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Laser-Generated Ultrasonic Vortex in the Megahertz Frequency Range
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Unlocking the full potential of wavefront manipulation and particle trapping with high spatial precision
requires a flexible approach to remotely trigger the desired ultrasonic wave with high central frequency.
In this work, we propose a scheme for generating ultrasonic vortices beyond 3 MHz through optoacous-
tic conversion with the tailored logarithmic spiral absorbing surface. By illuminating the light-absorbing
surface with an 8-ns pulsed laser, the laser-generated ultrasonic waves from each loop of the spirals will
coherently interfere with each other near their symmetric axis of propagation, and the vortex is then pro-
duced, with the common features of a helical wavefront and central null pressure. The generated vortex
field with different topological charges is scanned in three dimensions with high spatial resolution using a
parabolic focusing detection system. The proposed scheme can produce the desired vortex field at above
3.5 MHz without resorting to elaborate fabrication techniques or distributed arrays, and therefore, has
potential in various fields, ranging from particle manipulation to other biomedical applications.
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I. INTRODUCTION

Ultrasound generated via optoacoustic effects exhibits
the property of high central frequency [1,2] and broad
bandwidth [3,4]. In recent years, various laser-based ultra-
sonic techniques have been of tremendous interest to
researchers and industrial pioneers [5—9] and have been
applied in ultrasound imaging [10,11] and precision ther-
apy [12,13]. As there is no requirement for electrical con-
nections, such optoacoustic transducers can be deposited
on any surface for laser illumination [14], and the shape of
this absorbing surface can be tailored for various applica-
tions [15,16]. With proper design, it is possible to generate
different complex acoustic fields using such optoacoustic
methods. As an intriguing complex field that carries orbital
angular momentum, the acoustic vortex has been widely
investigated [17-21] and sheds light on promising appli-
cations, such as particle manipulation [22,23] and other
biomedical applications [24,25]. The typical characteris-
tics of the vortex are the null-pressure magnitude at the
core and helical dislocation of the wavefront. Notably, the
helical dislocation is described by an azimuthal, 6, phase
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dependence, ¢ in which the number m is called the topo-
logical charge [26,27], corresponding to the order of the
vortex, and thus, determining the total phase-accumulated
variation in one full annular loop around the propagation
axis.

The generation of the vortex field has become a cru-
cial issue, owing to its broad application prospects [28,29].
In theory, the transducer array can generate the acous-
tic vortex boundlessly. Many studies have been con-
ducted on this subject, and the features and application
value of the vortex field generated with such meth-
ods have also been extensively and clearly demonstrated
[30-33]. Recently, other methods have been explored
for generating acoustic vortices in more cost-effective
and flexible manners, including those based on acous-
tic metasurfaces [34-38]. The metasurface is a fantastic
family of metastructures with the feature of subwave-
length thickness and the capability of wavefront mod-
ulation by modifying the wave intensity and phase in
a predefined manner [39,40]. Various structures, such
as the Archimedean spiral [36], Fresnel spiral [37], and
hybrid coiling slit [38], have been devised to trans-
form the incident planar waves into vortices, of which
the acoustic radiation force can be utilized for trap-
ping particles [41]. To generate an ultrasonic vortex with
robust performance when stimulated at different frequen-
cies, multiarm coiling slits have been employed, and the

© 2023 American Physical Society


https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevApplied.20.034020&domain=pdf&date_stamp=2023-09-11
http://dx.doi.org/10.1103/PhysRevApplied.20.034020

HUI ZHOU et al.

PHYS. REV. APPLIED 20, 034020 (2023)

resulting integer acoustic vortex has inherent broadband
functionality [42]. Optoacoustic generation of a helicoidal
ultrasonic beam with a center frequency of 750 kHz was
also investigated and experimentally demonstrated pre-
viously [43]. Due to the demand for manipulation with
high spatial resolution in practical applications, some
pioneering research has been carried out toward acous-
tic vortices with higher frequencies [44—46]. The design
methods for the vortex metasurface can be introduced
into the scheme of optoacoustic excitation to form dif-
ferent types of ultrasonic vortex, then the high-frequency
and broadband advantage of optoacoustic excitation can
enable detection and manipulation with higher precision
and resolution.

Here, we report the method of generating an ultrasonic
vortex with comparatively high center frequency and con-
trollable topological charge using a laser. The 8-ns pulsed
laser irradiates the spiral absorbing surface to generate
the vortex field. The parabolic focusing detection system
is designed and constructed to scan the laser-generated
high-frequency vortex field with fine spatial resolution.
The experimental results show that the sustenance of the
topological charge can be extended to a distance of sev-
eral wavelengths in the propagation direction. Remarkably,
the scheme has an intrinsic broadband and high-center-
frequency feature due to the generation mechanism, which
is of significance in practice. The generated acoustic vor-
tices with different topological charges are presented, and
agreement is observed between the predictions and exper-
imental measurements. This study provides a compact
solution to generate a broadband ultrasonic vortex in the
multimegahertz-frequency range, without a complicated
structure or electronic control system.

II. THEORY AND SIMULATION

Figure 1 shows a schematic diagram of optoacoustic
generation. The light-absorbing material, like black dye
or ink, is deposited on the transparent backing material
in a spiral pattern, forming the optoacoustic conversion
structure. As depicted in Fig. 1(a), the laser will transmit
through the transparent backing and illuminate the light-
absorbing layer, generating ultrasound waves according to
the tailored pattern of deposition. Figure 1(b) displays the
bottom view of the optoacoustic conversion surface with
a spiral pattern for generating the acoustic vortex with
m = 1. For simplicity, without loss of generality, here we
consider the case of topological charge m = 1 to illustrate
the working principle, and other types of vortex ultrasonic
fields can be obtained using a similar approach. As shown
in Fig. 1(c), the spiral region is enclosed by two loga-
rithmic spiral curves, and the overall structural parameters
of the two curves are expressed by the polar coordinates
r1 = a1e” and r, = a,e”, with r and @ depicting the radial
coordinate and the angular coordinate. The factors a; =
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FIG. 1. (a) Side view of the vortex-generation device with the
direction of laser incidence. (b) Bottom view. (¢) Working prin-
ciple of the spiral structure for generating ultrasonic vortices.
Dark gray indicates the light-absorbing region.

2.76 mm and a, = 2.97 mm are the initial radii of the two
spiral curves, and the azimuthal factor b = 0.023 deter-
mines the growth rate of rotation. The two spiral curves
grow from 6, = 0to 6, = 12x.

When this conversion layer is laser irradiated, the tran-
sient temperature change will trigger a rapid expansion
nearby and generate acoustic waves in a coherent way
towards the positive direction of the z axis, according to the
deposited pattern of the absorbing material. The tailored
spiral pattern here imposes helicity, rotating the phase
of the generated waves and forming acoustic vortices by
destructive interference around the z axis. For theoretical
investigation of the laser-generated vortex in the frequency
domain, the Rayleigh-Sommerfeld diffraction integral is
utilized to calculate the acoustic pressure [42] at the obser-
vation point Q(p, ¢, z), where p and ¢ are, respectively, the
radial and azimuthal coordinates at the observation plane,
and z is the distance between the excitation surface and
observation plane. The normalized pressure at the viewing
point, Q, is governed by
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where m is the topological charge; @ and k are the angu-
lar frequency and wave number of the incident wave,
respectively; po is the mass density of the background
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z=51

FIG. 2. (a) Acoustic pressure ampli-
tude and phase distributions of the vor-
tex acoustic field at three transverse
planes, z=3A, 5\, and 7X; topological
charge m=1; f =3 MHz. (b) Ampli-
tude distribution of the acoustic vortex
in the x-y plane of different frequen-
cies and topological charges, z=5A.
(c) Amplitude distribution along the
dashed lines, with different frequencies,
m=1, and (d) different topological
charges, f=3 MHz. Simulated using
the k-wave toolbox [47].
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material; h = \/p2 + 12 + 22 — 2rRcos ¢ sin€ is the dis-
tance between the viewing point and the point in the
structure; R = /p2 + z2 is the distance between point Q
and the origin point O; and & = arctan(p/z) is the angle
between point O and the z axis. The vortex generated
using this logarithmic spiral absorbing surface is also ana-
lyzed via numerical simulations, which agree well with the
theoretical predictions. The theoretical calculated field dis-
tribution of the vortex with different topological charges
is nearly the same as the simulation results obtained
using the k-wave toolbox [14,47], as shown in Fig. 2.
The simulation is performed on a 512 x 512 x 128 grid,
with a grid spacing of 0.03 mm in the x direction and y
direction, and 0.06 mm in the z direction, where the z axis
is the direction of sound propagation. The spiral absorb-
ing surface is inserted at one end of the simulation domain

0.5 1.0

X (mm)

as a 512 x 512 source mask. The background medium is
chosen to be water, the mass density and sound speed of
which are 1000 kg/m? and 1500 m/s, respectively. The
captured wave data at the sensor positions triggered by
the broadband pulse are low-pass filtered at 6 MHz, and
then transformed into the Hamonic field at each frequency
by Fourier transformation. To verify the performance of
the proposed spiral surface in maintaining the topological
charge over a considerably long distance along the propa-
gation direction, the simulation results of the optoacoustic
vortex at varying distances are presented in Fig. 2(a). It
can be observed that the acoustic pressure amplitude of
the generated vortex field at different distances are dis-
tributed in a nearly ring-shaped pattern with a central null
pressure. The phase changes by 27 in an annular loop,
which is consistent with the characteristics of the vortex
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field with a topological charge of 1. Meanwhile, the acous-
tic vortex diffuses with an increase in the distance, with the
vortex central region slightly expanding during propagat-
ing. These results demonstrate that the logarithmic spiral
absorbing surface is capable of exciting relatively stable
vortex acoustic fields over a distance larger than 5.

Figure 2(b) illustrates the pressure-amplitude distribu-
tion of the vortex field at several different center fre-
quencies and topological charges. The vortex feature of
different frequencies generally has similar shapes; the
number of vortex circles in the same range increases when
increasing the frequency. Obviously, there are three phase
singularities at the center with topological charge m = 3,
and the range of the central null pressure increases. Figures
2(c) and 2(d) illustrate the acoustic-pressure-amplitude
distribution along the dashed lines for varying frequen-
cies and topological charges, respectively. The inset of
Fig. 2(d) gives the logarithmic spiral patterns correspond-
ing to acoustic vortices with topological charges m = 1
and m = 3. Parameter b is chosen to be 0.068 for m = 3,
0 = 4, with a; and a; unchanged. It can be observed
that the range of zero pressure at the center decreases with
increasing frequency. In contrast, by increasing the topo-
logical charge, the range of zero pressure increases. In this
sense, the target vortex field can be obtained by regulating
the relevant parameters.

III. EXPERIMENTS

To validate the proposed optoacoustic generation
method of the vortex acoustic field, the experimental setup
is designed and established as schematically illustrated in
Fig. 3(a). The optoacoustic device for generating the vor-
tex is shown in Fig. 3(b). A pulsed laser (wavelength of
1064 nm, pulse width of 8 ns) is used to excite ultrasound
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waves. The beam with a laser fluence of about 12.6 mJ/cm?
illuminates the light-absorbing surface. Measurements of
the vortex field are implemented using the semiparabolic
focusing detection system, which consists of an aluminum
semiparabolic reflector and a piezoelectric transducer with
an aperture of 20 mm. The aluminum semiparabolic reflec-
tor is made for reflective focusing, allowing the generated
high-frequency acoustic vortex to be scanned by the trans-
ducer with an aperture much larger than the wavelength.
The configuration parameters of the parabolic reflector are
designed according to the wavelength, the required angu-
lar spectrum, and the transducer aperture, and carefully
aligned with the transducer for field scanning with high
spatial resolution. The signals are recorded by an oscillo-
scope (PicoScope 5444D). The photodetector (DET10A,
THORLABS, USA) is used to trigger the oscilloscope
to start recording signals for time-synchronized measure-
ments at different positions. During the process of acous-
tic detection, the stepping motor is used to control the
movement of the detection system in three-dimensional
space.

A photograph of the spiral absorbing surface for the
acoustic vortex with m=1 is given in Fig. 3(b). Many
materials have been used as light-absorbing surfaces [16,
48], with high optoacoustic conversion efficiency and
broadband characteristics. For our research objective of
validating the method of optoacoustic vortex generation,
we deposit a commonly used material, acrylic dye on a
transparent polyvinyl chloride film, with a rubber stamp
to form the optoacoustic conversion layer, without con-
sidering the further improvement of conversion efficiency.
Some measures can be considered in a future study, such
as using materials with a high coefficient of thermal
expansion and better-absorbing materials to improve the
optoacoustic conversion efficiency. The absorbing material

FIG. 3. (a) Schematic diagram
of the experimental setup. (b)
Photograph of the light-absorbing
surface and the focusing detection
system.

Piezoelectric transducer and

semiparabolic reflector
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(a) Measured transient acoustic field at y =0. Comparison of experimental and simulation results of vortex acoustic field

distribution in the x-y plane. (b) Transient wave field and (c) amplitude.

can also be transferred using a spiral aluminum masking
template with the required spiral pattern hollowed out in
the aluminum plate for a denser and more uniform pattern.
Waterproof ink is also tested; this generates similar vortex
fields, with only differences in the corresponding acoustic
pressure amplitudes. The whole spiral area can be approx-
imated as a circle with a radius of »=7.5 mm. The initial
radius of the spiral is about 2.76 mm, and the width of the
spiral line gradually increases from 0.21 to 0.5 mm.

IV. RESULTS AND DISCUSSION

A. Acoustic wave propagation in the x-z plane

To analyze the distribution characteristics of the
optoacoustic vortex field, the vortex field distribution in the
x-z plane is recorded in the experiments. Figure 4(a) shows

the distribution of the transient field at different times in the
x-z plane at y = 0. The scanning range in the x direction is
set from x = —7.5 to 7.5 mm, corresponding to the size of
the spiral region. In the z direction, the scanning range is
set from z =2 to 8 mm, where the value represents the dis-
tance between signal reception and excitation. The results
indicate that the waves generated from the spiral region
propagate forward; the wavelets generated by each spiral
line are coherently superimposed and constantly form a
new wavefront. Then, at z=3 mm, the vortex gradually
forms in the center of the scanned region. The dotted-
line box in the figure marks the vortex field formed in the
center.

By analyzing the acoustic field distribution of the vortex
in the x-z plane, we can determine that the generated optoa-
coustic vortex can be observed at a distance of 3—6 mm
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from the absorbing surface. In addition, according to the
results of the x-z plane, it can also be determined that the
central region of the vortex has a range of roughly 2 mm.
The above analysis is beneficial for further capture of the
acoustic vortex field in the x-y plane.

B. Experimental results for the generated vortex with
different topological charges

For simplicity, without losing generality, we
demonstrate the performance of the spiral absorbing
surface with topological charges of m=1 and m=3 to
show the feasibility and validity of the scheme. Figures
4(b) and 4(c) show the ultrasonic vortex field and the
corresponding amplitude distribution in both experiments
and simulations. The number of positive- and negative-
pressure peaks of the vortices around the center both
conform to their topological charges for m =1 and m =3,
and the direction of rotation depends on the spiral direction
of the absorbing surface. Similarly, the acoustic amplitude
distribution exhibits an approximately annular distribution
with a zero field at the center corresponding to the topolog-
ical charge. The features of the experimentally observed
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acoustic fields are in good agreement with the simula-
tions. Although the distribution of the vortex field in the
experiment is not perfect, the typical characteristics of a
vortex can be clearly observed. The error may be caused by
the uneven distribution of light-absorbing materials, or the
spatial positioning error of the parabolic focusing detec-
tion setup. For all cases, the high-frequency broadband
vortex acoustic fields can be effectively generated with the
designed optoacoustic device and detected by the parabolic
focusing detection system, thereby validating the proposed
scheme.

C. Analysis of the generated ultrasonic vortex
characteristics in both time and frequency domains

To further analyze the temporal and spectral charac-
teristics of the optoacoustic vortex field, we investigate
the transient acoustic field of vortices with a topological
charge of m=1 as it evolves over time. The experimen-
tally measured transient vortex field in the x-y plane at
z=>5 mm is illustrated in Fig. 5(a). The result shows that
the generated vortex acoustic field exists approximately
between 48 and 50 ps, corresponding to the distance
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(a) Experimental results of the acoustic field with m =1 at the z =5 mm plane. (b) Waveform and spectral diagram of the

acoustic signals collected at different positions along the z direction and (c) along the x direction.
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between excitation and detection, and the vortex field
diffuses and gradually attenuates over time.

Figures 5(b) and 5(c) show the waveform and spectral
diagram of the acoustic signals collected in the z and x
directions of the vortex field. A total of 50 x 20 data points
are collected in the x-z plane, of which 10 points around
the vortex region along the z direction, as marked in red,
are chosen to plot the transient ultrasonic waveforms, as
shown in the inset of Fig. 5(b). By observing the wave-
form of the signal, it can be concluded that, as the distance
of measurement increases beyond 5 times the wavelength,
the emergence of the vortex signal is gradually delayed and
the amplitude of the acoustic pressure gradually decreases.
However, the waveform remains relatively unchanged,
validating the robustness of this scheme.

Similarly, Fig. 5(c) shows the detected acoustic sig-
nal and the corresponding spectrum at different positions
along the x direction, as marked with the red dots. It
can be observed that, as the vortex rotates constantly at
the center of the field, the acoustic signal should exhibit
phase and amplitude alterations, yet the vortex signals
emerge at nearly the same time, except that several cycles
of the signal are coherently cancelled in the center. The
spectrum in Fig. 5(c) is consistent with the z-direction
results. Moreover, the bandwidth of the actual optoacous-
tic vortex should be much larger than that shown here,
considering the limitation of the piezoelectric transducer
bandwidth.

Based on the spectral analysis given in Figs. 5(b) and
5(c), it is apparent that the central frequency of the acoustic
signals is above 3.5 MHz, and the frequency distribution
of the signals slightly varies, according to their measured
positions. By combining the observation of the propaga-
tion distance and the central area of the vortex, as shown
in Fig. 4(a), it can be concluded that the vortex appears
at a distance of about 5-8A from the generation surface
in the z direction, while in the x-y plane it has a central
area dimension of about 2—3 1. Generally, the above results
demonstrate that the generated three-dimensional optoa-
coustic vortex field can be captured within the expected
spatial range, with a high center of frequency exceeding
3.5 MHz. Actually, there are higher-frequency components
in the generated vortex field, but these are difficult to cap-
ture with the present detection system. The frequency and
pressure amplitude can be further promoted to enhance the
capability of particle manipulation, and the optoacoustic
vortices can be feasibly tuned by temporally and spa-
tially modulating the laser and improving the optoacoustic
conversion structure.

V. CONCLUSIONS

We proposed an optoacoustic scheme for generating
ultrasonic vortices and demonstrated that the logarith-
mic spiral absorption surface was capable of forming

the expected vortex acoustic field with a high central
frequency beyond 3.5 MHz. To achieve high-resolution
detection and dynamic visualization of the excited vor-
tex acoustic field, a three-dimensional parabolic focusing
detection system was constructed, and experimental stud-
ies were conducted on the distribution characteristics and
spatial range of the ultrasonic vortex field. Common char-
acteristic features of the vortex were clearly observed in
both the simulation results and the experimental results.
It was also demonstrated that this method was feasible for
effectively exciting high-frequency ultrasonic vortices with
controllable topological charge, indicating that optoacous-
tic technology could provide a complementary approach
to traditional methods for acoustic vortex generation, with
the advantage of remote triggering and high frequency. It is
expected to be applied in particle manipulation, ultrasound
therapy, and imaging.
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