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Abstract. Light control inside a sample is central in areas as relevant as life sciences and material sciences.
Traditionally, this is achieved by using external devices, which can be limited by a short focal depth,
scattering-limited focusing depth, and geometrical restrictions. A widely used solution consists of inserting
lenses, optical fibers or mirrors directly inside a sample, as in endoscopy. However, this approach is
invasive and can damage the studied medium. Recent advances in acousto-optics have shown promising
results in controlling light inside media, but they usually require acoustic cavities, restricting sample
geometry or compromising its non-invasiveness. Here, we show the process of designing, simulating, and
developing an external ultrasound transducer that can be used to focus light inside a medium. This allowed
to externally generate an ultrasound lens inside a medium, focusing pulsed light into a line. Furthermore,
the focused light can be rapidly scanned in the other axis, showing potential for MHz frequency 1D scans.
All while showing a high robustness against scattering, as the scanned sample could be reconstructed at up
to 6 optical thickness. We anticipate that this work will be a step towards non-invasive light control inside
samples.

Keywords: light guiding, ultrasound, acousto-optic effect, scattering

1. Introduction

Fast and targeted light delivery inside a medium is paramount in many photonics applications,
such as point-scanning optical microscopy, laser surgery, or materials processing. To achieve it,
traditional light control relies on external bulky devices such as varifocal lenses, galvanometric
mirrors, acousto-optic deflectors, or digital micromirror devices. However, their external nature
imposes several restrictions on the light they control, such as diffraction-limited depth of focus or
scattering-limited depth inside a tissue or material. [1,2]

Several techniques have been developed to address this issue. A standard approach consists of
inserting optical fibers or lenses inside a media, as in traditional endoscopies. While commonly
used in two-photon microscopy, optogenetics, or ablation procedures [1,2], these solutions are
intrinsically invasive. State-of-the-art research on this topic is usually focused on minimizing
invasiveness by miniaturizing the already existing devices. This is, for instance, the case of
microlenses or microfibers, used to create micro-endoscopes. Still, they require puncturing the
studied media and placing external elements inside it, rendering them unsuitable for light delivery
inside delicate biological constructs. [3]

A promising solution to this challenge is to exploit the acousto-optic effect, which enables
control of light through pressure gradients. Past work has already shown that ultrasound fields
can be used to guide light through different media, including homogeneous and scattering
materials [4]. Because ultrasound fields can be generated externally from a sample, this technique
has the potential to non-invasively control light inside biological tissue. Despite this, the usual
implementation of this approach uses a cylindrical acoustic cavity to generate ultrasound in its
interior [4]. This geometry favours the interaction of light with ultrasound but requires placing
the sample within the cavity, which severely limits the sample’s shape and compromises the non-
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invasive nature of the approach. External implementations could try to use unfocused flat
transducers, but this would greatly reduce the achieved peak pressures, and thus an acoustic cavity
containing several transducers is often used instead [5], leading to the same restrictions. Therefore,
to broaden the applicability of this approach, it remains necessary to find a transducer geometry
capable of non-invasively generating a focused ultrasound field within a sample.

In this work, we present a piezoelectric transducer geometry that maximizes the light-
ultrasound interaction while remaining non-invasive. First, we describe the rationale behind the
design of the ultrasound transducer and its optimization, using both experiments and simulations.
Second, we characterize the interaction of light with ultrasound and the guiding and lensing
effects observed, also comparing experiments and simulations. Finally, we show that the dynamic
nature of the used ultrasound field can be exploited to do rapid light scans in one axis.

2. Light focusing using the acousto-optic effect

The acousto-optic effect, also known as the elasto-optic effect or piezo-optic effect, is based on a
change in refractive index caused by stress. In the case of isotropic media such as water, aqueous
materials, or biological tissues, this effect can be expressed as a linear relationship between the
change in pressure Ap and refractive index 4An at each position, given by:

An(7) = Cpodp(7), (1

where Cpyis the piezo-optic coefficient. In the case of water at room temperature, the value of
Cpo is 1.51 - 10719 Pa~1 [6]. Thus, we can estimate the order of magnitude of the focal length of
an ultrasound-generated lens inside water. If we assume a 1 MHz ultrasound sinusoidal wave
(Ays = 1.5mm) at 1 MPa amplitude (B, ), the refractive index profile will be:
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By keeping the second-order term in An(x) and comparing it with the phase transfer function of

a thin lens, we can write:
2
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where k is the wavevector of the used light and d is the propagation distance through the
ultrasound field. Therefore, assuming light travels through the ultrasound-modulated medium
during d = 1 cm, we obtain:
A% (1.5 mm)?

f= (2m)2dCppPpay  (2m)?-10 mm - 1.51 - 104
This mathematical analysis reveals the mechanism and the orders of magnitude of the different
variables when creating acoustic lenses inside water or water-based media. Despite this, an
analytical treatment of this problem is also quite limited, here assuming the simplest possible
ultrasound wave profile and requiring the thin lens approximation. For this reason, several
computational tools and algorithms were used in the following sections.

~ 38 mm. 4)

3. Design of the piezoelectric transducer

The first step towards generating a light-guiding ultrasound field was to design a transducer with
the proper geometry. To simplify this step, we restricted our system to operate with pulsed light
— with pulses much shorter than the ultrasound oscillation period. In this case, and given the high
speed of light compared to that of ultrasound, only the instant in which the maximum pressure is
achieved was relevant for the design.

3.1. Design of a non-invasive ultrasound lens

The rationale behind the ultrasound lens design was the following. To maximize the lensing effect
induced by ultrasound, it is advantageous to use a long region with an approximately constant
transversal pressure gradient. This enables the accumulation of the phase differences suffered by
light propagated at each transversal position, enhancing the lensing effect. Furthermore, light
focusing scales with the transversal pressure gradient. Additionally, to generate a non-invasive
device, ultrasound should be generated far from the sample of interest.

2
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For all these reasons, we decided to use an angular sector of a cylindrical piezoelectric
transducer. It allows focusing ultrasound down to a line, thus generating large pressure gradients
across an elongated region. In more detail, we chose to cut an angular sector of a cylindrical
piezoelectric cavity with an internal diameter of 23 mm, a height of 30 mm, and a resonance
frequency of approximately 1 MHz.

3.2. Ultrasound field simulation for parameter optimization

Although the benefits of using the proposed geometry were clear, we still needed to determine
the optimal angle range for the sector. For this reason, we simulated transducers with different
angles using K-Wave, a MATLARB library [7]. K-Wave is based on a Fast Fourier Transform
(FFT) algorithm that numerically solves the acoustic wave propagation equation. This simulation
software allows the creation of a computational grid where individual emitter positions, emitted
signals, and media properties (speed of sound, density, acoustic absorption, etc.) can be selected.
After defining these parameters, the propagation of the acoustic signal is then calculated, and
recorded in the selected sensor positions. As with any FFT algorithm, it implicitly imposes
Periodic Boundary Conditions (PBC) on the simulated system. To minimize the effect of the
PBCs, the outer region of the computational grid is set by default to have a big acoustic absorption
coefficient, thus causing an exponential decay in the acoustic signal that goes across it.

By using this software, we simulated the proposed piezoelectric transducer for different
sector angles (figure 1). In this first stage, we restricted the simulations to the 2D transversal
pressure profile. As expected, a bigger angle led to higher acoustic confinement and peak pressure
differences, while a smaller angle led to more usable space between the transducer and the
acoustic focus. Thus, a trade-off exists between usability and acoustic confinement.
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Figure 1. Images of the simulated transversal pressure field for different sector angles. To enhance contrast,
each image has been normalized independently. The transducer is placed in the upper part of each image,
emitting an ultrasound field focused near the center of each plot. The maximum pressure instant is shown
in each case, as it is the most relevant characteristic for the design.

0 20

To select the optimal sector angle, we quantitatively analyzed the ultrasound focus in each
simulation. In particular, we measured the Full Width at Half Maximum (FWHM) of the focal
pressure and the maximum pressure difference in each axis to quantify the focal acoustic
confinement. Finally, we geometrically calculated the distance between the acoustic focus and
the transducer. To enhance the transversal pressure gradient, maximization of the pressure
difference and minimization of the focal pressure profile’s FWHM are needed. However, one also
needs to consider maximizing the usable distance between the transducer and the focal position.
Considering these requirements, we found the optimal angle range to be between 80° and 100°,
as shown in figure 2.
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Figure 2. Set of measured parameters analyzed to determine the optimal angle range (shown in green). We
show the acoustic confinement (FWHM) for each axis (a); the maximum pressure difference for each axis
(b); and the distance between the transducer and its focus (c). The optimal angle range was found trying to

minimize the FWHM in both axes, while maximizing the peak pressure difference in both axes and the
usable distance.
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3.3. Experimental measurement of the ultrasound field

After finding the optimal range, the piezoelectric cylinder was cut at a proper angle of
approximately 90°, mounted, and placed inside a water tank. To measure the generated ultrasound
field at its fundamental resonance (=1.1 MHz), we used a needle hydrophone. Note that a needle
hydrophone is a measurement instrument with a very sensitive piezoelectric tip, enabling real-
time characterization of pressure profiles at the tip position. Thus, by scanning the tip with
computer-controlled stages, we reconstructed videos of the generated pressure field. As shown in
figure 3, there is an excellent agreement between experiment and simulation. In both transversal
cases, there is a high-pressure region in the center corresponding to the focus, followed by
converging and diverging wavefronts at the periodicity of the ultrasound wavelength. Meanwhile,
the longitudinal pressure profile shows a high uniformity in the propagation direction in both
cases, which is one of the design features added to enhance light-ultrasound interaction. These
results enabled to determine the focal peak pressure, 0.43 MPa in current experiments, well below

FDA regulations for medical ultrasound [4]. More importantly, they validate the design process
of our transducer.
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Figure 3. Experimentally measured ultrasound field compared with the simulations. On the left, we observe
the simulated pressure profiles, transversal (a) and longitudinal (b) to the transducer. On the right, we
present the measured pressure profiles, transversal (c) and longitudinal (d) to the transducer.
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4. Light propagation through the ultrasound field
The ultrasound field generated by the transducer can be used for light focusing and guiding. To
prove this point, we conducted the following sequence of simulations and experiments.

4
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4.1. Light propagation within homogeneous media

The light propagation through the generated ultrasound field was simulated using The Beam
Propagation Method (BPM). The BPM [8] is a method to compute an approximate solution of the
Helmholtz Equation using the Slowly Varying Envelope Approximation. We implemented the
BPM through numerical spatial frequency propagation (spectral domain method). This algorithm
consists of an iteration through the optical axis dimension. In each step of length h, the electric
field is first propagated in free space for h/2, then the phase retardation for the whole length h is
applied in the Fourier domain, and finally the field is propagated in free space for the remaining
distance h/2. The results are shown in figure 4.

Experimentally, light propagation through the generated ultrasound field was measured
using a 4-f system. To this end, we placed the piezoelectric transducer inside a water container
and aligned it with the laser beam using four micrometre-controlled stages: Two of them for axial
position control and two of them for angular position tuning. We performed the measurement at
the transversal plane at the end of the ultrasound field. The ultrasound emission was synchronized
with the laser pulses using a wave function generator. As shown in figure 4, experiments are in
good agreement with simulations. Some small discrepancies exist possibly due to aberrations
produced by the walls of the water tank, the non-perfect Gaussian profile of the incident beam, or
small differences between the experimental and simulated ultrasound fields. Notably, as the
ultrasound is switched on, strong light confinement is achieved. Indeed, an incident Gaussian
beam can be shaped into a smaller elliptical beam at the end of the ultrasound field. This elliptical
beam continues to focus when it propagates, leading to a focal plane to be discussed in section 5.

US OFF US ON I (Norm.)
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Figure 4. Experimentally measured light intensity after propagating through the ultrasound field compared
with the BPM simulations. Cases with and without ultrasound (US) are shown. The light intensity is

measured in a plane placed immediately after the transducer. Due to the caused phase differences, light will
continue to focus while propagating, leading to a focal plane that will be further explored in section 5.
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4.3. Light propagation inside scattering media
To assess the possibility of using the ultrasound lens inside scattering media, we simulated and
measured light propagation through a medium with increasingly high scattering properties. These
experiments were highly relevant, as scattering is the main depth constraint in biomedical optics.
We first simulated the light propagation through the ultrasound field inside a biological
sample using the Fractal Propagation Method (FPM) [9]. The FPM uses a fractal scattering media
generated to mimic that of a biological tissue, simulating light propagation through it using a
BPM algorithm. The fractal medium is generated using an inverse FFT algorithm and random
numbers to obtain a refractive index distribution with a specific autocorrelation function.
Computationally, the input parameters of the used function are the fractal dimension D, the
autocorrelation length [., the dimensions of the generated media and An, an autocorrelation
amplitude constant proportional to the standard deviation of the refractive index (g;2). To find the
proper simulation parameters, we first studied the relation between the input variables and the
scattering coefficient of the media. In particular, we calibrated the An parameter to match the
desired scattering coefficient (figure 5), while D and . were set as close as possible to those of

5
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milk [10]. To obtain the calibration, we studied the intensity decay of a Gaussian beam
(w = 0.75 mm) propagating through 30 mm of scattering medium. We can observe that the
general behaviour of light propagation inside a scattering medium was reproduced, transitioning
from a ballistic regime to an exponential decay. Also, a linear relation between An (< ¢;2) and
the scattering coefficient was found, agreeing with the results found in the literature [9].

After obtaining the calibrations, we conducted several simulations of light propagation
through the ultrasound field for different optical thickness values (figure 6). Note that optical
thickness of a medium measures the total exponential decay of the light intensity propagating
through it, following the Lambert-Beer law (5). In the case of scattering media,

I =1Iye " = Iye Hs9, (5)
a) Intensity decay profiles b) Scattering coefficient vs An calibration
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Figure 5. Simulated intensity vs propagation distance profiles for different An parameter (a) and the
resulting scattering coefficient calibration (b). The scattering coefficient was multiplied by the propagation
distance (30 mm) to obtain the optical thickness T shown in figure 6. The standard deviation of the refractive
index followed 0,2 = 23.92 - An for the used parameters.

Light propagation: Simulation

=25 I (Norm.)
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.
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Figure 6. Simulated light intensity at the plane immediately after the ultrasound transducer, for different
optical thickness. Cases with and without ultrasound (US) are shown. Shown scale bars are 500 pm.

Experimentally, we used a mixture of water and milk as scattering media for the scattering light
propagation measurements. To this end, we added a specific concentration of milk to the water
tank to increase the optical thickness by 0.5 each time. In each case, we measured the intensity
profile at the end of the used ultrasound structure and compared the result with the light beam
when the ultrasound is off (figures 7, 8).

The same behaviour can be observed both in simulations and experiments, showing
increased light confinement when the ultrasound field is applied, and showcasing an exponential
decay in intensity when the optical thickness is increased (imposed by the calibration in the
simulations and shown in figure 8 for the experiments). Some discrepancies are the higher speckle
formation and the slower exponential decay in the simulations, which for instance could be
attributed to using a 4f system for the experimental measurements, where some of the scattered
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light might not be captured in the camera. Also, the accuracy of the used fractal parameters of
milk could be improved. Despite this, we can observe how the improvement in light confinement
was maintained regardless of the increasingly high scattering of the experimental and simulated
media. This proved the suitability of our ultrasound transducer to non-invasively focus and guide
light inside a scattering sample, and thus for studying water-based gels or even biological tissues.
Light propagation: experimental measures
=20
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Figure 7. Experimentally measured light intensity at the plane immediately after the ultrasound transducer
for different optical thickness. Cases with and without ultrasound (US) are shown. The used scattering
media was a water and milk mixture, with an increasing milk concentration leading to higher optical
thickness. Shown scale bars are 500 pm.
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Figure 8. Natural logarithm of the maximum intensity of the measured beams compared to the optical
thickness. Cases with and without ultrasound (US) are shown. Given that both trends are linear, the light
intensity shows an exponential decay when the optical thickness is increased, as expected from (5).

5. Rapid light focusing using ultrasound

As a proof-of-concept of the potential of ultrasound fields for rapid and lens-free light control
inside a medium, we used our system to rapidly scan and focus a laser beam along one axis. To
this end, we recorded the dynamic focal position of the generated ultrasound lens using the
stroboscopic effect. In particular, the laser emission frequency and the ultrasound burst period
were adjusted to cause a small shift over time. As the used ultrasound is a travelling wave, its
dynamics allowed to scan a 1951 USAF test chart along one axis. The USAF target was placed at
the focal plane created by the ultrasound field (about 7 mm after the end of the plane at the end
of the ultrasound field studied in section 4). A lens and a camera were used to image the focal
plane, where the sample was placed (figure 9a).

In this experiment, we were able to reconstruct the profile of the scanned USAF target
from the average intensity temporal profile measured in the camera (figures 9b, 9c, 9d). To prove
the robustness of this method against light scattering, we performed several measurements in a
medium with increasing optical thickness and analyzed its contrast (figure 10). To this end, we
used a water and milk mixture as explained in section 4. We calculated the contrast from the
obtained profiles according to (6).

Contrast = M (6)
max*'an
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Figure 9: Ultrasound focus scanning of a USAF target. The scanned bars have a with a width 0f 99.21 pm
(3) and 88.39 um (4). We show the diagram of the setup used for the rapid focusing experiment (a). We
also present the image when the ultrasound (US) is off (b), images of the scanning process when the
ultrasound is on at different time delays (c), and the average intensity temporal profile during the scanning
(d). We observe how the two sets of lines (3 and 4) appear in the average intensity temporal profile.
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Figure 10: Contrast of the intensity temporal profiles of the scanning of a USAF target for different optical
thickness. We present the contrast for both groups of lines (3 and 4). The process to obtain each of the
profiles is shown in figure 9. We can observe two different regimes in the plot: a high photon number
regime, where contrast falls when the optical thickness increases, and a low photon number regime, where
contrast increases when the optical thickness increases.

Two different regimes can be observed in figure 10: a “High photon number” regime and a “Low
photon number” regime. At low optical thickness (high photon number), the scattered photons
increase the width of the scanned light line, and thus the contrast is reduced when the optical
thickness increases. Meanwhile, at high optical thickness (low photon number), the limited
sensitivity of the camera acts as a thresholding limit of the intensity, and thus only the highly
focused and non-scattered photons are detected. Therefore, the contrast increases with the optical
thickness in this second regime, due to a background thresholding.

This experiment proved that the dynamic properties of the used ultrasound structure can
be exploited to scan a sample. Also, the shown method was effective even in the case of highly
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scattering media, as a high contrast was obtained at up to 6 optical thickness. Furthermore, using
a photodiode instead of a camera would allow for a fast scan in the mentioned axis. In this
proposed case, fast scans of the focal plane could be made at up to MHz frequencies.

6. Conclusions and future work
The use of a transducer with the proposed geometry enables the generation of a non-invasive
ultrasound lens. As our results show, this ultrasound lens can be placed inside scattering media,
and thus could be applied to water-based gels and even biological tissues. Also, the dynamic
nature of this ultrasound field allows to rapidly scan the light focus in one axis, enabling light
scans at MHz frequencies. In future experiments, higher pressure differences could be used to
enhance light focusing or reduce the length of the used field, as the presented experiments were
made at peak pressures of 0.43 MPa while the FDA allows up to 5.4 MPa rarefaction pressures.
The presented computational workflow allows to simulate the ultrasound field generated
by a transducer with an arbitrary geometry (K-Wave) and then simulate the light propagation
through this field, both in a homogeneous medium (BPM) or in a scattering medium (FPM). This
complete workflow opens the door to the future design and optimization of new transducer
geometries for light control, which could offer a variety of applications in the life sciences and
even in materials science.

7. Materials and Methods

We ran all simulations in a computer with a 12™ Gen Intel Core i9 (2.40 GHz), 64 Gb of RAM
and a NVIDIA GeForce RTX 4090 graphics card. In the case of experimental measurements, we
used an Imaging Source DFK 37BUX287 RGB camera, controlled it using the MATLAB Image
Acquisition Toolbox and set it to operate at 29 fps (34 ms exposure). The used laser was a
Coherent OBIS 660 (A = 660 nm), controlled using the Coherent Connection software. The
initial cylindrical piezoelectric, which we cut to make the experiments, was an APC 42-1702.

6.1. Ultrasound propagation experiments
We made the preliminary 2D simulations for angle optimization at 1 MHz emission frequency,
using discretization steps of 60 pwm spatially and 30 ns temporally, and the medium properties
were set to be those of water (vg = 1500 m/s and p = 1 kg/1). The used emission amplitude was
an arbitrary value, as the simulations are linear and were later normalized. The radius of the
simulated cylindrical sector was 23 mm, matching the internal radius of the piezoelectric
transducer to be used experimentally. To make the simulations faster and enable a better angular
sampling of the analyzed parameters, the simulations were computed using the GPU.

We made the experimental pressure measurements using a 0.5 mm needle hydrophone
(from Precision Acoustics) and an acquisition card (PCI digitizer board CS23G8 CobraMax,
GaGe Applied). A LabVIEW program was used to control the stages (MTM 150 CC1 Newport,
with a ESP301 Newport controller). The sampling distances between each point were dx = dy =
0.2 mm in the transversal frame and dy = 0.33 mm, dz = 0.5 mm in the longitudinal frame.
The sampling rate of the hydrophone was 10 ns. We have presented interpolated images in both
cases to enhance resolution. The measurements were compared with a 3D simulation made at
1.1 MHz and a discretization of 50 um spatially and 18.28 ns temporally.

6.2. Light propagation experiments

We made the scattering-free simulations using a BPM algorithm at A = 660 nm and with a spatial
discretization of 4.69 um. We used a Gaussian beam of focal width wy = 0.75 mm, focused at
the center of the simulated grid (z = 15 mm). Due to computer memory constraints and also for
simplicity, the ultrasound field was approximated as invariant in the transversal direction.

In the case of scattering simulations, we used an FPM algorithm with the same beam
parameters and a finer discretization of 2.35 um. Other used parameters were fractal dimension
D = 1.2, correlation length A, = 9.40 mm, and the An values calculated from the calibration
simulations. In each calibration simulation, the intensity decay profile was obtained by calculating
the mean intensity in a square central region with a width of 0.19 mm in each transverse frame.
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Note that, in the case of the simulated light propagation through the ultrasound field inside
scattering media, the shown images are the region of interest (central 1.65 mm) of a bigger
computational grid, that spanned across 2.41 mm, as a big enough grid is needed to accurately
simulate beam propagation. Due to computer memory constraints, a thin refractive index fractal
medium (1024 x 1024 X 128 points) was generated and then repeated with random transversal
shifts across the whole 1024 x 1024 x 12800 computational space.

We performed the experimental measurements using a 4f system, having a lens with f =
35 mm as the objective and a lens with f = 75 mm as the tube lens. We used laser pulses of
25 ns at 2 kHz, synchronized with ultrasound bursts of 9 cycles at 1.1 MHz. The used water tank
was 33 mm wide. To gradually increase the optical thickness in increments of 0.5, a micropipette
was used to add 55 pl of milk (ug = 52.1 mm™1 [11]) to the 190 ml tank each time. To reduce
speckle in both cases, we presented an average of 32 frames and 32 simulations in each case.

6.3. Fast light focusing experiment

We made the measurements using a single lens with a 35 mm focal length. We used laser pulses
of 20 ns at approximately 2 kHz, synchronized with ultrasound bursts of 9 cycles at 1.1 MHz and
a burst period of 500 ps. To produce the stroboscopic effect, the exact used pulse emission
frequency was 1.999999920 KHz, allowing the capture of a series of frames with a delay of
1.37 ns between each of them at 29 fps. The scanned bars correspond to elements 3 and 4 of the
group 2 of a 1951 USAF resolution test chart, with widths 0f99.29 um and 88.31 um respectively.
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