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Extraction of the direct scattering of a sphere in a vortex
beam: Theory and experiment
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Abstract: The suppression of direct forward scattering is challenging for object detection in the underwater environment
under the incidence of quasi-planar waves. In this work, we study the lateral spatial phase of forward acoustic scattering in a
vortex beam from a sphere. By subtracting a stable incident contribution, the forward scattering is extracted from the total
field with good agreement between our experimental measurements and numerical simulations. A cross correlation method of
the spatial phase is proposed, and results show a linear dependence of the phase singularity shift versus the sphere’s offset to
the beam axis, which may be potential for the underwater target detection and positioning by using the spatial phase informa-
tion as the degree of freedom. © 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons
Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Since Bessel beams were first derived by Durnin and co-workers,"” this unique class of acoustic fields has attracted exten-
sive attention and has been extended to the Bessel vortex™" with orbital angular momentum, particularly in areas such as
particle manipulation™® and communication.”” While these applications often exploit the amplitude profile of the beam,
the spatial phase structure holds considerable potential but remains relatively underexplored. Characterized by a topological
charge (or order) M, the phase varies azimuthally as ¢¢ with ¢ the cylindrical azimuthal angle. For helical wavefronts
(M#0), a central singularity forms on the beam axis and is surrounded by regions of large phase gradient described as
the phase superoscillation. Research on the phase properties of vortex beams suggests promising potential for underwater
alignment,”'” imaging,'"'* and detection.'”"”

It is well known that the acoustic scattering of an object from vortex beams has been well studied in theory. For
ideal Bessel beams and vortexes, the analytical solutions for scattering by on-axis and arbitrarily positioned spherical targets
were given by Marston™'* and Gong et al.," respectively. For arbitrary beams, Baresch et al.'” derived the scattering solu-
tion for a spherical target based on the multipole expansion method with the spherical basis centered on the sphere.
Sapozhnikov and Bailey'® introduced a general method based on the angular spectrum method (ASM), which decomposes
an arbitrary acoustic field into plane waves and numerically solves the scattering problem under realistic illumination con-
ditions. The above methods are demonstrated equivalent by Gong and Baudoin.’ In addition, other methods such as the
T-matrix'”'® and the finite element method'® are also implemented for the scattering from complex targets in vortex
beam. In contrast, experimental studies on the scattering of vortex beams remain relatively limited.”'** It is worth noting
that a diffraction experiment of vortex beams has been conducted from a hole in a metal plate immersed in water and
demonstrated the sub-wavelength resolution for acoustic imaging.'' This is the motivation for us to develop the scattering
model and experiment setup of a sphere from a vortex beam which may be potential to use low-frequency (i.e., large wave-
length) waves to detect small-sized targets. A new challenge occurs that the forward scattering contribution is weak com-
pared with the direct incident wave in our proposed configuration which is also a bottleneck problem in the field of under-
water acoustics with quasiplanar waves. This is not tackled in the pioneer work by Brunet et al.'' since the separation
procedure of the pure scattering contribution from the total scattering is not necessary. In this work, we provide a possibil-
ity to solve this issue by subtracting the incident background from the total measured acoustic field with the assumption
that the incident background field is stable.
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In our stable and controlled laboratory watertank environment equipped with three-axis scanning motor steppers
of 1-um step size from the Precision Acoustics, Ltd., the relative phase between the direct incident and scattered waves
remains nearly constant over time. This would also be efficient in field experiments if the above assumption is met for pos-
sible dynamic measurements with and without targets and in a relatively short distance. Hence, the scattering contribution
in experiments can be isolated from the total (i.e., incident and pure scattering) field with a target by directly subtracting a
pre-measured background signal without the target.”' Based on this approach, the present work demonstrates the feasibility
to use the spatial phase information of the scattering from a sphere in a vortex beam both numerically and experimentally.
We simulated and measured the pressure field disturbances of acoustic scattering from a solid polymethyl methacrylate
(PMMA) sphere located either on or off the beam axis of a vortex beam with emphasis on the lateral spatial phase in the
forward direction. The results reveal the linear dependence of the spatial phase singularity with respect to the offset of the
sphere off the beam axis, which shows the potential of vortex beams for underwater target detection and positioning with
a new configuration.

2. Simulation of acoustic scattering from realistic vortex beams

To understand the acoustic scattering of a finite-aperture vortex beam used in our experiment, the ASM is employed.
Assuming that the frequency is f and the angular frequency w = 2nf (omitting the time-dependence factor e~ through-
out), the incident pressure p;(x,y,z) can be expressed as a superposition of plane waves via the spatial Fourier

transform' >
1 . P
pilx,y,2) = J J S(ky, ky ) |—pe™ T (1)
4n 2k <k?
where k; =, /(k* — ki — k}) for a monochromatic wave with the wavenumber k and S(k., k;)|,_, is the angular spectrum
at the source plane (z=0)
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The integration region is confined to k* + k2 < k* since the plane wave turns into an evanescent wave decreasing
rapidly beyond this region. Therefore, the total scattering of an arbitrary field by a sphere can be calculated by summing
the scattered contributions from each constituent plane wave. In the spherical coordinate system (r, 0, ¢), the beam vector
is expressed as (k, Ok, ;) with 0y = arccos(k;/k) and ¢, = arctan(k,/k,). When the origin is set at the sphere’s center,
the scattering field of an arbitrary beam is represented as™'®
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where ¢, is the scattering coefficient of an isotropic elastic sphere,” hw is the spherical Hankel function of the first kind,
the asterisk denotes the complex conjugate, and Y, are the normalized spherical harmonics™* written as

(2n+ 1) - 'm)!P;”(cos Q)ei’”‘/’, (4)

Yum(0, @) = T aminam)

where P! are the associated Legendre polynomials.

Based on the ASM, the simulation of acoustic scattering from the transducer array in Fig. | requires the angular
spectrum S(k,, k}’)|z:z5 at the sphere’s location (x, s, z;). Therefore, a planar scan is first performed on a near-field lateral
plane (see Sec. 3.2). Then, the measured angular spectrum can be propagated to the target location via a transfer function
(or the propagation factor™)

S(kx, ky)| L= S(kx, ky)‘ Oeikxstrikyy#i‘ /k27k§—k§zf. (5)

z=2z z=

Note that the near-field scanning area is made as large as possible to include most of the acoustic energy from
the source.”® This helps capture more plane wave components from different directions and higher spatial frequency com-
ponents of the angular spectrum. It is to acquire these components for accurate simulations of acoustic propagation and
scattering.

3. Watertank experiments for finite-aperture vortex beam
3.1 Experiment setup and signal processing

Figure 1(a) illustrates the experimental configuration. In the water tank (0.5m x 0.5m X 1 m), a first-order vortex beam is
produced by a self-fabricated transducer array and a scanning hydrophone is used to measure the acoustic pressure in a
lateral plane. The transducer consists of 127 elements arranged in a hexagonal pattern within a circular aperture of the
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Fig. 1. (a) Schematic of the forward scattering experiment with a vortex beam transmitted from a transducer array and a scanning hydrophone
acting as a planar receiver. The background (incident) field is first recorded. Subsequently, the lateral total fields in the forward direction are
measured for the target (a PMMA sphere) moving across the beam axis with different offsets. (b) Photograph of the transducer array. (c) The
initial phase distribution as the input of the array elements for generating a first-order vortex beam.

diameter D =20 cm [Fig. 1(b)]. Each element has a diameter of 13 mm and a center-to-center spacing of 14 mm, driven by
a ten-cycle tone burst at a central frequency f=70kHz. The sound speed measured in water at around 17°C is approxi-
mately ¢=1450m/s, yielding a wavelength of /=20.7 mm. Phase modulation to generate a first-order acoustic vortex can
be achieved in various ways, provided the initial phase exhibits angular dependence. To simplify experimental implementa-
tion, the array elements are grouped into six sectors for collective phase control, as shown in Fig. 1(c).

At the receiver plane (z=0.5m), a hydrophone scans in the xy plane on a uniform 50 x 50 grid over a
20 x 20 cm?® area, with a step size of 0.4cm (~1/5 7). At each grid point, the received signal is processed via the Hilbert
transform to construct the analytic signal, from which the complex pressure field is extracted. The time origin used for
projection is defined as the central instant of the signal acquired at the central scan point. For simplicity, the measured
voltage signal is used directly, as its normalized distribution is equivalent to that of the acoustic pressure.

The beam axis is first aligned by locating the maximum pressure position when the array operates without vortex
phase modulation as coherent sources for a focused beam. With the transducer center defined as the origin, the coordi-
nates of any point are precisely determined from the speed of sound in water. After recording the background vortex field
(without a target), a PMMA sphere of radius a=2.1cm is placed at z=0.25m and translated along the y axis with a
5mm-step from y; =20 mm to —20 mm. At each position, the forward scattering field is obtained by subtracting the back-
ground field from the recorded total measured field. The scattering process under the experimental conditions is numeri-
cally simulated using the ASM discussed in Sec. 2. For a PMMA sphere, the material parameters used are as follows: the
density is 1190 kg/m?, the speeds of longitudinal and shear waves are 2690 and 1340 m/s, respectively. The density of water
is p=1000kg/m’. Note that for consistency between experiments and simulation, particularly the phase results, it is
important to ensure that the time-dependence factor (here, e7*") is identical between the measurement system and ASM.

To extract the spatial phase distribution in the forward scattering field, a cross correlation method is employed''
that yields a high correlation coefficient in regions of large phase gradient near the phase singularities. A unit normaliza-
tion is applied to the complex pressure to avoid the influence of amplitude fluctuations. The phase factor is retained
(i.e., €®) and correlated with a template matrix used to detect a rapid gradient. The template matrix is either extracted
from a measurement centered on a singularity or simply constructed with a Laplacian operator. To precisely locate the
phase singularity in the experimental correlation map, we apply the Whittaker-Shannon interpolation™ for the measured
fields to achieve the same computational resolution (x1/20 4).

3.2 Measurement of the angular spectrum

According to Eq. (3), the angular spectrum covers all information of the incident field. In practice, we first measure the
complex pressure in a near-field plane at z=0.12m and then propagate it numerically backward to reconstruct the source
distribution p;(x,y,z = 0), as shown in Fig. 2(a). From the measurement, it can be observed that the phase structure of
the acoustic vortex has already formed, and the low-amplitude region corresponding to the phase singularity is clearly visi-
ble. Since the array elements are divided into 6 sectors, distinct grating lobes appear encircling the phase singularity. In the
backward projection, the transfer function is the conjugation of the forward version of Eq. (5). The scanning area here we
used is a 25.2 x 25.2 cm® square with 64 x 64 points with the step size of 0.4cm (= 1/5/). After the backpropagation and
the Whittaker-Shannon interpolation, the reconstructed source plane with a spatial resolution of 1/20 4 clearly reveals the
hexagonal pattern and the six sectors of the transducer array shown in Fig. 2(a).

The full incident field in the propagation plane is also displayed in Fig. 2(b) obtained from Egs. (1) and (2).
Figure 2(c) compares the directly measured and numerically reconstructed background field at the receiver plane
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Fig. 2. (a) Reconstruction of the source field (i.e., the pressure phase in the upper right corner and amplitude in the lower right corner) from a
near-field measurement at z=0.12m. (b) The pressure phase and amplitude in the propagation yz plane at the axial intervals of 1/2 1 in z
direction. (c) Comparison of the pressure distribution at z= 0.5 m obtained from direct measurement and numerical simulation based on the
ASM. The upper and lower panels display the phase and normalized amplitude, respectively.

(z=10.5m), showing good agreement and thereby validating the accuracy of the extracted angular spectrum from our mea-
suring system. Due to slight deviations in sound speed or distance, the phase distributions in the measured and simulated
fields exhibit different rotational tendencies. To ensure consistency with the experimental phase reference which is the cen-
tral time of the received wave train, a constant phase factor ¢2%/3 is applied to the complex pressure fields derived from
ASM. Consequently, the field distributions shown in Fig. 2(c) are aligned well with the experimental reference without
altering the phase structure. The same factor is similarly applied to subsequent calculations of acoustic scattering.

3.3 Experimental and simulation results

As shown in Fig. 3, the forward scattering results from simulations (upper half) and experiments (lower half) are pre-
sented. In each part, the rows from top to bottom correspond to the normalized amplitude, phase, and correlation coeffi-
cient scaled in dB, respectively. Different sphere offsets to the beam axis: y, =20, 10, 0, —10, and —20 mm are selected for
Figs. 3(a)-3(e). It is shown that the phase distribution, particularly the phase singularity nearest the beam axis of the
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Fig. 3. Simulation and experiment results of the forward scattering field of a PMMA sphere located at (0, y;, 0.25 m) with different positions:
(a) =20 mm, (b) ys=10 mm, (c) y;=0, (d) ys = —10 mm, and (e) y; = —20 mm. In either the simulation or experiments, the color plots show
the normalized amplitude, phase, and correlation coefficients scaled in dB from the first to third rows, respectively. A movie is provided as
supplementary material for the forward scattering field with different offsets.
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Fig. 4. (a) The shift distance of the phase singularity Ry;,, versus the sphere’s offset to the beam axis y;. The black and red symbols show the
simulation and experiment results, respectively. (b) The total field (right-hand-side panel) contains the background (left-hand-side panel) and
forward scattering (middle panel) components, where the arrows represent the transverse energy flux distribution in the xy plane at z= 0.5 m.
The corresponding propagation yz plane features for the background and total field are also displayed in (c) and (d). The color plots in (b)
show the lateral spatial phase, while in (c) and (d) show the normalized pressure amplitude.

pressure fields by simulations and experiments agree well. A phase singularity surrounded by a zero-amplitude area is pre-
sent at the center of the forward scattering field’ since the sphere preserves the symmetry of the vortex field for the on-
axis case [see row (c) with y; = 0], see Figs. 3(c). As the sphere moves off the beam axis, the broken symmetry causes the
singularity shifting away from the center. The phase maps reveal that the phase singularity shifts as the sphere traverses
the vortex field, and the direction of this shift depends on the relative spatial position between the target and the beam
axis of the vortex. For equal but opposite target displacements, the results are expected to exhibit rotational symmetry.
This phenomenon is confirmed by the present results [e.g., Figs. 3(b) and 3(d)]. In addition, as the offset increases, one
more singularity emerges with a converse topological charge [Figs. 3(a) and 3(e)] in both experiments and simulation.

The features of this location-dependence of the phase singularity are well captured by the proposed cross correla-
tion analysis. In the correlation maps, the phase singularity [marked as (Xgg, ysing)] corresponds to the location of
the highest correlation coefficient, exceeding the background level by more than 50dB. Subsequently, the shift distance

Ring = /xszmg + yf,-ng is extracted. For clarity, this distance is set to negative when the sphere position y; is negative. Figure 4(a)

plots the singularity shift as a linear function of the sphere position y,. The R* values obtained from linear regression are
0.9644 for the experimental data and 0.9956 for the simulation, where R* denotes the square of the correlation coefficient
between the observed data and the fitted line. This result provides a method for potential applications of target detection and
identification induced by the interaction between vortex beams and an object.

To further depict the field disturbance, we calculate the transverse energy flux to characterize the incident and
total field. For the scalar field ¢ with p = iwpy, the energy flux g = (" V) represents the direction of phase gradient
of wave propagation.”’ The arrows of Fig. 4(b) show the transverse energy flux on the lateral spatial phase of the back-
ground (left), forward scattering (middle), and total fields (right) at y;=—10 mm. Despite the influence of the scattered
field, a phase singularity persists at the center of the total field, demonstrating the non-diffracting property of the vortex
beam.”® The energy flux in the scattered field propagates outward in a divergent pattern around the phase singularity. In
the propagating plane, a zero-amplitude region progressively forms on the beam axis without a sphere inside [Fig. 4(a)]
and the main acoustic energy propagates forward around the beam axis. However, a sphere alters the energy transport
direction, particularly in the near-field [Fig. 4(b)], implying the disturbance of the vortex beam by the existing object.

4. Conclusions and discussions

In this work, we use the spatial phase as the degree of freedom to extract the forward scattering of a sphere in a vortex
beam with both numerical simulations and experimental measurements. Note that the correlation analysis of the phase
tuned by acoustic scattering or transmission is also used for imaging technologies such as the beamforming-focusing based
echography and tomography, and the speckle correlation analysis is used for the Doppler in medical echography. Based on
the proposed cross correlation method, the phase singularity is detected with a contrast exceeding 50 dB relative to the sur-
rounding field. The linear relationship between singularity shift and target offset to the beam axis is obtained from experi-
ments and validated through numerical simulation. Despite the realistic vortex beams are partly non-diffracting, the

JASA Express Lett. 6 (4), 044001 (2026) 6,044001-5


https://scitation.org/journal/jel

J AS Az ARTICLE

implicit forward scattering still reveals the target position which may pave the way for the utilization of spatial phase in
target detection and positioning. However, these results are obtained based on the assumption that the incident back-
ground should be stable. Once the background deviates from that of the measurement of the total scattering, this method
may fail and is a challenge for further engineering application. As shown in Fig. 3, the method is efficient on the scattered
field only since the total field and the incident field are nearly identical. In addition, the scattered wave is weak when the
sphere is located inside the intensity ring of the vortex beam. This is because most of the acoustic energy is not illuminated
on the target directly. The future work will explore the resolution limit of the proposed detection method and the potential
prototype system in the field experiment which is not covered in the present work.

SUPPLEMENTARY MATERIAL
See the supplementary material for the forward scattering field with different offsets.
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