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1 Generation of vortex waves in non-coaxial cylindrical
2 waveguides

3AQ1 Artem S. Pilipchuk,a) Alina A. Pilipchuk, and Almas F. Sadreev
4 Kirensky Institute of Physics, Federal Research Center KSC SB RAS, 660036 Krasnoyarsk, Russia

5 (Received 10 October 2019; accepted 8 November 2019; published online xx xx xxxx)

6 A non-coaxial waveguide composed of a cylindrical resonator of radius R and cylindrical wave-
7 guides with the radii r1 and r2, respectively, is considered. The radii satisfy the inequality r1

8 < r2 < R. The conversion from the channel with zero orbital angular momentum (OAM) into the
9 channels with non-zero OAM is achieved by shifting the center lines of the waveguides relative to

10 the center line of the cylindrical resonator. The center lines of input and output waveguides are
11 shifted relative to each other by the angle D/ in order to twist the output acoustic wave. The con-
12 version efficiency of the input wave with zero OAM into the output wave with non-zero OAM as
13 dependent on the frequency, length of the resonator, and D/ is considered, and the domains where
14 the efficiency can reach almost 100% are found. VC 2019 Acoustical Society of America.

https://doi.org/10.1121/1.5139222

[LZ] Pages: 1–6

15 I. INTRODUCTION

16 Vortex waves carrying orbital angular momentum
17 (OAM) have been widely studied in recent years due to
18 many possible applications in medicine, micro-robotics, and
19 biophysics. Distinctive features of such waves are the phase
20 indetermination and null of field magnitude at the propaga-
21 tion axis. Another important property is the helical
22 dislocation of the wavefront: the phase varies as exp ðim/Þ,
23 where m is an integer called the winding number or topologi-
24 cal charge. Although the existence of such helical disloca-
25 tions of a wavefront was first predicted by Berry et al.
26 (1979) in the wave theory, subsequent studies were mainly
27 continued in optics. It was shown that the dark central spot
28 of optical vortices can confine absorptive or reflective
29 particles (He et al., 1995) or low-index dielectric particles
30 (Gahagan and Swartzlander, 1996) so optical vortices may
31 be used for contactless manipulation of small physical or
32 biological objects—so-called optical tweezers. Since such
33 beams carry OAM, it is possible to induce a rotation of
34 trapped particles (Allen et al., 1992; He et al., 1995).
35 It was shown using the concept of pseudo momentum
36 that acoustical vortices have the same properties as their
37 optical counterparts (Thomas and Marchiano, 2003) and
38 look very promising. In particular, acoustical tweezers
39 require several orders of magnitude less than that of optical
40 tweezers to apply the same force on particles. Thus, this fea-
41 ture limits spurious heating, which can be crucial for cell or
42 microorganism manipulations. Moreover, acoustical twee-
43 zers can be used for particle manipulation in opaque media.
44 All of the above has resulted in significant interest in ways
45 of generating helical waves. The most common setup of
46 acoustic vortices generation is an array of individually
47 addressed transducers providing the appropriate phase and
48 amplitude of the wave front (Hefner and Marston, 1999;
49 Marchiano and Thomas, 2005). However, it requires digital

50control of each individual pixel of the transducer array, so
51the resulting device is quite expensive and is not amenable
52to miniaturization. Gspan et al. (2004) demonstrated the
53optoacoustic generation of a helicoidal ultrasonic beam.
54They used an absorbing phase plate with a helicoidal profile
55which was able to generate an ultrasonic wave upon illumi-
56nation with pulsed laser light due to thermal expansion.
57There are some techniques based on multi-arm coiling slits
58(Jiang et al., 2016b; Wang et al., 2016) or an Archimedes’
59spiral diffraction gratings (Baudoin et al., 2019; Jim�enez
60et al., 2016) which allow generating acoustic vortices with
61required topological charge determined by the number of
62spiral arms. Different experimental setups are based on the
63ferroelectret film glued onto a tangential-helical substrate
64(Ealo et al., 2011) or a transducer with the phase plate
65secured to it (Terzi et al., 2017). It is also important to note
66various setups based on metamaterials. Naify et al. (2016)
67used a leaky-wave antenna to create such vortex waves.
68Esfahlani et al. (2017) proposed the metasurface composed
69of space-coiled cylindrical unit cells transmitting sound pres-
70sure with a controllable phase shift thus transforming an
71incident plane wave into the desired helical wavefront. Jiang
72et al. (2016a) described an assembled layer consisting of
73eight fanlike sections of resonators that could transform an
74incident plane wave into an acoustical vortex in the same
75way. At last, there is a method based on the inverse filtering
76technique revised for surface waves (Riaud et al., 2015).
77In the present paper, we propose an essentially different
78method based on a single hollow cylindrical acoustic resona-
79tor with radius R and two attached cylindrical waveguides
80with different radii r1 < r2 < R, as depicted in Fig. 1.
81We assume that one of the waveguides, say the output
82one, can move along the resonator axis to change the resona-
83tor length, and rotate around the resonator axis by the angle
84D/. It is easy to realize such a system in a realistic acoustic
85or electromagnetic experiment using the piston-like hollow
86stem waveguides tightly fit to the interior boundaries of a
87cylindrical cavity (Lyapina et al., 2015).
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88 In the cylindrical waveguides, propagating modes are

89 classified by azimuthal index p (OAM) and radial index q
90 as shown in Fig. 2, while eigenmodes of a closed cylindri-

91 cal resonator are specified by azimuthal index m, radial

92 index n, and axial index l. If the waveguides were identical

93 and the whole system was coaxial, there would be transmis-

94 sion from the channel p, q onto the same channel. The

95 angular momentum preserves in the coaxial system, so the

96 input wave with p¼ 0 cannot excite the resonator modes

97 with m 6¼ 0, and hence the output wave also has zero OAM.

98 Thus, it is first necessary to break the axial symmetry of the

99 system, for example, by shifting the waveguides’ axes rela-

100 tive to the resonator centerline. The next step is to increase

101 the output waveguide radius relative to the radius of the

102 input waveguide, so that the output acoustic wave can prop-

103 agate not only in the channel with p¼ 0, but also in chan-

104 nels with jpj > 0, which carry the OAM. And finally, the

105 most important step is to violate the mirror symmetry of the

106 system by rotation of the output waveguide by the angle D/.

107 As a result, transmittances from the basic channel p ¼ 0;
108 q ¼ 1 onto channels p ¼ 1; q ¼ 1 and p ¼ �1; q ¼ 1

109 become non-equivalent up to the fact that the conversion

110 onto the channel p ¼ 1; q ¼ 1 substantially exceeds the con-

111 version onto other channels, generating the output wave

112 with angular momentum, i.e., vortical wave. In order to

113 optimize such a generation, we vary two parameters of the

114 system: the resonator length and the rotation angle of output
115 waveguide D/.
116 The aim of the present paper is studying the conversion
117 efficiency of the input wave with zero OAM into the output

118wave with non-zero OAM as dependent on the frequency,

119the resonator length and D/.

120Neglecting viscosity, we consider acoustic wave trans-

121mission described by the linear Helmholtz equation, so there

122are no flows involved into the process.

123II. PROPAGATING MODES IN WAVEGUIDES

124In what follows, the model of sound hard boundaries is

125used, and all the quantities in the model are dimensionless

126and measured in terms of the input waveguide’s radius r1.

127The dimensionless frequency is expressed through dimen-

128sional one as follows: x ¼ ~xr1=s0, where ~x is the dimen-

129sional frequency and s0 is the sound velocity in the chosen

130media. Then, the propagating modes in the Cth cylindrical

131waveguide are the solutions of the Helmholtz equation and

132described by Lyapina et al. (2018)

wðCÞpq ðq;a; zÞ ¼ wðCÞpq ðqÞ
1ffiffiffiffiffiffiffiffiffiffiffiffiffi

2pk
ðCÞ
pq

q exp ðipaþ ikðCÞpq zÞ;

wðCÞpq ðqÞ

¼

ffiffiffi
2
p

rCJ0ðl0qÞ
J0

l0qq

rC

� �
; p ¼ 0;

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2

l2
pq � p2

s
lpq

rCJpðlpqÞ
Jp

lpqq

rC

� �
; p ¼ 1;2;3;…;

8>>>>>><
>>>>>>:

(1)

133where q; a are the polar coordinates in the x0y-plane in the

134waveguides reference system, J is the cylindrical Bessel

135function of the first kind, lpq is the qth root of equation

136½dJpðlpqqÞ�=ðdqÞjq¼rC
¼ 0 AQ2imposed by the Neumann bound-

137ary condition on the walls of sound hard cylindrical wave-

138guide, C enumerates input and output waveguides

kðCÞpq ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 � l2

pq=r2
C

q
; (2)

139r1 ¼ 1. Profiles of the propagating modes wpqðqÞ cosðpaÞ are

140depicted in Fig. 2.

141The eigenfuctions of the closed cylindrical resonator are

142given

Wmnlðr;/; zÞ ¼ wmnðrÞ
ffiffiffiffiffiffi
1

2p

r
exp ðim/ÞUlðzÞ; (3)

143where

FIG. 1. (Color online) Cylindrical resonator of radius R and variable length

L with two attached cylindrical waveguides of different radii r1 and r2 where

r1 < r2 < R. The whole waveguide system is non-axisymmetric and the

waveguides are misaligned by an azimuthal angle difference D/. The

dashed line is the resonator axis.

FIG. 2. (Color online) Profiles of propagating modes in the cylindrical waveguide. (a) In channel 1 with cut-off frequency x ¼ 0 and indices p ¼ 0; q ¼ 1; (b)

in channels 2 and 3 with cut-off frequency x ¼ 1:8412 and indices p ¼ 61; q ¼ 1; (c) in channels 4 and 5 with cut-off frequency x ¼ 3:0542 and indices

p ¼ 62; q ¼ 1; (d) in channel 6 with cut-off frequency x ¼ 3:8317 and indices p ¼ 60; q ¼ 2.
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wmnðrÞ

¼

ffiffiffi
2
p

RJ0ðl0nÞ
J0

l0nr

R

� �
; m¼ 0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2

l2
mn�m2

s
lmn

RJmðlmnÞ
Jm

lmnr

R

� �
; m¼ 1;2;3;…;

8>>>>><
>>>>>:

UlðzÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2� dl;1

L

r
cos pðl� 1Þz=L½ �; (4)

144 l ¼ 1; 2; 3;…; /; q are the polar coordinates in the x0y-plane

145 in the resonator reference system. The corresponding eigen-

146 frequencies are

x2
mnl ¼

l2
mn

R2
þ p2ðl� 1Þ2

L2

� �
; (5)

147 where lmn is the n-th root of the equation ½dJpðlpqrÞ�=
148 ðdrÞjr¼R ¼ 0AQ3 .

149 III. CONVERSION FROM THE FIRST CHANNEL INTO
150 HIGHER CHANNELS

151 Let us inject the wave with zero OAM p¼ 0 and with

152 the frequency obeyed the condition l01 < x < l11 into the

153 input waveguide with the less radius r1 ¼ 1, i.e., in the first

154 channel according to the classification in Fig. 2. If the radius

155 of the output waveguide r2 is large enough, i.e., l11

156 > x > l11=r2, the output waveguide supports three propaga-

157 tion channels p ¼ 0; q ¼ 1 and p ¼ 61; q ¼ 1. In order to

158 allow the channel conversion, we have to break the system

159 axial symmetry. The simplest way is to attach both wave-

160 guides in a non-axisymmetric way with center lines of the

161 waveguides shifted by a distance r0 relative to the center line

162 of the resonator. Moreover, we assume that the waveguide

163 center lines are shifted relative to each other by azimuthal

164 angle D/ as sketched in Fig. 1. In order to calculate the

165 transmittance, we use the method of the effective non-

166 Hermitian Hamiltonian based on the Feshbach method of

167 projection of the total Hilbert space onto the discrete sub-

168 space of the closed resonator eigenmodes [Eq. (3)]AQ4 (Dittes,

169 2000; Feshbach, 1958, 1962; Rotter, 1991; Sadreev and

170 Rotter, 2003). We also refer the reader to the papers

171 (Lyapina et al., 2018; Maksimov et al., 2015) where the

172 method was applied to the acoustic transmission through

173 waveguides. The effective non-Hermitian Hamiltonian then

174 takes the following form:

Heff ¼ HB � i
X

C¼L;R

X
pq

kðCÞpq WðCÞ
pq WðCÞ†

pq ; (6)

175 where HB is the Hamiltonian of the closed resonator, WðCÞ
pq

176 stands for the coupling matrices between the resonator

177 eigenmodes mn [Eq. (3)]AQ5 and the pq eigenmodes of the scat-

178 tering channels [Eq. (1)]AQ6 . For each waveguide, we have the

179 following coupling matrices given by overlapping integrals

180 (Lyapina et al., 2018; Maksimov et al., 2015):

WC
mnl;pq ¼

ð
XC

qdqdawðCÞpq ðq; aÞW�mnlðr;/; z ¼ zCÞ

¼ UlðzCÞ
ð2p

0

da

�
ðrC

0

qdqwðCÞpq ðq; aÞw�mnðrðq; aÞ;/ðq; aÞÞ;

(7)

181where XC are interfaces positioned at zC ¼ 0; L. The integra-

182tion is performed over the circular cross-section of the attached

183waveguides as shown in Fig. 3. One can link the polar coordi-

184nates of the resonator with those of the left waveguide

185r sin / ¼ q sin a; r cos / ¼ r0 þ q cos a. If the radii of the

186waveguides were equal, the coupling matrix elements for input

187and output waveguides would be related by only the phase D/:

188WR
mnl;pqðD/Þ ¼ ð�1Þl�1eiðp�mÞD/WL

mnl;pq (Lyapina et al., 2018).

189However, in the present case of different waveguides radii, the

190coupling matrices differ by both phase and strength.

191The transmittance of sound waves from the pq propaga-

192tion channel of the input waveguide through the resonator

193into the p0q0 channel of the output waveguide is given by the

194equation (Maksimov et al., 2015)

tpq;p0q0 ¼ 2i

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k
ðLÞ
pq k

ðRÞ
pq

q X
mnl

X
m0n0l0

W
ðLÞ
mnl;pqGmnl;m0n0l0W

ðRÞ�
m0n0l0;p0q0 ;

(8)

195where

G ¼ 1

x2 �Heff

: (9)

196The numerical results are presented in Fig. 4. For brev-

197ity, we noted t00 ¼ t01;01; t01 ¼ t01;11; t0�1 ¼ t01;�11. One can

198see that the maxima of the transmittance follow the eigenfre-

199quencies of the closed resonator shown by solid lines. This is

200the feature of three-dimensional systems resulting from the

FIG. 3. (Color online) Integration area in the coupling matrix [Eq. (7)]

shown by filled areas. r1 and r2 are the radii of the attached input and output

waveguides. The center line of the waveguides is shifted relative to the cen-

ter line of the resonator by a distance r0. XL and XR are integration areas

which define the coupling matrix elements [Eq. (7)].
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FIG. 4. (Color online) Channel transmittances of a cylindrical resonator with radius R¼ 3 vs frequency x and length of the resonator L. The center lines of the

waveguides with radius r1 ¼ 1 (input) and r2 ¼ 1:4 (output) are shifted relative to the center line of the resonator by distance r0 ¼ 1:5; D/ ¼ 0. Solid lines

show the eigenfrequencies of the closed resonator.

FIG. 5. (Color online) Channel transmittances jt01j2 and jt0�1j2 vs length and for rotation angle D/ at fixed frequency x2 ¼ 2.

FIG. 6. (Color online) The conversion efficiency [Eq. (10)] vs length of the resonator L and angle of rotation of the input waveguide for (a) x2 ¼ 2 and (b)

x2 ¼ 3:1442.
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201 weak coupling between the waveguides and the resonator
202 (Lyapina et al., 2018). There is a conversion from the chan-

203 nel p ¼ 0; q ¼ 1 onto the channels p ¼ 61; q ¼ 1. The
204 transmission coefficients from the first channel with p¼ 0
205 into channels p ¼ 61 are equal to D/ ¼ 0; p to result in the
206 output wave with zero OAM and zero vorticity. However, as
207 soon as D/ 6¼ 0, transmittances into the channels 6m
208 become different, i.e., jt01j 6¼ jt0�1j.

209 IV. TWISTING OF OUTPUT WAVE

210 The key result is that the transmission from the channel
211 p ¼ 0; q ¼ 1 into the channel with the positive OAM p¼ 1
212 differs from the transmission into the channel with the nega-
213 tive p¼�1 as soon as D/ 6¼ 0; p as shown in Fig. 5.
214 Therefore, in order the output wave to be vortical, it is neces-
215 sary to find the resonator length and angle D/ at which t00

216 ¼ 0 and t01 significantly exceed t0�1 or vice versa.
217 We introduce the angular orbital momentum of the out-
218 put wave as the mean azimuthal index

P ¼

X
p;q

pjt01;pqj2

X
p;q

jt01;pqj2
: (10)

219 The value P reflects the conversion efficiency of the input
220 wave with zero OAM into the output wave with non-zero
221 OAM. The conversion efficiency [Eq. (10)] versus D/ and L
222 is shown in Fig. 6 for two selected values of frequency. One
223 can see that for certain resonator lengths and rotation angles,
224 the efficiency can reach almost 100%. Examples of the
225 twisted output wave are shown in Fig. 7.

226It is also possible to generate acoustical vortices with

227the topological charge exceeding one. For that, it is neces-

228sary to increase the frequency of the input wave and adjust

229the system parameters L and D/. The examples of phase dis-

230locations in the output waveguide are shown in Fig. 8 for

231two topological charges, one and two.

232V. SUMMARY AND DISCUSSION

233Generation of vortical acoustic fields by a single cylin-

234drical resonator is based on several basic principles. First of

235all, the waveguides must be connected to the resonator ends

236in a non-coaxial way, which allows a wave with zero OAM

237to excite the resonator modes with nonzero OAM. Next,

238there must be the conversion from the input channel with

239p¼ 0 into the output channels with p 6¼ 0, which is achieved

240by increasing the output waveguide radius relative to the

241radius of input waveguide. Finally, the waveguides’ axes

242must be shifted relative to each other by a certain angle D/.

243This removes the degeneracy of the resonator eigenmodes

244along with the azimuthal index and gives rise to the rotation

245of the acoustic field. The numerical calculations show that

246the conversion efficiency can reach almost 100% for certain

247resonator length and waveguides’ angular shift D/.

248ACKNOWLEDGMENTS

249We acknowledge discussions with Dmitrii Maksimov.

250This work was supported by RFBR Grant No. 18-32-00234.
251

252Allen, L., Beijersbergen, M. W., Spreeuw, R., and Woerdman, J. (1992).
253“Orbital angular momentum of light and the transformation of Laguerre-
254Gaussian laser modes,” Phys. Rev. A 45(11), 8185. AQ7
255Baudoin, M., Gerbedoen, J.-C., Riaud, A., Matar, O. B., Smagin, N., and
256Thomas, J.-L. (2019). “Folding a focalized acoustical vortex on a flat holo-
257graphic transducer: Miniaturized selective acoustical tweezers,” Sci. Adv.
2585(4), eaav1967.
259Berry, M. V., Nye, J. F., and Wright, F. (1979). “The elliptic umbilic
260diffraction catastrophe,” Philos. Trans. R. Soc. Lond. Ser. A 291(1382),
261453–484.
262Dittes, F. (2000). “The decay of quantum systems with a small number of
263open channels,” Phys. Rep. 339(4), 215–316.
264Ealo, J. L., Prieto, J. C., and Seco, F. (2011). “Airborne ultrasonic vortex
265generation using flexible ferroelectrets,” IEEE Trans. Ultrason.
266Ferroelectr. Freq. Control 58(8), 1651–1657.

FIG. 7. (Color online) Patterns of scattering functions (the pressure field) at (a) x2 ¼ 3:3135;L ¼ 2:817;D/ ¼ 0, (b) x2 ¼ 2;L ¼ 4:996;D/ ¼ p=3, and (c)

x2 ¼ 3:1442; L ¼ 2:6613;D/ ¼ 0:55p.

FIG. 8. (Color online) Phase dislocations in terms of p in the output wave-

guide with radius r2 for different topological charges: p¼ 1 and p¼ 2.

J_ID: JASMAN DOI: 10.1121/1.5139222 Date: 4-December-19 Stage: Page: 5 Total Pages: 7

ID: aipepub3b2server Time: 05:14 I Path: D:/AIP/Support/XML_Signal_Tmp/AI-JAS#190836

J. Acoust. Soc. Am. 146 (6), December 2019 Pilipchuk et al. 5

https://doi.org/10.1103/PhysRevA.45.8185
https://doi.org/10.1126/sciadv.aav1967
https://doi.org/10.1098/rsta.1979.0039
https://doi.org/10.1016/S0370-1573(00)00065-X
https://doi.org/10.1109/TUFFC.2011.1992
https://doi.org/10.1109/TUFFC.2011.1992


PROOF COPY [JASA-04889] 009912JAS

267 Esfahlani, H., Lissek, H., and Mosig, J. R. (2017). “Generation of acoustic
268 helical wavefronts using metasurfaces,” Phys. Rev. B 95(2), 024312.
269 Feshbach, H. (1958). “Unified theory of nuclear reactions,” Ann. Phys. 5(4),
270 357–390.
271 Feshbach, H. (1962). “A unified theory of nuclear reactions. II,” Ann. Phys.
272 19(2), 287–313.
273 Gahagan, K., and Swartzlander, G. (1996). “Optical vortex trapping of parti-
274 cles,” Opt. Lett. 21(11), 827–829.
275 Gspan, S., Meyer, A., Bernet, S., and Ritsch-Marte, M. (2004).
276 “Optoacoustic generation of a helicoidal ultrasonic beam,” J. Acoust. Soc.
277 Am. 115(3), 1142–1146.
278 He, H., Friese, M., Heckenberg, N., and Rubinsztein-Dunlop, H. (1995).
279 “Direct observation of transfer of angular momentum to absorptive particles
280 from a laser beam with a phase singularity,” Phys. Rev. Lett. 75(5), 826.
281 Hefner, B. T., and Marston, P. L. (1999). “An acoustical helicoidal wave
282 transducer with applications for the alignment of ultrasonic and underwa-
283 ter systems,” J. Acoust. Soc. Am. 106(6), 3313–3316.
284 Jiang, X., Li, Y., Liang, B., Cheng, J.-C., and Zhang, L. (2016a). “Convert
285 acoustic resonances to orbital angular momentum,” Phys. Rev. Lett.
286 117(3), 034301.
287 Jiang, X., Zhao, J., Liu, S.-l., Liang, B., Zou, X.-y., Yang, J., Qiu, C.-W.,
288 and Cheng, J.-C. (2016b). “Broadband and stable acoustic vortex emitter
289 with multi-arm coiling slits,” Appl. Phys. Lett. 108(20), 203501.
290 Jim�enez, N., Pic�o, R., S�anchez-Morcillo, V., Romero-Garc�ıa, V., Garc�ıa-
291 Raffi, L. M., and Staliunas, K. (2016). “Formation of high-order acoustic
292 Bessel beams by spiral diffraction gratings,” Phys. Rev. E 94(5), 053004.
293 Lyapina, A., Maksimov, D., Pilipchuk, A., and Sadreev, A. (2015). “Bound
294 states in the continuum in open acoustic resonators,” J. Fluid Mech. 780,
295 370–387.

296Lyapina, A., Pilipchuk, A., and Sadreev, A. (2018). “Trapped modes in a
297non-axisymmetric cylindrical waveguide,” J. Sound Vib. 421, 48–60.
298Maksimov, D. N., Sadreev, A. F., Lyapina, A. L., and Pilipchuk, A. S.
299(2015). “Coupled mode theory for acoustic resonators,” Wave Motion 56,
30052–66.
301Marchiano, R., and Thomas, J.-L. (2005). “Synthesis and analysis of linear
302and nonlinear acoustical vortices,” Phys. Rev. E 71(6), 066616.
303Naify, C. J., Rohde, C. A., Martin, T. P., Nicholas, M., Guild, M. D., and
304Orris, G. J. (2016). “Generation of topologically diverse acoustic vortex
305beams using a compact metamaterial aperture,” Appl. Phys. Lett. 108(22),
306223503.
307Riaud, A., Thomas, J.-L., Charron, E., Bussonnière, A., Matar, O. B., and
308Baudoin, M. (2015). “Anisotropic swirling surface acoustic waves from
309inverse filtering for on-chip generation of acoustic vortices,” Phys. Rev.
310Appl. 4(3), 034004.
311Rotter, I. (1991). “A continuum shell model for the open quantum mechani-
312cal nuclear system,” Rep. Prog. Phys. 54(4), 635.
313Sadreev, A., and Rotter, I. (2003). “S-matrix theory for transmission through
314billiards in tight-binding approach,” J. Phys. A 36(45), 11413–11433.
315Terzi, M., Tsysar, S., Yuldashev, P., Karzova, M., and Sapozhnikov, O.
316(2017). “Generation of a vortex ultrasonic beam with a phase plate with an
317angular dependence of the thickness,” Moscow Univ. Phys. Bull. 72(1),
31861–67.
319Thomas, J.-L., and Marchiano, R. (2003). “Pseudo angular momentum and
320topological charge conservation for nonlinear acoustical vortices,” Phys.
321Rev. Lett. 91(24), 244302.
322Wang, T., Ke, M., Li, W., Yang, Q., Qiu, C., and Liu, Z. (2016). “Particle
323manipulation with acoustic vortex beam induced by a brass plate with spi-
324ral shape structure,” Appl. Phys. Lett. 109(12), 123506.

J_ID: JASMAN DOI: 10.1121/1.5139222 Date: 4-December-19 Stage: Page: 6 Total Pages: 7

ID: aipepub3b2server Time: 05:14 I Path: D:/AIP/Support/XML_Signal_Tmp/AI-JAS#190836

6 J. Acoust. Soc. Am. 146 (6), December 2019 Pilipchuk et al.

https://doi.org/10.1103/PhysRevB.95.024312
https://doi.org/10.1016/0003-4916(58)90007-1
https://doi.org/10.1016/0003-4916(62)90221-X
https://doi.org/10.1364/OL.21.000827
https://doi.org/10.1121/1.1643367
https://doi.org/10.1121/1.1643367
https://doi.org/10.1103/PhysRevLett.75.826
https://doi.org/10.1121/1.428184
https://doi.org/10.1103/PhysRevLett.117.034301
https://doi.org/10.1063/1.4949337
https://doi.org/10.1103/PhysRevE.94.053004
https://doi.org/10.1017/jfm.2015.480
https://doi.org/10.1016/j.jsv.2018.01.056
https://doi.org/10.1016/j.wavemoti.2015.02.003
https://doi.org/10.1103/PhysRevE.71.066616
https://doi.org/10.1063/1.4953075
https://doi.org/10.1103/PhysRevApplied.4.034004
https://doi.org/10.1103/PhysRevApplied.4.034004
https://doi.org/10.1088/0034-4885/54/4/003
https://doi.org/10.1088/0305-4470/36/45/005
https://doi.org/10.3103/S0027134916050180
https://doi.org/10.1103/PhysRevLett.91.244302
https://doi.org/10.1103/PhysRevLett.91.244302
https://doi.org/10.1063/1.4963185

	AQ2
	AQ3
	AQ4
	AQ5
	AQ6
	AQ1
	AQ7
	AQ1
	s1
	l
	n1
	s2
	d1
	AQ2
	d2
	d3
	d4
	f1
	f2
	d5
	AQ3
	s3
	AQ4
	d6
	AQ5
	AQ6
	d7
	d8
	d9
	f3
	f4
	f5
	f6
	s4
	d10
	s5
	c1
	AQ7
	c2
	c3
	c4
	c5
	f7
	f8
	c6
	c7
	c8
	c9
	c10
	c11
	c12
	c13
	c14
	c15
	c16
	c17
	c18
	c19
	c20
	c21
	c22
	c23
	c24
	c25
	c26



