatore Torquato, “Hyperuniformity and its generaliza-
tions,” Phys. Rev. E 94, 022122 (2016).

S. Torquato, G. Zhang, and F. H. Stillinger, “Ensem-
ble theory for stealthy hyperuniform disordered ground
states,” Phys. Rev. X 5, 021020 (2015).

O. Leseur, R. Pierrat, and R. Carminati, “High-density
hyperuniform materials can be transparent,” Optica 3, 763
(2016).

G. Gkantzounis, T. Amoah, and M. Florescu, “Hyperuni-
form disordered phononic structures,” Phys. Rev. B 95,
094120 (2017).

N. David Mermin Neil W. Ashcroft, Solid State Physics
(Holt, Rinehart and Winston, 1976).

S. Torquato and F. H. Stillinger, “Local density fluctua-
tions hyperuniform systems and order metrics,” Phys. Rev.
E 68 (2003).

Bryan H. Song and J. Stuart Bolton, “A transfer-matrix
approach for estimating the characteristic impedance and
wave numbers of limp and rigid porous materials,” J.
Acoust. Soc. Am. 107, 1131 (2000).


http://dx.doi.org/10.1063/1.127068
http://dx.doi.org/10.1063/1.127068
http://arxiv.org/abs/https://doi.org/10.1063/1.127068
http://dx.doi.org/10.1103/PhysRevLett.100.126402
http://dx.doi.org/10.1103/PhysRevLett.100.126402
http://dx.doi.org/10.1088/1367-2630/14/1/013048

	Stealth acoustic materials
	Abstract
	Introduction
	Scattering by multiple scatterers
	Structure factor
	Design of the discrete materials with prescribed scattering properties
	Different kind of materials based on S(). Examples in 1D

	Stealth materials for acoustic transparency
	Stealth distribution of point scatterers
	Physical system: 1D waveguide with diaphragms
	Theoretical model: Transfer Matrix Method
	Experimental set-up


	Results
	Conclusions
	Acknowledgments
	References


