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Transversally travelling ultrasound for light guiding
deep into scattering media
Maxim N. Cherkashin 1,3✉, Carsten Brenner 1, Georg Schmitz 2 & Martin R. Hofmann1

The application of optical methods for tissue diagnosis, activation, and treatment suffers

dramatically from the low accessible depths due to strong light scattering in tissues. Here we

demonstrate a method to address this issue by utilizing transient ultrasound waves, travelling

transversally to the light propagation direction, to guide light into deeper tissue regions. We

study the formation of the ultrasound-induced refractive index structures and waveguides

using simple ultrasound field configurations and analyze their effects on the propagation of

short light pulses. As a proof of concept, we demonstrate using 5 ns pulses of 532 nm light

and Intralipid-20%-based phantoms with μ0s up to 4.5 cm−1 a waveguide supported light

intensity increase up to the depths of at least 90 mean free paths.
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Optical methods are safe for biomedical applications and
provide high speed, high resolution, and selectivity1. By
virtue of these advantages, various optical concepts are

currently used for light-based tissue imaging2, activation3, and
treatment4. Their practical applicability, however, is severely
impeded by light scattering, hindering the ability to deliver light
into regions deeper than a few millimeters2,5. Therefore, the
applicability of light-based methods to image, activate, and cure
deep tissue remains limited.

Over time, numerous ways to mitigate or circumvent these
difficulties were developed. Passive methods include the use of
near-infrared instead of visible light to access the biomedical
transparency window(s), or the use of sophisticated filtering
concepts for imaging, as is done in ballistic imaging, optical
coherence tomography, and diffuse optical tomography2,6.

Additionally, several active strategies to handle light scattering
and its effects by influencing light propagation were introduced.
For instance, the amount of scattering events can be diminished
using invasive solutions3,7 and optical clearing8,9, or affecting the
distribution of scatterers10.

Among the most successful recent active approaches used to
counteract light scattering and to improve light delivery is light
wavefront shaping (LWS)11,12. This technique requires the
knowledge of the light intensity at some point in-depth as a
feedback signal to optimize the incident light field and to improve
light delivery to the given position. Hence, it is possible to employ
photoacoustic (PA) and acoustooptic (AO) interactions to
recover light intensity information from the deep tissue. Subjected
to lower propagation losses of ultrasound (US) as compared to
light, both modalities are able to increase the sensing range and
thus are able to extend the depths where the LWS methods may
be used13–15. However, even PA- and AO-aided LWS (PA/AO-
LWS) require that threshold illumination levels are achieved first.
Therefore, their application towards deeper tissue regions is also
dependent on achievements in light delivery (Fig. 1a).

It is known that refractive index gradients formed in a layered
fashion16–18 or liquid core–liquid cladding elements, known in the
transformation optics domain19–22, possess interesting light
manipulation capabilities, including light focusing and waveguiding.

As US is locally changing the refractive index of the medium
upon propagation23,24, several concepts of US-induced light wave-
guiding have been proposed recently to aid light delivery in depth.
So far, they are based on US waves in a cylindrical cavity, either
formed by a cylinder-shaped ultrasound transducer (UST)25–27, or
by an absorber, acting as a cylindrical source of nonlinear PA
waves28. These studies demonstrate that the US-induced variations
in a scattering medium could provide sufficient AO-interaction to
aid light delivery in-depth.

However, the difficulties of upscaling the cylindrical sources
and application of the acoustic load to the entire volume of the
sample might limit the applicability of the proposed concepts25–28

in vivo. These constraints could be eased by the use of transient
US waves for light guiding into scattering media29. Utilizing
transient US waves, transversal to the light propagation direction
(Fig. 1b, c), allows the usage of US beamforming to tailor the
required US field distribution in space and time. Formed without
an enclosure and in transient fashion, they provide an opportu-
nity to increase the source-waveguide distance while reducing the
acoustic load on the sample both per area and per time unit.

Our concept builds up on the following blocks: (A) transversal
gradients of refractive index can guide the light19,20, (B) an US
wave can change the refractive index of the medium23,24, (C)
arbitrary US patterns can be created using wave interference30,
(D) the phase front of a single-frequency US burst is not sub-
stantially distorted by its propagation in a homogeneous scat-
tering medium31,32. Consequently, tailored transient US fields
could be used to manipulate light propagation, including light
waveguiding as we report below.

While in a clear medium, this enables the formation of US-
controlled optical elements like lenses and phase masks, US
influence on light propagation in scattering media is different.

Fig. 1 Light transport in a highly scattering medium and low loss light delivery mediated by transient ultrasound light waveguiding. a Collimated laser
light beam impinging on the highly scattering tissue forms a typical forward-scattering pattern: the straight line propagation is broken, and light penetration
depth is limited. b Light can be guided deeper into the tissue by a carefully crafted ultrasound field, emitted by an ultrasound transducer (UST), and
detrimental effects of scattering are reduced. c As the ultrasound pulse propagates along the scattering medium (bottom-up), the associated refractive
index pattern creates a waveguide, which could support the propagation of a synchronous short light pulse into the depth of the medium. d At a rather
shallow depth or in low scattering samples light could be focused in the point of observation o by an external lens, however, as scattering is increased such
focusing is destroyed. e In the absence of the ultrasound-induced waveguide, the light from a coupling lens is scattered close to the surface of the sample.
f A fraction of light, scattered within a small angle close to the beam axis, that would be scattered away otherwise, is coupled into the ultrasound-induced
waveguide and its propagation into depth is promoted. Although the induced refractive index contrast is small, and the induced waveguide would accept
only a small fraction of scattered photons, it is sufficient to provide an advantage over the reference case e in the point of observation o.
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Thus, in contrast to media with low scattering, or to areas close to
the sample surface (Fig. 1d), light cannot be focused in strongly
scattering media with an external lens. The photons that are
injected into the sample and initially propagate near the beam
axis would get lost from the axial region due to scattering
(Fig. 1e). But the presence of the US-induced waveguide promotes
their propagation to the observation point, as shown in Fig. 1f.
Such collection of the scattered photons is aided by the dom-
inating forward scattering in biomedical tissues as the amount of
the photons available for collection is increased. Therefore, the
desired effect of the US-induced refractive index structures (US-
IRISs) in the scattering media is based on a combination of
waveguiding and forward scattering.

Here we investigate the formation of US-IRISs and waveguides
by transient transversal US waves, present the idea of transient US
light waveguiding (TULW), and prove its validity in experiments
with homogeneous scattering media. To do so, we use Intralipid-
20% (IL)-based phantoms with estimated reduced scattering
coefficient up to μ0s ≈ 4.5 cm−1, 532 nm laser pulses of 5 ns pulse
width, and a few simple US beamforming configurations.
Although optical properties of tissues vary significantly4,5,30, this
value for μ0s is in the range of weakly scattering tissues (i.e. bladder
wall4 with μ0s = 1.28–3.30 cm−1). Thus, by showing the needle-like
waveguide support by low-pressure transient US in scattering
media, we suggest a versatile way to non-invasive, biocompatible,
and adaptable low-loss light delivery, and highly customized light
manipulation deep in biological tissues.

Results
Formation of dynamic US-IRISs. As US is propagating in the
medium as a longitudinal wave, areas of local compression and
rarefaction of the material follow each other. These zones of local
density change are altering the refractive index of the medium24

upon US propagation, which forms a dynamic US-IRIS in the
medium (Fig. 1c). When a planar transducer is excited with a
typical few-cycle single-frequency sine signal, one-dimensional-
layered sinusoidal refractive index gradients, traveling across the
medium with US speed, are created.

Since the speed of light is much higher than that of the US, the
resulting movement of the US-IRIS during the propagation of a
short light pulse through it is negligible. Then a sufficiently short
light pulse, sent sideways, is impinging on a quasi-static
transversal refractive index distribution (Fig. 1c).

In a linear approximation24, the local change of the refractive
index Δn is proportional to the local US pressure p, which is
proportional to the driving voltage V within linear US emission
and propagation31. Then, the refractive index distribution,
observed by the light pulse. is determined by the transducers’
excitation signal. Hence, for the US emission along y direction,
at the moment t= tp of light pulse arrival on the boundary
of the medium, the refractive index modulation is given as
ΔnðyÞjt¼tp

/ sinð2πy=λa þ ϕÞ, where λa= va/fa is the acoustic

wavelength, determined by US speed in the medium va and its
frequency fa, and the phase ϕ is dependent on the synchronization
between the light pulse and the US burst (Δt). The amplitude of
this modulation is given as Δn∝ γp, where the piezo-optic
coefficient of water is γ= 1.2…1.5 × 10−10 Pa−1 (refs. 23,24,32).
With the given values of γ, and within a range of US pressures
considered safe31, a Δn in the order of 10−4–10−5 can be
achieved. We verified that even refractive index gradients in the
order of Δn= 10−5 achieved with pressure levels below 100 kPa
are capable of light focusing in clear media, and hence may
promote light manipulation and waveguiding, which we confirm
experimentally below.

A single period of such US-IRIS forms a refractive index
variation comparable to a gradient refractive index medium lens
and its function could be described respectively16–18. Then the
effect, introduced by a plane-wave US-IRIS, is dependent on its
current location (Δt), the amplitude of the refractive index change
(Δn), given by the local pressure of the US wave (p∝V), and the
extent of the US-IRIS (L) in the direction of the light propagation
(z-axis in Fig. 1b). The optical properties of the US-IRIS are then
given by the combination of these parameters, determining the
refractive index profile in the plane transversal to the light
propagation direction (xy plane). Therefore, an alteration of the
US pressure leads to a respective change of the refractive power of
the US-IRIS, similar to liquid core–liquid cladding systems,
whose optical properties are tuned by adjustment of the
interdiffusion of the used liquids19–22. Thus, a plane-wave US-
IRIS is capable of one-dimensional light manipulation and even
focusing, where the position of the focal plane is tunable via the
US pressure, controlled by the driving voltage. Moreover, US
wave interference could be used to shape the US field as required
as discussed further below.

Planar US-IRISs in clear water. To demonstrate US pressure-
dependent light manipulation, two experimental arrangements
are used for clear water (Fig. 2a) and scattering media (Fig. 2b),
respectively. Hereafter control voltage refers to the function
generator output (see “Methods”). Investigation of the US
effects on light propagation is first performed in clear water
with plane US waves, with a transmission experiment (Fig. 2a).
A pulsed frequency-doubled Nd:YAG laser (532 nm, 5 ns pulse
width) is used as a light source, and a planar UST is driven at its
peak frequency with a 7-cycle sine burst (fa= 2.28 MHz). The
US control voltage sweep is performed, while a gated camera is
imaging the exit facet (z= 20 cm, xy plane) of the experimental
volume to monitor the light intensity distribution behind the
US-IRIS. The corresponding plane-wave pressure ppl is assessed
using an end-calibrated hydrophone and is varied in the range
up to about 33 kPa (see “Methods”). The cross-section of the
respective US configuration is shown in Fig. 2c, d, and time
delay adjustment is used to capture plane waves before they
reach the reflector R2. Further US configurations used in the
study are schematically shown in Fig. 2e, f and discussed further
below. The subset of the acquired image sequence, illustrating
the area, covered by a single cycle of the US wave is presented in
Fig. 3a.

It is notable that the maximum light intensity in the imaging
plane changes along with voltage tuning, reaching the peak when
the corresponding focal plane of the US-IRIS aligns with the
imaging plane of the camera (highest light intensity in Fig. 3a,
Vpp= 0.19 V, ppl ≈ 9 kPa). This observation is in accordance with
light redistribution from the area of the clear aperture of the
single period of the US-IRIS to its focal spot. Furthermore, the
produced light intensity distribution is in agreement with the
patterns produced by multimode interference19. Full dynamic
illustration of the outcomes of the US pressure tuning through the
control voltage sweep is presented in Supplementary Fig. 1a and
in Supplementary Movie 1.

Thus, a single period of a transversal plane-wave (1D) US-IRIS
can manipulate the light propagation and acts similarly to a
pressure-tunable cylindrical lens. Accordingly, when a wide beam
illuminates multiple periods of the US-IRIS, multiple focal lines
are produced. Then, the line spacing is determined by the acoustic
wavelength of the applied US in the medium λa, and the US-IRIS
operation in the low-pressure regime is similar to that of a
cylindrical microlens array, as illustrated in Fig. 2a.
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Wave interference for US-IRIS shaping in clear water. After
confirming one-dimensional light focusing by the planar US-IRIS,
we now proceed with two-dimensional manipulation and focus-
ing. Generally, it is possible to use the interference of two or more
US waves to create more complex pressure profiles33 and corre-
sponding refractive index distributions. Two simple US field
configurations of practical interest are crossed and column-
focused arrangements.

When a perpendicular combination of two planar transducers
or, even better, sophisticated transducer arrays are used, 2D
focusing of the light beam can be achieved within each period of
such a 2D US-IRIS. As such transducer arrays were not available
for our experiment, we realized this US configuration with a
single UST by introducing a metallic reflector R2 in the US beam
in such a way that the incident and the reflected acoustic beams
overlay34, and produce the required crossed arrangement as
schematically shown in Fig. 2e. A pressure-tuning experiment,
similar to the one described above with a planar US-IRIS, is then
repeated.

The corresponding change of the light intensity distribution at
the exit facet of the experimental volume (z= 20 cm) is shown in
Fig. 3b. Again, the produced light intensity reaches the maximum
when the focus of the 2D US-IRIS is aligned with the imaging
plane of the camera (Vpp= 0.19 V). The appearing side lobes
suggest a square aperture function, which agrees with the US
configuration used. Similarly, a full dynamic illustration of the US
pressure tuning impact in Fig. 3b is presented in Supplementary
Fig. 1b and in Supplementary Movie 2.

Likewise, as in the case of planar US-IRIS described above,
when a wide beam illumination is used over multiple US-IRIS
periods, such a crossed US arrangement creates a 2D grid of focal

points, spaced by the acoustic wavelength λa in both x and y
directions, similar to a microlens array35.

To further increase the refractive index gradient induced by the
US and the US-IRIS action on the propagating light, a focused US
field could be employed. For instance, a cylindrical acoustic lens
might be used to focus a planar US wave into a short-lived high-
pressure column in a propagation volume. This is achieved
experimentally, using a parabolic mirror as depicted in Fig. 2f. As
a short US burst is used to drive the UST, only the reflected waves
interact in this configuration, forming the required transient US
field configuration transversally to the beam propagation
direction.

The respective pressure-dependent light intensity distributions
are presented in Fig. 3c and in full in Supplementary Fig. 1c, d
and in Supplementary Movie 3. The intensity patterns obtained
(Fig. 3c) indicate an elliptical cross-section of the so formed
waveguide36, which is in accordance with the US pressure
distribution near the focus of the acoustic cylindrical lens37,38. It
is notable that in the column-focused US configuration, lower
control voltage (Vpp= 0.08 V, Fig. 3c, d) is required to focus the
light in the imaging plane of the camera. We use the ratio
between the control voltages required in the planar and column
focusing configuration to estimate the pressure multiplication
factor β provided by the parabolic reflector R2. We estimate β=
2.4, so the maximum pressure used in our experiments is in the
column-focused configuration about 80 kPa (pcf, see Methods).

So far, we have demonstrated that transient US waves, traveling
transversally to the light beam transit direction, can manipulate
its propagation in water. In clear water, this can even provide
light focusing. The effect of the US waves on the light propagation
depends on the applied US pressure and the US configuration.

Fig. 2 Experimental layouts used to study ultrasound-induced refractive index structures and waveguides and their effects on short light pulse
propagation. a Wide beam illumination and camera (CAM) detection employed in water-based experiments. b Long focal distance lens is used to aid light
coupling-in into the ultrasound (US)-induced waveguide while fiber-based raster scanning acquisition of light intensity in the depth of Intralipid-based
scattering phantoms is used for detection. c Cross-section of the experimental chamber, showing the placement of US reflectors R1 and R2, used to achieve
required US configuration: d planar, e crossed, and f column-focused. Respective enlarged images show λa × λa region. UST ultrasound transducer, R1, R2
aluminum reflectors, CAM synchronized camera; MMF multimode fiber, LSA linear stage assembly for 3D raster scanning, PD photodetector. Exact time
delays Δt are given by the separation of the UST and the light propagation volume and account for US wave propagation time.
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Accordingly, changing the applied US pressure will affect the
refractive power of the US-IRIS and its light manipulation
capabilities.

Consequently, increase of the applied voltage as compared to
Fig. 3d shifts the focal plane to lower z-values. As a result, the
light intensity distribution, captured in a distant observation
plane behind the focal plane, is becoming quite complex and
increasingly difficult to interpret, as the outputs of the adjacent
periods of the US-IRIS mix. This mixing is illustrated in
Supplementary Fig. 1 and Supplementary Movies 1–3. To be
able to use higher control voltage and unambiguously probe the

region of lower z-values inside the light–US interaction region
(z < 4 cm), a fiber-based point detector is used to perform 3D
raster scanning39. The change of the detection schematic is
motivated by the challenges that the determination of the light
distribution in the scattering phantoms with complex geometry
presents. In homogeneous and axially layered samples, simula-
tion methods40, or recently developed non-invasive techniques
of light fluence assessment, are available41,42. However, the
transversal structuring of the medium, induced by the US,
extends beyond their current applicability and would thus
induce ambiguities.

Fig. 3 Ultrasound pressure-dependent changes of the light intensity distribution. a–c Light intensity distribution changes as the ultrasound (US) pressure
is increased, as captured in a plane 16 cm behind the US-light interaction volume (at z= 20 cm), using respectively planar (a), crossed (b), and column-
focused (c) ultrasound configurations, wide beam illumination and camera detection. Insets on the left show the schematic of the US configuration cross-
section. d Focal plane light intensity distribution from c (Vpp= 0.08 V, pcf≈ 9 kPa). e Focal plane light intensity distribution, obtained with the fiber-based
probe and an external focusing lens, at the plane z= 2 cm, using Vpp= 0.7 V, pcf≈ 80 kPa. Light transport medium: clear water, field-of-view corresponds
to the single period of the US wave (fa= 2.28MHz, λa × λa= 650 × 650 μm). Exact time delays Δt between US pulse and light pulse emission are Δt1=
Δt2= 89.275 µs for planar (a), and crossed (b) US arrangements and adjacent US wave peaks and windowing are used for visualization. For the column-
focused (c) arrangement, Δt3= 96.735 µs. Individual panels are normalized before visualization; note that the light intensity distributions at Vpp= 0
correspond to the “US off” case.
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Therefore, to perform unambiguous high-resolution 3D
mapping of light intensity in the depth of a bulk scattering
sample, we utilized raster scanning of the volume-of-interest by a
fiber-based point detector39. It has been shown recently that this
is an unambiguous minimally invasive approach to locally assess
the light intensity distribution inside the scattering medium with
required resolution39 (see “Methods”).

This approach is verified in clear water. For an applied voltage
Vpp= 0.7 V the focal plane appears at z= 2 cm, and the obtained
data as shown in Fig. 3e resemble well the focal plane distribution
from Fig. 3d and thus further confirm our fiber-based probing
approach.

As a short single-frequency US burst does not experience phase
front distortion during propagation in a homogeneous medium31,
we could expect the US-induced refractive index distributions to
be qualitatively reproduced in a homogeneous scattering medium.
However, the light propagation in the scattering medium is
drastically changed. Due to the strongly reduced directivity of the
light propagation, light focusing by external lenses or by the US-
IRIS becomes inefficient. Nevertheless, as we will show in the
following, the US-IRIS still can act as a waveguide supporting
light delivery deeper into tissue. Then, targeting US light
waveguiding, a high-pressure column-focused US, created with
the configuration shown in Fig. 2f, is preferred, as it provides
stronger refractive index gradients and thus could offer better
light confinement within the US-induced waveguide.

US light manipulation in scattering phantoms. To further study
the effects of an US-IRIS on light propagation in scattering media,
the experimental layout is adjusted accordingly. The light inten-
sity in the presence of strong scattering is monitored with our
fiber-based probe as described above (see “Methods”). Further, to
significantly increase the fraction of the photons, which propagate
through the high-pressure US column and thus through the US-
IRIS, the beam expander is removed and replaced with a long
focal distance coupling lens (LA1484, Thorlabs, focal length f=
30 cm, focal plane z= 0 cm) as depicted in Fig. 2b. This lens is
mounted on a three-axis translation stage and its position is
optimized while the detector signal is monitored in order to
ensure optimum coupling into the US-induced waveguide (see
“Methods”). Exemplary US on/off beam cross-section acquired in
clear water is presented in Supplementary Fig. 2.

Scattering phantoms for the investigation are created by
volume-guided dilution of Intralipid-20%. These are common
liquid scattering phantoms for light transport studies, proven to
be long-time stable and to provide inter-comparable results43,44.

Results on the US-IRIS effect on light propagation in phantoms
with Intralipid-20% volume concentration (VC) of 1.0 and 1.5%
are reported below. These IL concentrations correspond to lower
boundary estimated reduced scattering coefficients μ0s of 3 and
4.5 cm−1 for the 532 nm light used in the experiment. Then,
assuming the scattering anisotropy factor of IL g= 0.9 (refs. 25,26),
the optical thickness τ of the phantoms could be calculated as
τ ¼ 10 ´ μ0s ´ z, where the acquisition depth z (sample thickness)
is measured from the boundary of the scattering phantom (see
z= 0 in Fig. 2a, b). The optical thickness is then expressed in
units of the mean free path (MFP), the average distance a photon
could travel in the medium before the first scattering event is
happening.

To illustrate the effects of the US field presence on the light
propagation in the scattering medium, we further acquire via the
mentioned raster scanning procedure pairwise datasets for each
phantom investigated: with US burst present in the light
propagation domain (“US on”) and with US beam being disabled
(“US off”) as a reference measurement of the local light intensity.

We then pointwise calculate the ratio of maximum light intensity
in both cases (κ=max(Ion)/max(Ioff)) to identify, quantify, and
analyze the effects of US-IRIS on light transport (see “Methods”).

First, the ratio of the maximum intensities κ in the light beam
cross-section is investigated. Since the phase front of the US field
is preserved well in low concentration water-based Intralipid-20%
dilutions45, we expect the shape of the induced refractive index
pattern in the beam cross-sectional plane to be maintained. The
US attenuation, which could take place in the phantom, will only
affect the magnitude of the refractive index modulation, and
could be accounted for by adjusting the control voltage
accordingly (see “Methods”).

The US on/off maximum light intensity acquisitions and their
ratios (κ) for the mentioned phantom media with estimated
reduced scattering coefficients μ0s of 3 and 4.5 cm−1 are presented
in Fig. 4a–f. While no traces of external light focusing is present
in reference acquisitions (Fig. 4b, e), US-IRIS provides prominent
maximum light intensity increase in both cases, as visible directly
from the acquisition data (Fig. 4a, d, respectively) and the US on/
off maximum intensity ratio κ, presented in Fig. 4c, f accordingly.
The imaging depth z= 2 cm corresponds then to optical
thicknesses τ of 60 and 90 MFP, respectively. The expected
similarity of the pattern in Figs. 4c to 3d–e is notable, while only
the central part of the pattern is preserved in the case of higher
scattering shown in Fig. 4f. These results confirm that the US
pressure distribution and its effect on guiding the light are
preserved up to the added amount of scatterers, and the
mechanism of US-IRIS formation is not altered.

The increasing light scattering leaves only a small core region,
where the maximum light intensity is increased in the strongest
scattering case studied (Fig. 4f). This result confirms that the area
of a higher light intensity is restricted in the beam cross-sectional
plane. Thus, the ability of the US-IRIS to locally increase the
available light intensity in scattering medium is proved.

Deep light waveguiding by US-IRIS. Finally, to prove the
waveguiding capabilities of the transient US-IRIS, the transversal
confinement of the light propagation within the waveguide has to
be confirmed. Therefore, it is necessary to evaluate the long-
itudinal light intensity distribution, following the US-IRIS axis.

Figure 5a shows the behavior of the US on/off maximum light
intensity, and Fig. 5b shows the maximum intensity ratio κ over
the longitudinal cross-section in the direction of the light
propagation and column-focused US-IRIS extent (waveguide
region from 0 to 2 cm on the z-axis in Fig. 2, scan region z=
1.5…2 cm). The central part of both panels features a prominent
higher light intensity area, corresponding to the waveguide axis.
This longitudinal intensity increase confirms the lateral restric-
tion of the light propagation within the waveguide core, therefore
proving the waveguiding capabilities of the US-IRIS in the
scattering medium. The corresponding US on/off maximum light
intensity comparison in the axial beam cross-sections at the
beginning and at the end of the scanned region is presented in
Supplementary Fig. 3. Figure 5a, b demonstrates a 4.9–12.3% light
intensity increase achieved by the waveguiding as compared to
the reference case.

To further illustrate significant separation of US on/off cases,
Fig. 5c reports the data on the registered intensity variability,
demonstrating mean maximum intensity values, obtained aver-
aging 100 acquisitions per scanning point at z= 2 cm as well as
shaded 95% confidence intervals. Clearly, the “US on” and “US
off” cases are separated well even in the most extreme condition
studied. This data further demonstrate the relation of the light
intensity within the waveguide core to the diffused light
background. We attribute the variation of the maximum intensity
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Fig. 4 Light intensity redistribution in the focal plane of ultrasound-induced refractive index structures in scattering phantoms. a–c In Intralipid-20%
phantom with lower boundary estimated reduced scattering coefficient μ0s of 3.0 cm−1 over the beam cross-section at the depth z= 2 cm (optical thickness
τ of 60 MFP), a maximum light intensity distribution in “US on” case, b reference maximum light intensity distribution, c maximum light intensity ratio κ
(a/b). d–f In Intralipid-20% phantom with lower boundary estimated reduced scattering coefficient μ0s of 4.5 cm

−1 over the beam cross-section at the
depth z= 2 cm (optical thickness τ of 90 MFP), d maximum light intensity distribution in “US on” case, e reference maximum light intensity distribution,
f maximum light intensity ratio κ (d/e). Panels a, b and d, e are sharing the colormaps. Control voltage used in a, d Vpp= 0.7 V, pcf≈ 80 kPa, US frequency
of fa= 2.09MHz, λa= 710 µm. Note z= 2 cm is located within the light–ultrasound interaction volume. All images are acquired using a fiber-based point
detector, and configuration with an external focusing lens, their field-of-view is 400 × 400 μm. Scan step size is 50 µm, and the scale bar shown in b is
50 µm and is valid for all panels. The dashed line in f shows the longitudinal cross-sectional direction.

Fig. 5 Transversal light confinement via transient ultrasound-induced light waveguiding in Intralipid-20% phantom with reduced scattering coefficient
μ0s ≈ 4.5 cm−1. a Longitudinal sections (yz plane) of the maximum light intensity in the direction of light propagation in the case of the ultrasound
waveguiding (asterisks) and reference case (dots), as captured with the fiber-based probe (see “Methods”). b Maximum intensity ratio κ for the data
shown in a, demonstrating maximum light intensity increase in the waveguide core region, confirming transverse light confinement. c Line scans performed
for the waveguiding case (asterisks) and reference case (dots) at the end of the scanned region in the plane z= 2 cm, corresponding to optical thickness of
90 MFP. Mean values over Nacq= 100 acquisitions per scan point and shaded 95% confidence intervals are shown, demonstrating that the US on/off
signals are clearly separated even in the most extreme condition studied.
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ratio values κ at z= 2 cm in the consecutive scans in Figs. 4f and
5b, c to pulse-to-pulse variations and the dynamic character of
the induced waveguides.

As following from Figs. 4 and 5, a column-focused US-IRIS
provides 2D localized point light delivery and supports light
waveguiding up to the depth of at least 90 MFPs in a scattering
phantom with lower boundary estimated μ0s ≈ 4.5 cm−1 for a laser
wavelength of 532 nm. To this extent, these results demonstrate
transient US-induced waveguide support by small US pressures of
about 80 kPa (pcf) and to the farthest depth reported. It should be
noted that by using appropriate transducer arrays for US-IRIS
generation, there is no need to enclose the light propagation
volume, and this flexibility enables to apply our approach in vivo
and non-invasively. As the recent results suggest38, the depth, at
which the US-induced waveguiding effects could be detected, can
be significantly improved upon further improvement of employed
filtering.

Discussion
We confirm both 2D light concentration and waveguiding into
depths of 2 cm (90 MFP) in scattering phantoms with estimated
reduced scattering coefficient up to μ0s ≈ 4.5 cm−1 by transversally
traveling US waves with pressures of about 80 kPa (pcf). The
maximum level of μ0s that we have tested experimentally
approaches the range of that of weakly scattering real tissue
parameters4,5,30. Of course, the in vivo usage of the concept
proposed in even stronger scattering tissues introduces chal-
lenges, and higher US pressure than used in our proof of principle
studies may be required to deal with it. Thus, in the following, the
associated technical and biosafety aspects are briefly addressed.

First and foremost, the application of high-pressure US to
biological tissues could lead to various acoustic and biomecha-
nical effects, including cavitation, dependent on peak rarefac-
tional (peak negative) pressure, and thermal and mechanical load
on the tissue, dependent on the insonification parameters, pri-
marily US amplitude and duty cycle31,46. We performed the US-
light manipulation experiments with US fields at fa = 2.09 and
2.28MHz using peak pressures of about 80 kPa (pcf, pressure
measurements and estimates are detailed in “Methods”). This
maximum pressure level is fivefold below the lower boundary of
pressures used in clinical B-mode US of 0.54 MPa, considered
safe31. Therefore, for in vivo applications in stronger scattering
real tissue, the applied US amplitude could be increased by an
order of magnitude without exceeding the safety limits. To realize
this in practice, the driving voltage could be increased, optimized
excitation signals can be employed, and US delivery and focusing
could be significantly improved. These considerations outline
strategies to address stronger light scattering and US attenuation
in the tissues.

Our proof of concept is based on experiments in homogeneous
scattering phantoms. However, in vivo application scenarios
certainly require strategies to manage tissue heterogeneity. The
most detrimental effect of tissue heterogeneity is the US phase
front distortion due to variable US propagation speed in het-
erogeneous areas. This is a known problem in the reconstruction
of PA computed tomography images. It has been shown that this
challenge can be addressed well by acquisition of precise maps of
speed of sound, using joined PA and US measurements47. As
TULW is intrinsically PA/US compatible, such maps could be
recorded and fed back to adapt the US phase fronts to the tissue
heterogeneity.

Our proposed TULW/transient US-IRIS concept is related to
similar approaches by Chamanzar and co-workers25–27 and Ish-
ijima et al.28, where light waveguiding by transversal US appli-
cation has been achieved by using either a cylinder-shaped UST

array (radius 19 mm, height 30 mm)25 or a cylindrical absorber
for generation of nonlinear PA waves (maximum sample size
~3 × 10mm)28. In both cases, the sample size is restricted in both
directions. Moreover, the US-induced light shaping is restricted
by the US modes available within the cylinder’s cross-section.

In contrast to these approaches, our concept with transient US
waves traveling transversally to the light propagation direction
reduces the geometrical limitations. In our experimental realiza-
tion, a simple reflector is used to provide the required spatial and
temporal US pressure distribution in the light propagation
domain. The use of state-of-the-art US beamforming methods,
such as acoustic lenses or phased arrays, would further provide
greater control of the US profile and its optical effects. Hence, the
properties of the US-IRISs and TULW are fundamentally limited
only by US propagation losses, whereby US attenuation could be
corrected by an adjustment of the driving signals, and tissue
heterogeneity could be addressed as described above. The pre-
sented method is readily available to samples where side access is
possible to achieve the required transversal US field configuration.
An extension of the method for single-sided access geometry is
not straightforward but may be possible by development of
effective transducer arrangements. The direct translation of the
method requires an axially extended uniform positive instanta-
neous pressure region and provides a difficult challenge. How-
ever, utilizing annular arrays with coaxial opening48 and US
Bessel beams49, an on-axis series of two-dimensional gradient
refractive index medium lenses might be induced, that are
potentially capable of light waveguiding or even relay imaging27.
We suggest to investigate such arrangements further for possible
in vivo applications with single-sided access.

In summary, we present optical waveguiding by transient
transversally traveling US into deeper regions of scattering media.
The concept has no geometrical constraints and could be straight
forwardly transferred into non-invasive in vivo applications on
scattering biomedical tissue. The high adaptability of our tran-
sient US-IRIS and TULW concepts might further benefit from the
combination with PA/AO-LWS13–15,50 that could provide addi-
tional opportunities to increase light intensity in-depth.

It is important to note that the mechanisms used in our
approach are not relying on light coherence51. While previously
considered too weak for experiment51–55, this particular type of
light–US interaction is regaining interest25–28,38,56–58 and our
approach presents a different viewpoint to enrich the under-
standing of the complex processes involved. Complete uncovering
the mechanism of the waveguiding at low pressures requires
further investigation and the development of an appropriate
theoretical model.

To conclude, by presenting and examining the US-IRIS and
TULW, we show a proof of the concept and its applicability
towards real tissues. We showed isolated light guiding observa-
tion with little to no beam pre-shaping. We have successfully
demonstrated its applicability up to depths of 2 cm (90 MFP) in
scattering medium with an estimated reduced scattering coeffi-
cient of μ0s ≈ 4.5 cm−1 and an incident laser wavelength of 532 nm
using column-focused US pressures pcf of about 80 kPa.

Methods
Experimental arrangements. An extra-cavity frequency-doubled Q-switched Nd:
YAG laser is used as a light source (Minilite II, Continuum, pulse width 5 ns,
repetition rate 14 Hz, wavelength of 532 nm). In the experiments with wide field-
of-view (Fig. 3), the light beam is expanded with a 10× beam expander (BE10M-B,
Thorlabs), while for the experiments with scattering phantoms (Figs. 4b, c and 5), a
low numerical aperture (NA) focusing lens is used (LA1484, focal length f= 30 cm,
Thorlabs) to aid coupling-in. The NA of the lens is estimated as 0.0050 while NA of
the US-induced waveguide (Vpp= 0.7 V, pcf ≈ 80 kPa) is in the range of
0.0072–0.0080. The lens focuses the light in the entrance plane of the US-induced
waveguide at z= 0, and is mounted on a three-axis mechanical translation stage to
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optimize the position while the detector signal is monitored. The light is propa-
gating through the frontal and main chambers of a tri-section 3-mm-thick float
glass container.

To create planar, crossed, and column-focus US-IRISs adjacent to the entrance
facet of the transport medium in the main chamber, aluminum reflectors (R1, R2,
Fig. 2) are used to fold and profile the US beam. A planar single element UST
(model A395S-SU, Olympus Panametrics-NDT, element diameter 38mm) is placed
in the auxiliary (Aux) chamber facing downwards. The UST, emitting in +x
direction, is offset in −z direction against the boundary between the frontal and the
main chambers, a planar reflector R1 is redirecting the US beam into the main
chamber, and a parabolic US reflector R2 is used to produce a crossed or column-
focused US field as required (Fig. 2c). Note all three discussed US configurations
could be created using a parabolic US reflector and respective delay time adjustment
as shown in Fig. 2d–f. All reflectors are placed in such a way that the normal to their
surface is perpendicular to the light propagation direction. In this way, the required
US beam profile is created in the plane transversal to the light propagation.

The UST is excited at its peak frequency (fa), which was 2.28MHz for
experiments with clear water and 2.09 MHz for experiments in scattering media.
This difference is due to variation of properties of different transducers of the same
type. The UST is driven with a seven-cycle sine burst using a combination of a
waveform generator (K3390, Keithley) and a linear 55 dB RF amplifier (A150,
ENI), while a delay generator (DG535, Stanford Research Systems) ensures
synchronization between the system components. Usage of short US bursts
prevents standing wave formation and reduces the acoustic load onto the sample.
The waveform generator peak-to-peak voltages are reported in the text as control
voltages Vpp. After amplification, the driving voltage applied to the transducer is
the control voltage Vpp, multiplied by the gain factor of about 540.

In water-based experiments (Figs. 2a and 3), the frontal and main chambers are
filled with purified water, while the light intensity distribution at the rear wall of the
main chamber is picked up with an inline gated camera (CAM, 1300 Solar, PCO),
and a set of neutral density filters is used to avoid saturation.

In scattering phantom experiments (Figs. 2b, 4 and 5), the main chamber is
filled with volume-guided Intralipid-20% dilutions (see “Scattering phantoms” and
Supplementary Table 1), while the frontal chamber is kept empty. To perform
high-resolution 3D raster scanning of the light intensity distribution inside the
scattering phantom, a fiber-based probe is used. The probe is a cleaved GIF625
fiber (Thorlabs), the distal end of which is affixed in a metallic needle (MS110,
Thorlabs), connected to a linear stage assembly (LSA, a combination of linear
stages M-403.42S, M-405.2S, M-403.82S, Physik Instrumente)39. The light picked
up by the fiber probe in the medium is guided towards a fast photodetector
(PD10A/M, Thorlabs), while another fast photodetector (DET210, Thorlabs) is
used to monitor pulse-to-pulse variations. Both signals are fed to a digital sampling
oscilloscope (DSO, WaveSurfer 104Mx, LeCroy, 5 GHz sampling frequency). The
data acquired with fiber probe are used to produce Figs. 4 and 5.

Given the applied US frequency fa of 2.09MHz and the speed of sound va of
1482 ms−1 (ref. 31), the acoustic wavelength λa is estimated to be 710 µm.
Therefore, for the 62.5 µm fiber core, the detector area is well below the US
wavelength, and a fiber is used as point detector to obtain the 3D light intensity
distribution within the US-IRIS39. Through the measurement design, the fiber
probe is sampling the light intensity at a plane behind a given US–light interaction
volume. No effects of the fiber probe presence in the waveguiding region on the US
propagation were observed. We anticipate that distortions of the US wave in the
vicinity of the fiber probe due to its finite size are negligible due to their de-
magnification in the column-focused US configuration (Figs. 4 and 5). As such
distortions could only have a negative impact on the induced US field and the
corresponding measured light distribution, a better light confinement and higher
maximum light intensity ratios κ shall be achieved in the absence of a fiber probe.
System operation control, data acquisition, processing, and analysis are performed
using a PC running MATLAB (Mathworks).

Scattering phantoms. Volume-guided dilutions of Intralipid-20% (IL, I141,
Sigma-Aldrich) are used as phantom media. A calculated volume of IL is mixed
with purified water with the aid of a magnetic stirrer to obtain a dilution of
required volume and estimated reduced scattering coefficient μ0s . The parameters of
the IL dilutions used in the experiments are listed in Supplementary Table 1.

Lower boundary estimates of the reduced scattering coefficients of the IL
dilutions provided in Supplementary Table 1 are based on the available literature
data on IL intrinsic optical properties43,44,59,60 and a linear dependence of the
reduced scattering coefficient μ0s of a dilution on the IL VC43: μ0s ¼ VC ´ μ0sIL. The
used value μ0sIL ≈ 300 cm−1 is the reduced scattering coefficient attributed to
Intralipid-20%, measured at a laser wavelength of 543 nm59, which is sufficiently
close to the wavelength of 532 nm used in our experiments. Such estimation ignores
the effects of dependent scattering43,59,61 on scattering strength, and based on the
spectral dependency of μ0sIL and available near-infrared measurements43,60, real
values of the reduced scattering coefficient of the IL dilutions used are expected to be
within a factor of 1 to 1.5 higher than the values presented in Supplementary Table 1.

Data acquisition and processing. Ensemble averaging of raw signals is used to
decrease the effects of fluctuations and noise for both camera and fiber-based
experiments.

In water-based experiments (Fig. 3a–d), Nacq= 30 camera images are recorded
and averaged for each UST control voltage level Vpp, proportional to the US peak
pressure level p. A subset of the frames is used for Fig. 3a–d, while the full data are
included in Supplementary Movies 1–3. Supplementary Figure 1 demonstrates an
alternative cross-section of the full dataset in the y–Vpp plane. For the fiber-based
detector data in Fig. 3e, Nacq= 14 pulses per raster scanning point are ensemble
averaged at the DSO and stored, and the temporal peak values of the averaged
traces (max(I)) are extracted.

Pairs of raster scanning acquisitions with fiber-based probe are further
employed to produce the US on/off comparisons. For Figs. 4 and 5a, b, Nacq= 98
acquisitions for each raster scanning point are used to adapt to significantly
decreased signal intensities. First, the maximum light intensity distribution is
acquired with the US burst synchronized to the respective position in the volume of
interest (“US on,” max(Ion)). Second, the waveform generator driving the US
transducer is disabled and the acquisition process is repeated (“US off,” max(Ioff)),
and the data processed in the same way. Finally, point-by-point ratios of respective
US on/off acquisitions κ=max(Ion)/max(Ioff) are computed and displayed.

To ensure that US on/off maximum intensity values are significantly separated,
additional Nacq= 100 sequential single trace acquisitions per raster scanning point
are obtained in a line scan at the end of the measurement region, marked by a
dashed line in Fig. 5b. Then, the respective temporal peak values max(I) are
extracted to calculate mean values and 95% confidence intervals, which are
presented in Fig. 5c.

The reference photodetector data were monitored to ensure that the respective
US on/off acquisition pairs are obtained under comparable conditions. No
incongruence of the incident light intensity was identified within any of the
acquisition pairs.

Hydrophone measurements and pressure multiplication factor. As the direct
measurement of US pressure within the waveguiding region without its distortion
is not available, a two-step process is used to estimate it.

First, hydrophone measurements are performed with fa= 2.09 MHz in a plane-
wave configuration, using an end-cable calibrated system of a 1-mm needle PVDF
hydrophone (PA1272, frequency band 0.1–20MHz) with preamplifier (PA07084)
and coupler (DC2/686, all Precision Acoustics). The hydrophone is placed on the
height of the laser beam consecutively in the main and auxiliary chamber along
with a planar aluminum reflector, similar to R1 above, used to fold the US beam to
ensure its perpendicular incidence onto the hydrophone membrane in the y–z
plane. The hydrophone output is recorded using the same DSO as described above
and ensemble averaging of Nacq= 100 acquisitions is performed. In this way, the
linearity of the transducer output against the input waveform is assured, and the
pressure levels in the main and auxiliary chamber are quantified. Through the ratio
between the peak negative plane-wave US pressure ppl at Vpp= 0.7 V in the main
(<33 kPa) and auxiliary (160 kPa) chambers, a chamber wall transmission
coefficient of 20% is estimated, in agreement with the literature62. As the water-soft
tissue boundary provides lower US losses31,63, a fivefold increase of US amplitude
could be provided by better US delivery. Assuming an upper limit of 20%
measurement uncertainty, the maximum plane-wave pressure ppl in the main
chamber is certainly below 40 kPa.

Second, for the column-focused US configuration, a pressure enhancement by
the parabolic reflector R2 (Fig. 2c) may be expected. However, we cannot directly
measure the corresponding pressure enhancement factor β with a hydrophone.
Therefore, β is derived from the camera-based data (Fig. 3a/c) as following. In
general, the refractive power of the US-IRIS is proportional to the US pressure24,25,
and the US pressure is proportional to the control voltage level Vpp. For a certain
beam profile, the refractive power of the US-IRIS required to achieve beam
focusing in the camera imaging plane is independent on the US configuration and
thus equal for plane wave and column-focused configurations. Thus, we determine
the respective control voltages Vpp required for beam focusing in the imaging plane
for the column-focused (Vpp= 0.08 V) and plane-wave configurations (Vpp=
0.19 V). The ratio of the determined control voltages provides then the pressure
gain β. For the parabolic configuration (Fig. 2f), we achieve β= 2.4, compared to
the plane-wave case (Fig. 2d). Therefore, the maximum peak negative pressure in
the main chamber used in our experiment is in column-focused configuration and
is about 33 kPa × 2.4= 80 kPa (pcf). Again assuming an upper limit of 20%
measurement uncertainty, the maximum pressure in the main chamber in
parabolic reflector configuration is certainly below 96 kPa.

US safety concerns. In the US dosimetry, two criteria are employed to ensure safe
biomedical application of the US: the peak negative (peak rarefactional) pressure
and the spatial-peak temporal average intensity ISPTA. From the hydrophone
measurements of the plane-wave pressure and our estimate of the pressure mul-
tiplication factor β above, we conclude that the maximum peak rarefactional
pressure in our experiments does not exceed 96 kPa. This pressure level is fivefold
below the lower boundary of the range of widely used B-mode diagnostic US,
where for the frequency range 1–15MHz, a peak rarefactional pressure range from
0.54 to 5.4 MPa is considered safe31.

Second US dosimetry parameter, spatial-peak temporal average intensity ISPTA,
could be evaluated based on the above considerations of the peak rarefactional
pressure. As our method relies on transient US waves, the same tissue volume only
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has to be exposed to the US wave during its propagation, and ISPTA could be kept
low by a low duty cycle. For the conditions of our experiments in scattering
phantoms, with a seven-cycle 2.09 MHz sine burst at 14 Hz repetition rate and the
maximum peak rarefactional pressure of 96 kPa, the spatial-peak temporal average
intensity value ISPTA= 0.014 mW cm−2 is orders of magnitude below the allowed
maximum value of 720 mW cm−2 (refs. 31,46,64).

Therefore, with respect to both peak rarefactional pressure and spatial-peak
temporal average US intensity ISPTA, transient US-IRIS and TULW possess a large
headroom for increasing the pressure within safe US margins31.

Data availability
The data supporting the study is available from the corresponding author upon
reasonable request.

Code availability
The code supporting the study is available from the corresponding author upon
reasonable request.
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