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A B S T R A C T   

We present a picosecond optoacoustic technique for mapping both the longitudinal sound velocity v and the 
refractive index n in solids by automated measurement at multiple probe incidence angles in time-domain 
Brillouin scattering. Using a fused silica sample with a deposited titanium film as an optoacoustic transducer, 
we map v and n in the depth direction. Applications include the imaging of sound velocity and refractive index 
distributions in three dimensions in inhomogeneous samples such as biological cells.   

1. Introduction 

Picosecond ultrasonics relies on the optical generation of acoustic 
stress by the absorption of ultrashort light pulses of sub-picosecond 
duration in opaque samples and the detection of propagating acoustic 
pulses by delayed light pulses through transient reflectance changes 
[1–3]. For the case of transparent samples coated with an opaque film, it 
is also possible to generate acoustic pulses thanks to the film optical 
absorption and to measure GHz Brillouin oscillations in optical reflec-
tance arising from sound transmitted to the transparent medium [4–16]. 
The latter technique, known as picosecond ultrasonic interferometry or 
TDBS (Time-Domain Brillouin Scattering), relies on the photoelastic 
effect, and has been used for depth profiling and three-dimensional (3D) 
imaging of the longitudinal sound velocity in transparent samples, 
including biological cells, assuming a constant refractive index distri-
bution [17–23]. In addition, various other applications have been sug-
gested for TDBS, such as monitoring polycrystalline aggregates, ion 
implantation profiles, internal stress distributions, and temperature 
gradients [24–26]. TDBS has also been used to profile both the refractive 
index and sound velocity by multiple probe-light incidence angle mea-
surements, but the proposed apparatus is not automated, leading to 
arduous data acquisition procedures [11,27,28]. 

In picosecond ultrasonics one makes use of a pump light beam, an 

incident probe light beam, and a reflected/transmitted probe light 
beam, each associated with a focusing lens. To achieve small optical 
spots for optimal lateral resolution, lenses with a short focal length 
should be used. Space for separately positioned lenses is limited, so a 
single lens is often used for two or three beams. For example, when the 
probe beam is at normal incidence to the sample, a single lens focuses 
the incident probe beam to the sample and picks up the reflected probe 
beam. But in multi-angle measurement methods, more lenses are usually 
necessary, and result in crowded and complicated setups around the 
sample. For example, we previously reported a measurement involving a 
varying probe-beam incident angle using a θ–2θ stage (as in an ellips-
ometer) with a hemispherical sample using a pick-up lens and detector 
mounted on a coaxial rotation stage [28]. Côte et al. also used a 
complicated sample-rotation setup for measurement with two probe 
incident angles [27]. Lomonosov et al. used three probe incident angles 
(0◦, 45◦, and 60◦). All these multi-angle scan systems can only be effi-
ciently used for samples which are laterally homogeneous because it is 
difficult to access exactly the same position on the sample at each probe 
incidence angle. Here we propose an experimental technique which 
allows the probe-incidence angle to be scanned with a simpler experi-
mental setup, and extends TDBS to automated data acquisition suitable 
for spatially inhomogeneous samples. We make use of a single objective 
lens with a high numerical aperture for the pump, incident probe, and 
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reflected probe beams without the need for rotating the sample or 
adjusting the lens position. 

2. Theory for mapping both sound velocity and refractive index 
in TDBS 

Time-domain Brillouin oscillations measured with pulsed lasers arise 
from the interference between the probe light reflected from the acoustic 
pulse and from interfaces inside transparent samples. For homogeneous 
and isotropic samples, the Brillouin oscillation frequency fB is given by 

fB =
2nvcosθ

λ
, (1)  

where n is the refractive index, v is the longitudinal sound velocity, θ is 
the probe incident angle on the plane normal to the propagation direc-
tion of the acoustic pulse, and λ is the wavelength of the probe light in 
vacuum. From the application of Snell’s law, nsinθ = sinθ0, at the sample 
surface, where θ0 is the probe incident angle in air, Eq. (1) can be 
rewritten as follows: 

fB =
2v

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
n2 − sin2θ0

√

λ
. (2)  

This is also valid when the sample is immersed in liquids using, for 
example, a liquid-immersion microscope objective. 

By monitoring the time-resolved Brillouin oscillation frequency fB as 
a function of multiple incident angles θ0 and time allows one to obtain 
depth profiles of both v and n from Eq. (2). 

3. Experimental setup with automated angle scanning 

3.1. Automated angle scanning and sample description 

The experimental method is based on conventional picosecond ul-
trasonics [1,2], making use of a pump optical beam to generate pico-
second acoustic pulses and a delayed probe beam to detect their 
propagation. To enable probe-light incident angle scanning, we incor-
porate a microscope objective with a high numerical aperture (NA). 
Although high NA lenses are usually used for making small spots by the 
use of optical beams that fill a substantial fraction of the lens aperture, 
we use them here for a different aim. When a collimated narrow beam 
propagating parallel to the center axis of a microscope objective enters 
the objective at an in-plane lateral displacement defined by x and y from 
the lens axis, the incident angle θ0 of the output beam on the focusing 
plane is given by 

θ0 = tan− 1

̅̅̅̅̅̅̅̅̅̅̅̅̅̅
x2 + y2

√

F
, (3)  

where F is the focal length of the microscope objective, as shown in  
Fig. 1(a). If we hold y at some fixed value close to zero while scanning x, 
it is therefore possible to vary the value of θ0. This is valid for output 
beams in air, but Eq. (2) also applies when the sample is immersed in a 
liquid. We use a water-immersion microscope objective (Olympus 
LUMPLFLN60XW), as shown by the image in Fig. 1(b), with NA = 1.0, 
F = 3.0 mm, working distance 2 mm, and lens aperture diameter 8 mm. 
To validate our technique, we choose an isotropic fused silica cover glass 
of thickness 0.3 mm (Sekiya Rika Co., Ltd, D14-081-010) coated on one 
side with an isotropic polycrystalline titanium film of thickness 640 nm 
made by RF (radio frequency) sputtering. The Ti film serves as an 
optoacoustic transducer based on thermoelastic expansion. A schematic 
of the sample is shown in Fig. 1(c). We choose Ti because it is known to 
be inert to living biological samples, and is commonly used in TDBS for 
such applications. The Ti thickness is chosen so that the round trip fre-
quency of a longitudinal acoustic wave, ~ 4.8 GHz (period ~ 210 ps), 
calculated from the longitudinal sound velocity of Ti (6070 m s− 1 [29]) 
is significantly different from fB~20 GHz in the cover glass. The sample 

and front end of the microscope objective are immersed in distilled 
water (refractive index n = 1.33, sound velocity 1482 m s− 1 [29]) in a 
Petri dish. 

3.2. Measurement method 

We make use of a mode-locked Ti:sapphire laser (center wavelength 
820 nm, pulse width 200 fs, repetition frequency 80 MHz). A schematic 
diagram of the experimental system is shown in Fig. 2. A beam of this 
near-infrared pulsed light of FWHM (full width half maximum) width 
~ 1 mm before the objective lens is used as the probe light, and a 
frequency-doubled blue beam generated at a BBO (β-BaB2O4) crystal is 
used as the pump light, of FWHM width ~ 2 mm before the objective 
lens, which generates longitudinal phonon pulses in the Ti film. The 
phonon pulses are transmitted to the silica cover glass, where they can 
scatter the probe light. The pump beam is chopped by an acousto-optic 

Fig. 1. (a) Schematic showing the relation between the incident off-axis 
displacement x and the output angle θ0 of a narrow beam entering a micro-
scope objective with focal length F. (b) Image of the water-immersion objective 
lens with numerical aperture NA = 1.0 (Olympus LUMPLFLN60XW). (c) Sche-
matic showing the sample used. 

Fig. 2. Experimental setup. When the motorized angle control stage is linearly 
displaced by x for a fixed value of y, the probe beam and reflected probe beam 
entering and emerging from the objective are also displaced by x (dashed line). 
This displacement causes a change of the incident angle of the probe light on 
the sample. BBO: beta barium borate β-BaB2O4, AOM: acousto-optic modulator. 
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modulator at 1 MHz and focused on the sample by the objective lens. 
The probe beam is collimated and shaped to ~ 1 mm diameter by a lens 
pair and an iris, and then passes through a delay line which consists of a 
motorized linear stage and a corner-cube reflector. The delayed probe 
beam is further guided to a mirror placed on another linear motorized 
stage (the angle-control stage). Here the 90◦-reflected beam is variably 
displaced by the motion of the angle-control stage, as shown in Fig. 2. 
When this stage is displaced by x from the x origin, the probe beam path 
is laterally displaced by the same amount without changing the beam 
propagation direction. In this way, the position of the incident beam 
with respect to the objective is also moved by x. The optical path of the 
probe beam thereby changes, and the probe pulse arrival time at the 
sample is slightly shifted. This is easily compensated in the data analysis 
for each value of x by calibration of the zero delay time setting using the 
observed reflectance spike associated with the pump pulse arrival at the 
sample. The pump and probe beams are merged by a dichroic beam 
splitter placed in the optical path before the microscope objective. The 
average powers of the pump and probe beams before the objective lens 
are 2 and 1 mW, respectively. (This objective transmits ~ 75 % of the 
light at the corresponding wavelengths.) The spot size of the focused 
pump light is ~ 1 µm (intensity full width of half maximum, FWHM), 
and that of the probe light is ~ 2 µm. These were measured by a knife- 
edge technique, assuming Gaussian distributions. The probe beam 
focusing produces a ~ ±10◦ spread in the incident beam angle on the 
sample. The pulse energy of the pump light at the sample is ~ 50 pJ, and 
the estimated maximum instantaneous and steady-state temperature 
rises in the sample are ~ 250 K and ~ 25 K, respectively [1,2,7]. The 
reflected probe light is partially reflected at a beam splitter, and is 
focused onto a photodetector. The probe light intensity change is 
detected by a lock-in amplifier synchronized to the chopping frequency 
of the pump beam. An infrared-pass, blue-cut color filter is placed in 
front of the photodetector to eliminate pump light. The relative reflec-
tance change ΔR/R is recorded as a function of delay time τ and the 
incident probe light displacement x. The pump and probe polarizations 
are linear and elliptical, respectively. 

4. Experimental results 

Fig. 3 shows data for the probe relative reflectance change ΔR/R as a 
function of the incident probe beam displacement on the microscope 
objective (with 0.2 mm step) and the delay time (with 0.5 ps step): Fig. 3 
(a) shows typical time-domain data for ΔR/R at two incident displace-
ments (x = 0.06 and x = 1.064 mm), showing Brillouin oscillations at 
~ 20 GHz; Fig. 3(b) shows similar spatiotemporal data on a color scale 
after subtracting a slowly varying background signal arising mainly 
from the temperature change of the Ti film. The increase in amplitude at 
~ 210 ps corresponds to the arrival of the first echo after phonon 
reflection from the 640 nm Ti film free surface. The Brillouin oscillations 
arise solely because of acoustic propagation in the silica substrate. On 
setting y near zero, the displacement x and the angle θ0 are related as in 
Eq. (3): |x| = 0.5, 1.0, and 1.5 mm correspond to |θ0| = 9.5◦, 18.4◦ and 
26.6◦, respectively. Because the Brillouin oscillations are generated by 
the interference of the probe light reflected at the Ti-SiO2 interface and 
at the acoustic pulse wavefront, for larger displacements |x| and delay 
times t, the optical interference contrast decreases with increasing |x|
and t, leading to a lower Brillouin oscillation amplitude. 

Fig. 4 shows the frequency of the measured Brillouin oscillations (red 
squares) obtained by temporal Fourier transforms over 1000 ps as a 
function of x. The solid line obtained by least-squares fitting to the 
experimental data with Eqs. (2) and (3) using the focal length F and 
displacement y as variable parameters, and under the assumption that 
the refractive index n and longitudinal sound velocity v take their 
literature values n = 1.45 (at 820 nm optical wavelength) and 
v = 5968 m s− 1 [29]. The center position x = 0 corresponds to the 
maximum value of fB. This position is obtained before the main fitting 
procedure by use of a symmetric-curve fitting function. The fitted 

average values of F and y are F = 3.05 mm and y = 0.38 mm. F is very 
close to the value F = 3.0 mm obtained from the datasheet for the 
objective lens [30] and y is in the expected range determined by align-
ment. Our results demonstrate that the proposed angle-scanning tech-
nique works well over the range |θ0| < 29◦ for the incident angle θ0. For 
measurements on arbitrary samples, initial determination of F and y on a 
standard sample as presented here should be useful for pre-calibration. 

To extract fB as a function of delay time τ, the TDBS data is further 
analyzed by the use of STFTs with a Hanning window function 
wH(t) = 1

2 [1+cos(2π(t − τ)/T ) ] for |τ − t|〈T/2 and wH(t) = 0 for 
|τ − t|〉T/2, where T = 300 ps, accommodating about 6 oscillation cycles, 
is the chosen window duration. By means of temporal Fourier analysis as 
explained above, the variation of v and n with τ is obtained from Eqs. (2) 
and (3) as functions of displacement x and peak Brillouin frequency fB by 
means of least-squares fitting to the angle-scanned data for each delay 
time, while keeping the values F = 3.05 mm and y = 0.38 mm constant, 
as shown in Fig. 5(a). 

Fig. 3. (a) Probe beam relative reflectance change as a function of delay time τ 
for some selected lateral displacements x. The downward pointing arrows 
correspond to the arrival of acoustic echoes. (b) Probe beam relative reflectance 
change as a function of the probe beam lateral displacement x on the objective 
lens and the delay time τ. (A slowly varying background signal is subtracted.). 

Fig. 4. Frequency of the Brillouin oscillations derived by temporal Fourier 
transforms of the experimental data (red points) and fitted curve (black solid 
line) obtained from Eqs. (2) and (3). 
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These temporal variations can be converted to spatial variations as a 
function of the distance (i.e., depth) z from the Ti-SiO2 interface by 
integration of the measured sound velocity temporal variation, as shown 
in Fig. 5(b). The derived variations in n(z) and v(z) (solid lines) show 
good agreement with the expected values (dotted lines) before the 
arrival of the first echo at ~210 ps (when z ≈ 1.2 µm for the initial 
pulse) produced by phonon-pulse reflection from the buried Ti-silica 
interface. Significant deviations in v from the expected value are 
recorded at this point. The origin of this first echo can be understood as 
follows. After the short-time thermoelastic stress generation in the Ti 
film, two counterpropagating phonon pulses of equal amplitude are 
generated with a strain amplitude ~ 10− 3 [5]. One part of the upwardly 
(+ z-directed) propagating phonon pulse is transmitted as a unipolar 
strain pulse to the silica film and partially reflected at the Ti-silica 
interface with a strain reflection coefficient of r =

(ρv − ρ0v0)/(ρv+ρ0v0) = − 0.35, where literature values of the densities 
ρ, ρ0 and longitudinal sound velocities v, v0 of fused silica and Ti, 
respectively, are used (ρ = 2196 kg m− 3 and v = 5968 m s− 1, 
ρ0 = 4510 kg m− 3 and v0 = 6070 m s− 1 [29]). The downwardly 
(− z-directed) propagating phonon pulse thus shows a bipolar strain 
profile, and is reflected with a strain reflection coefficient r1 = 0.9 at the 
Ti-water interface (calculated using the density and sound velocity of 
water at 20 ◦C, i.e., 998 kg m− 3 and 1482 m s− 1 [29]). After that, it is 
transmitted at the Ti-silica interface as the first-echo phonon pulse. The 
calculated ratio of the peak-to-peak strain amplitudes of the first-echo to 
the initial phonon pulse takes the approximate value 1.2, ignoring 
negligible ultrasonic attenuation. Subsequent echoes are diminished in 
amplitude by a factor of ~ 0.32 each time. The arrival of the first echo 
produces a change in the instantaneous Brillouin frequency unrelated to 
the predicted value of fB. For depths greater than z ≈ 1.2 µm, the pre-
dicted values of n and v return as expected close to their predicted 
values. (As explained above, higher order echoes are expected to pro-
duce significantly smaller perturbations to fB, but their effect is pre-
sumably responsible for the residual fluctuations in n and v as a function 
of depth for z > 1.2 µm.) The use of a much thinner (or thicker) trans-
ducer film would avoid the perturbations in fB caused by acoustic 

echoes, and permit the accurate monitoring of n and v over greater 
depths. The accuracy of our method in determining n and v at times 
before perturbations owing to echo arrival (i.e., for z≲ 0.5 µm) is ~ 3 %, 
determined we believe by laser intensity fluctuations and residual 
optical-system alignment errors. With system improvements it should be 
possible to improve significantly on the measurement accuracy. The 
spatial resolution in the depth direction in our analysis is estimated to be 
~ 900 nm (~ 3Λ, where Λ = λ/(2ncosθ) = 270–290 nm is the corre-
sponding acoustic wavelength range for our range of θ), approximately 
equal to the FWHM temporal duration of the chosen Hanning window 
function of the STFT multiplied by the value of v. (In comparison, the 
spatial resolution obtainable using a rectangular window function is 
approximately equal to half the window temporal duration multiplied 
by v [20].) 

The spatial resolution in the depth direction could be improved by 
the use of shorter probe-beam wavelengths. The lateral spatial resolu-
tion is determined by the pump and probe spot sizes, and could thus be 
improved by the use of tighter focusing. However, a smaller probe spot 
size also leads to a smaller Brillouin oscillation amplitude because of 
degraded optical interference conditions, especially for higher incident 
probe angles. The pump spot size determines the lateral size of the 
acoustic pulse, which scatters the probe light. When the pump spot size 
is much smaller than the probe spot size, as in the present experiment, 
variations in pump spot size do not affect the probe interference con-
ditions. Smaller pump spot sizes may lead to sample damage, or loss of 
signal if the pump beam power is reduced. The pump and probe spot 
sizes should in general be determined by a consideration of the trade-offs 
between the required lateral resolution, maximum measurement depth, 
and analysis window duration. An analytical approach to this problem is 
given elsewhere [31–33]. 

Our chosen angle range is limited to |θ0| < 27◦, because Brillouin 
oscillations at larger angles decay to a level that makes it difficult to 
determine fB up to 1000 ps, i.e., at depths up to 6 µm. If one requires a 
more accurate velocity and refractive index determination for mea-
surements limited to smaller depths, the angle range in our system can 
be increased by use of values of |x| up to 3.5 mm, or |θ0| = 50◦. (Recall 
that the lens aperture diameter is 8 mm and the probe beam FWHM 
before the objective is ~ 1 mm.) The corresponding range of fB increases 
from 19.8–21.0 GHz to 18.0–21.0 GHz. This may still not be sufficient 
for applications requiring a larger range of fB, such as in ultrasonic 
spectroscopy [9,12] or strain-pulse tomography [28], which make use of 
a prism or hemisphere for larger incident angles. 

5. Conclusions 

In conclusion, we present a technique in time-domain Brillouin 
scattering for the depth profiling of both sound velocity and refractive 
index in a transparent material based on automated optical probe- 
incidence scanning. This allows incident-angle resolved measurements 
in a compact system without the need for a cumbersome optical 
arrangement. The technique is validated with a well-characterized ho-
mogeneous glass sample, but it should also be applicable to inhomoge-
neous transparent samples, such as solids, liquids or mixtures of the two. 
In the case in which liquids are involved, the transducer film in contact 
with the liquid can be deposited on a suitable substrate. Perturbations 
owing to echo arrivals could be avoided by the use of either very thin or 
very thick transducer layers. Alternatively, one could make use of pump 
beam illumination from the bottom side of the sample—an effective 
method for avoiding damage to delicate samples—combined with an 
impedance-matched transducer film in order to achieve the same result. 
It should also be possible to map the sound velocity in 3D in inhomo-
geneous samples, such as biological cells or inorganic layers with gra-
dients, giving access to micron and sub-micron scale 3D maps of elastic 
constant variations. 

Fig. 5. Derived refractive index (blue solid line) and longitudinal sound ve-
locity (red solid line) in the silica sample as a function of (a) delay time and (b) 
depth. The dotted lines represent the expected values of refractive index n and 
longitudinal sound velocity v of silica. Also shown is the Hanning window used 
(orange dotted line), which is scanned in time to obtain the temporal variation 
of the Brillouin frequency. The depth profiles in (b) are obtained by use of the 
measured sound velocity temporal variation in (a). The downward pointing 
arrows correspond to the arrival of acoustic echoes. 
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[32] V.E. Gusev, T. Thréard, D.H. Hurley, S. Raetz, Theory of time-domain Brillouin 
scattering for probe light and acoustic beams propagating at an arbitrary relative 
angle: application to acousto-optic interaction near material interfaces, arXiv 
Prepr. arXiv (2021) (2107.05294). 

[33] M. Tomoda, A. Toda, O. Matsuda, V.E. Gusev, O.B. Wright, Sound velocity 
mapping from GHz Brillouin oscillations in transparent materials by optical 
incidence from the side of the sample, Photoacoustics 30 (2023), 100459.  

Motonobu Tomoda received his Ph.D. degree in engineering 
at Hokkaido University, Sapporo, Hokkaido, Japan, in 2008. 
Since 2022, he has been working as an instructor (until 2007) 
and an assistant professor (from 2007) in the Faculty of Engi-
neering, Hokkaido University. He specializes in picosecond 
laser ultrasonics in nanostructures, local probing techniques 
involving ultrasonics and optics, surface acoustic wave imag-
ing, phononic crystals, and acoustic/mechanical 
metamaterials.  

Akihisa Kubota received his B.A. degree in engineering in 
2016 and his master’s degree in 2018 from Hokkaido Univer-
sity, Sapporo, Hokkaido, Japan. His research interests include 
laser picosecond ultrasonics.  

M. Tomoda et al.                                                                                                                                                                                                                               

http://refhub.elsevier.com/S2213-5979(23)00039-3/sbref1
http://refhub.elsevier.com/S2213-5979(23)00039-3/sbref1
http://refhub.elsevier.com/S2213-5979(23)00039-3/sbref2
http://refhub.elsevier.com/S2213-5979(23)00039-3/sbref2
http://refhub.elsevier.com/S2213-5979(23)00039-3/sbref3
http://refhub.elsevier.com/S2213-5979(23)00039-3/sbref3
http://refhub.elsevier.com/S2213-5979(23)00039-3/sbref3
http://refhub.elsevier.com/S2213-5979(23)00039-3/sbref4
http://refhub.elsevier.com/S2213-5979(23)00039-3/sbref4
http://refhub.elsevier.com/S2213-5979(23)00039-3/sbref4
http://refhub.elsevier.com/S2213-5979(23)00039-3/sbref5
http://refhub.elsevier.com/S2213-5979(23)00039-3/sbref5
http://refhub.elsevier.com/S2213-5979(23)00039-3/sbref6
http://refhub.elsevier.com/S2213-5979(23)00039-3/sbref6
http://refhub.elsevier.com/S2213-5979(23)00039-3/sbref7
http://refhub.elsevier.com/S2213-5979(23)00039-3/sbref7
http://refhub.elsevier.com/S2213-5979(23)00039-3/sbref7
http://refhub.elsevier.com/S2213-5979(23)00039-3/sbref8
http://refhub.elsevier.com/S2213-5979(23)00039-3/sbref8
http://refhub.elsevier.com/S2213-5979(23)00039-3/sbref8
http://refhub.elsevier.com/S2213-5979(23)00039-3/sbref9
http://refhub.elsevier.com/S2213-5979(23)00039-3/sbref9
http://refhub.elsevier.com/S2213-5979(23)00039-3/sbref9
http://refhub.elsevier.com/S2213-5979(23)00039-3/sbref10
http://refhub.elsevier.com/S2213-5979(23)00039-3/sbref10
http://refhub.elsevier.com/S2213-5979(23)00039-3/sbref10
http://refhub.elsevier.com/S2213-5979(23)00039-3/sbref11
http://refhub.elsevier.com/S2213-5979(23)00039-3/sbref11
http://refhub.elsevier.com/S2213-5979(23)00039-3/sbref11
http://refhub.elsevier.com/S2213-5979(23)00039-3/sbref11
http://refhub.elsevier.com/S2213-5979(23)00039-3/sbref12
http://refhub.elsevier.com/S2213-5979(23)00039-3/sbref12
http://refhub.elsevier.com/S2213-5979(23)00039-3/sbref12
http://refhub.elsevier.com/S2213-5979(23)00039-3/sbref13
http://refhub.elsevier.com/S2213-5979(23)00039-3/sbref13
http://refhub.elsevier.com/S2213-5979(23)00039-3/sbref13
http://refhub.elsevier.com/S2213-5979(23)00039-3/sbref14
http://refhub.elsevier.com/S2213-5979(23)00039-3/sbref14
http://refhub.elsevier.com/S2213-5979(23)00039-3/sbref14
http://refhub.elsevier.com/S2213-5979(23)00039-3/sbref14
http://refhub.elsevier.com/S2213-5979(23)00039-3/sbref15
http://refhub.elsevier.com/S2213-5979(23)00039-3/sbref15
http://refhub.elsevier.com/S2213-5979(23)00039-3/sbref16
http://refhub.elsevier.com/S2213-5979(23)00039-3/sbref16
http://refhub.elsevier.com/S2213-5979(23)00039-3/sbref16
http://refhub.elsevier.com/S2213-5979(23)00039-3/sbref17
http://refhub.elsevier.com/S2213-5979(23)00039-3/sbref17
http://refhub.elsevier.com/S2213-5979(23)00039-3/sbref17
http://refhub.elsevier.com/S2213-5979(23)00039-3/sbref18
http://refhub.elsevier.com/S2213-5979(23)00039-3/sbref18
http://refhub.elsevier.com/S2213-5979(23)00039-3/sbref18
http://refhub.elsevier.com/S2213-5979(23)00039-3/sbref19
http://refhub.elsevier.com/S2213-5979(23)00039-3/sbref19
http://refhub.elsevier.com/S2213-5979(23)00039-3/sbref19
http://refhub.elsevier.com/S2213-5979(23)00039-3/sbref19
http://refhub.elsevier.com/S2213-5979(23)00039-3/sbref20
http://refhub.elsevier.com/S2213-5979(23)00039-3/sbref20
http://refhub.elsevier.com/S2213-5979(23)00039-3/sbref20
http://refhub.elsevier.com/S2213-5979(23)00039-3/sbref21
http://refhub.elsevier.com/S2213-5979(23)00039-3/sbref21
http://refhub.elsevier.com/S2213-5979(23)00039-3/sbref21
http://refhub.elsevier.com/S2213-5979(23)00039-3/sbref22
http://refhub.elsevier.com/S2213-5979(23)00039-3/sbref22
http://refhub.elsevier.com/S2213-5979(23)00039-3/sbref22
http://refhub.elsevier.com/S2213-5979(23)00039-3/sbref22
http://refhub.elsevier.com/S2213-5979(23)00039-3/sbref22
http://refhub.elsevier.com/S2213-5979(23)00039-3/sbref23
http://refhub.elsevier.com/S2213-5979(23)00039-3/sbref23
http://refhub.elsevier.com/S2213-5979(23)00039-3/sbref24
http://refhub.elsevier.com/S2213-5979(23)00039-3/sbref24
http://refhub.elsevier.com/S2213-5979(23)00039-3/sbref25
http://refhub.elsevier.com/S2213-5979(23)00039-3/sbref25
http://refhub.elsevier.com/S2213-5979(23)00039-3/sbref25
http://refhub.elsevier.com/S2213-5979(23)00039-3/sbref25
http://refhub.elsevier.com/S2213-5979(23)00039-3/sbref26
http://refhub.elsevier.com/S2213-5979(23)00039-3/sbref26
http://refhub.elsevier.com/S2213-5979(23)00039-3/sbref26
http://refhub.elsevier.com/S2213-5979(23)00039-3/sbref26
http://refhub.elsevier.com/S2213-5979(23)00039-3/sbref27
http://refhub.elsevier.com/S2213-5979(23)00039-3/sbref27
http://refhub.elsevier.com/S2213-5979(23)00039-3/sbref27
http://refhub.elsevier.com/S2213-5979(23)00039-3/sbref28
http://refhub.elsevier.com/S2213-5979(23)00039-3/sbref28
http://refhub.elsevier.com/S2213-5979(23)00039-3/sbref29
http://refhub.elsevier.com/S2213-5979(23)00039-3/sbref29
https://www.olympus-lifescience.com/en/.pdf/en/pdf-export/objectives/?0[DIRECTORY::DirFrontend][itemId]=511706541
https://www.olympus-lifescience.com/en/.pdf/en/pdf-export/objectives/?0[DIRECTORY::DirFrontend][itemId]=511706541
https://www.olympus-lifescience.com/en/.pdf/en/pdf-export/objectives/?0[DIRECTORY::DirFrontend][itemId]=511706541
https://www.olympus-lifescience.com/en/microscope-resource/primer/anatomy/magnification/
https://www.olympus-lifescience.com/en/microscope-resource/primer/anatomy/magnification/
http://refhub.elsevier.com/S2213-5979(23)00039-3/sbref30
http://refhub.elsevier.com/S2213-5979(23)00039-3/sbref30
http://refhub.elsevier.com/S2213-5979(23)00039-3/sbref31
http://refhub.elsevier.com/S2213-5979(23)00039-3/sbref31
http://refhub.elsevier.com/S2213-5979(23)00039-3/sbref31
http://refhub.elsevier.com/S2213-5979(23)00039-3/sbref31
http://refhub.elsevier.com/S2213-5979(23)00039-3/sbref32
http://refhub.elsevier.com/S2213-5979(23)00039-3/sbref32
http://refhub.elsevier.com/S2213-5979(23)00039-3/sbref32


Photoacoustics 31 (2023) 100486

6

Osamu Matsuda received his Ph.D. degree in physics at Osaka 
University, Japan in 1991. He is currently a professor at Hok-
kaido University, Japan. His research interests include ultrafast 
spectroscopy, picosecond laser ultrasonics, acoustic wave im-
aging, phononic crystals, and phononic metamaterials.  

Yoshihiro Sugawara has been a senior researcher at FUJIFILM 
Corporation, Japan. He received Ph.D. degree in engineering at 
Hokkaido University, Japan, in 2002. Since 2003, he had been 
a postdoctoral research fellow in Southampton University, UK, 
until 2006. He specializes in picosecond laser ultrasonics, 
surface acoustic wave imaging, plasmonics and acoustic 
metamaterials.  

Oliver B. Wright has been a Professor at Hokkaido University, 
Japan since 1996 and a Guest Professor at Osaka University, 
Japan since 2022. He received his BA in physics at the Uni-
versity of Oxford and his Ph.D. in physics from the University of 
Cambridge. His current research interests include picosecond 
laser ultrasonics, acoustic wave imaging, and acoustic 
metamaterials. 

M. Tomoda et al.                                                                                                                                                                                                                               


	Time-domain Brillouin imaging of sound velocity and refractive index using automated angle scanning
	1 Introduction
	2 Theory for mapping both sound velocity and refractive index in TDBS
	3 Experimental setup with automated angle scanning
	3.1 Automated angle scanning and sample description
	3.2 Measurement method

	4 Experimental results
	5 Conclusions
	Declaration of Competing Interest
	Data Availability
	Acknowledgement
	References


