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Acoustojet: acoustic analogue of photonic jet
phenomenon based on penetrable 3D particle

Oleg V. Minin'® - Igor V. Minin>

Received: 9 December 2016/ Accepted: 5 January 2017 /Published online: 11 January 2017
© Springer Science+Business Media New York 2017

Abstract It has been demonstrated for the first time that an existence of acoustic analogue
of photonic jet phenomenon, called acoustojet, providing for subwavelength localization of
acoustic field in shadow area of arbitrary 3D penetrable mesoscale particle, is possible.
Physical realizations of penetrable particle of arbitrary 3D shape are discussed.
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The ability to control wave propagation is of fundamental interest in many areas of phy-
sics. But using conventional lenses, it’s not possible to focus sound waves to a spot size
smaller than half the wavelength of the radiation due to diffraction. Currently, different
groups of researches make attempts to overcome diffraction limit. Overcoming diffraction
limit means focusing radiation into the spot with sizes less than Airy disk (Born and Wolf
1999; Randall 1951).

In acoustic some new ideas [in contrast to lenses from conventional (Neisius et al. 2014)
and artificial (Kock 1969)] materials were considered at last time: a linear array of closely
spaced sound transducers was offered to produce a subwavelength-focused intensity profile
at a distance of a quarter wavelength (Abasi et al. 2011), to shape the flow of waves at
subwavelength scales the metamaterials were investigated at Lemoult et al. (2013), Zhao
et al. (2013), a broadband sounds can be also focused on a subwavelength scale using
acoustic resonators (Lemoult et al. 2011), acoustic GRIN lens (Park et al. 2016), artificial
impedance surface with spatially varying values (Lan et al. 2013) etc.

However, existing methods of subwavelength focusing in acoustics as a rule based on
new artificial materials, or require complex signal processing methods.
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From well-known Mie theory for spherical dielectric low losses particle scattering it is
easy to see how the field enhancement transfer to pronounced “jet-like” structure near the
outer part of the particle (Luk’yanchuk et al. 2000). It was demonstrated later that, when
plane wave fell at spherical particle, spatial resolution could reach up to one-third of
wavelength, which is lower than classical diffraction limit due to effect of so-called
“photonic nanojet” (PNJ) (Chen et al. 2004). The review of current state on photonic jet
formation by arbitrary shaped dielectric particles in electromagnetic spectrum is given in
the work (Minin and Minin 2014).

At the same time in acoustics and ultrasound there is much tension around the issue of
possibility of sub-wave focusing of acoustic and ultrasound fields. Thomas et al. (2009) an
issue of plane acoustic wave focusing by spherical cavity (lens) filled with various gases
was discussed. The Mie parameter of spherical particle was 2zR/1 = (17.5... 27.5). It was
noted (Thomas et al. 2009) that with small Mie parameters the location of focus near the
shadow surface of spherical lens did not correspond to focal distance, prognosticated by
geometrical optics theory.

On the other hand, in the linear mode it should be expected that methods of sub-wave
focusing, based on photonic jet effect, can be successfully used in the acoustic range as
well. Formally this can be stated based on the analogy between the equations, specifying
acoustic and electromagnetic wave processes (see Table 1; Nicolas et al. 1998).

To shown the possibilities of acoustic analogue of photonic jet existences we examine
multiply acoustic wave scattering at penetrable spherical particle (Minin and Minin 2016).
The relevance of penetrable scaterers (Maurel et al. 2014; Chen and Kim 1967) in
acoustics is recovering a renewed interest, where special interest appears for the case of
low contrast systems (Laurel and Mercier 2012). By penetrable (Maurel 2014), as in
Thomas et al. (2009), we mean that pressure waves may travel through the particle, that is,
the particle is not rigid. The transmission loss as the wave travels through the particle is
neglected. The problem of scattering on homogeneous limited area, placed inside the other
homogeneous area, in the first approximation in the harmonic case, can be solved based on
the Helmholtz equation (Kress 2001):

(V2 +K)u(x) =0,

where the pressure p and the velocity u are: p(x,t) = R[u(x)e’] and the wave number k is
k=2n/A= w/c. Here (V)—is Laplace operator, R—is a real part of []. For permeable
spherical particles represent the total field u on the boundary as the sum of three fields: the
incident field of plane wave u;, the scattered field ug and the field inside the particle ug.
Approximately can be written: u; + u; = uy.

Table 1 Analogy between acoustic and electromagnetic parameters and material characteristics (Nicolas
et al. 1998)

Acoustic parameters Electromagnetic parameters Analogy
Acoustic pressure, P Magnetic field, H, p=H,
Acoustic velocity, v Electric field, E vy = Eyand vy, = —E,
Dynamic density, pe(®) Complex permittivity, Pe = €
¢ = ejo/o
K(®) dynamic volume modulus of elasticity Magnetic permeability, p K= 1/
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The simulation self-developed program was coded in FORTRAN following the rec-
ommendations of the works (Thomas et al. 2009; David Colton et al. 2013). Preliminary
simulation results of scalar acoustic wave scattering at penetrable sphere are as follows.
The acoustic contrast (the relation of wave numbers or sound velocity in the sphere
material to the medium) C = 1.1, relative density (sphere material density to medium
density) in all examples below is 1.2, sphere radius is given in the units of wavelength in
medium.

Simulations shown that dependences of maximal field intensity along the jet vs
spherical particle radius is almost linear and changes from about 10 for particle with radius
of 1 to 85 for particle with radius of 5 wavelength (Fig. 1).

In Table 2 the summary characteristics of forming acoustic jets from contrast of sound
velocities in sphere and medium material are given, where Lz—the length of acoustic jet at
Full Width at Half Maximum (FWHM), x—the acoustic beam waist at FWHM in the point
of maximal field intensity P (pressure) along a jet. The values of Lz and x are given in the
unit of wavelength in medium.

These results of modeling of acoustic plane wave scattering on penetrable sphere
demonstrate that in the acoustic band a formation of acoustic analogue of photonic jet with
subwavelength size is possible. Thus, as follows form the Table 2, with the parameter
C = 1.2 the half-width of acoustic field intensity distribution in the jet area makes up 0.42
of wavelength, and with C = 1.4 it comprises 0.28 of wavelength, which agrees with
analogous values for photonic jets of electromagnetic range by the order of values
(Luk’yanchuk et al. 2000; Chen et al. 2004).

These results of modeling of acoustic plane wave scattering on penetrable sphere
demonstrate that in the acoustic band a formation of acoustic analogue of photonic jet with
subwavelength size is possible.

As practical example, formation of acoustojet for spherical particle (radius 5 of
wavelengths) from lead placed in water is shown in the Fig. 2.

Formation of localized sub-wave zone of acoustic field in the conditions of significant
reflection, caused by large value of sphere material density compared to environment, is

(a)

(b)

Fig. 1 Scattering on penetrable spheres with different diameters: R = 1 (a) and R = 6 (b). Not in scale
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Table 2 Main parameters of

acoustic jets c Lz X P
0.9 2 0.56 2
1.05 52 1.12 4.2
1.1 32 0.56 10.5
1.2 14 0.42 32
1.4 0.4 0.28 95

Fig. 2 Formation of acoustojet from lead sphere particle in water: relative density contrast is 11.34,
velocity of sound contrast is 1.44, radius of sphere is 5 wavelength in water

clearly visible. Maximal intensity (pressure) in acoustic jet is over 60 times higher (in
scalar approximation) than intensity of incident field. Experimental verification of
acoustojet will be conducted in near future.

It is interesting to compare the photonic jet formation and characteristics from acoustic
penetrable sphere and dielectric sphere in electromagnetic (optical) band. The simulation
shown that the length of a jet (at FWHM) is 2.2, beam waist is 0.38 (all units are given in
the wavelength) and maximal field intensity is 134. For scalar acoustic jet the parameters
are as follows: the length is 1.51, beam waist 0.39, the maximal pressure is 60. It seems the
parameters of a jet from acoustic and optics are similar. It could be noted that the principle
difference between optical and acoustical materials properties is a shear speed of sound,
i.e. acoustic materials are always anisotropic. But to demonstrate the fundamental possi-
bility of the formation of an acoustic jet is sufficient to use a scalar approach, where the
particles are assumed to be isotropic material.

In Lopes et al. (2016) based on the rigorous partial-wave expansion method the scat-
tered pressure around the sphere were obtained. In case of a solid elastic sphere both
compressional and shear waves were taken into account. Investigations show that for a S\~
radius sphere with refractive index of about 1.6, the acoustic jet remains under the
diffraction limit by approximately few wavelengths in depth, with an intensity gain close to
20 dB referenced to the incident intensity.
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A physically realizable penetrable particle of arbitrary 3D shape may be designed as
fluid-like structure (Cebrecos et al. 2014) or ‘acoustic metamaterial (Haberman 2016),
which consists of a periodic arrangement of clusters (mesoscale scatterers) made itself of a
periodic distribution of several identical rigid scatterers, all immersed in a fluid. In the long
wavelength regime (in the homogenization limit, A > a, A is the wavelength and a is the
distance between the rigid scatterers within the cluster) the cluster can be considered as a
fluid-like cylinder for acoustic waves with the following effective parameters (Torrent and
Sanchez-Dehesa 2006).

Co 1+
Cy = ﬁnoef = Po?fs,
where pg and ¢ are the density and sound velocity in the host material respectively and
fy = Sy = S, is the filling fraction of the cluster: Sy is the total area filled by the scatterers
and S, the area of the cluster.

There is reason to believe that discovered effect will be right for penetrable particles of
arbitrary 3D shape as well, including also the reflection mode (Minin and Minin 2014).
Application of the subwavelength acoustojet may be found in such areas as a miniature
mesoscale acoustic lens, unique devices for microstructure examination and nondestructive
testing based on acoustic microscopes (Briggs and Kolosov 2009; Yang et al. 2010), using
which a microstructure of almost any optically opaque object can be investigated, acoustic
traps of micro-particles (Baresch et al. 2016), biological sensors (Turner et al. 1989; Minin
et al. 2011), nondestructive testing systems and acoustic imaging (Zakutailov et al. 2009),
and so on.

In conclusion it could be noted the following. The main difficulty in applying the
acoustic-electromagnetic analogy to a photonic jet is the different physical nature of scalar
longitudinal acoustic field and transverse vectorial electromagnetic field used in 3D con-
figuration (Colton et al. 2013). This causes certain complexity in the establishing direct
link between the measurable parameters such as optical intensity and acoustic pressure.
Nevertheless the concept shown in this work may offer a new way to focus sound waves
into subwavelength spot size.
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