
Journal of Physics: Conference
Series

     

PAPER • OPEN ACCESS

The relationship between resonance scattering
and the formation of an acoustojet under the
interaction of ultrasound with a dielectric sphere
immersed in water
To cite this article: I V Minin et al 2017 J. Phys.: Conf. Ser. 881 012025

 

View the article online for updates and enhancements.

You may also like
Review: using rolled-up tubes for strain-
tuning the optical properties of quantum
emitters
Gabriel Gomes, Marcos L F Gomes,
Saimon F Covre da Silva et al.

-

Nonlinear and quantum optics with
whispering gallery resonators
Dmitry V Strekalov, Christoph Marquardt,
Andrey B Matsko et al.

-

Radial mode number identification on
whispering gallery mode resonances for
diameter measurement of microsphere
Yumeki Kobayashi, Masaki Michihata,
Zheng Zhao et al.

-

This content was downloaded from IP address 3.138.116.20 on 04/05/2024 at 16:21

https://doi.org/10.1088/1742-6596/881/1/012025
https://iopscience.iop.org/article/10.1088/1361-6528/ace4d1
https://iopscience.iop.org/article/10.1088/1361-6528/ace4d1
https://iopscience.iop.org/article/10.1088/1361-6528/ace4d1
https://iopscience.iop.org/article/10.1088/2040-8978/18/12/123002
https://iopscience.iop.org/article/10.1088/2040-8978/18/12/123002
https://iopscience.iop.org/article/10.1088/1361-6501/ab1241
https://iopscience.iop.org/article/10.1088/1361-6501/ab1241
https://iopscience.iop.org/article/10.1088/1361-6501/ab1241
https://pagead2.googlesyndication.com/pcs/click?xai=AKAOjsuvmuNBoKhTPVeHWlHZa6R23BViQw9bMXZW3oWT1TJISdGDiShb1oFZlwTtNPLGCOhyIAQbB_Zozl-Vl8ZKOmm_YUCBRGCSgGk4D_OPfl-0M6r9bMXPSN80p63laVItpYCiuN6z4-eg2MLetOd7AuM6zotxIMm5X9ZQE6AZT1MLxE_ElK4AOrUiIBwRM8b2jD3mrW_ZgF-UL1wrJvxU4ack3ZaMQK3hV6NisUis8ZNmWYKoMBYZCrLYp8RL741Nvn44Xg-nn0FEyfy-wiYTV6Gv1wN8oCXbk-MrCICVi1XhPDvM1pbjKLwexrTwK9nztlQ-rapuRSOpLRfuiHVnjwBU6F2nsQ&sig=Cg0ArKJSzD9xmoMGXbsT&fbs_aeid=%5Bgw_fbsaeid%5D&adurl=https://iopscience.iop.org/partner/ecs%3Futm_source%3DIOP%26utm_medium%3Ddigital%26utm_campaign%3DIOP_tia%26utm_id%3DIOP%2BTIA


1

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.

Published under licence by IOP Publishing Ltd

1234567890

International Conference on Innovations in Non-Destructive Testing (SibTest) IOP Publishing

IOP Conf. Series: Journal of Physics: Conf. Series 881 (2017) 012025  doi :10.1088/1742-6596/881/1/012025

The relationship between resonance scattering and the 

formation of an acoustojet under the interaction of ultrasound 

with a dielectric sphere immersed in water 

I V Minin
1
, O V Minin

2
 and I S Tseplyaev

3 

1 
Doctor of Physico-mathematical Sciences, Professor, Department of metrology and 

optical technology, Siberian State University of Geosystems and Technologies, 

Novosibirsk, Russia 
2 
Doctor of Physico-mathematical Sciences, Professor, Department of metrology and 

optical technology, Siberian State University of Geosystems and Technologies, 

Novosibirsk, Russia 
3 
Master student, The Department of radiophysics, Tomsk State University, Tomsk, 

Russia 

 

E-mail: prof.minin@gmail.com 

Abstract. We demonstrated for the first time the influence of the main parameters of dielectric 

spherical cavity, immersed in water, to transformation of whispering gallery mode into 

acoustojet (acoustic jets) by interaction of acoustic plane wave scatterer. It has been shown that 

the relative speed of sound in the material, the relative density of the material and the radius of 

particle significantly affect the condition for the formation of WGM resonance. However, the 

"more sensitive" parameter is the relative speed of sound. 

1. Introduction 

It is well known that whispering gallery mode (WGM) originally were introduced almost a century 

ago for sound wave propagating close to the cylindrical wall in St. Paul’s Cathedral, London [1-3], 

where the acoustical modes were partially confined due to the suppression of the wave diffraction by 

the sound reflection from the curved dome walls. Since WGM is a morphology-dependent 

phenomenon, the radius of the resonator determines the effective volumes and distribution of the 

modes [1-3]. 

The theory of open resonators yields an abnormally high radiative emission Q-factor for lossless 

microspheres. It must be of the order of 1073 at λ =600nm for a droplet of water with a 50-µm radius 

[4]. But Q-factor is more than 60 orders of magnitude less because of lights cattering and absorption. 

The electromagnetic wave and laser beam interaction with dielectric microsphere immersed in 

water were considered in several papers [5-7].  

The features of resonant scattering of an ultrasonic wave on an air spherical cavity in water were 

considered in [8].  

In Ref. [9] and Ref. [10] studied the influence of longitudinal    /2lc  and transverse 

  /tc  velocities in an isotropic scatterer on the characteristics of peripheral waves. It was 

http://creativecommons.org/licenses/by/3.0
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found that the velocity lc  influences these waves weakly, while the velocity tc  influences them 

strongly. It was demonstrated that increasing the transverse velocity tc  strongly shifts the position of 

the resonances on the ka-axis to the right, but increasing the longitudinal velocity lc  slightly shifts the 

position of the resonances on the ka-axis to the right.  

It also was shown that the incident plane wave generates WGM waves of transverse type in the 

spherically isotropic sphere [11]. 

In [12] the idea of acoustojet formation as an analog of photonic jet [13] was offered and discussed 

at the first time. In this paper we briefly consider the features of the transition from resonant scattering 

of an ultrasonic wave on the dielectric sphere to the onset of formation of an acoustojet.\ 

2. Simulation results 

To simulate the problem we examine multiply acoustic resonant wave scattering at penetrable 

spherical particle [13]. The relevance of penetrable scaterers [14] in acoustics is recovering a renewed 

interest, where special interest appears for the case of low contrast systems [15]. By penetrable [14], as 

in [16], 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 [17]: 

   2 2 0+k u x = , 

where the pressure p and the velocity u are:   iwtexuRtxp )(),(   and the wave number k  is 

ck //2   . Here    - 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 ui, the scattered field us and the field inside the particle ud. Approximately can be written: 

dsi u=u+u .  

It is interesting to note that sound focusing devices have been known since the 17th century. So, 

Athanasius Kircher described the device for focusing the sound - an acoustic horn - back in 1673 [18]. 

The first experiments with a lens filled with carbon dioxide in an elastic shell, as in [16], were 

described by Sondhaus in 1852 [19]. In the works by John Tyndall [20], an acoustic lens is described 

that is a thin balloon filled with some gas heavier than air, for example , carbon dioxide. And the first 

detailed qualitative work on the sound lens was made and reported, simultaneously with the lens 

demonstration, at the meeting of the Russian Physical Society in 1889 by N.A. Gezeus [21]. 

The simulation self-developed program was coded in FORTRAN following the recommendations 

of the works [16, 22]. It has to be noted that the synthesized a microsphere approximated the ideal 

condition for a water solvent (the most important solvent for biosensing applications). Preliminary 

simulation results of resonant scalar acoustic wave scattering at penetrable sphere are as follows. 

For investigation of resonant scattering of ultrasound in dielectric spherical cavity immersed in 

water we have selected Rexolite© that closely match the impedance of water [23, 24], very small 

water absorption (24 hrs less than 0.08%) and dissipation factor of 0.00012 at 1 MHz. 

The main characteristics some of interesting materials are shown in the Table 1. 

Table 1. 

Material Sound velocity Density Acoustic impedance 

Water 1490 0.998 1.487 

Rexolite 2337 1.04 2.430 

Ebonite 2400 1.2 2.880 

Plexiglas 2670 1.18 3.150 
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Let’s consider briefly the influence of such parameters as the speed of sound in the particle 

material, density, acoustic impedance and radius of particle to the transition from resonant scattering 

to acoustojet formation. 

In the Figure 1 below the results of simulation are shown. In the Figure 1a the resonant scattering 

with WGM is shown for the dielectric particle with parameters: radius of particle R=4λ (at frequency 

of 1 MHz in water), relative density contrast is 1.0402 and the speed of sound contrast is 1.570. The 

WGM mode is clear visible. When we change the radius of the particle to 0.0005 then the WGM 

modes are destroyed, the intensity falls catastrophically and an acoustojet begins to form (Figure 1b). 

  
   a)       b) 

  
   c)       d) 

Figure 1. Resonant scattering of acoustic wave on Rexolite© sphere immersed in water. The 

parameters of sphere materials are (relative density-relative speed of sound-radius): 1.0402-1.570-4.00 

(a, acoustic resonance), 1.0402 - 1.570 - 4.0005 (b), 1.0405 - 1.570 – 4.0 (c), 1.0402 - 1.57001 – 4.0 

(d). 

On the other hand let’s fixed the radius of particle and speed of sound in particle material, but 

change a little the density contrast. In the Fig.1c the transformation of WGM mode and acoustojet 

formation is shown for this situation. Now let’s fixed the radius of particle and the density of particle 

material, but change a little speed of sound contrast. For this variant the transformation of WGM mode 

and acoustojet formation is shown in the figure 1d. 

More detailed information according maximal intensity changes with variation of density and speed 

of sound contrast are shown in the figure 2. 
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Figure 2a. Dependences of maximal intensity vs relative density of sphere material for relative speed 

of sound as 1.570 and radius of sphere 4.00. 

 

Figure 2b. Dependences of maximal intensity vs speed of sound in sphere material for relative density 

of 1.0402 and radius of sphere 4.0. 

The analysis of simulation results shown that the spatial structure of the full acoustic field is 

defined by the type of the elastic wave, excited in the surface of particle.  

The change in the relative speed of sound by 10
-5

 leads to a decrease in intensity by 86 times, and 

the contrast of the density of the material of the particle and the medium by 10
-4

 - by a factor of 7. 

Also the change in radius of particle by 5x10
-5

 leads to a decrease in intensity by 190 times. 

Thus, all of these parameters - the relative speed of sound in the material, the relative density of the 

material and the radius - significantly affect the condition for the formation of WGM resonance. 

However, the "more sensitive" parameter is the relative speed of sound. 

3. Conclusion 

The transition of WGM into a regime for the formation of a acoustojet for the dielectric sphere 

immersed in water by interaction with an acoustic wave is studied. In the resonant mode of scattering 

of an ultrasonic wave on the dielectric sphere in water (with the formation of WGM), the formation of 

an acoustojet does not occur.  
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All three main characteristics - the contrasts of the speed of sound in the material of the particle and 

its density, as well as the acoustic impedance and the particle radius, affect the stability of the 

formation of WGM. However, the most critical parameter for the formation of an acoustojet is the 

contrast of the speed of sound.  

Acknowledgments 
This research is conducted as part of the Program of Scientific Foundation n. a. D.I. Mendeleev in 

Tomsk State University (Project No. 8.2.13.2017) 

References 

[1] Rayleigh J W S 1910 The problem of the whispering gallery Phil. Mag. 20 1001-4 

[2] Rayleigh J W S 1914 Further applications of Bessel’s functions of high order to the 

whispering gallery and applied problems Phil. Mag.27 100-9 

[3] Rayleigh J W S 1945 The theory of sound, vol. II (New York: Dover) 

[4] Datsyuk V V and Izmailov I A 2001 Optics of Microdroplets Usp. Fiz. Nauk 171 1117–29; 

Physics-Uspekhi, 44 1061–73 

[5] Eversole J D, Lin H-B, Huston A L and Campillo A J 1990 Spherical-cavity-mode 

assignments of optical resonances in microdroplets using elastic scattering J. Opt. Soc. Am. 

A 21597 (12) 

[6] Zhi Y and Meldrum A 2014 Tuning a microsphere whispering-gallery-mode sensor for 

extreme thermal stability Applied Physics Letters 105 031902 doi: 10.1063/1.4890961 

[7] Julie Lutti, Wolfgang Langbein and Paola Borri 2007 High Q optical resonances of 

polystyrene microspheres in water controlled by optical tweezers Applied Physics Letters 

91 141116 doi: 10.1063/1.2795332 

[8] Simao A G and Guimaraes L G 2016 Tunneling effects in resonant acoustic scattering of an 

air bubble in unbounded water. An. Acad. Bras. Ciênc. 88(2) Doi: 10.1590/0001-

3765201620150403  

[9] Veksler N D and Korsunskii V M 1989 Analysis of Peripheral Waves in Scattering of an 

Acoustic Wave by an Elastic Sphere. Proceeding of the Interaction of Acoustic Waves with 

Elastic Bodies (Academy of Sciences of Estonian SSR, Tallinn) p 41 

[10] Veksler N D 1990 Transverse whispering Gallery waves in scattering by elastic cylinders. 

Ultrasonics 28 p 67 

[11]  Hasheminejad S M and Maleki M 2008 Acoustic Resonance Scattering from a Submerged 

Anisotropic Sphere Acoustical Physics 54(2) 168–79 

[12] Minin I V and  Minin O V 2017 Acoustojet: acoustic analogue of photonic jet phenomenon 

based on penetrable 3D particle Opt. Quant. Electron 49 54  DOI: 10.1007/s11082-017-

0893-y  

[13] Lukiyanchuk B S, Paniagua-Domínguez R, Minin I V, Minin
 
O V and Zengbo W 2017 

Refractive index less than two: photonic nanojets yesterday, today and tomorrow Optical 

material express 7(6) 1820-47. See also: Minin I V and Minin O V 2006 Diffractive 

Optics and Nanophotonics: Resolution Below the Diffraction Limit (Springer) 

[14] Maurel A, Mercier J-F and Felix S 2014 Wave propagation through penetrable scatterers in a 

waveguide and through a penetrable grating J. Acoust. Soc. Am. 135 165-74; see also: Chen 

Y-M and S-J Kim 1967 Scattering of acoustic waves by a penetrable sphere with 

statistically corrugated surface J. Acoustical Soc. Of Am. 42 1-5 

[15] Laurel A, Mercier J-F J 2012 Propagation of guided waves through weak penetrable scatterers, 

Acoust. Soc. Am. 131 1874-89 

[16] Thomas C, Gee K L and Turley R S 2009 A balloon lens: Acoustic scattering from a 

penetrable sphere American Journal of Physics 77 197-203 

[17] Kress R 2001 Acoustic scattering in Scattering and Inverse Scattering in Pure and Applied 

Science ed E R Pike and P C Sabatier (Academic, London) p 405 



6

1234567890

International Conference on Innovations in Non-Destructive Testing (SibTest) IOP Publishing

IOP Conf. Series: Journal of Physics: Conf. Series 881 (2017) 012025  doi :10.1088/1742-6596/881/1/012025

[18] Kircher A 2008 Phonurgia nova sive conjugium mechanico-physicum artis & naturae 

paranympha phonosophia concinnatum, Kempten R Dreherr 1673. Repring in: Lamberto 

Tronchin The 'Phonurgia Nova' of Athanasius Kircher: The Marvellous sound world of 17
th
 

century Proc. Mtgs. Acoust. 4 015002 doi: 10.1121/1.2992053 

[19] Carl Sondhaus1852 Ann. Physik Chemie 85 pp 378-84; Phil. Mag. 5 73-7 

[20] John Tyndall 1867 D.C.L., LL.D., F.R.S. SOUND. 1867 

[21] Yakobson I I 1949 Russian physicist N.F.Gezeus Nature 7, 38 70-6 

[22] David Colton and Rainer Kress 2013 Inverse Acoustic and Electromagnetic Scattering Theory. 

Third Edition (Springer) p 388 

[23] Selfridge A R 1985 Approximate Material Properties in Isotropic Materials IEEE Transactions 

on Sonics and Ultrasonics SU-32 (3) 381-94 

[24] Wang H, Ritter T, Cao W and Shung K K 1999 Passive Materials for High Frequency 

Ultrasound Transducers Proc. the SPIE Conference on Ultrasonic Transducer Engineering 

3664 35-42 


