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Acoustic spin-controlled orbital rotations
in double spiral acoustic beams
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Di-Chao Chen1,2,3, Xie Liu1,3, Da-Jian Wu 1 , Xing-Feng Zhu1,2, Qi Wei1, Ying Cheng 2 &
Xiao-Jun Liu 2

Similar to optical spin-orbit interactions (SOIs), acoustic SOIs are anticipated to offer fresh
perspectives and capabilities for acoustic manipulation beyond conventional scalar degrees of
freedom. However, the acoustic extrinsic SOIs caused by particular properties of the medium were
seldomexplored.Here, theacoustic extrinsicSOI is observed in adouble spiral acoustic beam (DSAB),
as evidenced by the rotation of the spatial intensity pattern along the propagation axis. The interaction
of the acoustic plane wave with the well-designed artificial flat structure generates two non-paraxial
focused acoustic vortices (NFAVs) with different spin angular momentums. The coaxial coupling
between them leads to acoustic spin-controlled orbital rotation (SOR). Theoretical formulations,
supported by numerical simulations and experimental results, are provided to demonstrate the validity
of acoustic SOR. Our work provides new perspectives and capabilities for understanding sound
processing, and may open an avenue for the development of spin-orbit acoustics.

Spin-orbit interactions (SOIs) of light have greatly advancedour knowledgeof
the fundamentals of light1–3 and facilitated various emerging applications,
including high-resolutionmicroscopy4, beam shapingwith planar structures5,
quantum information processing6,7, and optical micro-manipulations8. The
most fundamental and significant SOI of light is the interaction between
orbital angular momentum (OAM)9–11 and spin angular momentum
(SAM)12,13. Twomain types of optical SOI are intrinsic SOI and extrinsic SOI.
The intrinsic SOI originates from the fundamental properties of Maxwell’s
equationswhile the extrinsic SOI is causedby specific features ofmedium14. In
contrast to light waves described by vector fields, it was widely believed that,
although acoustic waves can carry OAMs15–20, the curl-free nature of long-
itudinal waves prevents them from having SAM21,22. Recent studies have
shown that the longitudinal vector field of an inhomogeneous acoustic wave
can possess a locally rotational velocity field that is considered to be acoustic
spin23–27. Similar to theoptical spin, theacoustic spin is consideredas a rotation
of the wave polarization given by its local particle velocity14,28. An example of
the inhomogeneous beam is the non-paraxial acoustic vortex whose velocity
field exhibits a polarization circular in the transverse cross-section and hence
produces the longitudinal SAMs21.Meanwhile,OAMsalso canbeproduced in
the real-space field by its azimuth-dependent mutual phase. Furthermore, it
was discovered that the SAM and OAM of the non-paraxial acoustic vortex
can be converted with the cone angle. This is an intrinsic SOI effect arising
from the fundamental nature of the acoustic linear equations14,29. More
recently, Alhaïtz et al. considered the extrinsic SOI effect, where the angular
momentum form is transformed between spin and orbital through the

interaction between an acoustic evanescent wave and an isolated droplet30.
However, the acoustic extrinsic SOIs in travelingwaveswere seldomreported,
primarily because the extrinsic SOI effect is triggered by unique medium
properties. Realizing acoustic extrinsic SOI is a challenging task for acoustic
traveling waves that necessitates the exploration of anisotropic media pos-
sessing specific features.

In this work, the acoustic extrinsic SOI is observed in a double spiral
acoustic beam (DSAB), as evidenced by the rotation of the spatial intensity
pattern along the propagation axis. The three-dimensional representation of
the DSAB with a rotating spatial intensity pattern is shown in Fig. 1. The
interaction of the acoustic plane wave with a well-designed composite artificial
structure plate (ASP) generates twoNFAVswith different SAMs and opposite
topological charges (TCs). Since SOI in the non-paraxial focused acoustic
vortex (NFAV) is accompanied by a decomposition of the propagation con-
stant, the coaxial coupling of two NFAV beams with different propagation
constants can produce rotational beating effects, resulting in acoustic spin-
controlledorbital rotations31,32. The theoretical predictionsof the generationsof
the DSAB and acoustic spin-controlled orbital rotations have been well
demonstratedby thenumerical simulations. Finally,we fabricate the composite
ASP sample to realize the DSAB experimentally and verify the acoustic SOR.

Results
Generation of the non-paraxial focused acoustic vortex
We designed an artificial flat structure (AFS) to produce an NFAV. Studies
have reported the generation of vortex acoustic beams using artificial plate
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structures. However, previous studies have not considered the variation of
radial wave number kr and axial wave number kz during propagation and
the effect of the variationofkr andkzon thegenerated vortex acoustic beams.
Additionally, there is no report on the interpretation and analysis of the
SAM andOAMof the vortex acoustic beam generated by the artificial plate
structure, and thesewill be the focus ofwhatwewill discuss next. The helical
phase dislocation of the focused wave front, which creates the OAM, is one
typical feature of theNFAV.Thewave vector forming a cone at the angleα is
another characteristic15–17,33,34. The cone angle α determines the phase
velocity decomposition that occurs inNFAValongwith the interconversion
between SAM and OAM.

The phase velocity decomposition indicates that different cone angles
accumulate phase at different rates depending on the distance. Figure 2a
shows the schematic diagram of an AFS for achieving an NFAV beamwith
TC of l = 1. 56 discrete circular holes are engraved on the AFS and arranged
on 8 lines with an adjacent azimuth of π=4. Each line includes 7 circular
holes. It should be noted that the suggested composite ASPs with holes of
various geometries are all capable of producing NFAVs and the intensity of
the resulting NFAV is enhanced with increasing hole size. In this case, the

geometry of the hole is set as a rounded shape to make sample production
easier. The radius of the circle hole is a and the polar coordinate of the nth
circle hole is defined as (rn, φn),

rn
2 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r02 þ f z

2
q

þ φnλ
2π þmλ

� �2
� f z

2

φn ¼ π mod n� 1; 8ð Þ � 4½ �=4

8><
>: ð1Þ

where fz is the focal length, λ is the wavelength,m ¼ floor n� 1ð Þ=8� �� 3,
and the constant r0 is defined as the initial radius. The operators mod and
floor are used to perform modulo and downward rounding operations on
complex functions, respectively.As shown in thepartial enlargeddrawingof
Fig. 2a, the first 8 circular holes locate on a spiral. Figure 2b shows the three-
dimensional diagram of the first 8 circular holes with m = –3, where α is
the angle between the line connecting the transmission point and the
observation point and the z-axis. The distance from thenth hole to the focus

isLn ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f z

2 þ rn2
q

, According to Eq. (1), the phase difference between two

adjacent circle holes to the focus is ΔLn2π=λ ¼ π=4. After accumulating, a
linear phase shift of 2π is realized by the first 8 circular holes, which meets
requirements of an AV with TC l of 1. The acoustic field at the observation
point (ρ, θ, z) in column coordinates can be calculated by35

pðρ; θ; z; tÞ ¼ expð�iωtÞ
X8
n¼1

A0

Rn
expði~kn �~RnÞ

� �
ð2Þ

where A0 is a real constant, ω is the angular frequency and t denotes time.

Rnð¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðρ cos θ � rn cosφnÞ2 þ ðρ sin θ � rn sinφnÞ2 þ z2

q
Þ is the dis-

tance between the nth circle hole and the observation point (ρ, θ, z), ρ is the
distance from the origin O to the projection of the observation point on the
plane xoy. From the positive z-axis, θ is the angle turned from the x-axis in a
counterclockwise direction to the projection, z is the height of the obser-

vation point.~kn is the wave vector of the wave generated by the nth circle
hole, whose direction points from the hole to the observation point.~Rn and
~kn have the same vector direction. As shown in Fig. 2b, ~kn~Rn can be
decomposed into two parts of knrrn and knzz, where knr and knz are the
radial and axial wavenumbers of the nth hole, respectively. This allows

Fig. 1 | The double spiral acoustic beam generated by a composite artificial
structural plate (ASP). Schematic diagram of the acoustic rotating double spiral
beam space pattern in spin-controlled orbital rotation (SOR) realized by an artificial
structure. The red element represents a double spiral high-intensity focus.

Fig. 2 | Schematic illustration of the designed
artificial flat structure (AFS). a Schematics of the
artificial structures for achieving a non-paraxial
focused acoustic vortex (NFAV) with l = 1 for
topological charge (TC). Numbers 1–8 represent the
nth circular holes separately. b Diagram of the first
holes of the eight azimuth angles and the coordinates
used in analytical derivation. L is the distance from
the 6th hole to the focus. kr and kz are the radial and
axial wavenumbers of the 6th hole. c Schematic
diagram of the cross-section of the artificial
structure.
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Eq. (2) to be rewritten as36,37

pðρ; θ; z; tÞ ¼ expð�iωtÞ
X8

n¼1

A0

Rn
expðiknzzÞ exp i~knr � ðρêρ � rnêrn Þ

h i
ð3Þ

According to Eq. (1), rn also can be rewritten as rn ¼ r0 þ rmþ
Δrn; ðm ¼ �3Þ, where

rm ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

r20 þ f 2z

q
þmλ

� �2
� f 2z

s
� r0

Δrn ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

r20 þ f 2z

q
þ φnλ=2π þmλ
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s
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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� f 2z

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

ð4Þ

Considering
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r20 þ z2

p
þmλ≫ φnλ

2π for the observation points near
the focal area, we can rewrite Rn as Rn ≈

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2n þ z2

p ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r20 þ z2

p
þmλ.

Thus, Eq. (3) can be further approximated as

p ρ; θ; z; t
� �

≈ A0ffiffiffiffiffiffiffiffiffi
r20þz2

p
þmλ

expð�iωtÞ expðiknzzÞ exp½�iknrðr0 þ rmÞ�

×
P8
n¼1

exp iρknr cosðθ � φnÞ
� �

expð�iknrΔrnÞ
ð5Þ

where knz ¼ k cosðαnÞ≈ kz=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r02 þ z2

p
þmλ

� �
; ðm ¼ �3Þ and

knr ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2 � k2nz

q
. The product of knr andΔrn is approximately equal to φn.

Thus,
P8

n¼1 exp½iρknr cosðθ � φnÞ� expð�iknrΔrnÞ can be viewed as a dis-
crete quantity of the Jacobi-Anger expansion, which can be approximated as
equal to

R π
�π exp½iρknr cosðθ � φÞ� expð�iφÞdφ ¼ exp½iðθ � π

2Þ�2πJ1ðknrρÞ.
Then, Eq. (5) can be simplified as

pðρ; θ; z; tÞ≈An expð�iωtÞ expðiknzzÞ expðiθÞJ1ðknrρÞ ð6Þ

where An ¼ A0ffiffiffiffiffiffiffiffiffi
r20þz2

p
þmλ

2π exp½�iknrðr0 þ rmÞ � i π2�; ðm ¼ �3Þ, J1 is a

first order Bessel function. Thus, the first 8 circle holes could approximately
produce a first order Bessel vortex beamwith TC of 1. According to Eq. (1),
the range difference to the focal point between every 8 circular holes is λ, i.e.,
the phase shift of 2π, as shown in Fig. 2c. As a result, the constructive
interfering of seven Bessel vortex acoustic beams can be generated by the
AFS with 56 circular holes.

Pðρ; θ; z; tÞ≈ expðiθÞ expð�iωtÞ
X3
m¼�3

Am
n expðikmnzzÞJ1ðkmnrρÞ ð7Þ

kmnz also can be written as knz ≈ kz þ Δkmz , wherekz ¼ kz=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r20 þ z2

p
and Δkmz ¼ kz=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r20 þ z2

p
� kz=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r20 þ z2

p
þmλ

	 

: Providedffiffiffiffiffiffiffiffiffiffiffiffiffiffi

r20 þ z2
p

≫mλ, one can simplify knzby approximating knz ≈ kz , andhence

kmnr ¼ kr ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2 � k2z

q
. Finally, Eq. (7) can be rewritten as

Pðρ; θ; z; tÞ≈A expð�iωtÞ expðiθÞ expðikzzÞJ1ðkrρÞ ð8Þ

where A≈ A0ffiffiffiffiffiffiffiffiffi
r20þz2

p 2π exp½�ikrr0 � i π2�. With the time-dependent pressure

field we can obtain the vector velocity part of the acoustic Bessel field from
the equation v ¼ �iðδwÞ�1∇P, which yields

vx ¼ �i Akr2δω J0ðkrρÞ exp �iθð Þ þ J2ðkrρÞ exp iθð Þ� �
exp iθ þ ikzz � iωt

� �
vy ¼ Akr

2δω J0ðkrρÞ exp �iθð Þ þ J2ðkrρÞ exp iθð Þ� �
exp iθ þ ikzz � iωt

� �
ð9Þ

where δ is mass density, J0 and J2 are zero order Bessel function and second
order Bessel function, respectively. From this, we find that the polarization

of the velocity field in the center of the vortex beam is always purely circular,
with the handedness determined by the sign of l. Substituting the velocity
component (8) into the acoustic SAMdensity expression S ¼ δ

2ω Imðv� × vÞ,
the longitudinal component can be expressed as15

Sz ¼
β Aj j2
4ω

sin2α J20ðkrρÞ � J22ðkrρÞ
� � ð10Þ

where the compressibility β = 1/B (B is the bulk modulus). From Eq. (10), it
can be seen that the value of Sz is maximum when it is on the propagation
axis and increases gradually with the increase of cone angle α, while Sz
vanishes when J20ðkrρÞ ¼ J22ðkrρÞ. Using the Bessel recursive formula
d
dρ ðJ1ðkrρÞÞ ¼ 1

2 J0ðkrρÞ � J2ðkrρÞ
� �

, we find that Sz vanishes at the high
acoustic intensity position of the Bessel vortex beams. The longitudinal spin
density direction is represented by the unit vector ŝ ¼ Sz= Sz

�� �� ¼ σs. The
spin handedness, or helicity, is σ ¼ ± 1 and s = 1 for the particles on the z-
axis. We call σ ¼ �1 left-handed polarization and σ ¼ 1 right-handed
polarization. The z-component of the OAM density can be calculated as
Oz ¼ l Wω � Sz

2 , whereW is the time-averaged energy density21, which can be
obtained fromW ¼ 1

4 ðβ Pj j2 þ δ vj j2Þ. Thismeans thatNFAVbeamscanbe
considered as eigenmodes of the total angular momentum operator rather
than of the OAM operator and the SAM operator, separately. This is
analogous to the result of intrinsic SOIs in vector light or quantum fields,
which can enable interconversion between SAM and OAM25,26. In the
paraxial limit (i.e.α≤ 20°),α≈ sin α≪ 1, the radial distributionof theW and
SAM vanishes in the center of focused vortices. When it comes to the non-
paraxial regime, the focused vorticeswith l = 1 have nonzeroW and SAM in
the center. Therefore, it is necessary to generate NFAV to implement
acoustic SOI. In addition, from Eq. (8), by convergent cone angle, we can
decompose the wave number k into the axial wave number kz along the
propagation direction of the NFAV and the radial wave number kr, and the
process of wave number decomposition is called wave number decomposi-
tion. The wave number can also be expressed as the rate of change of phase
with distance, and thus the decomposition can also be expressed as a
decomposition of the phase velocity. The SOI inNFAV is accompanied by a
decomposition of the propagation constant (phase velocity), and NFAVs
with different cone angles have different propagation constants kz.

Next, we verify the generation of the NFAV using the proposed AFS.
Figure 3a shows the acoustic intensity profile in the x-z plane based on
Eq. (2). The backgroundmedium is air with themass density of 1.21 kgm–3

and the sound speed of 343m s–1. The working frequency is fixed at 15 kHz
(λ = ~22.9mm). Here, r1 = 40mm, fz = 280mm (12.2λ), and thus the cone
angle is α ¼ ∼ (satisfying the condition of non-paraxial). The theoretically
obtained acoustic intensity distribution and phase distribution in the focal
plane are shown in Fig. 3b. The phase distribution shows a typical screw
dislocation with l = 1 for TC. The toroidal acoustic intensity distribution
clearly shows the axial zero characteristic of a highly focused vortex beam.
By measuring the time-dependent pressure field P, the vector velocity parts
vx and vy in the x-y plane can be derived.We find that the polarized form at
the centerof theNFAV is approximately purely circular and the handedness
is consistent with the sign of l, as shown in the enlarged drawing of Fig. 3b,
which is consistent with theoretical predictions. The black arrow and the
arrowed red circle denote the polarization of the velocity field and its time
evolution. Then, the numerical simulations of our design are performed
using the FEM (via the COMSOLMultiphysics software). Figure 3c shows
the x-z plane normalized simulated acoustic distribution. Figure 3d repre-
sents the normalized acoustic intensity and phase distribution of the NFAV
in the focal plane obtained from the simulation.Here, the radius of the circle
hole a is fixed at 5 mm, the AFS is set to be acoustically rigid, and the other
parameters are the same as those in the theoretical calculation. It can be seen
that the simulations match well with the analytical results. Especially, the
simulation polarization at the center of the focused region is approximately
purely circular, which is in agreement with the theoretical results. The axial
distributions [marked by dashed “I” in Fig. 3a, c] and radial distributions
[marked by dashed “II” in Fig. 3a, c] of acoustic intensity are shown in
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Fig. 3e, f, respectively. It is clear that the NFAV has good focusing perfor-
mance with respect to the incident beam. In addition, we have studied the
phase and intensity distributions in the z-planes near focus (z = ~10.5λ to
~13.5λ). According to Eq. (8), the spatial phase of an NFAV rotates in a
manner described

Δθ zð Þ ¼
Z

kzdz ¼
2π
λ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r20 þ z2

q
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r20 þ z20

q� 

; ð11Þ

where z0 is the starting z-axis position of the calculation area. In the
numerical simulation, we first selected the NFAV at z0 (10.5λ) and used
the position with phase 0 on its toroidal maximum intensity distribution as
the initial position. Numerical simulations were performed to obtain the
locationofphase0on themaximumintensity ring at differentx-y sections in
the z range from 10.5λ to 13.5λ, and to find the angle at which it is rotated
with respect to the initial position (using the z-axis as the center of the circle).
The theoretical predictions (solid black line) and simulated results (red
circles) of the phase angular position during propagation are shown in
Fig. 3g. The value of the angle of rotation of the phase angle position with
increasing propagation distance indicates the decomposition of the
wavenumber k. For simplicity, we employed an artificial structural plate
engraved with a finite number of circular holes to generate the DSAB. We
should note that the increased circular holes radius and additional circular
holes positioned at different angles can effectively improve the power
efficiency of our design.

Acoustic spin-controlled orbital rotation
The propagation constant (kz) decomposition implies that differentα values
accumulate phase at different rates with propagation distance. We further
superimpose twoNFAVswith the same focal length, opposite TCs (la = –lb),
and different cone angles (αa and αb) to realize acoustic SOR. The coupling

of two NFAVs near the focusing region can be expressed as

PSOR ρ; θ; z; t
� � ¼ Pa þ Pb ¼ exp �iωtð Þ Aa expðikzazÞ expðilaθÞJla ðkraρÞ

h
þAb expðikzbzÞ expð�ilaθÞJ�la

ðkrbρÞ
i
;

ð12Þ

where kza ¼ k cosðαaÞ and kzb ¼ k cosðαbÞ. TwoNFAVs are both produced
by 56 circle holes and have the same focal length of 280 mm. Since the two
NFAVs have different cone angles and opposite TCs, the magnitude of the
transverse velocity field on the propagation axis of the two NFAV beams is
different and the spin handedness is opposite. When two beams are
superimposed, a transverse elliptically polarized velocity field is generated,
and the spin handedness after superposition is determined by the spin
handedness of the beam with the larger cone angle. By approximating
A2
a ≈A2

b and Jla ðkraρÞ≈ J la ðkrbρÞ, the intensity of the coupledNFAVs can be
written as38

Iðρ; θ; zÞ ¼ Pðρ; θ; zÞ
�� ��2 / 4A2

aJ
2
la
ðkraρÞcos2 la

�� ��ðθ þ σ0 η
�� ��zÞ� �

; ð13Þ

where η ¼ kza � kzb
� �

=2la and σ0 is the polarization mode (left-handed or
right-handed polarization) of the NFAV beam with a larger cone angle.
According to Eq. (13), the spatial intensity profile rotates with z-axis. Spatial
intensity distribution consists mainly of the superposition of the ring-
shaped intensitiesof twoNFAVswithhelical phases. FromEq. (10), it canbe
seen that the SAM vanishes in the ring-shaped intensity of the NFAV and
there is only the OAM. The number of high-intensity lobes is controlled by
TC (which is directly related to OAM) and is equal to N ¼ 2la

�� ��. The
direction of rotation can be determined by the polarization elliptic pattern
(left- or right-handed polarization) of the superimposed velocity field. That
is, the spatial profile rotateswith z, in the direction controlled by the spin, by
an angle of σ0 ∫|η|dz. Therefore, the form of the rotation is spin-controlled

Fig. 3 | Feature analysis of a non-paraxial focused acoustic vortex (NFAV) with
l= 1. Acoustic phase and intensity distributions of an NFAV with topological
charge (TC), l = 1 (a) in the x–z plane, and (b) in the focal plane. The local particle
velocity rotates counterclockwise, resulting in a spin-down field. Simulated acoustic
phase and intensity distributions of an NFAV with l = 1 for TC, (c) in the x–z plane,

and (d) in the focal plane. Acoustic intensity distributions through the focus point
along the dashed lines (e) I and (f) II. g Phase rotation angle as a function of z. The
black solid and red dashed lines, respectively, represent the analytical and simulated
results.
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orbital rotation and the spatial intensity distribution can be represented in
space as a DSAB.

To realize the DSAB, we superimpose two AFS plates respectively
engraved with 56 circle holes, as shown in Fig. 4a. One set of 56 circle hole
(red) generates a NFAV with TC of la ¼ 1 and the focal length of f z ¼
280mm (12.2λ), where the distance from the first circular hole to point O is
ra1 ¼ 40mm and thus the cone angle isα ¼ ∼ 39:5°. Another set of 56 circle
holes (blue) produces a NFAV with TC of lb ¼ �1 and the focal length of
f z ¼ 280mm (12.2λ), where the distance from thefirst circular hole topoint
O is rb1 ¼ 240mm and thus the cone angle is α ¼ ∼ 51:4°. The crossing

angle between two sets of circle holes is fixed at π=8 The upper panel of
Fig. 4b shows the normalized analytical acoustic intensity distributions on
two orthogonal planes. The background medium is air and the working
frequency is 15 kHz. It is clearly seen that the locations of the acoustic
intensity maximums vary along the z-axis. Then, we perform the full-wave
simulations based on the finite-element method. The radius of the circle
hole a isfixed at 5mmand thematerial of theAFS is set as acoustically rigid.
The lower panel of Fig. 4b shows the normalized simulated acoustic
intensity distribution, which is in accord with the analytical results.
Figure 4c, d show the analytical and simulated acoustic intensity profiles at
three transverse planes of z = 10.5λ, z = 12.2λ, and z = 13.5λ, respectively.
There are two high-intensity points that gradually rotates with the propa-
gation distance. The simulated velocity field profile has a clockwise elliptical
polarization at the center of theNFAV, as shown in the enlarged drawing of
Fig. 4d, which is consistent with the theoretical prediction.

According to Eq. (13), the high-intensity lobes rotate in a manner that
can be calculated by

Δθ zð Þ ¼ R
η
�� ��dz ¼ R Δ kza;kzbð Þ

2la

��� ���dz
¼ π

λ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2a0 þ z2

p
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2a0 þ z20

p	 

�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2b0 þ z2

p
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2b0 þ z20

p� ���� ���; ð14Þ

where z0 is the starting z-axis position of the calculation area. In Fig. 5a, the
solid line shows the variation of the theoretical angular position of the
acoustic intensitymaximumswith the propagation distance. The nonlinear
variation of the angular position means the rotation of the focus is carried
out at a variable speed. In the numerical simulations, we first selected the
intensity distribution at z0 (10.5λ), which has two high-intensity lobes. The
strongest point in the two high-intensity lobes is symmetric about the center
point (on the z-axis), andweuse the line connecting the two strongest points
as the initial line segment. Numerical simulations were performed to obtain
the lines connecting the two strongest points at different x–y sections in the z
range from 10.5λ to 13.5λ, and to find the angle at which it is rotated with
respect to the initial line segment (using the z-axis as the center of the circle).
The circular line represents the simulation results, whichmatches well with
the theoretical results. Figure 5b shows the angular velocityΩ (solid line for
left-hand scale) and angular acceleration γ (dashed line for right-hand scale)
of this rotation as a function of z. The angular velocity Ω =θ'(z) and the
angular acceleration γ = θ''(z) can be obtained by computing the first and

Fig. 4 | The realization of the double spiral acoustic beam (DSAB). a Schematic
diagram of the artificial structure engraved with 112 holes. Red circular holes and
blue circular holes can generate non-paraxial focused acoustic vortices (NFAVs)
with topological charge (TC) of la ¼ 1 and lb ¼ �1, respectively. ra1 and rb1 denote

the distance from the first red and blue holes to point O, respectively. b Analytical
and simulated spatial distributions of the intensity field of the artificial structure.
c Analytical and d simulated acoustic intensity maps at three transverse planes of
z = 10.5λ, z = 12.2λ, and z = 13.5λ.

Fig. 5 | The rotation mode of the double spiral acoustic beam (DSAB). a High-
intensity lobes rotation angle as a function of z. The black solid line and the red circle
indicate the theoretical and numerical results, respectively. b The black solid line on
the left scale and the blue dashed line on the right scale represent the angular velocity
Ω and angular acceleration γ with the propagation distance z, respectively.
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second derivatives in Eq. (14) with respect to z, respectively. It is found
that, with increasing z-value from 10.5λ to 13.5λ, the Ω decreases from
~28 degs λ−1 to ~25 degs λ−1 and the corresponding γ increases from
~-0.7degs λ−2 to~-1.1degs λ−2.During thehigh-intensity lobes rotation, the
power is exchanged between the main lobes and the side lobes to conserve
the angular momentum39,40. The main lobes with higher intensities
are located at the center of the beam and the side lobes with lower
intensities are spread over a larger area. Due to the exchange of power, the
main and side lobes take turns to accelerate or decelerate and thus the
angular momentum of the entire acoustic field remains constant.

Experimental demonstration
Finally, we fabricate the composite ASF to verify the DSAB and the corre-
sponding acoustic SOR. Figure 6a exhibits the photograph of the composite
AFS discussed in Fig. 4, which is fabricated with polymethyl methacrylate.
There are 112 round holes engraved on this plate and the geometric size of
this sample is 100×100×0.8 cm3. The experimental setup is depicted in
Fig. 6b. For a detailed discussion of this section, please see the Methods
below. Figure 6c–e shows the normalized simulated and measured acoustic
intensity distributions with N = 2 at three transverse planes of z = 36 cm
(15.7λ), z = 40 cm (17.5λ), and z = 44 cm (19.2λ), respectively. In three
transverse planes, two identical high-intensity acoustic spots (main lobes)
are visible, and they rotatewith thepropagationdistance to produce aDSAB.
Both the direction and rotation angle are consistent with the theoretical
predictions. These observations suggest that this orbital rotational wave
comes from spin coupling. In the experiments, the incident acoustic wave
generated by a single loudspeaker is a quasi-plane wave, which is the main
reason for the deviation between the simulations and the experiments. In
addition, the imprecision of the 3D steppermotor, sample fabrication error,
and inevitable viscous effect may have an impact on the measured results.

Conclusion
NFAV beams are considered to be the eigenmodes of total angular
momentum operators21. The interconversion between SAM and OAM of
the NFAV is accompanied by a decomposition of the propagation constant
(axial wave vector), distinguished by the value of cone angle. On this basis,

we first designed an artificial structure engraved with discrete circular holes
to convert acoustic plane waves into NFAV beams. It is found that the focal
length, TC and propagation constant (kz) of the NFAV can be adjusted by
changing the coordinate positionof the circularholes.We then superimpose
two NFAVs with the same focal length, opposite TCs, and different cone
angles tounbind theTCsandacoustic spins, therebygeneratingaDSABthat
enables acoustic SOR to occur. The DSAB and acoustic SOR realized by
artificial structural plates are verified by theoretical analysis, numerical
simulations, and experimental results. Our scheme offers a simple and
effective approach for realizing acoustic SOR, which provides new per-
spectives and functions for sound manipulation. The achieved intensity
rotational profile has potential application value in the operation of small
particles, ultrasound therapy and imaging.

Methods
The numerical simulations are performed by using finite element method
(FEM) based on COMSOL Multiphysics 5.6 software. The working fre-
quency is fixed at 15 kHz and the background medium is air, the mass
density and sound speed of it is ρa = 1.21 kg/m3 and ca = 343.2 m/s. The
composite AFS is set to an acoustic hard boundary. Perfectlymatched layers
(PMLs) are employed to eliminate reflected waves by the outer boundaries.
In all simulations, to ensure numerical accuracy, the largest mesh element
size is less than one-tenth of the incident wavelength, and further refined
meshes are applied in the domain of the composite AFS.

To verify the proposedmechanism,we built an experimental system in
an anechoic environment. The systemwasmainly composed of sevenpieces
of equipment: the composite AFS, signal generator, power amplifier,
loudspeaker, movable microphone, 3D stepper motor, and multi-analyzer
system. The composite AFS was made of polymethyl methacrylate with the
mass density of 1220 kgm−3 and sound speed of 3000m s−1 which could be
thought of as an acoustic hard boundary in air. A loudspeaker (Enpar Type-
PD2101) with a central frequency of 15 kHz (λ= ~22.9mm)was placed at z
= 1.4 m to generate an incident quasi-plane wave. A movable microphone
(1/4 in., B&KType-4938-A-011) was attached to a 3D steppermotor with a
set of 2.28 mm (0.1λ), and the acoustic field in the target area behind the
compositeASFwas scannedpoint by point by thismicrophone.Meanwhile,

Fig. 6 | The experimental process and result presentation of the double spiral
acoustic beam (DSAB). a Photograph of an artificial structure plate sample for
realizingDSAB.bExperimental setup. The experimental system ismainly composed
of seven pieces of equipment: the composite AFS, signal generator, power amplifier,

loudspeaker, movable microphone, 3D stepper motor, and multi-analyzer system.
Measured and simulated acoustic intensity distributions at three transverse planes of
(c) z = 36 cm (15.7λ), (d) z = 40 cm (17.5λ), and (e) z = 44 cm (19.2λ).
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another microphone was set in the transmitted acoustic field as a reference.
The measured acoustic signals were then analyzed with a multi-analyzer
system (B&K Type-3160-A-042) and then the measured acoustic field was
reconstructed. In experiments, the sound velocity anddensity in the airwere
set to c = 340 m s−1 and ρ = 1.29 kgm−3, respectively.

Data availability
The data that support the findings of this study are available from the
corresponding author upon reasonable request.
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