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Ultrafast Photoacoustics, more commonly known as picosecond laser
ultrasonics (PLU), is a research domain involving the use of ultrashort
light pulses to generate and detect acoustic waves at GHz-THz fre-
quencies. Pioneering research in this field was conducted in the 1980s,
which established the experimental and theoretical background for both
the generation and detection of coherent picosecond acoustic pulses [I1,
12]. Fundamental applications include measuring phonon attenuation,
evaluating phonon interactions with electrons and magnons in solids,
including quantum-electronic structures, and studying picosecond
acoustic solitons and shock fronts.

The practical applications of PLU are also diverse. Apart from mea-
surements on homogenous materials such as metals, semiconductors
and dielectrics in bulk or thin-film form, PLU has been applied to the
imaging of inhomogeneous materials, including plant and animal cells,
with nanometer spatial resolution in the direction of acoustic propaga-
tion. PLU has also been used to investigate the vibrational behaviour of
nanostructures and nano-objects. It can monitor not only coherent lon-
gitudinal waves but also coherent shear waves, surface acoustic waves,
and Lamb waves in plates. Experiments have been conducted in both
solids and liquids.

This Special Issue on Ultrafast Photoacoustics compiles research
from many different areas of photoacoustics involving ultrafast lasers in
physical and applied acoustics, specifically within the field of PLU. To
the best of our knowledge, this marks only the second instance of such a
journal collection, which represents the state of the art in this field. The
previous collection was published nearly 10 years ago in the journal
Ultrasonics (Elsevier) [I3]. This new Special Issue, assembled in
2022-2023, provides a platform for recent achievements across all
areas of PLU. Topics include ultrasonic generation and detection tech-
niques, instrumentation, signal processing, inverse analysis, materials
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Fig. 1. Map of the articles in the Special Issue. PLU: Picosecond Laser
Ultrasonics.

characterization, industrial and biomedical applications, simulation and
theory, and the fundamental treatment of ultrafast acousto-optic and
opto-acoustic phenomena.

This Special Issue consists of 30 articles, including three reviews and
27 regular articles (see Fig. 1). The review articles (shown in green in the
figure) offer up-to-date summaries of various topics in PLU, covering
biomedical applications, ultrafast magnetoacoustics, and the use of ul-
trafast X-rays for detecting coherent acoustic pulses.

For the reader’s convenience, the remaining 27 articles in this Spe-
cial Issue (shown in blue in Fig. 1) are categorized into six groups with
the following titles: Brillouin light scattering, Plasmonic applications in
PLU, Applications to nano-layered structures and membranes, Surface
acoustic waves probed with ultrafast lasers, Methodological advances,
Emerging applications of PLU.
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Editorial

1. Review articles
1.1. Applications to cell mechano-biology

Applications of picosecond acoustics in cell imaging and mechano-
biology have advanced significantly in recent decades, with major
findings discussed in the review article [1]. PLU provides an alternative
modality for label-free and non-contact cell imaging, which relies on
contrast derived from a cell’s intrinsic mechanical properties. A unique
feature of PLU is its ability to track the propagation of mechanical waves
inside cells, particularly within the nucleus. The quantitative evaluation
of the nucleus’s mechanics in-situ offers new insights into probing its
supramolecular organization and understanding changes in its response
to biological cues. Other articles related to applications of PLU to cell
mechanobiology can be found in Sections 2.3, 2.5 and 2.6 of this Special
Issue.

1.2. Ultrafast magnetoacoustics

The article [2] is one of the first reviews in the field of ultrafast
magnetoacoustics, which exploits the ultrafast optical excitation of a
magnetic material to generate and detect coherent phonons and mag-
nons. Ultrafast magnetoacoustics can be considered a combination of
two independent research fields involving ultrashort laser pulses: pico-
second ultrasonics and femtosecond optomagnetism. This article re-
views ultrafast magnetoacoustic experiments on nanostructures made
from the alloy Galfenol (Fe,Ga). The authors focus on the crucial role of
the magnon-phonon interaction in the coherent magnon response to
ultrafast optical excitation. Strong effects are manifest, and are largely
determined by the unique properties of Galfenol. In particular, the
article highlights how to significantly influence the magnetic response in
this material on optical excitation by controlling the spectrum of
generated coherent phonons and their subsequent interaction with
magnons. The following effects are covered: resonant phonon pumping
of magnons, formation of magnon polarons, and the driving of magne-
tization waves by guided phonon wavepackets. Thanks to the ability of
phonons and magnons to serve as information carriers for quantum
communications and neuromorphic computing, the experimental results
reviewed underscore the potential of ultrafast magnetoacoustics in ap-
plications to emerging areas of modern nanoelectronics.

1.3. Ultrafast photoacoustics with X-rays

The article [3] is the first review article to discuss PLU experiments
using ultrashort hard X-ray probe pulses to monitor coherent picosecond
acoustic phonons generated in laser-excited nanoscale structures from
Bragg-peak shifts. This ‘picosecond ultrasonics with X-ray’ (PUX)
method provides direct, layer-specific, and quantitative information on
the picosecond strain response for structures down to a few nm in
thickness, irrespective of the optical properties. The method encom-
passes ultrathin and opaque metal heterostructures, continuous and
granular nanolayers, as well as negative thermal expansion materials, all
of which pose challenges for measurement with established all-optical
techniques. Modelling the transient strain using the elastic wave equa-
tion and connecting the driving photo-induced stress via the Griineisen
parameter to energy-density changes in the microscopic subsystems of
the solid, i.e., electrons, phonons, and spins, provides an opportunity to
reveal ultrafast energy flows between the different subsystems. A very
recent article on this topic may be found in Section 2.6 of this Special
Issue.

2. Regular articles
2.1. Brillouin light scattering

Brillouin light scattering was originally implemented in experiments
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where thermal phonons were probed by photons from a continuous
laser, making use of analysis in the spectral domain [14,I5]. In PLU ex-
periments, however, it is the coherent phonons generated by pump
optical pulses that are detected. By using ultrashort probe optical pulses
together with the optical sampling technique, time-domain measure-
ments of the Brillouin interaction become possible. Information is then
extracted from the interactions that occur during the propagation of the
optically generated coherent phonons in the structure under
investigation.

An interesting intermediate situation is presented in the article [4],
in which case a continuous laser is used to detect the interaction with
coherent phonons optically generated by ultrashort pump optical pulses.
The detected signals are then 3-4 orders of magnitude higher than those
detected when there is no pump, i.e., when only spontaneous thermal
phonons are detected. Remarkably, the authors demonstrate the detec-
tion of multiple resonance modes in a thin bilayer structure of gold and
silicon. Whether or not the detection is resolved in the time domain, the
measurement of the frequency shift associated with the Brillouin inter-
action only provides access to the sound velocity if the refractive index
of the medium is known. When multiple measurements are performed
for different optical-incidence angles, it is possible to extract both
quantities simultaneously, i.e., sound velocity and refractive index. This
experimental analysis has been automated by the authors of article [5],
expanding the possible range of applications, for example, to 3D imaging
of these parameters in biological cells. This angular scanning can be
avoided if lateral access to the sample is possible: by exploiting the
simple laws of refraction, article [6] shows that the dependence of the
Brillouin frequency shift on the transparent medium’s refractive index is
eliminated if lateral optical-probe access is enabled. Under this condi-
tion, measurement of sound velocity, and its potential depth depen-
dence, is possible independent of the refractive index of the medium.

Another interesting application of time-resolved Brillouin scattering
is the reconstruction of transient strains propagating through an opaque
or a transparent medium. Strain pulse restoration for an opaque medium
is discussed in the article [7], in which case the Brillouin oscillations
contributing to acoustic echoes are heavily damped. This work makes
use of a classical theoretical formula describing the dependence of the
complex echo signals detected by ultrafast optical interferometry on the
coherent acoustic phonon field in the material. Strain pulse restoration is
achieved by filtering in the frequency domain, and this is demonstrated
by numerical simulations and by the analysis of experimental results for
a chromium film. The method requires a knowledge of the acoustic,
optical, and acousto-optical (photoelastic) parameters of the material.
The tomographic reconstruction of the propagation of a transient strain
pulse in a transparent medium is considered in the article [8]. The au-
thors used a hemispherical glass sample, and recorded the waveforms
resulting from the Brillouin interaction at various optical-incidence
angles, 0, between the coherent phonon wave vector and the probe
photon wave vector, spanning a wide angular range. An inverse problem
based on a knowledge of a theoretical formula relating the change in
reflectivity in a transparent medium to the strain distribution was
formulated to derive the strain pulse shape. By applying this method at
each time step, the authors generated a movie of the propagation of
acoustic strain in glass with a spatial resolution of ~120nm and a
temporal resolution of ~1 ps. This time-resolved Brillouin tomography
technique could be used to image the propagation of other transient
fields involving ultrafast perturbations in the refractive index.

A significant advantage of harnessing the time-resolved Brillouin
interaction lies in its role in the analysis of transient acoustic wavefronts
as they evolve during propagation. This approach is limited by the op-
tical absorption of the probe beam or by ultrasonic attenuation, with the
latter resulting from either acoustic absorption or diffraction. When
propagation occurs in a stratified medium, the Brillouin signature of
each layer appears successively on the temporal trace of the reflectivity
change, provided that the acoustic reflection coefficients between layers
are not too large. Time-resolved Brillouin scattering thus allows the



Editorial

analysis of stratified media with a thickness resolution on the order of a
few nanometers. In situations where one or more interfaces are inclined,
complex scenarios may arise in which the wave vectors of phonons and
probe photons are no longer aligned. A theory has been developed in the
article [9] to describe these interactions, by taking into account these
misalignments, the Gaussian form of the optical and acoustic beams, and
their pulsed nature. An application is presented in the article [10], in
which beam deflection is produced by an inclined interface resulting
from the non-uniform variation in the thickness of a sample subjected to
an intense and non-hydrostatic pressure field. Through an analysis
supported by theory, it was possible to determine the local inclination of
the interface from a single point measurement. This opens up a wide
range of possibilities for monitoring and imaging local structural
changes in samples

2.2. Plasmonic applications in PLU

Three articles report on new findings in the application of surface
plasmon polariton (SPP) resonances to achieve enhanced detection
sensitivity in PLU experiments. In these experiments, a prism (used in
the Kretschmann configuration) was used to couple the probe light to a
SPP resonance and thus enable PLU detection in nanometer-thick
metallic films.

In the article [11], it is revealed that when approaching the SPP
resonance condition, the phase of the acoustically-induced oscillatory
signal shifts because the spatial region for the most efficient detection of
acoustic waves is displaced from the prism/metal interface to the met-
al/air interface. In the article [12], the application of asynchronous
optical sampling under the SPP resonance condition enabled detection
of higher-order vibrational modes of a metal film and the attenuation
therein up to sub-THz frequencies. This revealed the importance of the
contribution of the acoustically-induced film thickness variations to the
detection process. The article [13] reports on novel PLU experiments on
metallic gratings, consisting of a short-period grating modulated by a
longer-period grating. This leads to two sidebands in the spatial fre-
quency domain, and to three SPP resonances at different optical wave-
lengths for the same optical incidence angle, producing diffraction
efficiency increases for specific diffraction orders. The experiments
revealed that probing optical reflectivity changes close to SPP reso-
nances leads to enhancements in the detection of surface and longitu-
dinal bulk acoustic waves by factors of about 20 and 40, respectively,
compared with reflectivity changes observed when probing at
off-resonance wavelengths. Measuring the optically diffracted probe
light was found to lead to an enhancement factor approaching 100 for
the detection of longitudinal bulk acoustic waves.

2.3. Applications to nano-layered structures and membranes

Eight articles report on advances in one of the classical areas of PLU,
namely the evaluation of the elasticity of single- and multi-layer nano-
structures. This progress is made possible by applying ultrafast photo-
acoustic techniques to emerging materials and structures. The
development of accurate and reliable protocols for structures of prac-
tical interest in micro- and nano-device fabrication is also influential in
facilitating these advances. The structures considered in this Section are
not limited to inorganic materials, but also relate to organic materials
such as those in biology.

In the article [14], mesoporous TiO, resonators for coherent acoustic
phonons up to 90 GHz with quality factors up to 7 are demonstrated by
means of ultrafast transient pump-probe reflectometry and interferom-
etry. The experimental results and theoretical modelling suggest a
pathway for engineering more complex structures for nanoacoustic
sensing and reconfigurable optoacoustic nanodevices based on
cost-effective fabrication methods, such as sol-gel techniques.

The article [15] is devoted to the proposal and experimental testing
of a metrological protocol for the accurate measurement over a large
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temperature range of the elastic and thermoelastic properties of indus-
trial thin-film resins deposited on industrial-size wafers. This protocol
combines A) colored picosecond acoustics (CPA), for monitoring the
propagation of picosecond coherent phonon pulses in thin films to
measure the product of sound velocity and the refractive index, and the
acoustic propagation time across the film, with B) spectroscopic ellips-
ometry (SE), for measurement of the thin-film thickness and refractive
index. The refractive index from SE is used to extract the sound velocity
and thickness from CPA. The extracted thickness is in excellent agree-
ment with the thickness measured from SE, confirming the consistency
of the developed metrology.

In the article [16], the acoustic vibrational modes of a sub-100-
nm-thick gold nanoplate (Au NPL) deposited on a glass surface were
examined using ultrafast pump-probe transient absorption microscopy
in reflection mode. Resonant frequencies were detected up to the sev-
enth overtone, corresponding in continuum mechanics to the free vi-
brations of the nanoplate. The observed faster decay of the overtones
compared to the fundamental vibrational mode suggests the necessity
for more intricate theoretical modelling and additional critical experi-
ments. Understanding the energy dissipation paths of these modes in
nano-optomechanical devices is fundamentally important for applica-
tions, and merits further investigation.

The GHz viscoelasticity of biological cell membranes was probed in
the article [17] by measuring the lifetime of coherent acoustic vibrations
of a structure composed of Au NPLs or Au NPLs in contact with
bio-membranes, surrounded by liquids. The vibrational dynamics was
evaluated by ultrafast pump-probe transient absorption microscopy. By
comparing the vibration dynamics of Au NPL-based structures with and
without cell membranes, the contribution from the cell membrane to the
damping was determined by use of a theoretical model of the visco-
elasticity. It was demonstrated that membrane viscoelasticity can
distinguish between a cancerous cell line and a normal cell line.

In the article [18], ultrafast photoacoustics was applied to examine
THz vibrational modes of bi-layer and tri-layer semiconducting transi-
tion metal dichalcogenide MoS,, epitaxially grown on a sapphire sub-
strate, including modes not detectable by Raman spectroscopy. The
vibrations of these few-layer structures were monitored by near-UV
pump-probe transient transmission measurements. The experimental
results allowed estimates of the van der Waals coupling constants be-
tween the layers and the substrate, and between the neighbour and the
next-nearest neighbour layers, as well as the intralayer stiffnesses and
the dependence of these constants on the number of layers. This infor-
mation is of crucial importance for the engineering of multilayered de-
vices from single-layer materials.

Van der Waals bonding of single- or bi-layer two-dimensional (2D)
opaque materials to transparent substrates can be analyzed and char-
acterized through the evaluation of picosecond coherent acoustic pulse
generation by ultrashort laser pulses, as described in the article [19].
The asymmetric bipolar profiles of the detected ~5 ps duration strain
pulses generated in such 2D materials contain information on the ul-
trafast dynamics of the van der Vaals bonds between the 2D material and
the substrate, associated with photo-induced heat and charge carrier
transfer. The charge and heat transfer times, revealed through fitting the
experimental results to a theoretical model, should be beneficial for the
design of devices based on 2D materials.

Article [20] concerns a theoretical and numerical study of photo-
acoustic transduction using single- or multi-wall carbon nanotubes in
water. Depending on the pulse duration and characteristic size of the
nanotubes, the acoustic wave in water can arise either from heat diffu-
sion from the nanotube to the water or from the ultrafast expansion of
the nanotubes. This research provides opportunities to explore
high-frequency acoustic damping in water and gain insights into thermal
conductance in nano-systems immersed in liquids.

In the article [21], ultrafast photoacoustics was applied in a tomo-
graphical context to investigate nanoscale multilayered structures along
the depth direction with lateral inhomogeneities, i.e., in directions
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normal to the layering direction. A structure composed of graphitized
layers buried in diamond, formed by ion implantation followed by
annealing, was studied. This involved combining the analysis of
optically-detected acoustic motion of the sample in the time-domain
(echo arrivals and Brillouin oscillations) with that in the frequency
domain (resonant hypersonic spectroscopy). At the same time, two
different types of acoustic response were optically induced: the domi-
nant channel for the optoacoustic conversion of light absorption
occurred either in the graphitized layer or in the metallic film deposited
on the diamond. It was found that the totality of accumulated signals
was sufficient to reveal the depth profile of the structure, which consists
of both transparent and opaque layers. This was achieved by fitting the
signals to a model describing the acousto-optical response at each point
on the sample. The combined use of local depth profiling and lateral
mapping via experiments at different points of the sample can thereby
serve as a tool for hypersound tomography.

2.4. Surface acoustic waves probed with ultrafast lasers

Two articles [22,23] describe new achievements in the application of
ultrafast photoacoustics to the 2D imaging of the propagation of surface
acoustic waves. Article [22] reports on a detailed study of the propa-
gation of point-excited GHz surface acoustic waves on a microscopic 2D
phononic crystal. Constant-frequency images are extracted in the region
around the phononic band gap. Mode conversion and refraction at the
interface between a square-shaped phononic crystal and the surround-
ing non-structured substrate are studied in relation to analytical models
of the dispersion relation, revealing intriguing wavefronts. This
time-domain imaging technique was extended in the article [23] to a
wideband investigation of the GHz eigenstates of a phononic crystal
cavity. Using omnidirectionally excited phonon wave vectors, the 2D
acoustic field inside and outside a hexagonal cavity in a
honeycomb-lattice phononic crystal formed in a microscopic crystalline
silicon slab was probed, thereby revealing the confinement and mode
volumes of phonon eigenstates lying both inside and outside the
phononic-crystal band gap. A novel numerical approach to extract the
cavity Q factor by means of toneburst acoustic excitation and analysis of
the acoustic Poynting vector distribution allowed a quantitative mea-
sure of the spatial acoustic energy storage characteristics of the cavity.
The experimental and analytical techniques developed in the articles
[22,23] open the way for a more detailed understanding of the acoustic
properties of phononic crystals, phononic metamaterials, and their
derived surface wave devices.

2.5. Methodological advances

Several methodological advancements in this Special Issue aim to
simplify experimental setups and/or accelerate acquisition times for
imaging. Conventional systems for ultrafast optical sampling consist
mainly of two types. One uses a mechanical delay line to introduce a
time delay between the pump and probe pulses, whereas the other uses
two lasers with slightly different repetition frequencies for asynchronous
stroboscopic detection. Article [24] examines the performance of a
system in which the two pulse trains required for asynchronous detec-
tion are derived from a single laser by introducing a birefringent crystal
into the laser cavity. This simplifies the setup, makes it more compact,
and ensures excellent performance. A veritable paradigm shift is pro-
posed in the article [25]. While optical sampling has traditionally been
achieved by a controlled delay between the pump and probe pulses, the
authors suggest keeping the pump-probe delay fixed while significantly
stretching the spectral width of the probe pulses. Time is then encoded
through the optical wavelength, which is spatially shifted within each
probe pulse. This approach demonstrates a performance comparable to
conventional systems, as illustrated by applications in 3D biological cell
imaging.

It is common in PLU to only monitor the transient reflectivity change
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of the sample caused by the local refractive index perturbations induced
by the acoustic strain. However, for certain materials, particularly those
of industrial interest such as copper, the piezo-optic conversion co-
efficients (i.e., photoelastic constants) at the probe wavelengths used
tend to be small, resulting in low-sensitivity detection. In such cases,
interferometric detection of optical phase changes allows for the mea-
surement of the acoustic displacement of the sample interfaces rather
than the strain. Article [26] investigates the performance of a simple and
compact interferometric technique in which reference and signal light
pulses are separated and then recombined by passing through a bire-
fringent crystal. To reduce imaging times, particularly for biological
applications, article [27] presents a system for acquiring sample
reflectivity changes using multiple parallel pathways. The measurement
is carried out using a multicore optical fiber, which affords a system
spatial resolution comparable to that of conventional systems but re-
duces image acquisition time by at least a factor of 3.

2.6. Emerging applications of PLU

This final section sheds light on emerging applications of the PLU
technique. These applications involve the optical determination of the
bandgap deformation potential in semiconducting materials, the moni-
toring of strain pulses emitted by metallic opto-acoustic transducers, and
the probing of changes in the supramolecular organization of cell nuclei
induced by chemical and physical DNA damaging agents.

In the article [28], the authors report on a novel ultrafast photo-
acoustic method to extract the acoustic deformation potential of a
semiconductor, a constant that plays a major role in quantifying the
interactions of acoustic waves with charge carriers. The method is based
on the joint analysis of time-domain Brillouin oscillations monitored
with and without a metal transducer, when the photon energy of the
ultrafast pump laser pulses is located near the semiconductor band gap.
Applying this method to GaAs allowed the determination of the bandgap
deformation potential constant, yielding results in good agreement with
values reported in the literature.

In the article [29], picosecond ultrasonics with X-rays (PUX) is used
to validate the concept of manipulating the shape and sign of picosecond
acoustic pulses through an external magnetic field in metallic trans-
ducers with giant forced magnetostriction. The experimental metallic
heterostructure, used to demonstrate a functional optoacoustic trans-
ducer, comprises a dysprosium (Dy) optoacoustic transducer and a
niobium (Nb) detection layer, separated by a propagation layer. The Dy
layer undergoes a field-dependent first-order ferromagne-
tic-antiferromagnetic phase transition, providing, upon laser excitation,
an additional large contractive stress compared to its zero-field
response. The zero-field response of normal metallic optoacoustic
transducers can thus be overcome in the case of rare-earth metal
transducers by an additional B-field-dependent stress of an opposite
polarity released upon laser-induced demagnetization. This enables the
tuning of picosecond strain pulses as a function of the B-field.

In the article [30], it is shown that PLU allows the tracking of
coherent acoustic phonons during propagation in a biological cell
intra-nucleus nanostructure. The complex stiffness moduli of a nucleus
and its thickness were measured for cells exposed to increasing doses of
chemical and physical DNA damaging agents. The intrinsic physical
properties, experimentally accessible with PLU, are shown to be sensi-
tive to the compaction or decompaction of the chromatin network
induced by the cell response to DNA damage. These structural changes
are believed to either enable the operation of repair and signaling pro-
teins or block the path for damaging species. PLU thus offers bright
prospects for the development of innovative therapies. It could also be
used to probe in situ the structural changes that hinder genome access,
or to measure the impact on the chromatin scaffold of drugs that, on the
contrary, promote this access.
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3. Conclusions

In conclusion, this Special Issue on Ultrafast Photoacoustics not only
reveals the current state of the art but, more importantly, provides in-
sights into the potential directions for future research in picosecond
laser ultrasonics, nanoacoustics, ultrafast acoustics and photoacoustics.
Commercial applications of picosecond laser ultrasonics to date have
been mainly concentrated in the semiconductor processing industry, but
this collection should hopefully stimulate diverse further applications
with strong societal impact. Moreover, it should serve as a valuable
resource for researchers already well-versed in the field as well as acting
as a catalyst for attracting new scientists to the realm of picosecond laser
ultrasonics.

We extend our sincere gratitude to Dr. Ivan Pelivanov (Section Edi-
tor) for initiating this Special Issue and to Dr. Alexander Oraevsky
(Editor-in-Chief) for his unwavering support.
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