
HAL Id: hal-04192997
https://hal.science/hal-04192997v1

Submitted on 9 Sep 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial - NoDerivatives 4.0
International License

Time-domain Brillouin scattering for evaluation of
materials interface inclination: Application to

photoacoustic imaging of crystal destruction upon
non-hydrostatic compression

Sathyan Sandeep, Samuel Raetz, Nikolay Chigarev, Nicolas Pajusco, Théo
Thréard, Mathieu Edely, Alain Bulou, Andreas Zerr, Vitalyi Gusev

To cite this version:
Sathyan Sandeep, Samuel Raetz, Nikolay Chigarev, Nicolas Pajusco, Théo Thréard, et al.. Time-
domain Brillouin scattering for evaluation of materials interface inclination: Application to photoa-
coustic imaging of crystal destruction upon non-hydrostatic compression. Photoacoustics, 2023, 33,
pp.100547. �10.1016/j.pacs.2023.100547�. �hal-04192997�

https://hal.science/hal-04192997v1
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://hal.archives-ouvertes.fr


Photoacoustics 33 (2023) 100547

A
2
(

R

T
i
n
S
M
a

b

c

A

K
P
U
T
H
D
N
L

1

f
s
m
i
o
s
r
p
m
T
g
p
i
a
t
(

o

h
R

Contents lists available at ScienceDirect

Photoacoustics

journal homepage: www.elsevier.com/locate/pacs

esearch article

ime-domain Brillouin scattering for evaluation of materials interface
nclination: Application to photoacoustic imaging of crystal destruction upon
on-hydrostatic compression
athyan Sandeep a, Samuel Raetz a,∗, Nikolay Chigarev a, Nicolas Pajusco a, Théo Thréard a,
athieu Edely b, Alain Bulou b, Andreas Zerr c, Vitalyi E. Gusev a,∗

Laboratoire d’Acoustique de l’Université du Mans (LAUM), UMR 6613, Institut d’Acoustique – Graduate School (IA-GS), CNRS, Le Mans Université, France
Institut des Molécules et Matériaux du Mans (IMMM), UMR 6283, CNRS, Le Mans Université, France
Laboratoire de Sciences des Procédés et des Matériaux (LSPM-CNRS UPR-3407), Université Sorbonne Paris Nord (USPN), Villetaneuse, 93430, France

R T I C L E I N F O

eywords:
icosecond laser ultrasonics
ltrafast photoacoustics
ime-domain Brillouin scattering
igh pressures
iamond anvil cell
on-hydrostatic compression
ithium niobate (LiNbO3)

A B S T R A C T

Time-domain Brillouin scattering (TDBS) is a developing technique for imaging/evaluation of materials, cur-
rently used in material science and biology. Three-dimensional imaging and characterization of polycrystalline
materials has been recently reported, demonstrating evaluation of inclined material boundaries. Here, the
TDBS technique is applied to monitor the destruction of a lithium niobate single crystal upon non-hydrostatic
compression in a diamond anvil cell. The 3D TDBS experiments reveal, among others, modifications of the
single crystal plate with initially plane-parallel surfaces, caused by non-hydrostatic compression, the laterally
inhomogeneous variations of the plate thickness and relative inclination of opposite surfaces. Our experimental
observations, supported by theoretical interpretation, indicate that TDBS enables the evaluation of materials
interface orientation/inclination locally, from single point measurements, avoiding interface profilometry. A
variety of observations reported in this paper paves the way to further expansion of the TDBS imaging use to
analyze fascinating processes/phenomena occurring when materials are subjected to destruction.
. Introduction

Laser-based photoacoustics has accumulated a rather long and fruit-
ul history of applications in high pressure research, where the mea-
urements of the minerals elasticity are required for developing a
odel of the Earth’s structure based on the seismological data. This

s mostly due to such well known feature of laser ultrasonics as an
pportunity to characterize materials remotely in harmful conditions
uch as, for example, extremely high temperatures [1–3] or nuclear
adiation [3–5]. High pressures are also harmful for the application of
iezo-electrical ultrasound transducers in direct contact with the tested
aterials, as they would be mechanically modified and destroyed.
hus, the application of various opto-acousto-optic techniques for the
eneration and detection of the acoustic waves in materials under high
ressure is a natural choice for their ultrasonic evaluation. This choice
s particularly suited due to essential transparency of the diamond
nvils, providing optical access to the sample compressed between
hem to high and extremely high pressures in diamond anvil cells
DACs) [6,7].

Ultrasonic waves can be monitored (generated and detected) in
ptically transparent materials in a DAC by transient laser grating

∗ Corresponding authors.
E-mail addresses: samuel.raetz@univ-lemans.fr (S. Raetz), vitali.goussev@univ-lemans.fr (V.E. Gusev).

technique, where the generation of the coherent ultrasound occurs
via electrostriction mechanism, while the detection is via acousto-
optic (photoelastic) effect [8–10]. Transient gratings can also monitor
interface acoustic waves, when they are created at the interfaces of
the transparent and opaque materials compressed in a DAC [11,12]
where the generation of the ultrasound is caused by light absorption
in opaque medium via one or another physical mechanism of photoa-
coustic (optoacoustic) conversion [13]. In opaque materials placed in
a DAC, the incident pulsed nanosecond/sub-nanosecond laser radiation
can generate not only coherent interface waves but also bulk coherent
acoustic pulses (CAPs) at ultrasound frequencies, which are launched
and propagate both in opaque and transparent materials [14,15]. The
subsequent detection of the ultrasonic echoes provides information on
the acoustic velocities in the material and its thickness as a function of
pressure. Both longitudinal and shear acoustic wave propagation can
be monitored.

Quite recently femtosecond to picosecond (fs to ps) laser pulses
have started their applications in the high pressure photoacoustics [16–
22]. Although they can be applied similar to sub-nanosecond pulses to
vailable online 25 August 2023
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Fig. 1. Schematics of the pump and probe light paths in our time-domain Brillouin scattering experiments on free-standing lithium niobate, LiNbO3 (LN), single crystal plate with
he deposited thin Ti optoacoustic transducer for launching coherent acoustic pulses (CAPs) into the transparent crystal. The CAPs are depictured as semitransparent red ellipses.
he pump and probe laser beams presented by thick continuous green rays, are incident on the same side of the sample. However, the experiments can be conducted from both
ides of the sample, i.e., from the LN side (a) and from the Ti side (b). Dashed green rays indicate weak scattering of probe light by the CAPs while continuous green rays also
ndicate stronger reflections of the probe light by stationary material interfaces of the sample. Only those reflected probe rays, which can interfere with the acoustically-scattered
robe light, are presented. As followed from our experiments, the coherence length of the probe laser pulses in the LN crystal is about half of its thickness. Because of this, when
he CAP propagates in the right or left half of the plate, it is detected due to heterodyning at the photodetector of the scattered light by the probe light reflected either by the
N/air interface or by the LN/Ti interface, respectively. Note that not only CAPs and pump light, but also probe light, propagate along the normal to the plate faces. The rays of
he probe light are inclined in the figures only for convenience of their presentation. The pump light is presented as a wide beam, while probe light as a ray only for convenience;
n experiments, the diameters of the pump and probe laser beams were equal.
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enerate CAPs and detect the echo arrivals, e.g., in Refs. [17,19,22,23],
heir main additional feature is in the fact that the spectrum of ps
coustic pulses photo-generated by fs–ps pump laser pulses contains
Hz frequencies and sub-micrometer wavelengths that could cause effi-
ient Brillouin scattering of light, when the CAPs are propagating in the
edia transparent for probe laser pulses [24–26]. Thus, application of

s to ps laser pulses provides not only the opportunity to detect CAPs at
heir arrivals on the material interfaces, but, the most advantageous, to
ollow their propagation inside the transparent media. Fig. 1 illustrates
he paths of the incident, reflected by the stationary interfaces and
cattered by CAPs optical rays in a transparent crystal plate where
he CAPs are generated via absorption of the pump laser pulses in
he deposited metallic optoacoustic transducer. This figure illustrates
ur experiments conducted at ambient conditions, i.e., at atmospheric
ressure which results will be described below in Section 3.1.

In these ultrafast photoacoustic experiments, i.e., with fs–ps laser
ulses, the transient reflectivity of the probe laser pulse is measured as
function of the time delay of the probe pulse relative to the pump

aser pulse. On the photodetector, the interference of the probe light
cattered by the continuously moving CAP and the probe light reflected
y the stationary interfaces of the sample takes place [24,25]. Linear-
n-time phase shift between the scattered and reflected probe light,
hen a CAP propagates at constant velocity in a homogeneous medium,

ontributes to transient probe reflectivity signal as an oscillatory com-
onent composed of a single or several frequencies, corresponding to
he Brillouin frequency shifts caused by inelastic scattering of probe
ight photons by acoustic phonons. Unlike classical frequency-domain
rillouin scattering [27], which involves probe light scattered by ther-
al phonons and its frequency shifts detected by spectrometers, the

pplied-here ultrafast photoacoustics employs coherent phonons, gen-
rated by pump light, to scatter the probe light. This results in the
nterference on the photodetector of the scattered and reflected probe
ight and the oscillations in the registered signal as a function of the
ime delay between the pump and the probe. Measurements based on
hese so-called Brillouin oscillations (BOs) in ultrafast transient reflec-
ivity experiments are called picosecond acoustic interferometry [24,
5] or time-domain Brillouin scattering (TDBS) [26]. Measurements
f the BO frequencies provide information on the product of acoustic
elocities and refractive indices at the wavelength of the probe light.
mplitudes of the BOs depend on photoelastic constants which control
2

he strength of the Brillouin light scattering in the material. TDBS
echnique has been already applied for examination of liquids, e.g., in

Refs. [16,17], single crystals, e.g., in Refs. [19,22], and polycrystalline
olids, e.g., in Refs. [17,18,28–31], compressed in a DAC. Fig. 2 presents
simplified schematic of paths of the pump and probe light in the sam-
le volume in a DAC where a transparent lithium niobate, LiNbO3 (LN),
ingle crystal plate with the deposited metallic optoacoustic transducer
s surrounded by water-ice VII, as was expected in our experiments
onducted at 𝑃 = 10.4 GPa. Results of these measurements will be
resented in Section 3.2.

When, in these experiments, the laser-generated picosecond CAPs
ere arriving at the interface of two materials, they were partially

eflected from the interface and partially transmitted through it. Gener-
lly, this event resulted in changes in both the amplitude and frequency
f the BOs. These changes occurred because the amplitudes and prop-
gation directions of the transmitted and reflected CAPs differed from
hose of the incident CAP, and the transmitted CAP propagated through

different material. These effects permit 1D localization, as shown
or example in Refs. [32–35], 2D profilometry of the buried inclined
nterface depth (see [36] for example), and even 3D profilometry
f interfaces [37–39], if the TDBS measurements are conducted in
single spatial position or with a scanning of the co-focused pump

nd probe laser beams along the sample surface in one or two direc-
ions, respectively. Obviously, performing TDBS-based measurements
t several lateral positions provides information on the inclination of
he interfaces. At high pressures, the observation of the TDBS signal
odifications, accompanying CAP arrivals at material interfaces, has

lready been applied to the localization of the interface between the
ransparent sample and the diamond anvil, as reported, for example, in
efs. [18,20], and between two different water ice phases [20]. It has
lso been applied to 2D profilometry of the inclined interface between
paque and transparent media [20] and to the 3D-imaging of a sample
f polycrystalline water ice containing two co-existing high-pressure
hases [21].

Here, we apply the TDBS technique in order to monitor the degrada-
ion of a single crystal to polycrystal upon non-hydrostatic compression
n a DAC. Our 3D TDBS imaging experiments reveal modifications of
he thickness profile of the crystal with initially plane-parallel surfaces
s well as of one of its faces profile caused by the non-hydrostatic
ompression. Moreover, our experimental observations, supported by
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Fig. 2. Schematics of the pump and probe light paths in our TDBS experiments on a single crystal of LiNbO3 (LN) covered on one side with the thin Ti optoacoustic transducer and
surrounded by water-ice VII in a DAC. The pump and probe laser beams are incident through a diamond anvil and a water ice layer on the same side of the sample. However, the
experiments can be conducted from both sides of the sample, i.e., from the LN side (a) and from the Ti side (b). Dashed lines indicate weakly scattered probe light by CAPs that are
depictured as semitransparent red ellipses. Solid lines indicate the incident pump and probe beams, as well as much stronger reflections of the probe light by stationary interfaces
of the sample. We present optical paths of only the strongest reflected probe rays, which can interfere with the acoustically-scattered light and made detectable contributions to
the TDBS signals in our experiments (Section 3.2). We also present only those scatterings of the probe light by CAPs which contributions to the TDBS signals were revealed in
our experiments.
t

our theoretical interpretation, indicate that the TDBS imaging provides
opportunity for the evaluation, in a DAC, of the materials interface
orientation/inclination locally from single point measurements, i.e.,
avoiding interface profilometry. We have observed that, depending
on the local inclination of the buried interface, its spatial position
can be revealed either through the modifications of the BOs in the
absence of the detectable CAPs, or through the detection of the CAP
echoes arrivals at the interface in the absence of BOs, or simulta-
neously through both features. Thus, the ratio of the CAP and BO
amplitudes can be one of the parameters for the estimation of the local
interface inclination/orientation relative to that of the diamond anvils,
additional to the parameters related to the modifications of the BOs
amplitude and frequency. By employing an analytical model and fitting
the TDBS signals detected at a single lateral point, it becomes possible
to simultaneously estimate both the depth position and inclination of
the interface at that point.

The manuscript is structured as follows. In Section 2, the sample
under study and the experimental setup are presented. In Section 3, the
results of the TDBS experiments at atmospheric pressure are described
(Section 3.1), followed by results of the measurements in a DAC upon
several compression steps, preceding the crystal damage and, finally,
the 3D TDBS imaging of the split LN-crystal at 𝑃 = 10.4 GPa (Sec-
tion 3.2). In Section 4, the recently developed theory of the TDBS for
probe light and acoustic beams propagating at an arbitrary angle [40]
is adapted to our experimental geometry to interpret our observations.
Section 5 is devoted to the comparison of our experimentally observed
TDBS signals with those reported earlier in various samples both at
atmospheric pressure and compressed in DAC, to conclusions on our
research results and the perspectives of the TDBS technique applica-
tion to investigate materials destruction. Appendices A–E present not
only the experimental parameters and the estimates of characteristic
deformations of the crystal plate under loading, but also more details
on some experimental observations, which are evidencing the single
crystal destruction and spatial inhomogeneity induced by the non-
hydrostatic loading of the sample in the DAC, which are just briefly
mentioned in the main text.

2. Materials and methods

Investigation of destruction/failure of solid materials subjected to
different types of mechanical loading is of high importance for the un-
derstanding of limits of functioning of the industrial devices employing
3

these materials. Ferroelectric lithium niobate, LiNbO3 (LN), is widely
applied in acousto-electronics and in integrated and guided-wave optics
because of its favorable elastic, optical, photoelastic, electro-optic,
piezoelectric, and photorefractive properties [41]. Thus, the knowledge
of resistance of solids having LN-type structure to mechanical stresses,
which could be initiated by natural phenomena, such as earthquakes,
tsunamis, nonuniform loading, is highly required in the information
and communication technologies. Not surprisingly, there is also interest
in the modifications of LN by shock waves, as discussed in Ref. [42] for
example, and the properties of intact LN compressed to high hydrostatic
pressures (see [43,44] and the references therein).

In contrast to the above research directions, here we are interested
in investigating the degradation of an LN single crystal under gradually
increasing non-hydrostatic compression/stresses. Such stresses develop
in the solid Earth’s interior upon its convection, leading to the tectonic
plate motion and collisions released in the form of weak-to-disastrous
earthquakes. Accordingly, degraded crystals of minerals transported to
the Earth’s surface can be used as records of the past tectonic events
that occurred in the Earth’s mantle. Similarly, texture and appearance
of particular phases can be used to characterize the shock conditions in
meteorites and different types of projectiles. For example, the LiNbO3-
ype phase of Mg3Al2Si3O12 may be formed in shocked meteorites upon

back-transformation from the high-pressure perovskite-type structure,
and thus indicate the shock conditions around 45 GPa and 2000 K [45].
The presence of LiNbO3-type phases of MgTiO3 or FeTiO3 as inclusions
in superdeep diamonds [46] or in shock-melt veins after a meteorite
impact [47] can be used to evaluate the P–T conditions of the origin and
mineral environment of such diamonds or of the shock pressures during
the impact. Permanent tensile stresses form also in neodymium doped
MgO:LiNbO3 crystal upon irradiation with femtosecond radiation of a
Ti:sapphire laser used for the micropatterning of the crystal [48]. Such
stresses can cause irreversible degradation of the crystal if subjected
to temperature or stress gradients. Similarly, non-hydrostatic stress
is harmful for piezoelectric ultrasound transducers in high pressure
experiments in direct contact with the tested materials, as they would
be mechanically modified and destroyed.

These are our motivations to perform experiments on visualizing
the degradation of a LiNbO3 single crystal, which is described in
Section 2.1, to a polycrystal upon non-hydrostatic loading. In order to
generate and control the degree of non-hydrostatic loading and to be
able to monitor the single crystal degradation, we utilized a diamond
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Fig. 3. Optical microscope images under white light illumination of the sample in the diamond anvil cell (DAC) from the lithium niobate, LiNbO3 (LN), side, i.e., right side in
Figs. 1 and 2, as a function of increasing pressures, (a) 3.8 GPa, (b) 5.5 GPa, and (c) 10.4 GPa, revealing the destruction of the LN-sample at 10.4 GPa pressure.
anvil cell (DAC) [6], presented in Section 2.2, due to the following
reasons: (i) the essential transparency of diamond anvils provides op-
tical access to the sample compressed between them; (ii) application
of pressure transmitting media of different rigidity permits variation of
the uniaxial stress component acting on the single crystal (see [49] for
example); (iii) embedding of the degrading crystal in a solid pressure
medium in a DAC precludes falling apart of the crystal and thus pre-
serves the cracks geometry. This insures also the full contact between
the crystal parts and thus propagation of the acoustic and laser pulses
through the crack boundaries which permits, accordingly, visualization
of the crystal parts in the degraded state applying the opto-acousto-
optic method of time-domain Brillouin scattering (TDBS), presented in
Section 1, with the experimental setups described in Section 2.3.

2.1. Description of the LN single crystal sample

The single crystal of LN examined in this work was prepared from
a nominally 20 μm-thick single-crystal disk (x-cut) of 722 mm in
diameter. The supplying company (NanoLN, Jinan, China) specified the
nominal surface roughness to be 1 nm for a 10 μm2 surface providing
the data on local measurements of surface height along a 3 μm-long
line scan with points separated by 0.07 μm. The maximum variation of
surface height between two neighbor points was 0.7 nm, providing the
estimate of 0.6° for the maximum surface inclination at sub-μm scale. At
the same time, the average height variation at about 1.5 μm distances
did not exceed 0.5 nm. The averaged angle of the surface inclination
of the delivered LN single crystal at the μm-scale hence did not exceed
0.02°. Therefore, at the spatial scale of the pump and probe laser foci in
our experiments (1.25 μm radii at 1∕𝑒2 level of intensity), the average
surface inclination was negligibly small while the surface roughness
was much smaller than acoustic wavelengths in LN and water-ice VII
(both larger than 100 nm at Brillouin frequency, see Section 3) and
the wavelengths of the pump and probe laser beams (twice larger
than acoustic wavelengths, Section 2.3). It could be concluded that the
surfaces of the starting LN single crystal, i.e., at atmospheric pressure,
were of sufficiently high quality for the TDBS experiments.

The LN-disk was broken in smaller pieces and the one that matched
the lateral dimensions of the sample volume of the used DAC was
selected. The examined piece had the shape of a trapezoid (trapezium)
with the width of about 40 μm and two parallel sides of approximately
30 μm and 20 μm (see the microscope image of the LN sample in the
DAC in Fig. 3).

One side of the LN-crystal was coated with a 70 nm-thick Ti layer
which served mostly as the optoacoustic generator in our TDBS mea-
surements. The Ti layer was not completely opaque, but it exhibited
a stronger reflection of the probe beam compared to the interfaces
between transparent materials present in the sample volume such as
LN/H2O-ice or H2O-ice/diamond. As will be explained below, this
proves advantageous for the heterodyning of the acoustically-scattered
4

probe light. Ti was chosen because of its acoustic impedance that
matches perfectly that of LN, leading to a very small reflection of the
CAPs at the Ti/LN interface of about 5% (for the CAP incident along the
𝑥-direction of our LN crystal). It also excluded the resonance ringing
of the optoacoustic transducer, which could potentially bias the BOs
if their frequencies were close to the frequencies of the Ti transducer
eigenmodes. The densities and longitudinal acoustic velocities of LN
and Ti (𝜌LN = 4.628 g∕cm3, 𝑣LN = 6.55-6.57 μm∕ns, which is the range
found in the literature, 𝜌Ti = 4.506 g∕cm3, 𝑣Ti = 6.070 μm∕ns) at
atmospheric pressure were taken from [41,50,51] and pp. 12–40 and
14–41 in [52], respectively. Note that the density and the longitudinal
acoustic velocity of Ti in our sample may differ from that considered
in handbooks as our 70 nm-thick Ti layer might not be equivalent to
bulk Ti. The reflection coefficient of the CAPs at the Ti/LN interface
may hence deviate from the estimated 5% but will still remain small
enough to avoid the resonance ringing of the Ti transducer.

2.2. Diamond anvil cell

In order to generate non-hydrostatic compression of our LN sample,
we used a commercial DAC of the Boehler-Almax design with diamond
anvils of type Ia exhibiting low fluorescence. The anvils had culets of
0.3 mm in diameter. The gasket was prepared from a 0.2 mm-thick
steel disk pre-indented to the thickness of 40–50 μm. A hole of 120 μm
in diameter, drilled in the center of the imprint, served as the sample
volume. Prior to the sample loading, the whole gasket was processed
for 30 min in O3 atmosphere to improve the adhesion of water to steel,
necessary for sample preparation. Then the LN single crystal was placed
in the sample volume in contact with one of the diamond anvils, the
remaining space was filled with water and the DAC was quickly closed,
preventing the water leaking. Immediately after that, the pressure was
increased to 𝑃 = 1.5 GPa where water solidified to polycrystalline ice-
VI. Pressure in the sample volume was monitored using the calibrated
shift of the R1-fluorescence line of ruby micro-grains sticking to borders
of the sample volume.

The pressure in the DAC was subsequently increased to 𝑃 = 3.8 GPa,
at which point the water ice had already transformed into its phase
VII. Finally, the pressure was raised to 𝑃 = 10.4 GPa. At the last step,
fracturing of the LN crystal become visible in the optical microscope
(Fig. 3). The fracturing could not be caused by bridging of the crystal
between the diamond anvils because they were separated by 21.5 ±
0.5 μm. The latter was measured by optical ellipsometry at several
places around the sample, where only transparent ice VII was present
(Fig. 3). Moreover, the measurements did not reveal any inclination of
the diamond anvils with respect to each other. This distance between
the anvils was obtained using he refractive index of ice VII of 𝑛 = 1.63
previously measured at high pressures in the wavelength interval of
𝜆 = 540−740 nm [53]. At the same pressure, the thickness of the LN
crystal was estimated to be 𝐻 = 19.5 μm which indicated diminishing,
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with respect to that at the atmospheric pressure, 𝐻0, by 𝛿𝐻∕𝐻0 = 2.5%
Appendix B). The nominal thickness of the LN-sample, i.e., 20 μm,
iminishes down to 19.5 μm. Thus, the LN crystal was separated from
oth diamond anvils (or at least from one of them) by a layer of water
ce VII as shown in Fig. 2.

It is a subject of general knowledge that any liquid or gas com-
ressed to sufficiently high pressure solidifies and, as any solid, it resists
urther change of its shape. This resistance is described through the
alue of the yield strength, 𝜎𝑦, or hardness of the deformed material.
resently, a vast majority of the experiments in a DAC is performed
n solids embedded in a soft (quasi-hydrostatic) pressure transmitting
edium (PTM) exhibiting low 𝜎𝑦 such as solid helium, neon or argon.
owever, it is also possible to compress a sample non-hydrostatically in
DAC by ‘‘squeezing’’ it between the diamond anvils (e.g., [54] and the

eferences therein) or by embedding it in a PTM with a significant 𝜎𝑦. In
ur experiments, we used liquid water as the PTM because it completely
illed the sample volume around our LN crystal at atmospheric pressure
ithout any voids. This precluded the sample damage upon initial

ompression and solidification of water to the high-pressure water ice
I phase. Upon further compression and transformation to water ice
II, this PTM became non-hydrostatic and started generating a uniaxial
tress component which charged and finally damaged our LN single
rystal at the average pressure of 10.4 GPa. Although our TDBS exper-
ments conducted at this pressure (Section 3.2) revealed the presence
f water-ice VII between the LN crystal and the diamond anvils in a
ominant part of the sample, with a water-ice thickness extremely thin
few tens of nanometers at most) on one side of the LN sample (right
ide of LN in Fig. 2, see also below), the possibility of direct contacts
etween the non-coated LN sample surface and the diamond anvil in
he experimental points with noisy or undetectable TDBS signals cannot
e completely excluded. Undetectable or at the noise level TDBS signals
re possible signatures of the direct LN/diamond contact/interface,
eading to too weak probe light reflection for effective heterodyning of
he acoustically-scattered light. Therefore, we believe that potentially
oth non-hydrostatic loading and the weak bending of the diamond
nvil could have contributed to the splitting of the LN sample, de-
elopment of the cracks and further degradation of the LN single
rystal, ultimately leading to its polycrystalline state. Visualization of
he resulting assembly of the LiNbO3 grains is presented in Fig. 3(c)
nd below in Section 3.2.1 and Appendix D.

.3. Ultrafast lasers setups

Two laser setups have been applied for the TDBS experiments on the
N sample. The first, preliminary, TDBS experiments in several isolated
oints (1D) or scanning along a line (2D) were always conducted using
ur pump–probe setup with a Ti:Sapphire laser and a mechanical delay
ine to achieve the time delayed of pump and probe pulses arrival at
he sample location. Detailed description of this setup can be found in
ef. [18], with the only differences being that the laser pulse duration
as shortened from 2.7 ps to 150 fs and that pump laser path was going

hrough the mechanical delay line instead of the probe one.
More detailed final experiments in 1D, 2D, or 3D configurations,

he latter corresponding to pump and probe foci scanning in 2D at the
urface of the Ti generator, have been conducted using a commercial
icosecond laser ultrasonics microscope (JAX-M1, Neta, Onto Innova-
ion, Pessac, France) based on asynchronous optical sampling (ASOPS).
etailed description of this setup can be found in Ref. [21] and a

ummary of experimental parameters for each experimental condition
escribed below is provided in Table A.2 in Appendix A.

. Results of the TDBS experiments on lithium niobate plate: from
single crystal at atmospheric pressure to a fractured crystal at
0.4 GPa pressure

The data, accumulated in the conducted TDBS experiments, provide
5

pportunity to reveal the influence of non-hydrostatic loading on the a
N state modification along the complete paths of the CAP in the sam-
le, as earlier reported for transparent polycrystalline solids with depth
nhomogeneity/texture, e.g., in Refs. [18,28]. However, the accent in
he research results presented below is on revealing the lateral and
ot depth inhomogeneity of the sample due to the crystal degradation,
hrough the TDBS measurements/estimates of: (i) lateral variations of
he sample thickness (thickness profilometry); (ii) Brillouin oscillation
requencies and amplitudes, averaged over the sample thickness; and
iii) surface inclinations of the parts of the split crystal relative to
he diamond-anvil surfaces. Most of the experimental results presented
elow for the single point measurements or for the line scans were, first,
ocumented with Ti:sapphire (blue pump/red probe) femtosecond laser
etup (Section 2.3, Appendix C). However, in the main text, we present
nly the results which have been obtained later with the ASOPS-based
AX-M1 picosecond laser ultrasonics microscope (Section 2.3), which
llows to get signals of higher signal-to-noise ratio in a shorter time
f acquisition, thanks to the ASOPS technique. 3D TDBS images of the
egraded crystal at 𝑃 = 10.4 GPa have been obtained only with the
AX-M1 system, while the measurements at the intermediate pressures
f 3.4 GPa and 5.5 GPa were accomplished only with the setup based
n the Ti:sapphire laser. All the experiments at 𝑃 < 10.4 GPa were
onducted from the LN side of the sample as depicted in Fig. 2(a).

.1. Basic features of the TDBS signals in the free-standing LN crystal at
tmospheric pressure (P = 1 atm.)

The first experiments at 𝑃 = 1 atm. ≈ 0 GPa were single point
easurements, i.e., 1D or depth profiling experiments, conducted with

arying the polarization of the probe light (Fig. 4). They have con-
irmed that, in the x-cut LN, it is possible to detect, in the time
omain, regular modulations of the BOs amplitude (Fig. 4(a)) due to
he interference of up to three different Brillouin frequencies (BFs)
Fig. 4(b)), caused by the propagation of the longitudinal CAP in the
irection of the LN optical birefringence [55].

In comparison with TDBS experiments in thick (half space) LN
rystals in [55], our TDBS signals in the sample of finite thickness
ndicate the return of the launched CAP to the Ti transducer after the
eflection at the LN/air interface, via the presence of a local minimum
n the BOs amplitude around 5.8 ns time delay of the probe relative
o the pump arrival. At the same time, even the zooming in the BOs
round 2.93 ns time delay, where the CAP arrival at LN/air interface is
xpected, revealed an absence of any sharp local variations in the BOs
mplitude, presumably due to high local parallelism of the opposite
urfaces of LN sample (see Section 4 for the detailed theoretical inter-
retation of the experimental observations) and a weak scattering of the
ncident CAP by the low roughness of the LN crystal, both preventing
n abrupt diminishing in the BOs amplitude. Broad peak around 2.9 ns
as revealed only by an evaluation of the BO frequency dependence on

ime via time–frequency analysis with a continuous wavelet transform
mploying a Morlet wavelet with a time resolution of 3 BOs cycles
inset in Fig. 5(c)).

The lateral homogeneity of the LN sample has been evaluated by
D TDBS measurements, i.e., by conducting a 1D scan of the sample
long a straight line at 12 points separated by 2 μm and by collecting
ach time a TDBS signal. The 12 signals are shown in Fig. 5(a) and the
orresponding power spectrum densities in Fig. 5(b). At a first glance,
oth the TDBS signals and their power spectrum densities seem the
ame, confirming the lateral homogeneity of the LN sample.

In Fig. 5(d), the zoom in of the signals around 5.856 ns time delay,
ime of the CAP return to the Ti transducer, yet reveals the shift of
he arrival times, i.e., lateral variations in the sample thickness. The
enter of the time interval of about 0.02–0.03 ns in duration during
hich the BOs are smoothed provides a feature of CAP echo return to

he transducer. This center shifts less than 0.01 ns along the 24 μm-
ong scan. In the literature, the reported values of the longitudinal

coustic velocities of 6.55–6.57 μm∕ns [50,51] for the x-cut of LN
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Fig. 4. (a) Acoustic parts of the relative reflectivity change (TDBS signals) obtained at different probe polarization angle 𝜃 after deletion of the transient non-oscillating decaying
component, caused by transient heating of Ti and LN, via filtering between 10 and 150 GHz using a 6th-order Butterworth band-pass filter, and (b) their power spectral densities
(PSD). The angle 𝜃 of probe polarization is at 0° when it is aligned with the optical axis of LN. In (a), the vertical dashed line indicates the CAP return to the Ti transducer,
which indicates a weak damping of the CAP over this 40 μm-long propagation path in this high quality homogeneous sample. The signals in (a) and the PSD in (b) are vertically
shifted to facilitate their comparison.
Fig. 5. (a) TDBS signals from the 1D scan (2D TDBS measurements) done at 𝑃 = 1 atm. and (b) their power spectral densities (PSD). (c–d) Zoom in of the BOs around the
xpected time of the CAP arrival at the LN/air interface (c) and the CAP return at the LN/Ti interface (d). In (a) and (d), the vertical dashed lines indicate the CAP return to the
i transducer. In (c), the red vertical dashed line indicates the time of CAP arrival at the LN/diamond interface, unresolved on the TDBS signals but revealed by the slight local

ncrease in the Brillouin frequency (BF) around 2.93 ns in the time–frequency analysis results (inset). The signals in (a), (c) and (d), and the PSD in (b) are vertically shifted to
acilitate their comparison.
llows to estimate the local thickness of the crystal and the inclination
ngle between its opposite surfaces. The estimated local thickness of
9.17–19.24 μm is about 4% smaller than nominal. In view of the well
ocumented sound velocities in LN, we would use in the following the
hickness of the sample measured by TDBS, i.e., 19.2 μm, where the
ample thickness is required in our estimates. The inclination angle
f one face of the crystal relative to the opposite one is estimated
6

as 0.08°, while inclination of each of the faces relative to the mid-
plane as 0.04°, which is comparable to the inclination at the microscale
estimated earlier in Section 2.1 (0.06°), using the information from the
LN supplier.

The BFs in the range from 54.4–56.5 GHz (Fig. 4(b)) correspond
to longitudinal acoustic waves in x-cut LN of about 𝜆BO ≈ 0.12 μm
wavelengths. Then, for the radii of pump and probe laser beams in
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our experiments (𝑎probe = 𝑎CAP ≡ 𝑎 = 1.25 μm at 1∕𝑒2 intensity level,
ppendix A), the estimate of the diffraction length of these acoustic
aves, which are efficient in Brillouin scattering, gives 𝑙ac

diffr ≡ 𝜋𝑎2

𝜆BO
≈

40 μm, confirming that the BOs can be detectable even when the CAP
propagates through the LN sample twice (see Figs. 4(a) and 5(a)). Note,
that our experiments revealed that acoustic absorption/scattering at
the Brillouin frequencies in LN did not prevent the detection of BOs
at such long distances. At the same time, the diffraction length of the
probe light is just twice shorter, because in the case of close-to −180°
backward Brillouin scattering [24–27] realized in our experimental
geometry, the probe light wavelength in the medium is twice longer
than acoustical Brillouin wavelength, 𝜆probe∕(2𝑛) = 𝜆BO. Using the
middle BF from the above interval and the mean value, 6.56 μm∕ns,
of the longitudinal acoustic velocities for the x-cut of LN reported
in the literature [50,51], the latter relation, provides opportunity to
estimate the refractive index of LN for the green probe light with
𝜆probe = 0.535 μm to be 𝑛LN(𝑃 = 1 atm.) ≃ 2.26, in good agreement with
the earlier reported values of 2.23 to 2.33 for the extraordinary and
ordinary refractive indices at atmospheric pressure, respectively [41,
56]. The knowledge of the probe light refractive index, of the duration
of the probe laser pulses, 𝜏𝐿 ≈ 130 fs (Appendix A) and of the light
speed in vacuum, 𝑐0, permits the estimation of the probe coherence
length, 𝑙coh = 𝑐0𝜏𝐿

2𝑛LN
≈ 10 μm. At larger separation distances than 𝑙coh

etween the CAP, scattering the probe light, and a stationary interface,
eflecting the probe light for heterodyning the scattered light, the
DBS signals are significantly diminished because of the disappearing
emporal overlap of the acoustically-scattered and reflected light at the
hotodetector [57]. Thus, the above estimates demonstrate that the
oherence length of the probe laser pulses limits the imaging depths
n the conducted experiments. As qualitatively presented in Figs. 1 and
, because of the coherence requirements, the CAPs propagating in the
eft and right half of the LN crystal are detected due to the probe light
eflected at left and right surfaces of the sample, respectively.

For a confident demonstration of the coherence length effect, the
D TDBS measurements (see Fig. 5) have been conducted with a probe
olarization preventing beatings in the BO amplitude by inducing a
ingle optical mode propagation. Fig. 5(a) illustrates increase (maxi-
um) in the BOs amplitudes when a CAP is approaching one of the

rystal surfaces (at delay times of about 0, 2.9 and 5.8 ns) and decrease
minimum) when the CAP is close to the middle of the crystal (at delay
imes of about 1.45 and 4.35 ns)

.2. Basic features of the TDBS signals upon fracturing/degradation of a
ingle crystal of lithium niobate compressed non-hydrostatically in a DAC
t 10.4 GPa

The experiments conducted on the LN crystal in a DAC at 10.4
Pa (Fig. 3(c)) have revealed several features of the TDBS signals that
an be related to its degradation to a polycrystal. Note that, for the
iven sample thickness of 19.2 μm measured by TDBS in Section 3.1 at
= 1 atm., the linear shrinkage by 2.5% at 𝑃 = 10.4 GPa (Appendix B)

esults in the thickness reduction to 18.7 μm, indicating that the total
hickness of the water-ice layer(s) separating the sample from the
iamond anvils (Fig. 2) could approach 3.1 ∓ 0.3 μm.

.2.1. TDBS signals in the experiments conducted from the uncoated side
f the LN crystal

The signals detected from the LN side, i.e., when pump and probe
re incident from the sample side free of the Ti transducer, denoted as
he LN side in Section 1 (Fig. 2(a)), exhibit the major feature of the
ulti-frequency BOs in LN, similar to that at 𝑃 = 1 atm., unless the
olarization of the probe is tuned to avoid beatings between the BFs
n LN. Apart from this similarity, the TDBS signals in the geometry of
ig. 2(a), i.e., in the case of the LN crystal compressed in a DAC at 10.4
Pa, have features drastically distinguishing them from the signals in
7

he geometry of Fig. 1(a), i.e., in the case of the free-standing LN crystal.
or comparison with the results at 𝑃 = 1 atm., shown in Fig. 5, we
resent in Fig. 6 the results of the similar 2D TDBS imaging experiment,
.e., a lateral 1D scan along a line.

Fig. 6(a) demonstrates a lateral inhomogeneity of the fractured LN
rystal as all the signals detected in different points are different one
rom another by one or several features, e.g., the presence/absence of
choes and BOs in the time domain, the modulation of BOs in amplitude
nd the contribution of the BFs in LN to the complete spectra. Below,
e list the features, distinguishing the 2D TDBS imaging signals in the
xperiments at 𝑃 = 10.4 GPa (Fig. 6) from those at 𝑃 = 1 atm. (Fig. 5)
nd we describe what is added to this comparison by the results of the
ubsequent 3D TDBS imaging at 𝑃 = 10.4 GPa (Figs. 7 and 8).

. Analysis of times of flight, averaged and local surfaces inclinations:
he moments of the CAP arrival at the right face of the sample, after
rossing the latter once, are easily distinguishable in Figs. 6(a) and
c) in most of the experimental points by the observation of the CAPs
emporal profiles alone, i.e., without BOs, or accompanied by abrupt
ariation in the amplitude of detectable BOs accompanying the CAPs.
urther confirmations of this statement could be found in a variety of
he temporal signals selected from the 3D imaging experiments results
hown in Fig. 7.

We remind here that the profiles of the CAPs reflecting at the right
ace of the LN plate were not detectable at 𝑃 = 1 atm. (Fig. 5(a)).

The variation in the times of flight of the CAPs across the plate (once)
between some of the neighbor points separated laterally by the 2 μm
steps of the 2D TDBS measurements in Figs. 6(a) and (d) is larger
than 0.05 ns. This variation is significantly larger than the ∼ 0.01 ns
CAP arrival times difference for twice the flying distance (back and
forth in the sample) between the end points of the 24 μm-long scan at
𝑃 = 1 atm. shown in Figs. 5(a) and (c). Thus, rough estimate indicates
that the local inclination angle of one of the sample surfaces relative to
the other one in the fractured crystal can be more than 100 times larger
than in the intact single crystal. Two orders of magnitude increase in
the inclination angle between the crystal plate faces is one of the most
important fingerprints of the crystal fracturing in our experiments.

Our experimental observations provide opportunity for an even
more precise estimate. The observable differences between the various
complete signals in time domain in Fig. 6(a) are visible in the frequency
domain as the differences in the dominant spectral lines in Fig. 6(b).
Comparison of the spectra in Fig. 6(b) and Fig. 5(b) reveals lateral
inhomogeneity of the fractured crystal. Although, the variations in the
BF in 2D TDBS measurements could be attributed to several factors,
including the variation in the direction of CAP propagation relative
to the probe light direction [26,27], which can be caused by locally
varying angle between the opposite faces of the fractured crystal parts
(see Fig. 9 and theoretical Section 4), the average BF can be used for
the estimate of the longitudinal acoustic velocity of x-cut LN at 10.4
GPa. Assuming that in average the experimental geometry is close to
180° backward Brillouin scattering, i.e., as it is at 𝑃 = 1 atm., the
acoustical Brillouin wavelength 𝜆BO = 𝜆probe∕(2𝑛) is not expected to
change with the pressure increase to 𝑃 = 10.4 GPa, because the first
principles calculations indicate negligible deviation of the refractive
index from its value at atmospheric pressure [43]. Therefore, the acous-
tic velocity increases with pressure proportionally to the measured BF.
The maximal BF increases from 56.5 GHz in Fig. 4(b) up to 63.5 GHz
in Fig. 6(b). Consequently, the sound velocity increases by 12.4% and
reaches the values of 7.34–7.37 μm∕ns. To our knowledge, this is the
first ever reported measurement of acoustic velocity in LN at such a
high pressure (see also Appendix C for the estimation of the acoustic
velocity in LN at 𝑃 = 3.8 GPa). For our current experimental estimates,
this measurement provides opportunity to transform the maximum time
difference between echo arrivals in two neighbor points in Fig. 6(c)
(0.08 ns) into variation in plate thickness, 0.59 μm, and, finally, in
the local inclination angle of 16° between the opposite surfaces, i.e.,

about 8° inclination of the surfaces relative to the sample mid-plane.
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Fig. 6. (a) Acoustic parts of the TDBS signals from the 1D scan (2D TDBS measurements) done at 𝑃 = 10.4 GPa and (b) their power spectral densities (PSD). (c–d) Zoom in of
the BOs around the expected time of the CAP arrival at the LN/diamond interface (right side in Fig. 2(a)) (c) and the CAP return at the LN/Ti interface (d). Both BOs and CAP
features are visible in (c), while it is not in (d). The signals in (a), (c) and (d), and the PSD in (b) are vertically shifted to facilitate their comparison.
The latter angle is 200 times larger than that estimated in the intact
LN crystal at atmospheric pressure, a clear consequence of the crystal
destruction.

These conclusions are confirmed by the map of the CAP arrival times
obtained in the 3D imaging (Fig. 8(a)). Fig. 8(a) reveals that in the
fractured sample the propagation time across its thickness can vary
by a maximum of 0.5 ns or about 20%, corresponding to ∼ 3.7 μm
ariations in the sample thickness. These variations take place at about
0 μm lateral distances, providing opportunity to estimate the long
cale average inclination between the faces of the fractured LN crystal
o be of 7° which is just about twice smaller than the maximal local
nclination revealed above in the 2D TDBS measurements. At the same
ime, the maximal local inclinations that can be estimated between the
eighbor points of the 3D TDBS measurements are close to those re-
ealed in the 2D TDBS measurements. Thus, 3D TDBS imaging confirms
he strong inhomogeneity in the profile of the LN sample thickness.
he related possible presence of large inclination angles between the
pposite surfaces of the sample is an important signature of the LN
rystal degradation/fracture.

. Qualitative discussion of different features encountered in TDBS signals
easured in the destructed LN crystal: The time moments of the CAP

eturn to the Ti transducer after a round-trip in LN are not distinguish-
ble in Figs. 6(a) and (c) of the 2D TDBS measurements, despite the
bservation of the abrupt changes in the BOs as it was possible in
ig. 5(a) and (c). Moreover, the BOs are not detectable in Fig. 6(a) and
c) in the left part of the LN sample, when the CAP returns there after
he reflection. 3D TDBS imaging revealed that this is also the case in a
argely dominant part of the signals detected over the complete surface
f the fractured crystal in 3D images (Fig. 7(a)–(e)). Additionally,
ur 3D TDBS imaging confirmed that among these signals, those with
Os undetectable only after the return of the reflected CAP to the

eft part of the sample (Fig. 6(a)), are the most common (Fig. 7(a)),
8

hile the signals where the BOs are not detectable at all (the upper
signal in Fig. 6(a) and Fig. 7(b)), are rare. Importantly, the 3D imaging
revealed another group of rather common signals, missed in the 2D
TDBS measurements (Fig. 6(a)), where the BOs are detectable only in
the left part of the sample and only when the CAP is traveling from the
Ti transducer to the mi-plane of the sample (Fig. 7(c)–(e)). Note, that
in Fig. 7(e) the BOs are detectable but not the CAP arrival on the right
surface of the LN sample.

Another general conclusion on the results of the 3D imaging is
that, in the fractured sample, the BOs were never observed after the
return of the CAP to the Ti transducer, unlike the signals shown in
Figs. 5(a) and (c) measured at atmospheric pressure in the intact
sample. The signals, where the CAP return to the Ti transducer can
be identified by an abrupt disappearance of the BOs, were detected
in just several lateral positions (Fig. 7(f)). Additionally, only several
lateral positions in the complete TDBS signals detected from the LN side
present the feature caused by a second CAP traveling in the LN sample
(Fig. 7(g)). To confirm that the features marked in Fig. 7(g) are indeed
due to a second CAP, it is necessary to correlate each signal of this
type measured from the LN side with the signal detected in the close
lateral position from the opposite side of the sample (Section 3.2.2).
This second CAP is indeed expected to be initially launched by the Ti
transducer in the water-ice (Figs. 2(a) and 9) and transmitted into the
LN sample only after the reflection at the water-ice/diamond interface
and transmission across the Ti transducer, hence it should be also
detectable from the opposite side. This correlation analysis is conducted
below in Section 3.2.3.

Most of the different temporal signals detected in the fractured/
degraded LN sample in the DAC, if not all, can be interpreted taking
into account possible different local inclinations, relative to the dia-
mond anvils, of the right and left faces of the LN sample, the latter
being the Ti-coated one. In essence, the inclinations, revealed by the
TDBS observations of the variations in the CAP times of flight, can
lead to modification of the direction of the acoustically-scattered probe

light relative to the direction of the reflected probe light heterodyning
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Fig. 7. Examples of shapes/forms of the TDBS signals in the fractured LN crystal sample. (a) Echo arrival on the uncoated face of the LN sample (marked here and later by a
green empty arrow) is accompanied by the detectable BOs in the whole sample, when a CAP propagates from the Ti transducer to the right face of the sample, and only in the
right part of the sample, after the CAP reflection. (b) Only the echo arrival without any BOs is detectable. (a) and (b) illustrate that the shapes of signals, which are the most
typical to the 2D imaging signals in Fig. 6(a), are typical to 3D imaging signals as well. The other type of the signals, which are typical for the 3D imaging but are missed in the
2D scan in Fig. 6(a) are presented in (c)–(e). (c)–(d) BOs are detectable only in the left part of the LN sample and only before the CAP reflection, while the echo in the right part
of the sample is not accompanied by the BOs. (e) Only the BOs in the left part of the sample and only when the CAP propagates from left to right are detectable. An uncommon
type of the signals for 3D imaging, observed just in few experimental positions are presented in (f) and (g). (f) BOs are observed along the complete path of the CAP propagation
from the Ti transducer to the right face of the LN sample and back. They disappear when the CAP returns to the Ti transducer (arrival time is marked by a green filled arrow).
(g) BOs contain the features marked by red empty and red filled arrows, which are due to the CAP which initially is launched by the Ti transducer in water-ice VII but later
(after the reflection at water-ice/diamond interface) is transmitted through the Ti transducer into the LN sample and arrives at the uncoated face of the LN sample, respectively
(see Section 3.2.3). Even more atypical signals, which have been registered along the splits/cracks of the LN sample, are presented and discussed in Appendix D.

Fig. 8. (a) 2D map of the CAP arrival time at the LN/diamond interface and (b) spectral 2D map of the Brillouin frequency corresponding to LN, both obtained from the 3D TDBS
measurements from the LN side of the sample, where the Brillouin oscillations in LN are dominating in amplitude. (c) Spectral 2D map of the Brillouin frequency corresponding to
water-ice, obtained from the 3D TDBS measurements from the Ti side of the sample, where the Brillouin oscillations in water-ice are dominating in amplitude (see Section 3.2.2).
(d) Histograms of the Brillouin frequency distributions in water-ice and LN obtained from the measurements from both LN (transparent red) and Ti (transparent blue) sides. In
Appendix D, we additionally discuss the correlation between the images of the fractured crystal obtained by TDBS and by optical microscope (Fig. 3(c)).
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it. The deviation of the acoustically-scattered probe light from the
heterodyning direction can lead to an abrupt diminishing and even a
complete disappearance of the BOs. For the case of the non-diffracting
Gaussian probe light beam interacting with the non-diffracting Gaus-
sian CAP beam, the theory was suggested in [40] and predicted a
strong Gaussian diminishing of the BOs amplitude with increasing angle
between scattered and heterodyning probe light directions. We will
adapt the equations of this theory to describe rather quantitatively
some of our experimental configurations in the DAC in Section 4. Just
now, we will present graphical illustrations of the deviations in the
propagation paths of the probe light and CAPs that are expected in
our sample with inclined interfaces by updating the simple scheme
previously shown in Fig. 2. The update of that scheme is depicted in
Fig. 9(a) in order to qualitatively explain the absence of the detectable
BOs when CAP propagates in some parts of the sample (right, left or
both), as revealed in Figs. 6 and 7.

Note that the scheme in Fig. 9(a), illustrating the case with no layer
of water-ice VII between the LN crystal and diamond anvil, is expected
to be the closest to our experiment in most of the lateral positions,
because no obvious signatures of the water-ice presence, either in the
time domain or in the frequency domain, were recognized in the TDBS
imaging signals (except some isolated points near the lateral edges of
the LN sample). Our TDBS observations indicate that the water did not
penetrate much between the LN and diamond surfaces (see Section 4
for detailed discussion) during the sample preparation, i.e., during the
steps when the LN crystal was put on the surface of one of the diamond
anvils, the cell was filled with water and, after closing the cell with
the second diamond, the pressure was increased. In Fig. 9, 𝛼 denotes
the local inclination angle between the opposite faces of the LN sample
which, under the assumption of a homogeneous and very thin water-ice
layer between LN and diamond on the right side, is also the inclination
angle between the Ti transducer and the diamond anvil, confining
the layer of water-ice VII with a varying thickness on the left side.
We remind here that the schemes in Fig. 9 are a local view of the
sample, i.e., at the scale of laser focus. Laterally, along the sample, the
inclination of the Ti transducer and the thickness of the water-ice layer
vary in the left part, while the inclination is zero in the right part but
the thickness of the confined thin water-ice layer can vary.

In the case of the experiments conducted from the right side (LN
side) of the sample, of our interest here, the pump and probe laser
beams are assumed, for simplicity, to be incident normally to the
LN/diamond interface. Pump laser beam (not shown in Fig. 9), follows
the path of the probe beam. When absorbed by the Ti transducer,
pump laser pulse launches CAPs both in LN and in water-ice in the
direction normal to the transducer surface, i.e., at an angle 𝛼 with
respect to the direction of the probe light incident on the Ti transducer.
Before the reflection of the launched CAPs at the interfaces inclined to
their propagation directions, the CAPs-scattered probe light propagates
at an angle 2𝛼 with respect to the direction of the incident probe
light and parallel to the direction of the probe light reflected by the
Ti transducer. The later (depicted by {1} in Fig. 9(a)) is therefore
efficient in heterodyning the light scattered in the left half of our
sample. However, the BOs are detectable only if the light propagating
in this direction is transmitted across the inclined sample interfaces and
directed by the experimental optics to the detector. This could be not
the case for large 𝛼. When the CAP, propagating in LN, penetrates in the
right part of the sample, the contribution of the above-described optical
paths to the signal becomes negligible because of the coherence length
effect (Section 3.1). In the right part of the sample, the heterodyning is
accomplished by the probe light reflected at the LN/diamond interface
(depicted by {2} in Fig. 9(a)) in 180° backward direction. Note that in
the absence of the water-ice thin layer between LN and diamond on
the right side, the amplitude reflection coefficient of the probe electric
field is estimated to be of about 1.7–3.7% only, while the presence of a
20 nm-thick water-ice layer is sufficient for increasing the reflection
10

coefficient up to 14.0–14.4% hence making the second channel of
heterodyning comparable in efficiency to the first one. This explains the
comparable amplitudes of the TDBS signals, when the CAP is near the Ti
transducer or is close to LN/water-ice/diamond interfaces structure, in
many experimental points. Fig. 9(a) demonstrates that light, scattered
by the CAP before and after reflection at this interface, propagates in
both cases at an angle 2𝛼 to this direction inside LN and even at larger
angle

𝛼′ = sin−1
[

𝑛diamond
𝑛air

sin (2𝛼)
]

,

when transmitted into air from diamond (if the angle deviation upon
transmission from LN into diamond is neglected for simplicity). There-
fore, the absence of the detectable BOs, when the CAP propagates in
the right half of the sample (upper signals in Fig. 6, Fig. 7(b)–(d)),
can be explained by the angle of the acoustically-induced probe light
scattering that is too large relative to the heterodyning direction in
the lateral positions of the sample with a sufficiently large inclination
angle 𝛼 (see [40] and Section 4). When the reflected CAP returns in
the left part of the sample, its heterodyning also becomes less efficient
than when it was propagating there before the reflection. In fact, the
reflected CAP, propagating in the left part of the sample towards the
Ti transducer, scatters the probe light at an angle 2𝛼 relative to the
direction of the incident probe light and at an angle 4𝛼 with respect
to the direction of the heterodyning probe light reflected from the
Ti transducer. Therefore, the heterodyning efficiency is expected to
be strongly reduced in the sample location with a sufficiently large
inclination angle 𝛼, explaining why the BOs are nearly never detectable
in the respective time interval, with the exception of a few points
throughout the sample (Fig. 7(f)).

The simplest estimates of the critical angle 𝛾 for the disappearance
of the TDBS signal, caused by the lost spatial overlap between the
heterodyning (reflected) and acoustically-scattered light beams on the
photodetector, can be accomplished by the evaluation of their far-field
half-angle of divergence [58], 𝜃reflected

𝐹𝐹 ≡ 𝜆
𝜋𝑎ref

and 𝜃scattered
𝐹𝐹 ≡ 𝜆

𝜋𝑎sc
,

where 𝜆 is the light wavelength in the medium. In our experiments,
where 𝑎probe = 𝑎pump ≡ 𝑎, the radius of the reflected light beam,
𝑎ref, is equal to 𝑎, while the radius of the acoustically-scattered probe
beam is smaller, 𝑎sc = 𝑎∕

√

3, because the scattered light field is due to
he interaction of the probe light beam with radius 𝑎 and the acoustic
train beam with radius 𝑎CAP = 𝑎∕

√

2, both at 1/e level. Here we have
taken into account that the radial distribution of strain in the CAP is
induced by the intensity distribution of the pump light and we have
neglected the corrections to the CAP radius caused by the inclination
of the optoacoustic transducer (Ti layer). These corrections are of the
order 1 − cos 𝛼 = 2 sin2(𝛼∕2) ≪ 1 in our experiments. Neglecting the
lateral shift of the scattered light relative to the reflected one (Fig. 9),
i.e., assuming formally 𝐻 = 0 in Fig. 9 in order to select the angle-
dependent but thickness-independent effects, the heterodyning by the
probe light reflected from the LN/diamond interface is expected to
abruptly diminish when 𝛾 ≥ 𝜃reflected

𝐹𝐹 + 𝜃scattered
𝐹𝐹 =

√

3+1
𝜋

𝜆probe
𝑎𝑛LN

. In the
right part of the LN sample, 𝛾 = 2𝛼, leading to the estimate of the
critical inclination angle, 𝛼𝑐𝑟 =

√

3+1
2𝜋

𝜆probe
𝑎𝑛LN

≈ 0.078, corresponding to
an angle of about 4.5°.

The duration of the detected wave packets of the BOs in Figs. 6(a)
and 7 can be qualitatively interpreted by examining how the volume
of the spatial overlap of the CAP and probe light beams, where they
could interact, changes with the inclination angle and radii of the
beams (Fig. 9(b)). In comparison with Fig. 9(a), the radius of the
probe light beam 𝑎probe is increased and that of the CAP beam is
decreased to 𝑎probe∕ cos 𝛼 to make them nearly equal in Fig. 9(b),
as in our experiments due to equal radii of the probe and pump
laser beams: 𝑎probe = 𝑎pump ≡ 𝑎. The Gaussian beams are replaced
schematically by the cylinders. The acousto-optic interaction, i.e., the
probe light scattering by the CAP, could take place only in the regions
of the intersection of the green and red nearly-transparent cylinders.
In Fig. 9(b), we present the situation, where the CAP can scatter the
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Fig. 9. (a)–(c) Schematics of the CAP and probe light paths in our TDBS experiments from LN side (upper part of the figures) and Ti side (lower part of the figures), where 𝛼
stands for the local inclination angle of the Ti transducer relative to the diamond anvil surfaces. The two channels of heterodyning are illustrated for the CAP (transparent red
ellipses) at different locations along its propagation path in both cases shown by the black dashed lines, the CAP propagation directions being given by the transparent red arrows.
Green solid arrows indicate the incident probe beams and reflections of the probe light by stationary interfaces of the sample. Green dashed arrows indicate weakly scattered probe
light by CAPs. We present optical paths of only the strongest reflected probe rays, which can interfere with the acoustically-scattered light and made detectable contributions to
the TDBS signals in our experiments at 𝑃 = 10.4 GPa. We also present only those scatterings of the probe light by CAPs which contributions to the TDBS signals were revealed in
our experiments. For the experiments from LN side, the two channels of heterodyning are denoted {1} and {2}. In (b) and (c), the Gaussian CAP and probe beams are depictured
by transparent red and green cylinders, respectively, with a larger radius in (b) compared to (c), which allows to illustrate the effect of the missing overlap (see 𝑧0 in (c)) between
both beams leading to fewer scattered probe light rays in (c).
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probe light when traveling from left to right faces of the LN sample,
but also during and after the reflection on the right side, and even
when it starts to penetrate in the left part after the reflection at the
LN/diamond interface. Only the return of the CAP to the Ti transducer
is not detectable. When the radii of the beams are diminished about
twice by retaining their inclinations (Fig. 9(c)), the only opportunity for
the interaction is then in the left part of the sample after launching the
CAP by the Ti transducer and just after the CAP penetration in the right
part of the sample, while the arrival of the CAP on the right surface of
the sample and its later propagation are not detectable. The same would
happen if, instead of diminishing the beams radii, we would increase
the inclination angles. The sketches of the type depicted in Figs. 9(b)
and (c) are useful to estimate the conditions of the detectability of
the CAP along its propagation path. For example, from Fig. 9(c), it
follows that the overlap between the CAP and probe beams disappears
at coordinate 𝑧 = 𝑧0, when (𝐻 − 𝑧0) tan 𝛼 ≥ 2𝑎. Particularly, when
the CAP arrives at the LN/diamond interface, the drastic diminishing
of the signal amplitudes, relative to their magnitudes expected in the
absence of an inclination, is predicted for tan 𝛼 ≥ 2𝑎∕𝐻 . For our
experimental conditions, this estimate transforms into 𝛼 ≥ 7.6°. In
view of our earlier estimates of the possible inclination angles in our
sample, of similar magnitude, the latter estimate confirms that, in our
experiments, significant variations could be caused by variations in the
local inclination of the Ti transducer in the TDBS signals from one
experimental point to another, including significant variations in their
durations. In the opposite case, the decrease of the inclination angle
provides an opportunity to detect the BOs even when the CAP returns to
the Ti transducer (Fig. 7(f)), a rather uncommon observation. Of course,
the detectability of the CAP returning to the Ti transducer also depends
on the thickness of the material layer, separating the transducer and the
interface reflecting the CAP, as it follows from the comparison of the
sketches in the upper parts (in LN) and in the lower parts (in water-ice
VII) in Fig. 9 (see also Section 3.2.2 and Section 4).

Thus, the schematic presentation in Figs. 9(b) and (c) provides
insight that the different durations of the BOs packets in different
lateral points of the sample (Figs. 6 and 7) can be related to the
lateral inhomogeneity of the inclination angles between the opposite
faces of the sample. However, for more quantitative evaluation of
the variation of BOs packets with the inclination angles and beam
radii, an analytical approach developed for Gaussian beams in [40]
and Section 4 is preferable. In Section 4 we would adapt the theory
from [40] to simulate the temporal shape of some of the detected TDBS
signals, particularly to interpret our experimental detection at the right
surface of the LN sample, either only of BOs (Figs. 5(a) and (d)) or only
of the CAP (upper signals in Fig. 6, Fig. 7(b)–(d)), or of both BOs and
CAP together (most of the signals in Fig. 6, Figs. 7(a), (f) and (g)). This
variety of different signals can be also due to lateral variations of the
inclination angle.

c. Different contributions explaining the lateral inhomogeneity of the Bril-
louin frequency : The variations of the BF in LN mapped in Fig. 8(b)
obtained due to 3D imaging, are also indications of the sample 2D
lateral inhomogeneity, confirming the earlier conclusions based on
the comparison of Figs. 5(b) and 6(b). However, BF variations are
only of about 6% over the complete scan, i.e., more than 3 times
smaller in comparison with the variations in the echo arrival times in
Fig. 8(a). There can be multiple physically different contributions to
observed lateral inhomogeneity of the BF. The most obvious are the
contributions caused by lateral inhomogeneity of the optical refractive
index, 𝑛LN, and of the acoustical velocity, 𝑣LN, and the lateral variations
in the relative propagation directions of the probe light and the CAP.
We remind here that in the 180° backward Brillouin scattering, for
example, when the plane probe light wave is propagating parallel the
plane acoustic wave, the BF is proportional to the product of refractive
index and sound velocity. In the general case of the backward Brillouin
scattering, the BF shift in scattering of the plane light wave by a plane
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acoustic wave additionally diminishes proportionally to cosine of the
angle, when the angle between the probe light and acoustic waves
propagation directions, 𝛽, increases from zero [26,27]. We now turn
to the three above-mentioned contributions to BF inhomogeneity one
by one.

Even if, in the initial point of the scan, we choose the probe po-
larization to approach the regime of degeneracy between the ordinary
and extraordinary optical modes of the probe in LN, the non-hydrostatic
deformation of the LN crystal potentially causes the relative deforma-
tion of the index ellipsoid in the other lateral points of the 3D image,
resulting in the birefringent TDBS [55] and shifting of the dominant BF.
Similar effect could be caused by the rupture of the sample, when it is
accompanied by the lateral variations of sample surfaces orientation
relative to the incident probe beam, because the light transmission
through inclined interface of optically anisotropic media would, in
general, modify both the directions of the light propagation and the
polarization of light. Actually, in our 3D imaging experiments, it was
impossible to suppress birefringence in all lateral points. Instead, beat-
ings related to birefringence were detectable and continuously varying
laterally. Comparing from this point of view the signals in Figs. 7(a),
(c), (d), and (f) provides another signature of the lateral inhomogeneity
of the damaged LN crystal. However, although the optical birefringence
of LN is among the strong ones, i.e., 2 𝑛𝑒−𝑛𝑜

𝑛𝑒+𝑛𝑜
≃ 3.5% [41] at our

probe wavelength, it cannot be responsible in full for the observed 6%
variation in BF (Fig. 7(b)), even if the rotation on the crystallites in the
damaged sample relative to the incident probe polarization is done by
all possible angles.

The situation with the contribution to the BF variations from the
acoustical anisotropy of LN is different, because the longitudinal acous-
tic velocity in LN can vary by about 10% with the wave propagation
direction [50], for example when the propagation direction changes
by 90° from the 𝑥-direction to the 𝑧-direction. However, such strong
variations in sound propagation direction are not expected in our
experiments. Assuming that the CAP is initially launched by the Ti
transducer close to the 𝑥-direction, even if the opposite face of the LN
sample is inclined relative to the Ti film by the maximum angle of 16°
arlier estimated (in point a), the inclination of the CAP reflected at the

interface of LN with diamond from the 𝑥-direction would not exceed
32°, and the expected influence on the BF values will be, consequently,
significantly smaller than 10%.

Fig. 9 illustrates that, during CAP propagation in the LN sample
with inclined faces from left to right or from right to left (before its
return to the Ti transducer), the direction of the CAP beam changes
relative to the probe light beam direction, but not the magnitude of
the angle between these directions, i.e., only the sign. The modulus
of the ‘‘interaction’’ angle is equal to 𝛼 both before and after the CAP
reflection from LN/diamond interface. Note, that it would increase to
3𝛼 only after the CAP reflection from the Ti transducer, but we are
ot detecting BOs after this reflection. To describe the 6% diminishing
f the BF, the angle 𝛽 between the propagation directions of plane
coustic wave and the plane probe light wave should increase from 0°
o 20°. Thus, even with the maximal local inclination angle between
he LN sample surfaces of 𝛼 ≈ 16°, the considered effect alone cannot

be responsible for the variations of the BFs revealed in Fig. 8(a). So,
presumably, all three discussed effects should be combined to explain
the map of the BFs revealed in the fractured LN sample in Fig. 8(b).

d. Periodic modulations of the Brillouin oscillations amplitude unrelated to
birefringence but due to CAPs propagation in two different media simulta-
neously : In most of the experimental points of a 2D TDBS measurement
(and later in the 3D TDBS measurement), a periodic modulation of
the BOs amplitude is visible for the observation times smaller than
about 0.5 ns. Such modulations are of significantly shorter period than
those caused by birefringence and can be attributed to the beating
between the BOs detected simultaneously in LN and in water-ice VII
(see Fig. 2(a) and Fig. 9), when the CAPs are launched by the Ti
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optoacoustic transducer in two opposite directions. In Fig. 6(a) and
Fig. 6(c)–(f), the period of the modulation is of about 100–125 ps,
corresponding to the beating frequency of 𝑓𝑏𝑒𝑎𝑡 = 10-8 GHz, which
is the difference frequency between the BFs in LN and water-ice VII.
This simple estimate, combined with the spectral 2D-map, presented
in Fig. 8(b) (which is obtained from the 3D-imaging from the LN
side where the BOs in LN are dominating in amplitude), suggests
that the spectrum of the BFs in water-ice is expected in the spectral
band approximately from 52 to 57 GHz. This simple estimate is in
complete correlation with the spectral 2D-map presented in Fig. 8(c)
(which is obtained from the 3D-imaging from the Ti side where the
BOs in water-ice are dominating in amplitude, Section 3.2.2), as well
as with the shift between the histograms of the BFs in water-ice and
LN in Fig. 8(d). The revealed frequency band of the BOs in water-
ice, includes the BF of 52.5 GHz reported in Fig. 2 of [59] for the
polycrystalline water-ice VII at the pressure of interest in frequency-
domain Brillouin scattering experiments (FDBS). This confirms the
expectations that water-ice, squeezed between the diamond anvil and
the Ti transducer, is indeed water-ice VII. Additional information on
the parameters of this polycrystalline ice, which is revealed by our
experiments, is presented in Appendix E.

In the next section we present the results of the 3D TDBS ex-
periments from the opposite side of the sample, which are highly
complementary to those reported above.

3.2.2. TDBS signals in the experiments conducted from the Ti-coated side
of the LN plate

The signals detected from the Ti side (Fig. 10), i.e., when pump
and probe beams are incident from the sample side covered by the Ti
transducer (Fig. 2(b)), are different from the signals detected from the
opposite side of the sample (Fig. 7). This observation stands, although
the schemes presented to the left and right of the Ti transducer in Fig. 9
are equivalent from a geometrical point of view if one assumes that
the LN is replaced by water-ice and vice versa. The basic difference is
due to a much smaller (an order of magnitude) thickness of the water-
ice VII layer between the diamond anvil and the Ti generator, than
the thickness of the LN sample. Because of this, the propagation of a
CAP and its reflections inside the ice layer, as well as the propagation
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of the CAP in the left part of the LN sample, can be followed by
heterodyning the acoustically-scattered light by the light reflected only
at the left part of the sample volume, i.e., from the diamond/water-
ice and water-ice/Ti interfaces (Fig. 2(b)). However, it is expected that
the signals detected from the Ti side should also have the features that
could be attributed to the manifestation of relative inclination of the
surfaces/interfaces.

The typical TDBS signals detected in the considered configuration
of the 3D TDBS imaging are presented in Fig. 10. The origin of the
beating patterns in the BOs up to 0.25–1 ns of the observation time in
Fig. 10 (left part) is the same as in Section 3.2.1, i.e., the mixing of the
BOs coming from the CAPs detected at the same time in the water-ice
layer and in the LN sample, although the amplitude of the BOs in water-
ice dominates now in the beginning of the signals, as opposed to the
previous case (Section 3.2.1) where the BOs in LN did. This statement is
confirmed by the temporal evolution of the signal spectrum presented
in the right part of Fig. 10, where the lower and the higher frequencies
depicted by white dashed horizontal lines correspond to the ones in
water-ice VII and LN, respectively. The most typical observation in the
TDBS experiments from the Ti side (Fig. 10) is an abrupt diminishing
or a complete disappearance of the BOs in water-ice after a critical
time of 0.25–0.5 ns. It is also the most important for the current
investigation, because it can be associated with the arrival of the CAPs
at the boundaries of the confined water-ice layer and, thus, can provide
information on the profile and local inclinations of the Ti transducer
after the LN sample rupture. Note that, before the critical time in the
time–frequency representation (i.e., in the left part of the right-column
figures of Fig. 10(a)–(c)), there are each time a lower frequency content
(at one frequency in (a) and (c) and at two frequencies in (b)) that
we attribute to the presence of shear acoustic waves propagating in
the water-ice VII layer of polycrystalline nature, as already observed
previously at lower pressure, around 2 GPa, in other experiments [21].

The estimates of the maximal reflection coefficients of a CAP at
the water-ice/diamond, 𝑟ac

ice/C, and water-ice/Ti, 𝑟ac
ice/Ti, interfaces were

accomplished using the available parameters, gathered in Table 1, of
diamond [60] and Ti [61], the density of water-ice VII at 10.4 GPa
from the extrapolation reported in [59] and the lowest (longitudinal)
acoustic velocity detected in the water-ice VII of our sample, revealed to
Fig. 10. Examples, measured at different locations (a)–(d), of the shapes/forms of the TDBS signals (left part) and their frequency spectra revealed using a short-time Fourier
transform with 0.3 ns Hann window (right part) in the experiments conducted from the Ti side at 𝑃 = 10.4 GPa. The red empty triangles indicate the moments of the CAP reflection
at the water-ice/diamond interface, where the BOs amplitude strongly diminishes. The strong difference in the duration of the BOs in the water-ice VII in (a) and (b) in comparison
with that in (c) and (d) indicates the lateral inhomogeneity of the water-ice layer thickness and inclination between the Ti transducer and the diamond anvil surfaces, caused by
the rupture on the LN sample. The lower and the higher frequencies depicted by white dashed horizontal lines correspond to the Brillouin frequencies in water-ice VII and LN,
respectively.



Photoacoustics 33 (2023) 100547S. Sandeep et al.
Table 1
Parameters of the materials composing the sample (diamond, Ti, water-ice VII, LN) at 𝑃 = 10.4 GPa used in the
estimates.

𝜌 (g∕cm3) 𝑣 (μm∕ns) 𝑛

diamond 3.603 ± 0.094a 17.80 ± 0.57a 2.421 ± 0.005b

Ti 5.01c 7.0 ± 0.7c (2.38 + 3.30𝚥) ± (0.12 + 0.08𝚥)d

water-ice VII 1.88 ± 0.04e [8.29 ± 0.06 − 9.60 ± 0.07]f 1.63 ± 0.01g

LN 4.967h 7.365i 2.248 (e), 2.342 (o)j

aFrom Table 2 (𝜌) and Table 3 (𝑣 =
√

𝑐11∕𝜌) in [60], our diamond anvil being (100)-oriented.
bEstimated from Fig. 4 in [62], at 𝜆probe = 0.535 μm.
cFrom [61] assuming 𝜔-Ti structure: the density is calculated using the third-order Birch–Murnaghan isothermal
equation of state and parameters tabulated in Table 2; the longitudinal acoustic velocity is from Table 6 at 10 GPa
and its associated uncertainty of ±10% is proposed by us to account for the difference between bulk mechanical
properties of Ti and those of thin coated layer of Ti.
dEstimated from Fig. 6 in [63], at 𝜆probe = 0.535 μm and disregarding the data from Lynch et al..
eEstimated from Fig. 3 in [59].
fEstimated from our experimental results obtained from the Ti side (see Appendix E).
gExtrapolated from [59,64] and in agreement with [53].
hEstimated from [65].
iEstimated from our experimental results from the LN side, using the mean value between the ordinary and
extraordinary refractive indices estimated at 𝑃 = 10.4 GPa.

jFrom our measurement at 𝑃 = 1 atm., the measured BFs (Fig. 4) have been used to estimate ordinary and
extraordinary refractive indices, 𝑛𝑜 and 𝑛𝑒, respectively, at atmospheric pressure in our LN sample. We then use
the theoretical expected increase of indices estimated from [43] in order to obtain 𝑛𝑜 and 𝑛𝑒 at 𝑃 = 10.4 GPa. Note
that the mean value is used in our estimates/fits because it is not possible to know which combination of the optical
modes we actually detect at 𝑃 = 10.4 GPa: 𝑛 = 2.295.
be 𝑣water-ice ≈ 8.3 μm∕ns in Appendix E. These estimates lead to 𝑟ac
ice/C ≈

0.61 and 𝑟ac
ice/Ti ≈ 0.38. Thus, at least two reflection moments could be

expected to be visible in the time-domain signals before any significant
reduction of the signal amplitude, even in the presence of the beatings,
if the inclination of the Ti transducer relative to the diamond anvil
is not accounted for. Yet, the inclination of the Ti transducer leads
to the inclination of the strongest heterodyning light beam, i.e., the
one reflected from the Ti transducer, relative to the diamond surface
(Fig. 9). It also leads to an oblique incidence of the CAP on this surface.
As a consequence, the direction of the acoustically-scattered light with
respect to the direction of this strongest heterodyning beam deviates
significantly from the case of collinearity after the reflection. After the
CAP reflection, the acoustically-scattered light direction is inclined with
respect to the direction of the strongest heterodyning light at an angle
which is four times larger than the inclination of the Ti transducer
(Fig. 9). For the range of the inclination angles we estimated earlier,
this could lead to a significant additional reduction in the amplitude
of the BOs after the first CAP reflection, if not their complete disap-
pearance (Section 4). This analysis provides the explanations about the
fact that the first abrupt diminishing of the BOs amplitude, indicated
in each part of Fig. 10 by a red empty triangle, is significantly larger
than the one expected from the CAP reflection considerations, while
a very strong reduction of the BOs amplitude in water-ice after the
CAP reflection at the water-ice/diamond interface is the most common
feature of the 3D TDBS experiments. Fig. 10(c) provides a rare example
where the BOs associated with the CAP in the water-ice layer as well
as their beating with the BOs associated with the CAP in the LN sample
are detectable up to the time of the return of the water-ice CAP at
the Ti transducer (at about 1 ns time delay). The TDBS signals with
measurable ratio of the BOs amplitudes in the water-ice layer before
and after the first reflection of the CAP are usable for the estimation of
the Ti transducer inclination angle (see Section 4).

It is interesting to estimate the critical inclination angles for which
the TDBS signal disappearance could be expected, when the CAP is
reflected at the water-ice/diamond interface, for comparison with the
previous equivalent analysis in Section 3.2.1. When the CAP propagates
from the Ti transducer towards the water-ice/diamond interface, Fig. 9,
the heterodyning by the probe light reflected from the Ti transducer
should largely dominate over the heterodyning by the light reflected
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from the diamond/water-ice interface. We call them here as the first
and the second channel of heterodyning, respectively. The first channel
dominates, not only because the reflectivities of the probe light at
the mentioned interfaces are importantly different (𝑟ice/Ti ≈ 0.6 >
𝑟diamond/ice ≈ 0.2), but also because of the difference in the scattered
light direction relative to the two heterodyning directions. In the first
channel, the angle 𝛾 between the directions of scattering and hetero-
dyning is equal to zero, while along the second channel 𝛾 = 2𝛼, as
in the earlier analysis in Section 3.2.1. After the CAP reflection, the
angle in the first channel increases to 𝛾 = 4𝛼, while the angle in
the second channel keeps the same value 𝛾 = 2𝛼 (see Fig. 9). The
estimates of the critical inclinations for the detection of the TDBS after
the CAP reflection suggest 𝛼𝑐𝑟 ≈ 3.3° and 𝛼𝑐𝑟 ≈ 6.5°, respectively. These
estimates suggest that, for any nonzero inclination angle, we could
expect the diminishing of the BOs amplitude after the CAP reflection,
which is additional to the expected diminishing due to the acoustic
reflection of ∼ 0.6-0.7 (depending on water-ice VII orientation) at the
water-ice/diamond interface. However, the additional dependence on
the inclination angle can be rather complex (see Section 4), because the
transition of the dominant heterodyning channel from the first one to
the second one occurs at 𝛼 ≤ 𝛼𝑐𝑟 ≈ 3.3°.

Note that the evidence of the inclination of the Ti transducer caused
by the LN sample rupture is also provided, in the TDBS experiments
from the Ti side, via profilometry, i.e., by revealing the variations in
the water-ice layer thickness. In fact, the increase in the BOs duration
in Fig. 10 by about 50%, appreciable between the signals in (a)–(b)
and (c)–(d), cannot be (fully) attributed to the lateral inhomogeneity
in the acoustic velocities (revealed by the map of the BFs in Fig. 8(c)),
because the maximal variation in the water-ice velocities observed in
our experiments is only about 15%.

In the following Section 3.2.3, we discuss how else the TDBS ex-
periments conducted from the opposite sides of the LN sample can be
complementary.

3.2.3. Fruitful complementarity of the TDBS experiments conducted from
the opposite sides of the LN sample

Unfortunately, our current experimental setup does not provide the
opportunity to conduct 3D TDBS imaging experiments by directing the
pump/probe laser beams from both sides of the LN sample to the exact
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Fig. 11. (a)–(g) Fruitful complementarity of the TDBS signals detected from the opposite sides of the sample (in the upper (a)–(c) and lower (d)–(g) rows from Ti and LN sides,
respectively). The experimental results from the areas marked on the echo arrivals time map (h) by red and black rectangles are presented in the first two and the third columns,
respectively. The time in the lower row is scaled twice relative to the upper row and delayed by the first echo arrival time 𝜏echo to provide visual evidence for the presence of the
features carrying the information on the second echo propagation in water-ice in the signals detected from the LN side (see main text). The vertical dotted lines stand for guiding
the eyes over the corresponding features captured in signals from the opposite sides.
same positions on the Ti transducer. Therefore, certain estimates, which
may necessitate measurements from both sides, such as the full local
thickness of the sample (i.e., water-ice plus Ti plus LN), might not be
entirely convincing in the presence of lateral inhomogeneity. This is
particularly true when the measurement points from opposite sides are
separated by a distance up to, but less than, 1.5-2 μm. However, the
combination of the measurements from both sides become much more
convincing and useful, when it is possible to reveal, from the 3D TDBS
measurements from opposite-side, 2D spatial clusters in (x,y)-planes of
experimental points containing TDBS signals with similar characteristic
features at practically the same temporal moments and partially over-
lapping. Then, inside these overlapping clusters, the complementary
information in the signals detected from the opposite sides in neighbor
points, although not completely coincident ones, can be considered as
reliable.

In Fig. 11, for comparison and a joint analysis, we present the
TDBS signals accumulated inside two of such overlapping clusters. The
signals detected from the Ti and LN sides of the sample are presented
in the upper and lower rows, respectively. Note that, for comparison
convenience, the zero time in the lower row (except (f)) is shifted
by subtracting the arrival time of the CAP on the right face of the
LN sample and the time interval separating consecutive ticks on the
abscissa axis is twice shorter than in the upper row. The signals in
Figs. 11(a), (b), (d), and (e) are from the 2D area marked by a red
rectangle in the map of the arrival times (Fig. 11(h), which duplicates
Fig. 8(a) for convenience).

The comparison of the signals in Figs. 11(a) and (b) with those in
Figs. 11(d) and (e) reveals, in the TDBS signals (d) and (e) measured
from the LN side, the features corresponding to the arrival on the right
face of the LN sample of the second CAP, which was initially launched
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in the water-ice and that, after reflection at the water-ice/diamond in-
terface, traveled back through the water-ice towards the Ti transducer,
and continued its propagation through the LN sample after transmission
through the Ti layer. The vertical dashed lines, used to guide the
eyes, indicate the time of flight of the CAP propagating from the Ti
transducer to the water-ice/diamond interface (the identification of
such time of flight for the case of the upper row signals in Figs. 11(a)
and (b) has been explained in Section 3.2.2). The echoes in the lower
row signals are approximately at twice longer delay times, as it could be
expected, because the first and the second echoes, in the general case
of an inclined Ti transducer, are crossing the LN sample at different
angles/directions. The signals in Figs. 11(c), (f) and (g) are from the
1D area marked by a black rectangle in the map of the arrival times
(Fig. 11(h)). In this area, the signatures of the second echo are revealed
not only when it arrives to the right face of the LN sample (Fig. 11(g)),
but also when it reaches the Ti/LN interface after traveling in the water-
ice layer (Fig. 11(f)). Note that the signals in Figs. 11(f) and (g) do not
present the same part of the complete time scale as the zero time in
(f) is the actual beginning of the signal while the zero time in (g), as
explained before, is corresponding to the CAP arrival time at the right
face of the LN sample.

We have used the signals from Fig. 11 to estimate the total thickness
of the water-ice, Ti and LN layers between the diamond anvils. In fact,
it is sufficient to use the signals detected from the LN side, because they
contain the information on the propagation times of the CAP both in
the LN and in water-ice. The local acoustic velocities were determined
from the 2D maps of the disentangled BFs in the water-ice and LN
(Appendix E). The estimates accomplished for the clusters presented in
Fig. 11 confirmed that, despite the different thicknesses of the water-ice
and LN layers, the total thicknesses of the materials confined between
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the diamond anvils are very close, i.e., 21.82±0.5 μm and 21.79±0.5 μm,
or the red and black rectangles, respectively.

In view of the challenging inclined geometry of our sample and the
oorly known optical properties in LN at high pressures, since only
theoretical prediction is available (see footnote j in Table 1, [43]),
e believe that the correlation between the total materials thicknesses,
stimated by us, and the distance between the diamond anvils, revealed
y optical interferometry, is good.

. Analytical theoretical description of TDBS signals in case of CAP
ropagating at an angle to probe light and heterodyning directions

For the theoretical description of the most interesting TDBS signals
n our experimental geometries, schematically illustrated in Fig. 9, it is
ossible to adopt the following formula derived in [40] for TDBS in the
ase of non-diffracting probe light and CAP beams:

d𝑅
𝑅

∝ ∬

+∞

−∞
𝐼probe
+ (𝑥, 𝑦)

[

∫

+∞

0
𝜂(𝑡, 𝑥, 𝑦, 𝑧) sin(2𝑘1𝑧)d𝑧

]

d𝑥d𝑦. (1)

The theory derived in [40], in the paraxial approximation of the diffrac-
tion theory, and adapted in the current study has a distinctive feature: it
considers the lateral Gaussian distribution of both the probe light pulse
and the CAP, which propagate at an angle to each other. The literature
already offers some advanced analytical approaches, such as elasto-
optical interaction in a two-layer structure with oblique probe light
incidence [66] or for reflectometric detection of diffracted acoustic
fields [67]. However, the former approach is based on the assumption
of the probe light being a plane wave, while the latter one, rather gen-
eral but semi-analytical, primarily focuses on collinear Gaussian pump
and probe beams and lacks straightforward insights into the interaction
of the non-diffracting probe light and acoustic beams. Moreover, the
theory developed in [67] was applied to interpret experiments in which
the strongly diffracted acoustic beams were detected near the surface of
a medium opaque for the probe light, i.e., of the experiments drastically
different from ours. Ref. [40] is the only one, to our knowledge, that
incorporates all the necessary assumptions in an analytical approach
to describe the experimental results reported in the previous sections.
The coordinate system in Eq. (1) corresponds to the one presented in
the lower part of Fig. 1(a) and the right parts of Fig. 9. 𝐼probe

+ (𝑥, 𝑦) is
the intensity distribution in the cross section of the probe beam, which
is incident normally to the plane interface between two transparent
media. Eq. (1) accounts for the acousto-optic interaction only in the
positive half space (𝑘1 is the wavenumber of the probe light there),
i.e., it is valid only when the TDBS signal from negative half space is
negligibly small in comparison with that of Eq. (1). The distribution
of the acoustical strain field, 𝜂(𝑡, 𝑥, 𝑦, 𝑧), in Eq. (1) is arbitrary and,
thus, Eq. (1) can be adopted for the description of the TDBS signals
in the geometry presented in the right parts of Fig. 9, where both the
direction of the CAP propagation relative to the probe laser beam and
the position of incidence of the CAP beam on the interface, 𝑧 = 0,
is a priori arbitrary, i.e., locally varying, depending on the inclination
between the plate faces and on the plate thickness, for example. We
remind here that the schemes in Fig. 9 present not the complete LN
plate, but just a local piece of the LN plate with a particular inclination
angle 𝛼 between the plate surfaces. This means that the (𝑥, 𝑧)-plane of
the coordinate system, including the central rays of the probe light
and CAP beams (the latter propagating normally to the inclined Ti
optoacoustic transducer), constitutes a local coordinate system. This
local coordinate system rotates around the 𝑧-axis of the laboratory
coordinate system as the direction of CAP propagation changes from
one experimental point to another. Note that, for the plane in which
probe light and coherent CAP propagate collinearly, Eq. (1) reduces to
a classical form (in the limiting case of real optical and acousto-optical
constants) d𝑅

𝑅 ∝ ∫ +∞
0 𝜂(𝑡, 𝑧) sin(2𝑘1𝑧)d𝑧 [24–26].

To get the analytical description of the TDBS signal from Eq. (1), we
considered that both the probe intensity and CAP amplitude are Gaus-

2
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sian beams with radii 𝑎probe and 𝑎CAP at 1∕𝑒 level, respectively, which b
is a highly relevant assumption for our experiments. Additionally, we
assumed Gaussian temporal profile of the CAP, which in space has the
half-length 𝑙CAP, also at 1∕𝑒2 level. Then, all integrations in Eq. (1) can
be done with a single table integral (7.4.32 in [68]). We suggested
that, at 𝑡 = 0, the CAP beam axis intersects the probe beam axis at an
angle 𝛼 at coordinate 𝑧 = 𝐻 , with 𝐻 representing the local thickness of
the plate. As we were mostly interested in the description of the TDBS
signal around the CAP arrival on the LN/diamond interface, we did
not consider the CAP launched in water-ice VII, took into account that
the CAP in LN propagates towards the LN/diamond at velocity 𝑣1 and
shifted, in the resulting formulas, the time axis by 𝐻

𝑣1 cos 𝛼
, introducing

he delayed time 𝜏 = 𝑡− 𝐻
𝑣1 cos 𝛼

. The analytical description of the TDBS
ignal due to the probe light scattering by the CAP in LN, which is
ncident on the LN/diamond interface, is:

d𝑅
𝑅

|

|

|

|inc
(𝛼,𝐻, 𝑣1) ∝

𝑎2CAP𝑙CAP𝑒

−2

⎡

⎢

⎢

⎢

⎣

𝑣1

(

𝜏+ 𝐻
𝑣1 cos 𝛼

)

𝑙𝐵 (𝛼)

⎤

⎥

⎥

⎥

⎦

2

𝑒−
[𝑘1𝑑(𝛼)]2

2

𝑙𝐵(𝛼) |sin 𝛼|
√

𝑎2probe + 𝑎2CAP

ℑ

{

𝑒2𝚥𝑘1𝐻𝑒
−𝚥𝛺𝐵 (𝛼)

(

𝜏+ 𝐻
𝑣1 cos 𝛼

)

×

[

1 − erf

[
√

2
𝑑(𝛼)

{

𝛺𝐵(𝛼)
𝛺𝐵(0)

𝑣1

(

𝜏 + 𝐻
𝑣1 cos 𝛼

)

− 𝐻 − 𝚥
𝑘1 [𝑑(𝛼)]

2

2

}]]}

.

(2)

In the derived formula, we introduced the following compact notations:

𝑙𝐵(𝛼) ≡

√

(𝑎probe

sin 𝛼

)2
+
( 𝑎CAP
tan 𝛼

)2
+ 𝑙2CAP, (3a)

𝑑(𝛼) ≡

√

(

𝑎CAP𝑙CAP
sin 𝛼

)2
+
( 𝑎probe𝑙CAP

tan 𝛼

)2
+ 𝑎2CAP𝑎

2
probe

𝑙𝐵(𝛼)
, (3b)

𝛺𝐵(𝛼) ≡ 2𝑘1𝑣1
𝑎2probe + 𝑎2CAP
[

𝑙𝐵(𝛼) sin 𝛼
]2

cos 𝛼. (3c)

All three parameters, 𝑙𝐵(𝛼), 𝑑(𝛼) and 𝛺𝐵(𝛼), were revealed for the
irst time in application of Eq. (1) to the analysis of the TDBS signals in
he case of an interaction between the probe and the CAP beams (with
he same parameters and mutual inclination angle, as described above)
n free space, i.e., in transparent media far from the interfaces [40]. The
olution obtained in [40] predicted that the TDBS signal is a sinusoidal
ignal with a carrier frequency 𝛺𝐵(𝛼) and a Gaussian envelope of
he length 𝑙𝐵(𝛼). The characteristic length 𝑑(𝛼) enters the Gaussian
ependence, tightly controlling the amplitude of the wave packet. Note
hat these parameters depend on all the geometric parameters of the
robe light and CAP beams in addition to the inclination angle 𝛼.
e reveal here that they also show up in the derived solution in

q. (2) and at the right places corresponding to their above described
hysical sense. The most important difference of the TDBS signal in
q. (2) from that in free space comes from the additional modulation
n time in the former, appearing from the square bracket containing
he error function (denoted erf) with time dependent argument, which
ccounts for the transient effects related to the CAP arrival on the
nterface. It is straightforward to check that, in our case, the function
rfc ≡ 1 − erf in Eq. (2) describes the decay of the TDBS signal, when
he incident CAP is crossing the interface at 𝑧 = 0. Similar transient
ffects were revealed in [40] for the CAPs reflected and refracted by
he interface, inclined relative to their propagation direction, but only
n the asymptotic case of infinitely short (delta-localized) CAPs. As a
onsequence the theory in [40] described only transient modulation
f the carrier wave at BF, but did not reveal any wide-frequency-
and transients, which could correspond to the CAP profile detection
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at the interfaces. The formula in Eq. (2) was derived for the CAPs
of arbitrary length, with the expectations that it can describe both
the detection of the BOs and the detection of CAPs at the interfaces,
as it was observed in the experiments (Section 3.2.1). The simplest
confirmation of these expectation can be obtained, by the analysis of
Eq. (2) for zero inclination between the plate surfaces, 𝛼 = 0. In this
case, 𝑑(𝛼 = 0) = 𝑙CAP and the imaginary part of the erf function
argument in Eq. (2) reduces to −𝚥 𝑘1𝑙CAP

√

2
. Therefore, when 𝑘1𝑙CAP → 0,

the argument is purely real and the TDBS signal is a carrier wave at
BF modulated in amplitude. When, 𝑘1𝑙CAP → +∞, the application of
the asymptotic expansion of the erfc function (7.1.23 in [68]) predicts
that the carrier disappears in Eq. (2) and it predicts a CAP profile.
However, the latter conclusion is much easier to reveal by performing
the integration over depth coordinate 𝑧 by parts in Eq. (1):

∫

+∞

0
𝜂(𝑡, 𝑥, 𝑦, 𝑧) sin(2𝑘1𝑧)d𝑧 = 1

2𝑘1
𝜂(𝑡, 𝑥, 𝑦, 0)

− 1
(2𝑘1)2 ∫

+∞

0

𝜕2𝜂
𝜕𝑧2

(𝑡, 𝑥, 𝑦, 𝑧) sin(2𝑘1𝑧)d𝑧.

As 𝜕∕𝜕𝑧 ∼ 1∕𝑙CAP, the TDBS signal when 𝑘1𝑙CAP → +∞ is controlled by
he temporal profile of the strain field at the interface, while the contri-
ution of the BOs is negligibly small, i.e., ∫ +∞

0 𝜂(𝑡, 𝑥, 𝑦, 𝑧) sin(2𝑘1𝑧)d𝑧 ≅
1

2𝑘1
𝜂(𝑡, 𝑥, 𝑦, 0). This indeed corresponds to the limiting case of a CAP

o long that it has negligibly small spectral amplitude at the Bril-
ouin frequency. This asymptotic analysis supports the expectations that
q. (2) describes the detection at the interface of the BOs and CAP
imultaneously in the general case. In addition, it is expected that the
ormula in Eq. (2) accounts for the lateral shift at the probed interface
= 0 of the CAP center relative to the probe light center, as illustrated

in Figs. 9(b) and (c).
For the description of the experimental TDBS signals, detected near

the times of CAP arrival at the LN/diamond interface, the signal due
to the reflected CAP should be added to the signal due to the incident
CAP. The former can be evaluated as the signal from a CAP beam which
is mirror symmetric to the incident CAP beam relative to the 𝑧 = 0
interface. The description of the reflected signal can be obtained from
the incident signal by the following transformation:

𝛼 → −𝛼,𝐻 → −𝐻, 𝑣1 → −𝑣1,

which leads to:

d𝑅
𝑅

|

|

|

|refl
(𝛼,𝐻, 𝑣1) ∝

𝑎2CAP𝑙CAP𝑒

−2

⎡

⎢

⎢

⎢

⎣

𝑣1

(

𝜏+ 𝐻
𝑣1 cos 𝛼

)

𝑙𝐵 (𝛼)

⎤

⎥

⎥

⎥

⎦

2

𝑒−
[𝑘1𝑑(𝛼)]2

2

𝑙𝐵(𝛼) |sin 𝛼|
√

𝑎2probe + 𝑎2CAP

ℑ

{

𝑟ac
LN/C(𝛼)𝑒

−2𝚥𝑘1𝐻𝑒
+𝚥𝛺𝐵 (𝛼)

(

𝜏+ 𝐻
𝑣1 cos 𝛼

)

×

[

1 + erf

[
√

2
𝑑(𝛼)

{

𝛺𝐵(𝛼)
𝛺𝐵(0)

𝑣1

(

𝜏 + 𝐻
𝑣1 cos 𝛼

)

− 𝐻 + 𝚥
𝑘1 [𝑑(𝛼)]

2

2

}]]}

(4)

where 𝑟ac
LN/C(𝛼) (first term in the imaginary function ℑ{}) is the com-

plex acoustic strain reflection coefficient at the LN/diamond interface.
Particularly, the term:
[

1 − erf

[
√

2
𝑑(𝛼)

{

𝛺𝐵(𝛼)
𝛺𝐵(0)

𝑣1

(

𝜏 + 𝐻
𝑣1 cos 𝛼

)

−𝐻 − 𝚥
𝑘1 [𝑑(𝛼)]

2

2

}]]

in Eq. (2), controlling the disappearance of the TDBS signal from the
incident CAP, when it reaches the 𝑧 = 0 interface, transforms into:
[

1 + erf

[
√

2
{

𝛺𝐵(𝛼)𝑣1

(

𝜏 + 𝐻
)

−𝐻 + 𝚥
𝑘1 [𝑑(𝛼)]

2
}]]
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𝑑(𝛼) 𝛺𝐵(0) 𝑣1 cos 𝛼 2
in Eq. (4), describing the simultaneous emergence of the TDBS signal
from the reflected CAP.

The TDBS signals, theoretically predicted above, could be rewritten
more compactly for our particular experimental configuration, where
the radii of the pump and probe laser beams are equal, 𝑎pump = 𝑎probe ≡
𝑎, while the CAP is generated by the pump laser beam incident on the Ti
generator, inclined relative to the pump incidence direction, and thus:
𝑎CAP =

𝑎pump
cos 𝛼 = 𝑎

cos 𝛼 . Under these conditions, the characteristic lengths
and cyclic BF in Eq. (3) are described by:

𝑙𝐵(𝛼) ≡
√

2
( 𝑎
sin 𝛼

)2
+ 𝑙2CAP,

𝑑(𝛼) ≡ 𝑎
𝑙𝐵(𝛼)| cos 𝛼|

√

(

1 + cos4 𝛼
)

(

𝑙CAP
sin 𝛼

)2
+ 𝑎2,

𝛺𝐵(𝛼) ≡ 2𝑘1𝑣1
𝑎2

(

1 + cos2 𝛼
)

[

𝑙𝐵(𝛼) sin 𝛼
]2 cos 𝛼

.

The coefficient in front of the exponential functions in Eq. (2) takes the
form:

𝑎𝑙CAP

𝑙𝐵(𝛼)| sin 𝛼 cos 𝛼|
√

1 + cos2 𝛼
.

For the easy visual comparison in the TDBS signals of the detection
of the CAP and of the BOs, we find convenient to normalize the time
variable by the period of BOs as follows: 𝜃 = 𝛺𝐵(0)𝜏 = 2𝑘1𝑣1𝜏. Then,
the TDBS signal in Eq. (2) depends on the angle 𝛼 and three non-
dimensional parameters: 𝑘1𝑙CAP, 𝑘1𝐻 , and 𝑘1𝑎. In our experiments,
𝐻 > 𝑎 ≫ 𝑙CAP and, therefore, 𝑘1𝑙CAP can be omitted in several parts
of Eq. (2), resulting in:

d𝑅
𝑅

|

|

|

|inc
=
𝑘1𝑙𝐶𝐴𝑃 𝑒

− 1
4

⎛

⎜

⎜

⎜

⎝

sin 𝛼
(

𝜃+
2𝑘1𝐻
cos 𝛼

)

𝑘1𝑎

⎞

⎟

⎟

⎟

⎠

2

𝑒−
[𝑘1𝑑(𝛼)]2

2

|cos 𝛼|
√

(

1 + cos2 𝛼
)

ℑ

{

exp
[

−𝚥
(

1 + cos2 𝛼
2 cos 𝛼

𝜃 + 𝑘1𝐻 tan2 𝛼
)]

×

[

1 − erf

[

1
√

2𝑘1𝑑(𝛼)

×
{

1 + cos2 𝛼
2 cos 𝛼

𝜃 + 𝑘1𝐻 tan2 𝛼 − 𝚥
[

𝑘1𝑑(𝛼)
]2
}]

]}

,

(5)

here the relation 1+cos2 𝛼
2 cos 𝛼

(

𝜃 + 𝑘1𝐻
cos 𝛼

)

− 2𝑘1𝐻 = 1+cos2 𝛼
2 cos 𝛼 𝜃 + 𝑘1𝐻 tan2 𝛼

has been used and

𝑘1𝑑(𝛼) ≡

√

(

𝑘1𝑎
)2 sin2 𝛼 +

(

𝑘1𝑙CAP
)2 (1 + cos4 𝛼

)

2 cos2 𝛼
.

Thus, in our experimental conditions, in addition to the proportion-
ality of the TDBS signal to 𝑙CAP, as in the case of the delta-localized
CAPs [26,40], the finite length of the CAP contributes only to the non-
dimensional parameter 𝑘1𝑑(𝛼). A similar expression to the one in Eq. (5)

ith non-dimensional parameters can be easily found for d𝑅
𝑅
|

|

|refl
from

Eq. (4).
For a more quantitative comparison of the above theoretical predic-

tions with our experimental observations, the above solutions should be
differentiated over time to predict the TDBS signal due to a bipolar CAP
with the shape described by the derivative of the Gaussian function. We
have verified that numerical differentiation produces results consistent
with analytical formulas obtained by analytical differentiation. Since
the analytical formula is quite cumbersome, we will not present it
here. For illustrating the theoretical predictions, we have estimated the
contributing parameters at the pressure 𝑃 = 10.4 GPa: 𝑘1𝐻 ≈ 504 (using
𝐻 = 18.7 μm, assumed earlier in Section 3.2), 𝑘1𝑎 ≈ 33.7, 𝑘1𝑙CAP ≈ 2.18,
and 𝑟ac (𝛼) ≈ 𝑟ac (0) ≈ 0.27 when assuming this coefficient to be
LN/C LN/C
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Fig. 12. Theoretical TDBS signals, d𝑅
𝑅
∕𝑘1𝑙CAP as a function of 𝜃 = 2𝑘1𝑣1𝜏, for different strain reflection coefficients, 𝑟ac

LN/C, from −1 to 1. The black dashed lines stand for the
symptotic case 𝑘1𝑙CAP → +∞, i.e., for the case of the CAP profile only, corresponding to the limiting case of a CAP so long that it has negligibly small spectral amplitude at
rillouin frequency.
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eal valued (the ‘‘C’’ in the index standing for diamond). The CAP half-
ength, 𝑙CAP, was estimated from the measurement of the time, ≈ 11 ps,
etween the maximum and the minimum of the bipolar CAP profiles,
hich were revealed by zooming in the signals of the type shown in
ig. 7(f) near the CAP arrival at the LN/diamond interface. This type
f signals is expected to correspond to measurements location with the
mallest inclination angles and, thus, to demonstrate the shortest CAP
uration (𝑙CAP ≈ 81 nm in LN) not biased by the inclination angle. Note
hat, as it will be seen in the following, a precise estimate of the CAP
ength is not easy to be obtained just from an analysis ‘‘by eyes’’ of
he temporal signal, since the value of the local reflection coefficient
an play an important role in how the CAP and the BOs contributions
uperimpose to form the TDBS signal.

First, it is proposed to look on how the model is predicting different
ossible features in a TDBS signal depending on the choice of the
arameters. Second, few qualitative comparisons between experimental
ignals and signals predicted from the analytical expression are pre-
ented and the need of using a complex reflection coefficient at the
N/diamond interface accounting for the presence of a thin layer of
ater-ice VII between both materials is motivated and discussed.

Using the previously given values of the non-dimensional parame-
ers and 𝛼 = 0°, Fig. 12 presents the TDBS signals obtained by varying

ac from −1 to 1, assuming it is real
18

he strain reflection coefficient 𝑟LN/C
valued. Note that the signals are plotted with respect to the normalized
time 𝜃. This figure, where solid lines depict d𝑅

𝑅 ∕(𝑘1𝑙CAP) (sum of con-
ributions from the incident and reflected CAP) and dashed lines stand
or the asymptotic case 𝑘1𝑙CAP → +∞, clearly explains why the CAP
rofile was not detected in our experiments conducted at 𝑃 = 1 atm.
or the free-standing LN crystal (Section 3.1). Indeed, when the CAP
rrives at a mechanically free surface, the strain reflection coefficient
s 𝑟ac

LN/air = −1, hence preventing any CAP to be detectable because of
he change of sign between the incident and reflected acoustic strain
ulse canceling each other at the boundary.

Then, for the above listed parameters, the TDBS signals are pre-
ented in Figs. 13(a) and (b) with increasing inclination angle 𝛼 ∈
0, 10]°, without (a) and with (b) normalization by the maximum of
he signal. The meaning of the colored solid lines and of the black
ashed lines are the same as in Fig. 12. Fig. 13 reveals that, when
he inclination angle increases, the TDBS signals with the dominating
Os are transformed into the signals with dominating CAP profile. The
trong diminishing of the signal amplitude with increasing 𝛼 is also
oticeable, as well as the shift towards earlier time for the time of
rrival of the CAP as 𝛼 increases. The former effect is a combination
f the overlap mismatch both in real- and 𝑘-spaces which increases as
increases. The latter effect can be ascribed to the fact that the delayed

ime 𝜏 = 𝑡 − 𝐻 introduced in the theory indeed shifts the time
𝑣1 cos 𝛼
Fig. 13. Theoretical TDBS signals d𝑅
𝑅

, normalized by (a) 𝑘1𝑙CAP and (b) d𝑅
𝑅
|

|

|max
, as a function of 𝜃 = 2𝑘1𝑣1𝜏, for different inclination angle 𝛼 from 0 to 10°. The black dashed

lines stand for the asymptotic case 𝑘1𝑙CAP → +∞, i.e., for the case of the CAP profile only, corresponding to the limiting case of a CAP so long that it has negligibly small spectral
amplitude at Brillouin frequency.
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axis by the time of flight taken by the central ray of the CAP Gaussian
beam to cover the distance from the Ti transducer to the LN/diamond
interface. Yet, the lateral dimension of the CAP beam is not zero and
increasing 𝛼 leads to an earlier arrival of part of the CAP wavefront to
the interface, hence an earlier interaction of the CAP and probe beams,
which translates in Eqs. (2) and (4) into the expression of the real part
of the argument in the erf function. Note that for small inclination
ngle, 𝛼 < 8°, the apparent asymmetry of the CAP profile seen on the
DBS signal is due to the superposition to form the signal of the CAP
eature and BOs features. This also demonstrates, as discussed before,
he difficulty one can face while trying to extract 𝑙CAP directly ‘‘by eyes’’

from the experimental TDBS results. Not only this measurement will be
biased by the superposition with the BOs, but the apparent CAP length
increases with increasing inclination angle, precluding the feasibility of
such naive and direct extraction of the CAP length.

Last but not least, the dependence of the TDBS signal on the
thickness 𝐻 , apart from the obvious dependence of the above-discussed
temporal shift on 𝐻 yet keeping a constant shape of the signals, is
illustrated in the insets of Fig. 13(b). In those insets, the dashed–
dotted lines before and after the CAP arrival time on the interface
stand for the decay in amplitude controlled by the Gaussian factor
exp

{

−2
[

𝑣1
𝑙𝐵 (𝛼)

(

𝜏 + 𝐻
𝑣1 cos 𝛼

)]2
}

, common to the contribution of inci-
ent and reflected CAP (see Eqs. (2) and (4)), that describes the
iminishing of the BOs amplitude when approaching the reflecting
LN/diamond) interface and observed experimentally. The physical
eason is the diminishing of the spatial overlap between the CAP and
robe beams when the CAP approaches this interface for 𝛼 ≠ 0, i.e., the
hift of the CAP incidence spot relative to the probe spot (see Fig. 9),
hich increases with increasing 𝛼 and is accounted for in our new

ormulas. The larger 𝐻 and/or 𝛼, the stronger this effect. Note that
he decay in amplitude after the CAP reflection deviates from the trend
scribed to the diminishing overlap, which might be due to the different
irections of the light beam scattered by the incident or reflected CAPs:
he position of the acoustically scattered beam after the CAP reflection
ill be always closer to the heterodyning light beam than its position
efore the CAP reflection from the interface. Further analysis, beyond
he scope of this paper, is needed for deeper understanding of this
ffect.

The most striking effect of 𝛼 on the TDBS signals is the change in
he ratio between the amplitude associated to the CAP feature and the
Os amplitude, the ratio increasing with 𝛼. The significant dependence
f the TDBS signals on the inclination angle 𝛼 demonstrates that we
an try to estimate the experimental 𝛼, locally, from the fit of an
ndividual experimental TDBS signal measured from the LN side of
he sample. The developed theory is oversimplified compared to the
eal complexity of the experimental geometry, as it is restricted to:
i) model a single channel of heterodyning expected to dominate in
he right side of the sample for signals acquired from the LN side, (ii)
ccount for the inclination of the Ti transducer only, (iii) consider that
he strain reflection coefficient does not depend on 𝛼 (partly true for
mall 𝛼 variation), and (iv) disregard any effect of optical anisotropy
n LN despite the uniaxial load to which the sample is subjected that
ight induce stress-related optical anisotropy and/or potential optical

xis rotation upon pressure-induced sample degradation. Hence, the
ollowing estimations of 𝛼 are meant to demonstrate this possibility
ore than to state the exact quantitative evaluation of 𝛼.

To perform the fit of a given experimental TDBS signal using the
ere-developed model, the slowly-varying background of the raw signal
s filtered out by using 6th-order Butterworth band-pass filter (between
0 and 150 GHz). The fit is performed using the python module lmfit
or non-linear least-squares minimization and curve fitting [69]. The
odel with non-dimensional parameters is used (see Eq. (5) for the
art associated with the incident CAP and a similar expression for
hat associated with the reflected part), over a time window on the
xperimental data spanning from −0.2 to +0.2 ns around the CAP
19
rrival time at the LN/diamond interface. The following parameters are
ssumed to be known and fixed (see Tables 1 and A.2): 𝜆probe = 535 nm,

𝑎 = 1.25 μm, 𝜌LN, 𝑛LN = 2.295 (mean of ordinary and extraordinary
indices), 𝜌water-ice, 𝑛water-ice, 𝜌C, 𝑣C, and 𝑣Ti.

In order to account for a thin layer of water-ice VII between the LN
rystal and the diamond anvil, the complex strain reflection coefficient
s assumed to be given by:

ac
LN/C =

𝑟01𝑒−𝚥𝜑 + 𝑟12𝑒𝚥𝜑

𝑒−𝚥𝜑 + 𝑟01𝑟12𝑒𝚥𝜑
,

where 𝜑 = 𝑘ac
water-iceℎwater-ice stand for the characteristic phase shift

of the acoustic wave in the water-ice layer of thickness ℎwater-ice,
while 𝑘ac

water-ice is the acoustic wave number in the water-ice medium.
In the expression of 𝑟ac

LN/C, the strain reflection coefficients at the
LN(0)/water-ice(1) and water-ice(1)/diamond(2) interfaces (𝑟01 and
𝑟12, respectively) are assumed to be known and fixed:

𝑟01 = −
𝜌LN𝑣LN − 𝜌water-ice𝑣water-ice
𝜌LN𝑣LN + 𝜌water-ice𝑣water-ice

,

12 =
𝜌C𝑣C − 𝜌water-ice𝑣water-ice
𝜌C𝑣C + 𝜌water-ice𝑣water-ice

,

ith 𝑣water-ice = 9.03 ± 0.49 μm∕ns taken to be the mean of the
acoustic velocity range estimated in the polycrystalline water-ice layer
between the Ti transducer and the diamond anvil, by means of a
fitting procedure described in details in Appendix E. In the previous
expressions of 𝑟01 and 𝑟12, the value of 𝑣LN is deduced from the local
estimation of the BF in LN for each signal, assuming 𝛼 = 7° (mean value
estimated from the time of flight analysis, Section 3.2.1). Note that
it is assumed that the water-ice layer is homogeneous without adding
an additional angle of inclination. Accounting for inhomogeneity and
additional inclination, although possible, is too cumbersome for the
current manuscript in which the point is that the inclination angle can
be reasonably revealed by fitting the signals. However, accounting for
the water-ice layer between LN and diamond provides the opportunities
to: (i) describe the phase shift seen in the experimental data between
the BOs associated to the incident and reflected CAPs, impossible
to describe with a real-valued acoustic reflection coefficient, and (ii)
explain why the initial fits (not shown) with real-valued reflection
coefficients were converging either to positive or negative values of the
acoustic reflection coefficient.

The four parameters fitted in the model are finally 𝛼, 𝐻 , 𝜑, and
𝛺𝐵(0). The lmfit module allows to define parameters from an ex-
pression of other parameters, which is used to define the time shift,
introduced in the theory while defining the delayed time 𝜏, the strain
reflection coefficient, and the product 𝑘1𝑙CAP defined by: 𝑘1𝑙CAP =
1𝑣LN

ℎTi
𝑣𝑇 𝑖

= ℎTi
2𝑣Ti

𝛺𝐵(0). In the previous expression, ℎTi is the thickness of
the Ti transducer at 𝑃 = 10.4 GPa which has been estimated to decrease
by 3.3% compared to the nominal value at atmospheric pressure [70],
leading to ℎTi = 67.7 nm. We assume that the length of the CAP is
controlled by the thickness of the Ti transducer.

Signals that are possible to fit with this model have to present both
CAP feature and BOs around the time of CAP arrival at the LN/diamond
interface, such as those shown in Figs. 7(a), (f), and (g). Within the
TDBS signals acquired in the 3D TDBS measurements from the LN side,
it appears that such signals are located in the upper left triangle of
the sample, defined by the straight line connecting the bottom left
measured point to the top right measured point of the 2D scan (Fig. 8).
Figs. 14(a) and (b) depict two examples of the fitting results for the
signals shown in Figs. 7(a) and (f), at positions (𝑥 = 6 μm, 𝑦 = 12 μm)
and (𝑥 = 27 μm, 𝑦 = 36 μm), respectively. Fig. 14(c) shows a third
signal at position (𝑥 = 18 μm, 𝑦 = 39 μm). These signals are hence
from the lower left, upper right and upper middle parts of the LN
sample, respectively, with an expected different local thickness of LN,
𝐻 , according to the echo arrival time map in Fig. 8(a) (echo arrival
time is longer for the first and third points than for the second one), and
a measured slightly lower Brillouin frequency for the first point than for
the second and third ones (∼ 63 GHz and ∼ 63.2 GHz, respectively).
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a

Fig. 14. Examples of fitted signals with complex valued (solid orange lines) or real valued (dashed black lines) strain reflection coefficient at positions: (a) (𝑥 = 6 μm, 𝑦 = 12 μm),
(b) (𝑥 = 27 μm, 𝑦 = 36 μm), and (c) (𝑥 = 18 μm, 𝑦 = 39 μm). The data are marked by blue disks in the figure.
In Fig. 14, the data are shown by the blue disks, the obtained fits
by the orange solid lines, and the fits that do not account for the water-
ice layer by the black dashed lines. The reduced chi-square values,
giving a quantitative criterion of the goodness of the fit, are of 0.0084
(0.0169) for the result shown in solid (dashed) line in Fig. 14(a), of
0.0046 (0.0092) for the result shown in solid (dashed) line in Fig. 14(b)
and of 0.0023 (0.0104) for the result shown in solid (dashed) line
in Fig. 14(c). The improvement of the fit using the complete model
accounting for the water-ice layer is mainly explained by a better match
of phases, especially noticeable in Fig. 14(c). The fitted parameters,
for the complete model, have values of 𝛼 = 3.8°, 𝐻 = 18.8 μm, and
𝑓𝐵(0) = 63.1 GHz at (𝑥 = 6 μm, 𝑦 = 12 μm); of 𝛼 = 5.1°, 𝐻 = 17.6 μm,
and 𝑓𝐵(0) = 63.2 GHz at (𝑥 = 27 μm, 𝑦 = 36 μm); and of 𝛼 = 5.55°,
𝐻 = 19.0 μm, and 𝑓𝐵(0) = 63.3 GHz at (𝑥 = 18 μm, 𝑦 = 39 μm). The fitted
local thicknesses are in good agreement with the echo arrival time map
(Fig. 8(a)) and the Brillouin frequencies are consistent, since a small
angle of inclination is not affecting much the BF value. The fitted values
of 𝜑 vary for the three points and can lead, assuming the same local
acoustic velocity in water-ice, to a very thin water-ice layer of about
11, 24, and 18 nm, respectively. Note that other signals have been
fitted and that the water-ice layer thickness is seen not to vary much for
neighbor points, consistent with our assumption of homogeneous water
layer, at least locally. Note also that the difference in thicknesses might
also be due to local varying acoustic velocity in water, the main point
being that the water-ice might be slightly inhomogeneous but we do not
think it is introducing a second angle of inclination at that LN/water-
ice/diamond interface. For all presented fits, the value of 𝑙CAP is 71 nm,
10 nm smaller than the value estimated ‘‘by eyes’’ previously.

In order to give an idea of the confidence interval on the values of
𝛼 of the main interest here, the fits have been done by changing each
fixed parameter in its own confidence interval in order to measure the
influence of each parameter uncertainty on the value of 𝛼. This has
been done over 159 points where the fitting procedure was possible
and we have estimated that the locally estimated value of 𝛼 can be
trusted with a confidence of ±14% of its value, the most influential
factor in this uncertainty being the acoustic velocity of Ti, assumed to
be 𝛥𝑣Ti

𝑣Ti
= ±10%. From the tested points, all located on the left triangle

s said previously, the estimated inclination angles are shown to be in
20
the range between 3.5° and 7°, with a mean value of 5.6° and a standard
deviation of 0.65°.

The theory, presented above in this Section 4, can be extended
to provide the theoretical support for the qualitative interpretation of
the TDBS signals in our experiments conducted from the Ti side in
Section 3.2.2. The most important extension should account for the fact
that, because of the small thickness of the water-ice layer, the two paths
of heterodyning of the acoustically scattered light, i.e., by the light
reflected from the Ti transducer and from the diamond/water-ice in-
terface (Fig. 9), are potentially effective simultaneously. The coherence
length effect does not prevent this in contrast to the case of experiments
conducted from the opposite side of the sample (Section 3.2.1). We
do not think that the detailed theory, predicting the contributions of
both CAP profile and BOs in the TDBS signal, is absolutely required for
the estimates of the CAP arrival times on the surfaces of the water-ice
layer in the experiments of Section 3.2.2, with further application to
the evaluation of the lateral inhomogeneity of the layer thickness and
of the inclinations of the Ti transducer. Sufficient for these purposes
could be the estimates of the changes in the BO amplitude caused
by the modification of the CAP propagation direction in reflection
from the interfaces, confining the water-ice layer, and of the acoustic
reflection coefficients at these interfaces. To predict the dependence of
BO amplitude on the relative propagation angles of the probe, CAP and
heterodyning beams, we extended the theory in [40], where the probe
and heterodyning beams were anti-collinear, the CAP beam was at an
angle 𝛼 to both probe and heterodyning beams, and the interaction
was far from the interfaces (in free space), to a more general situation
where probe and heterodyning beams are not anti-collinear. For the
case where the probe light and CAP propagate relative to the anti-
collinear direction (opposite to the direction of heterodyning) at angles
𝛽 and 𝛿, respectively, both counted clockwise from the anti-collinear
direction, we derived the following Gaussian factor controlling the
amplitude of BO in TDBS signal: 𝐷 ≅ exp

{

−
(

𝑘𝑎
2

)2 [sin(𝛽−𝛿)−sin 𝛿]2

2+cos2(𝛽−𝛿)+cos2 𝛿

}

.
In the derivation of this formula, we assumed that the CAP is delta-
localized and that its radius is the same as the ones of the pump and
probe beams. The latter approximation is very well satisfied for the
rather small critical angles revealed by the estimates in Section 3.2.2. In
the same approximation of small angles, the derived amplitude factor
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can be approximated by 𝐷 ≅ exp
{

−
(

𝑘𝑎
4

)2
[sin(𝛽 − 𝛿) − sin 𝛿]2

}

. We
pply this factor to compare the BOs amplitudes for different paths of
eterodyning, as it has been discussed qualitatively in Section 3.2.2,
ia the evaluation of the divergence angles 𝛽 and 𝛿. Before the CAP
eflection (Fig. 9(a)), the angles are 𝛽 = 2𝛼 and 𝛿 = 𝜋 + 𝛼 for the first
eterodyning path, resulting in 𝐷 = 1, while the angles are 𝛽 = 0
nd 𝛿 = 𝜋 − 𝛼 for the second heterodyning path, resulting in 𝐷 ≅

xp
[

−
(

𝑘𝑎 sin 𝛼
2

)2
]

. Note that the latter result can be obtained, under

he adopted assumptions, from the factor exp
{

−[𝑘1𝑑(𝛼)]2
2

}

in Eq. (5),
ecause the second path of heterodyning of the CAPs in water-ice VII
s similar to the one assumed in Eq. (5), i.e., with probe light beam
irection anti-collinear to the heterodyning direction.

After the CAP reflection (Fig. 9(a)), the latter result for the second
ath does not change, i.e., for the angles 𝛽 = 0 and 𝛿 = 𝛼, while the
esult for the first path is significantly modified, as the angles are now
= 2𝛼 and 𝛿 = 3𝛼, resulting in 𝐷 ≅ exp

{

−
(

𝑘𝑎
4

)2
[sin 𝛼 − sin 3𝛼]2

}

≅

exp
[

−4
(

𝑘𝑎 sin 𝛼
2

)2
]

. The derived expressions not only provide the op-
ortunity to estimate the critical inclinations for significant diminishing
f the TDBS signal, but also suggest the laws of the BOs amplitude
hanges with increasing 𝛼. They also provide the opportunity to esti-
ate the transition angle 𝛼𝑡𝑟 when, with increasing 𝛼, the two hetero-
yning paths provide equal contributions to the TDBS signal. Neglect-
ng the losses of the probe light transmission across the diamond/water-
ce interface and back, the first heterodyning beam would be just 𝑠 ≈ 3.2
imes stronger than the second, due to the difference in probe reflec-
ivity at the water-ice/Ti and diamond/water-ice interfaces (estimated
sing properties listed in Table 1). Then the transition angle can be
stimated from 3 exp

[

−3
(

𝑘𝑎 sin 𝛼𝑡𝑟
2

)2
]

= 1, i.e., sin 𝛼𝑡𝑟 =
√

ln 3
3

𝜆probe
𝜋𝑎𝑛water-ice

.
The estimate results in 𝛼𝑡𝑟 ≈ 0.05, i.e., 𝛼𝑡𝑟 ≈ 2.9°, confirming the expec-
tations that the transition should take place before the disappearance
of heterodyning via the first path, predicted in Section 3.2.2 to take
place at 𝛼𝑐𝑟 ≈ 3.3°. Note, for comparison, that if the disappearance
of heterodyning efficiency is defined at the level 𝐷(𝛼 = 𝛼𝑐𝑟) = 1∕𝑒2,
then the above-derived formulas predict the disappearance of the first
heterodyning path when 𝛼𝑐𝑟 ≈ 3.4°, demonstrating the validity of the
simpler estimates undertaken in Section 3.2.2.

When the TDBS signals detected from the Ti side provide the oppor-
tunity to estimate the ratio of the BOs amplitude associated to the CAP
propagating in the water-ice before and after the CAP reflection at the
water-ice/diamond interface (reflection coefficient depicted by 𝑟ac

ice/C),
the suggested theoretical formulas provide the estimation of the Ti
transducer inclination angles. As described above, the BOs amplitudes
before and after the reflections are 𝐴< ≈ exp

[

−
(

𝑘𝑎 sin 𝛼
2

)2
]

+ 𝑠 and

> ≈ 𝑟ac
ice/C exp

[

−
(

𝑘𝑎 sin 𝛼
2

)2
]

+ 𝑠 exp
[

−4
(

𝑘𝑎 sin 𝛼
2

)2
]

, respectively. We
emind that the 𝑠 factor is the ratio of the heterodyning light amplitudes
n the two channels. The ratio of the BOs amplitudes, i.e., 𝐴<∕𝐴>,
ontains a single unknown: the inclination angle 𝛼. For example, the
xamination of the signal presented in Fig. 10(c) suggests that, after the
AP reflection, the amplitudes of BOs in water-ice and LN are nearly
qual (see after ∼ 0.5 ns on the right part of Fig. 10(c) presenting the
pectrogram). Thus, 𝐴> is half the beating amplitude. Before CAP re-
lection, 𝐴< is equal to the average of maximal and minimal amplitudes
n the beating pattern, resulting in 𝐴<∕𝐴> ≈ 3.3, which is in good
orrelation with the estimates accomplished via the Fourier analysis
𝐴<∕𝐴> ≈ 3.1). This leads to the estimation of the inclination angle
f 𝛼 ≈ 2.3°, which is smaller than the characteristic angles estimated
bove and therefore explaining the good detectability of the BOs after
he CAP reflection at that specific location on the sample.

Using this approach of estimating the ratio 𝐴<∕𝐴> by a Fourier
nalysis, inclination angles 𝛼 have been estimated at different locations
n the sample using the signal acquired from the Ti side and where the
21

m

mplitude of the BOs associated to the CAP propagating in the water-
ce after the propagation was above the noise floor. These types of the
ignals were mainly located in the bottom right side of the sample, i.e.,
here the previously discussed approach for estimating the inclination
ngles from the LN side is not applicable. The angles estimated on
his bottom right part of the sample showed to be smaller than the
ne estimated from the LN side by the fit: 𝛼 ≲ 3.5 ± 0.5°, where the
nterval of confidence is mainly restricted by the estimation of the
atio 𝐴<∕𝐴> which depends on the window used for performing the
ourier transform around the CAP arrival time. Since the inclination
ngles estimated from the LN side are larger than about 4°, while

the characteristic angle above which the CAP in the water-ice layer
from the Ti side is expected to be undetectable is about 2.9–3.4°, this
observation aligns well with all previously discussed estimates.

5. Discussions, conclusions and perspectives

The analytical theory from [40] is strongly required for the inter-
pretation of uncommon observations in TDBS experiments, that can
be due to lateral variations of the inclination angles. Indeed, the
detections of TDBS signals depicting the Brillouin oscillations and the
CAPs with comparable amplitudes when the CAP beam is incident on
the optically probed plane interface between two transparent materials,
are very unusual experimental observations. In fact, numerous TDBS
experiments were earlier reported in thin single layers or multilayers of
materials deposited/grown on the substrate, where the constitutive lay-
ers are of sub-micrometers to nanometers thicknesses. In these laterally
homogeneous structures, the CAPs are launched by pump laser pulses
absorption in one of the layers or in the substrate and the Brillouin
oscillations can be caused by the CAPs traveling in one of the layer
or simultaneously in several layers and/or substrate. The reflections
of the CAPs at the surfaces/interfaces do not cause the variation in
the BF [20,71–77], while the transmission of the CAPs across the
interfaces can be accompanied by the variation in the BF and/or in
the amplitude of the Brillouin oscillations [18,20,33–35,74,78–81].
However, the CAPs are usually not distinguishable inside the temporal
intervals corresponding to CAPs reflections and transmissions, being
‘‘hidden’’ by the BOs whose amplitudes largely dominate the signals.
The theory developed by us suggests that the above listed observations
are due to the high parallelism of the surfaces and interfaces in the
structures that are usually tested. The developed theory and our exper-
imental observations indicate that the ‘‘hidden’’ CAPs can ‘‘emerge’’ and
become comparable with BOs in amplitude if the detection of the BOs is
suppressed by the deviation between the direction of the CAP beam, i.e.,
he direction of the acoustically-scattered light, and the direction of the
eterodyning probe beam. At the same time, it is worth noting another
ay to reveal the ‘‘hidden’’ CAPs. Earlier findings suggest that CAPs

ignals can be detected alongside BOs on the same signal when certain
ayers in the structure [82,83] or near-surface quantum wells [84,85]
nable an efficient detection of these wide-frequency-band signals,
hereby enhancing their detectability relative to that of the narrow-
requency-band BOs. Of course, the most known method enhancing
he CAPs and suppressing the BOs, which was suggested by the initial
heory of the detection in picosecond laser ultrasonics [24,25,74,86–
8] and was realized experimentally [32], is the modification of the
aser probe sensitivity function [24,25,86] through the variation of the
robe wavelength in order to diminish the penetration depth of the
robe light. In relation to this known tunability of the probe sensitivity,
t is curious to mention that there are reported observations of the
DBS signals where the CAPs are visible together with the Brillouin
scillations [17,19,22] like in our experiments. However, the physical
ature of these signals is completely different: the CAPs and the BOs
re detected in two different materials forming the interface in the
tructure (for example, transparent and opaque), in which case the
ensitivity function of the probe light is very different in different
aterials for the same probe wavelength. Note that, in Ref. [89], the
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CAPs and the BOs are also detected in different spatially-separated parts
of the structure.

Our observations of the CAPs only, i.e., without BOs, also differ from
the previously-reported works, although the observations of the CAPs
arrivals on the surface/interface by the probe shifted laterally relative
to the position of the pump and, thus, very inefficient in the detection
of BOs, are rather common. However, the arrivals of the picosecond
CAPs on the surface were only observed in opaque layers [19,90] or in
transparent layers and structures, but only with the assistance of thin
metallic films deposited on the surface [91,92] or incorporated in the
structure [22].

The TDBS imaging revealed the lateral inhomogeneity of the plate
thickness and related inclinations between the opposite surface of the
plate, which provides opportunity to suggest plausible explanations
for some features of the observed TDBS signals. For example, the
observed absence of the features (CAPs or variations in BOs) in some
lateral points, which corresponds to CAP crossing the plate once, or
invisibility of CAP propagation in the right half of the plate, or even
fast disappearance of the signal when the CAP is just emitted into the
left part of the plate, could be partially explained purely geometrically
by the diminishing overlap in space between the probe light beam
and the CAP beam. Other types of signals, shown and discussed in
Appendix D, incorporate features that are a clear sign of the LN crystal
destruction such as the duration of the CAP propagation through the
sample that change abruptly over a single lateral step of 1.5 μm.
Another feature of sample splitting/cracking is the presence of two
to several echoes in a single signal with a time delay between them
shorter than that discussed previously in Section 3.2.3, which was the
signature of the arrival of a second CAP (first propagating towards
and reflected at the left water-ice/diamond interface before crossing
the whole sample). Accurately quantifying the characteristics of this
destruction (splits/cracks) requires conducting additional experiments,
which is out of the scope of the current manuscript focusing in revealing
the degradation of the LN crystal by the investigation of the inclination
of the opposite surfaces extracted from TDBS signals.

We propose now to summarize the findings reported along the
manuscript. We applied here the TDBS technique in order to monitor
the degradation of a single crystal of LN to a polycrystal upon non-
hydrostatic compression in a DAC. For the first time, the high pressure
experiments were conducted in a DAC with the sample completely
surrounded by another material, water-ice VII in our case. The ex-
periments have been conducted from the two sides of the sample for
allowing a better characterization of the sample shape through the
interfaces. These opposite sides measurements have demonstrated the
non parallelism of the interfaces compared to the diamond anvils which
can be a general feature of high pressure experiments, even in the case
of an hydrostatic loading. Using the different observations captured
from the different measurements, several approaches have been used to
reveal the inclination of the interfaces and qualitatively agree: analyses
of time of flight and different analyses of the Brillouin oscillation
amplitude variations, with a particular emphasis on the modification
of the direction of the acoustically-scattered probe light relative to the
direction of the reflected probe light heterodyning it. Note that, as a
side product of our research, we have evaluated the dependence of
the sound velocity in LN as a function of pressure (see Section 3.2.1.a
and Appendix C for estimation at 𝑃 = 10.4 GPa and 𝑃 = 3.8 GPa,
respectively). To our knowledge, we report here the first high-pressure
experiments conducted on a birefringent sample. Although we initially
chose the probe light polarization to avoid the effect of birefringence
on our samples (beating), the non-hydrostatic deformation of the LN
crystal, its rupture and local inclinations of crystal fragments together
with their different levels of residual stress have led to the clear
detection of birefringent effects in our 3D TDBS imaging experiments.
The inclined geometry and the thickness of our sample, larger than the
coherence length of the probe light, has also allowed us to elucidate
22

several signal features of the time variation of the Brillouin oscillation
amplitude, such as the case where first the amplitude decreases and
then increases again after crossing half the sample, to name but one
feature. This lead to the understanding of the two possible channels
of heterodyning in our sample, also at play at atmospheric pressure.
Because of the challenging inclined geometry of our sample, we have
further extended the analytical theory developed in [40] in order to
describe the TDBS signals in the case of CAP propagation at an angle
to the probe light and heterodyning direction. This theory accounts for
both Brillouin oscillations and CAPs features in the signal, considers
the CAP and probe light beam as finite Gaussian beam and include
the effect of losing the spatial overlap between both beams. By fitting
the experimental signals using this simplified, yet complete enough,
model, we have demonstrated the possibility of evaluating the local
inclinations of opposite surfaces of the sample. This type of local
evaluation has been shown to agree quite well with other estimates of
inclination provided all along the manuscript from different features.

The results and observations reported in this paper are numer-
ous and pave the way to further extension of the use of the TDBS
imaging technique to analyze the fascinating processes/phenomena
occurring when materials are subjected to high pressure. Of course,
further theory, to account for the here-neglected phenomena (elastic
and optical anisotropy, acoustic and optical mode conversions, . . . ), as
well as dedicated, more comprehensive signal processing technique are
still to be developed in order to capture the complexity of such pro-
cesses/phenomena and others. Yet, we believe that the TDBS technique
will permit to extend our knowledge of single crystals to polycrystals
evolution under plastic deformation. This information is of fundamen-
tal importance for several branches of the natural sciences, such as
materials engineering, condensed-matter physics, physics of the Earth
and planetology, as well as for the prediction of the consequences
of earthquakes, tsunamis and explosions. The quantitative informa-
tion obtained by the ASOPS-based 3D TDBS imaging technique on
fracture, polycrystallization, and creep of materials with exceptional
spatial resolution will extend the basis for successful development and
application of highly developed micromechanical models of elastic and
especially plastic deformation, which are necessary for the prediction
of the behavior of the materials devoted to be used under extreme
conditions such as ceramics.

Furthermore, the results presented in our research bear general-
ity beyond the specific case of imaging of crystalline and polycrys-
talline materials and their evolution under the external mechanical
loading or heating. They demonstrate that the TDBS technique can
provide valuable information about medium inhomogeneity beyond
the classical experimental geometries of samples with plane-parallel
interfaces/layering, where both the probe light and CAPs are often
treated as plane waves. Our experiments validate the theoretical ex-
pectations [40] that, in samples with inclined interfaces/layering, the
TDBS signals depend on the radii of the probe light and CAP beams,
as well as the length and profile of the CAP. The TDBS signals carry
information about the interface distance(s) and inclination angle(s).
Moreover, our experiments confirm the feasibility of TDBS experiments
even when the acoustically scattered light propagates in a direction
different from that of the heterodyning light. As a result, we discovered
additional functionalities of the TDBS technique within the Rayleigh
range of the probe light and CAP beams, which were applied for the
first time to characterize sample spatial inhomogeneities. The appli-
cation of the developed theoretical formalism is specially required for
the understanding/interpretation of the TDBS signals that are detected
when the CAP is overlapping/interacting with the interfaces inclined to
its propagation direction. Our research results, along with the findings
presented in [67], indicate that in the future, with efforts to overcome
the increasing complexity in theoretical description and interpretation,
the TDBS technique could be applied to the quantitative imaging of
media with smooth spatial structuring, extending beyond the diffrac-
tion distances of the probe light and CAP beam. This application may
not be limited to solids but could also be extended to liquids, as well

as animal/biological tissues and cells.
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Appendix A. Experimental parameters

In this appendix, the experimental parameters for each experimen-
tal condition tested using the JAX-M1 picosecond laser ultrasonics
microscope are summarized in Table A.2.

Appendix B. Diminishing of the LN sample thickness with increas-
ing pressure

In this appendix, we estimate the relative thickness change, 𝛿𝐻∕𝐻0,
of our LN single crystal embedded in phase VII of water ice (H2O-ice
VII) and compressed in a DAC to 𝑃 = 10.4 GPa. Because the thickness
change is mostly controlled by the hydrostatic pressure, we used, at the
first step, the equation of state (EOS) of LN [65]. Upon compression
to 𝑃 = 10 GPa, the volume of LN decreases by 𝛿𝑉 ∕𝑉0 ∼ 7% and the
thickness, accordingly, by 𝛿𝐻∕𝐻0 ∼ 2.4%. The latter value is nearly
identical for any crystallographic direction in a LiNbO3 single crystal
because the crystal compressibility is nearly isotropic, i.e., the ratio
of the lattice parameters 𝑐∕𝑎 changes only insignificantly from 2.685
at 𝑃 = 1 atm.) to 2.715 (at 𝑃 = 10 GPa). In order to estimate

contribution of the non-hydrostatic/uniaxial stress component, 𝑡, we
23

irst had to compare yield strengths, 𝜎𝑦, of H2O-ice VII and of LN.
2O-ice VII is a high pressure phase not recoverable at atmospheric
pressure and, for this reason, its 𝜎𝑦 is not established. However, the
uniaxial stress component 𝑡′ in a sample of H2O-ice VII compressed in
a DAC was reported to be ∼ 10% of the measured pressure value [93],
which corresponds to 𝑡′ ≈ 1 GPa in our experiment. The hardness of LN
at atmospheric pressure was reported to be strongly anisotropic and
vary, depending on the crystallographic orientation, between 5.3 GPa
and 9.7 GPa. Taking the lowest hardness value and estimating it as
∼ 3𝜎𝑦 [54], we obtained the yield strength for LN to be 𝜎𝑦 ≈ 1.77 GPa,

hich is comparable with the uniaxial stress component 𝑡′ in H2O-
ce VII at 𝑃 = 10 GPa. Because one third of the uniaxial stress
s already included in the hydrostatic pressure, the additional non-
ydrostatic/uniaxial stress charging our single crystal of LiNbO3 along
he [001] direction is 𝑡 ≈ 0.7 GPa. Taking into account that Young’s
odulus of inorganic solids is typically greater than the bulk modulus,
e applied the EOS reported in [65] and obtained the total change of

hickness of our single crystal of LN plate to be 𝛿𝐻∕𝐻0 ≈ 2.5%. Thus,
he thickness of the LN plate is expected to diminish from the nominal
0 μm to 19.5 μm, facilitating complete surrounding of LN plate by
ater ice between the diamond anvils, separated by 21.8 ∓ 0.3 μm.

ppendix C. On the experiments conducted with a fs Ti:sapphire
aser at 𝑷 = 𝟑.𝟖 GPa

The experimental TDBS signals presented in Fig. C.15(a) were ac-
umulated from the LN side, i.e., when the pump and probe were
ncident on the Ti transducer through the LN. They correlate with those
ccumulated at 𝑃 = 1 atm. and 𝑃 = 10.4 GPa in terms of their overall
tructure, which reveals the presence of the maximal amplitudes of BOs
hen the CAP is in the vicinity of the faces of the LN sample, i.e., at

delay times around 0 and 3 ns (Fig. C.15(a)). This confirms the role of
the coherence effect, discussed in Sections 3.1 and 3.2.1. The spectra of
the signals extracted in the time window from 0 to 2.9 ns (Fig. C.15(b))
indicate the effect of optical birefringence.

The evaluation of the signals in the vicinity of the CAP arrivals to
the right face of the LN plate, presented in Fig. C.15(c), reveals a shift
in the times of flight of the CAPs across the plate, which is less than
0.003 ns over the 20 μm-long scan. Sound velocity can be estimated
by comparing the averaged measured BF of 37.5 GHz in Fig. C.15(c),
assuming that the averaged refractive index of LN at 810 nm probe
Table A.2
Summary of experimental parameters for each experimental condition tested using the JAX-M1 picosecond laser ultrasonics microscope.

Probe wavelength 535 nm

Pump wavelength 517 nm

Probe repetition frequency 42 MHz

Pump repetition frequency 42.0005 MHz

Pulse duration < 130 fs

Experimental condition Atmospheric pressure
(𝑃 ≃ 0 GPa)

Non-hydrostatic loading
(𝑃 ≃ 10.4 GPa)

TDBS experiment type 1D 2D 2D 3D

Number of points 1 12 12 24 × 32 (LN side)
26 × 32 (Ti side)

Lateral separation between points – 2 μm 2 μm 1.5 μm

Probe polarization angle with
respect to optical axis of LN

0°, 45°,
90°, 135°

0° 0°

Pump power 4 mW 6 mW

Probe power 4 mW 6 mW

Beam diameter (1∕𝑒2) 2.5 μm

Number of averages per point 30,000

Acquisition time for 1000 averages 2 s
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Fig. C.15. (a) TDBS signals in the 2D TDBS experiments, detected from the LN side of the sample compressed at 𝑃 = 3.8 GPa and where the measurements were conducted
with a step of 10 μm. (b) Frequency spectra of the BOs extracted in the time window from 0 to 2.9 ns. (c) Zoom in of the detected signals near the reflection moments of the
laser-generated CAP at the right face of the LN plate. The blue, orange and green colors of the lines correspond to the positions of the scan at 0, 10 and 20 μm, respectively. The
signals in (a), (b) and (c) are vertically shifted to facilitate their comparison.
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wavelength is about 2.21 (2.17–2.25) [41,56]. The estimated 𝑣LN(𝑃 =
.8 GPa) = 6.87 μm∕ns is 5% higher than that measured at atmospheric
ressure in Section 3.1, 𝑣LN(𝑃 = 1 atm.) = 6.56 μm∕ns. This provides
pportunity to estimate the thickness variation of about 0.023 μm along

the scan and an inclination angle of less than 0.06°, revealing no
significant changes relative to the inclination at 𝑃 = 1 atm., estimated
n Section 3.1.

ppendix D. Correlations of the optical and TDBS images: signa-
ures of LN crystal splitting/cracking

In this appendix, we investigate the correlation between the optical
mages of the destructed LN sample and the features observed in 3D
DBS imaging. The destruction of the LN single crystal at 𝑃 = 10.4 GPa,
aused by non-hydrostatic loading and revealed by the appearance of
ateral inhomogeneity in the optical image (Fig. 3(c) and Fig. D.16(a)),
anifests itself in multiple specific features in the TDBS signals, such as

he lateral inhomogeneity of the measured Brillouin frequency (see the
F maps in Figs. 8(b) and (c)) and the duration of the CAP propagation
hrough the sample (see the map of the arrival times in Fig. 8(a)
nd Fig. D.16(c)). Furthermore, overlaying the optical image with the
rrival time map (Fig. D.16(b)) demonstrates that the boundaries of the
N crystal destruction (presumably the signatures of LN crystal splitting
r cracking) align with the boundaries of arrival time clusters.

The point-to-point analysis of the TDBS signals along these discussed
oundaries strengthens the above hypothesis. In the vicinity of these
oundaries, the TDBS signals often exhibit the detection of two to
everal echoes in a single lateral position (Figs. D.16(d) and (e)) or an
brupt and significant change in the measured arrival time of CAPs just
fter a single lateral step of 1.5 μm (Figs. D.16(f) and (g)). The detection
f two significantly different CAP arrival times (e.g., middle signal in
ig. D.16(d) or two upper signals in Fig. D.16(e)) is a clear signature of
he simultaneously generated CAPs propagating simultaneously along
wo opposite sides of the LN crystal split, which are very differently
tressed. The TDBS signals containing more than two echo arrivals (e.g.,
iddle signal in Fig. D.16(e)) can be associated with intersection of

racks. The signals in Figs. D.16(d)–(g) demonstrate that the difference
n the CAP propagation times along the opposite sides of the LN crystal
plit can be on the order of 0.05 ns. Furthermore, Fig. D.16(e) illustrates

maximum time difference of 0.175 ns, which is approximately 2
o 7% of the characteristic time for the CAP to cross the LN sample.
24

v

uch a strong variation cannot be associated with the pressure-induced
ifference of LN parameters on the opposite faces, because the pressure
alues are expected to be nearly equal in the points separated by 1.5 μm
r less lateral distances. Therefore, presumably, the effect is caused
y differences in thicknesses of the crystal fragments due to different
evels of residual stresses on the opposite sides of the splits inducing
ery different residual deformation. This would result in significantly
ifferent propagation path lengths of the CAPs along the opposite sides
f the crystal split. As our experimental observations demonstrated that
he thickness of water-ice VII, that is captured between the LN and
iamond, is definitely sub-micrometric, not exceeding 50 nm according
o our estimate (Section 4), the μm-sized jumps in the crystal thickness
an only be accommodated by the water-ice layer between the diamond
nvil and the Ti transducer which estimated thickness can be more than
ne order of magnitude larger. Such splitting of the LN crystal requires
plitting and displacement of the Ti transducer.

Accurately quantifying the characteristics of this destruction (splits/
racks) requires conducting additional scans around the destruction
oundaries with improved lateral spatial resolution. However, as these
nvestigations extend beyond the scope of the present paper, they will
e addressed in future studies. The major goal of the present work is
ifferent, i.e., revealing degradation of the LN crystal via the validated
nclination of the opposite surfaces which can be extracted from TDBS
ignals.

ppendix E. On the properties of the polycrystalline water-ice VII
t 𝑷 = 𝟏𝟎.𝟒 GPa

Although the evaluation of the state of the polycrystalline water-
ce VII confined between the diamond anvil and the Ti transducer was
ot among the goals of the conducted research, we evaluated the 2D-
ap of the BFs in this layer with better quantification of the error

han in Sections 3.2.1–3.2.2 (Figs. 8(c) and (d)) in order to conclude
n its lateral heterogeneity and composition. Precise evaluation of the
rillouin frequencies is complicated because this squeezed water-ice is
olycrystalline and, thus, could be inhomogeneous in depth, while the
ime window for the determination of the BOs frequency, even aver-
ged over the layer thickness, is limited by a rather short time of flight
f the CAP propagating between the Ti transducer and the diamond
nvil. Because acoustic impedances of water-ice VII, Ti and LN match

ery well, the duration of the BOs in water-ice cannot significantly
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Fig. D.16. Illustrating the signatures of LN crystal splitting/cracking: (a) Optical image of LN at 𝑃 = 10.4 GPa, converted to grayscale and contrast corrected. (b) Interpolated map
of echo arrival time (Fig. 8(a) of the main text and reproduced in (c)) superimposed with the optical image shown in (a). (c) Interpolated map of echo arrival time, as measured
from the LN side. (d)–(e) Examples of signals with multiple echoes shown as solid black lines, accompanied by surrounding points. Light gray points represent adjacent points
along the 𝑥-direction, while light red points represent points along the 𝑦-direction in the 3D scan. The lighter colors below the black curve indicate points one step down, and the
lighter colors above the curve indicate points one step up. (f) Solid blue lines represent abrupt jumps in the arrival time with a single step of 1.5 μm along the 𝑥-direction. Light
gray signals indicate adjacent points along the same direction. (g) Solid magenta lines represent abrupt jumps in the arrival time with a single step of 1.5 μm along the 𝑦-direction.
Light red signals indicate adjacent points along the same direction. The positions of the signals from the 3D scan depicting the same features as that of the solid black, blue, and
magenta lines in (d)–(g) are represented as open squares with their respective colors in the left-side maps/images.
exceed the time for the CAP to cross this layer twice. Furthermore, an
additional complexity arises in our experiments from the simultaneous
detection of the BOs in LN, with BFs rather close to those in water-
ice VII, which results in a beating phenomenon in the TDBS signal
(Sections 3.2.1 and 3.2.2). To disentangle the BFs of water-ice VII from
those of LN, we have applied the following fitting procedure. A signal
that results from the mixing of two frequencies is modeled as the sum of
two cosines modulated by a decreasing exponential on the first 400 ps.
This model consists of seven parameters: the amplitude, frequency,
and phase for each cosine, and the attenuation parameter for the
exponential. To fit the signals, a non-linear least square method is used
with the curve_fit function from the scipy Python library [94].
The first and second cosine parameters are constrained to the LN and
water-ice VII Brillouin frequency (𝑓𝐵) ranges, respectively, such that
𝑓𝐵 ∈ [60 − 69] GHz for the LN and 𝑓𝐵 ∈ [50 − 59] GHz for the water-ice
VII. To evaluate the error of the fit, the residual normalized energy is
calculated, and signals with more than 0.1 residual energy are rejected.
The covariance matrix obtained from the least squares fit provides the
estimation of the standard deviation for each parameter, indicating the
error made on each parameter. The interval of confidence is set at
two times the standard deviation. The average error on the frequency
for the water-ice VII estimated from measurements done on the Ti
side is ±0.15 GHz, while the average error for that estimated from
measurements done on the LN side is ±1.4 GHz. The larger error in the
25
later case is due to the low amplitude of the component in the TDBS
signal associated to the CAP propagating in the water-ice VII layer seen
(probed) from the LN side.

In Fig. E.17(a)–(b), we present the BFs distributions in water-ice VII
extracted from the experimental signals detected from the LN side and
from the Ti side, respectively. Comparison of both distributions demon-
strates a high level of correlation between the results obtained with
TDBS measurements from opposite sides. The frequency distribution
histogram (Fig. E.17(c)) illustrates a shift of approximately 1 GHz in
the frequency distributions, which, however, is within the error of the
BF determination from the LN side. The range of the measured BFs from
∼ 50.5 to ∼ 58.5 GHz (Fig. E.17(c)) provides opportunity to estimate
the range of the acoustic velocities in this polycrystalline water-ice
layer. The refractive index at our green probe wavelength, 𝑛water-ice ≈
1.63±0.01, of the optically isotropic water-ice VII at 𝑃 = 10.4 GPa can be
obtained from the linear extrapolation of the data presented in [59,64]
only up to 7 and 7.5 GPa, respectively, and agrees with [53]. Therefore,
the longitudinal velocities of the water-ice VII in our observations
can be estimated as 𝑣water-ice = 𝜆𝐵𝑂𝑓water-ice

𝐵 =
𝜆probe𝑓water-ice

𝐵
2𝑛water-ice

≈ 8.3-
9.6 μm∕ns. This velocity range is nearly entirely above the range of
the velocities of water-ice VII, 𝑣water-ice ≈ 6.03-8.6 μm∕ns, reported
earlier for the significantly thicker (30 μm) water-ice VII layer squeezed
between two diamond anvils [29]. It contains the velocities in the single
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Fig. E.17. Water-ice VII Brillouin frequency maps extracted using a least squares fit method on the TDBS signals detected from the LN side (a) and from the Ti side (b) where
direction of the 𝑥-axis was mirrored in order to make the comparison with (a) easier. (c) Histogram of the Brillouin frequency distributions revealed from the LN side (in red)
and from the Ti side (in gray).
crystal water-ice VII along ⟨110⟩ and ⟨111⟩ directions and not the ve-
locity along ⟨010⟩ direction, 𝑣water-ice

⟨110⟩ ≈ 8.0 μm∕ns, 𝑣water-ice
⟨111⟩ ≈ 8.5 μm∕ns

and 𝑣water-ice
⟨010⟩ ≈ 7.0 μm∕ns, respectively, which can be estimated by

linear extrapolation of the data presented in Fig. 3 of [95] for single
crystal of water-ice VII and from Ref. [29]. Further interesting experi-
mental result for the dedicated analysis and physical interpretation in
the future is the revealed lateral inhomogeneity of the ice texture, with
tendency of a larger amount of ‘‘fast’’ crystallites (with higher BFs)
closer to the center of the LN plate and a larger amount of ‘‘slow’’
crystallites (with lower BFs) near the LN plate edges (Figs. E.17(a) and
(b)). This effect is better revealed by the TDBS experiments from the
Ti side (Fig. E.17(b)), because in these experiments the BOs in the
water-ice were dominated over those in the LN in the fitted temporal
window.

These observations could be fully explained by a strong pressure
gradient in the thin ice layer between the diamond and the hard LN
crystal: if we agree that the highest longitudinal acoustic velocity in
the central part of the ice layer (around the coordinates 𝑥 = 20 μm and
𝑦 = 20 μm) corresponds to 𝑣water-ice

⟨111⟩ ≈ 9.5 μm∕ns then the pressure in this
point should be 𝑃 ≈ 13 GPa [29] while the pressure just at the crystal
edge is 𝑃 = 10.4 GPa, revealing the inhomogeneity of the pressure
lateral distribution caused by the non-hydrostatic loading of the LN
crystal. Taking the characteristic distance to the LN-edge of d𝑙 = 10 μm,
we obtain: d𝑃∕d𝑙 = (13−10.4) GPa∕10 μm = 0.26 GPa/μm. This permits
the extraction of the yield strength of the water-ice VII, 𝜎𝑦 = 0.6 GPa,
using the well-known expression d𝑃∕d𝑙 = 𝜎𝑦∕ℎ (e.g., p. 21 in [96]),
where ℎ = 2.3 μm is the water-ice layer thickness. The here-obtained
𝜎𝑦 = 0.6 GPa for the water-ice VII agrees reasonably well with the value
earlier measured at 𝑃 = 10-14 GPa, 𝜎𝑦 = 0.5-0.8 GPa, using radial X-
ray diffraction (XRD) [97]. Because the velocities corresponding to the
⟨010⟩ direction in water-ice VII at 𝑃 = 13 GPa, 𝑣water-ice

⟨010⟩ = 6.95 μm∕ns,
were not detected in the central region of the ice layer, we expect the
preferred orientation (texture) of the water-ice crystals with the axis
⟨111⟩ along the DAC axis and the sound wave propagation direction.
Thus, we have experimentally confirmed that the pressure gradient in
a DAC is back-proportional to the sample thickness as well as the earlier
estimation of 𝜎𝑦 of water-ice VII from XRD measurements. Moreover,
we have accidentally discovered a method to measure pressure depen-
dencies of yield strengths of transparent cubic solids, 𝜎𝑦(𝑃 ), to very high
pressures.
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