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Time-domain Brillouin scattering (TDBS) uses ultrashort laser pulses to (i) generate coher-
ent acoustic pulses of picoseconds duration in a solid sample and (ii) follow their propaga-
tion in order to image material inhomogeneities with the axial resolution that can be deeply
sub-optical, to nm-scale, and the lateral one down to the optical diffraction limit (half the
optical wavelength of the probe laser). TDBS permits highly resolved 3D-imaging of
grains in polycrystalline transparent samples with unlimited lateral sizes and thicknesses
of at least 10 um also when samples are orientationally textured and/or located in de-
vices permitting access along one direction and from one side only. This optical technique
presents, accordingly, clear advantages compared to any X-ray-based computed tomogra-
phy (neither back-projection algorithm nor multiple viewpoints of the sample is needed)
and classical spectroscopic methods. Here, we applied TDBS to the 3D-imaging of a
sample of polycrystalline water ice containing two high-pressure phases. The imaging,
accomplished via a simultaneous detection of quasi-longitudinal and quasi-shear waves,
provided shape, coordinates, phase content and crystallographic orientation of resolved
crystallites in a common coordinate system. Monitoring of acoustic pulses simultaneously
propagating in two neighboring grains provided a new tool for the localisation of grain

boundaries.
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I. INTRODUCTION

High-resolution imaging of the state and evolution of texture, phase and/or chemical composi-
tion of polycrystalline solids upon any kind of action is a rapidly developing branch of scientific
and industrial research, especially when texture strongly influences behavior and performance of
the entire material or device. Examples of such devices or materials are electrodes of Li-ion bat-
teries whose evolution upon charging/discharging may cause strong degradation of the battery
capacity'; optoelectronic devices whose performance depends on homogeneity of the constituting
material”; or rocks in the deep Earth where preferred orientations, shape, phase transitions, partial
melting or change in distribution of the constituting minerals (mostly silicates and oxides) can

initiate abrupt large-scale displacements leading to earthquakes”.

Until now, the most elaborated way to examine texture of polycrystalline solids, with the spa-
tial resolution similar or better than the grain sizes, is X-ray microscopy because this radiation
propagates through and interacts with sample and thus reveals texture, chemical, electronic and/or
structural inhomogeneities in its interior. In order to perform such characterization at um- to nm-
scale, dozens of X-ray-based approaches have been developed. They can be distinguished not only
with respect to the principal mechanism of the signal generation but also with the technique used
for the signal detection and/or imaging”*°. Most techniques provide two-dimensional projec-
tions of sample interiors which can be converted to three-dimensional (3D) images via computed
tomography (CT) requiring collection of multiple projections upon rotation of samples by 360°
and, accordingly, an unhindered sample accessibility along at least two spatial directions. These
techniques impose limitations on the shape of the entire sample which should have comparable di-
mensions in all space directions and be preferably cylindrical. These two requirements are difficult
to fulfill in examination of samples with a high aspect ratio, such as coatings on extended substrates
or disk-shaped samples compressed to ultrahigh pressures in diamond anvil cells (DACs) where
samples have typical dimensions of 50-400 um in diameter and of 10-50 um in thickness (e.g. in

Refs. 7-9).

For examination of dense polycrystalline samples in general, but with a large diameter-to-
height ratio or with a limited access in particular, a better solution than X-ray-based CT is to
get local information, i.e. information from a limited volume in the sample usually named voxel
(with sizes corresponding to the 3D-spatial resolution of the applied technique), directly from

signals collected along a single direction. If such signals provide segmented information along
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this direction, a 3D image corresponding to the juxtaposition of voxels can then be obtained by
moving the probed limited volume (voxel) along two other perpendicular directions. Such oppor-
tunity/procedure is accessible via optical methods: strong focusing of laser light exciting Raman
or classical frequency-domain Brillouin spectra permits extraction of 3D-resolved local informa-
tion in the interior of transparent samples. However, in the absence of a control over the ther-
mal phonons spatial localisation, the axial (i.e. along depth) resolution cannot be better than the

10.1T " Thus, the dimensions of a voxel in that case are

Rayleigh distance of the focused radiation
those of the 3D volume defined by the optical focal spot. Note that in our previous publication'?,
most of the achievements in 2D- and 3D-imaging at high pressures, reported at that time and
including X-ray-based techniques and frequency-domain Brillouin scattering, were already re-
viewed. While Raman spectroscopy is useful in only few special cases where samples contain
compounds having distinct Raman spectra with strong lines, which is often not the case (e.g ice VI
and VII, NaCl, MgO, Al,0s, etc.), the classical frequency-domain Brillouin scattering (FDBS)
can provide, in principle, an integral/holistic information on the state and texture of a polycrys-
talline transparent sample in 3D. This integral 3D information includes coordinates of each grain
(if resolved) with respect to others—independently of their phase composition, the grain shapes,
identification of the phase of particular grains, and crystallographic orientation of the identified
grains with respect to a common coordinate system. Up to now, the record resolution, i.e. voxel
dimensions, in FDBS has been reported in the confocal optical geometry: ~ 0.5 x 0.5 x 2 um?, yet

at ambient conditions'"!

. Using an oil-immersion objective lens, the resolution has even been
recently enhanced'® down to ~ 0.3 x 0.3 x 1.1 um?. However, maintaining such axial resolution
by the application of the confocal optical FDBS microscopy for long working distances (around
10 mm or even more) is technically demanding, if ever possible. Examples of experiments, where
such distances are inevitable, are examination of samples compressed to ultrahigh pressures in a
DAC, heated in an oven, or cooled in a cryostat. In common FDBS experiments on samples com-
pressed in a DAC (which is possible thanks to the transparency of diamond anvils that squeeze
samples) and similar measurements requiring long working distances, the FDBS spectra are col-
lected from the volume, whose axial dimension is controlled either by the sample thickness or
by the light penetration depth. In both cases, the FDBS technique does not provide any depth-

resolved information for samples having thicknesses between 10-50 um, but provide information

averaged along the complete thickness of the tested volume.

Another opto-acousto-optical technique, capable of providing down-to-nanometers axial res-

4
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olution, and not dependent on the working distance of the focusing optical element, was used
in the present work. It is based on the interaction of light with a propagating coherent density
perturbation (an acoustic pulse) caused by coherent non-thermal acoustic phonons. The lateral
resolution, i.e. the lateral dimensions of voxels, of this technique is the same as for any other
optical method, down to about half the wavelength of the used probe light radiation. The tech-
nique had been pioneered for materials characterization at ambient conditions under the name

1415 while currently the names of time-resolved or time-

of picosecond acoustic interferometry
domain Brillouin scattering (TDBS) have become more common'®. In this technique, based on
the principles of pump-probe time-resolved experiments, pump laser pulses of the picoseconds-
femtoseconds duration launch coherent acoustic pulses (CAPs) of picosecond duration in a solid
transparent sample via one of the possible mechanisms of optoacoustic conversion'”>'¢. The probe
laser pulses of picoseconds-femtoseconds duration, launched with adjustable time delays after the
pump pulses, are used to follow in time the propagation of the CAPs thanks to the probe light
scattering by the CAPs via opto-acoustic (photoelastic) effect'”?. As the light scattering takes
place only in the volume occupied by a CAP, the axial spatial resolution of the TDBS technique
along the path of the CAP, i.e. the dimension of voxels along the CAP propagation direction, can
be deeply sub-optical because typical width of a 10 ps duration CAP is shorter than 40 nm' >~
and further shortens with diminishing duration of coherent acoustic pulses or of the strain gradient
fronts inside them'®. Thus, the axial resolution of the TDBS technique can outperform that of
the FDBS microscopy, independently of the working distance between the sample and the objec-
tive lens used to focus the pump and probe beams and to collect the scattered light. Application
of the TDBS depth-profiling and imaging therefore provides opportunities and advantages earlier
unavailable in the solid state research where the long working distances are inevitable. Examina-
tion of samples compressed to ultrahigh pressures in a DAC is one of such cases we are dealing
with below. The TDBS approach was introduced into high-pressure research quite recently’*>>.
It was applied for the depth-profiling of polycrystalline water ice and solid argon up to Megabar

12,26 " revealing, in these densified granular assemblages, not only pum-sized textures at

pressures
the sample surface as one could get using other approaches but also, and for the first time, sub-um-
and um-sized inhomogeneities along the sample axis, currently inaccessible in a DAC when using
the FDBS technique as well as for the X-ray-based techniques. The TDBS technique was then
applied for the measurement of pressure-dependencies of single crystal elastic moduli of cubic

H,O-ice’’ and solid argon”®, with a demonstrated better precision than by FDBS.
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Although the above-mentioned experimental approaches'>?°~*® have already demonstrated ef-
ficiency of the 2D TDBS-based imaging for qualitative and quantitative characterization of ma-
terials elasticity and phase transitions, they were not sufficient for visualisation and examination
of texture and its evolution in time, upon compression or any other action on a difficult-to-access
sample (e.g. in an oven or a cryostat). To do so, 3D imaging of sample inhomogeneities is
required. The 3D TDBS imaging has been first realised at ambient conditions in animal and bio-
logical cells’”*", which are weakly inhomogeneous objects where regions having distinct elastic
and/or optical parameters are separated by curved interfaces””'. At ambient conditions, TDBS
experiments on polycrystalline materials with large grain sizes were already reported, and it was
found that the TDBS imaging inside individual grains is straightforward*>=*°. In particular, simul-
taneous monitoring of the propagation of quasi-longitudinal acoustic (LA) and quasi-transverse
acoustic (TA) pulses inside a grain by TDBS was demonstrated’>**. Taking advantage of this fea-
ture, the TDBS technique provided opportunity to determine the orientation of an individual grain
boundary in 2D geometry**. The first step to the 3D imaging of polycrystalline materials at am-

bient conditions was undertaken in the recent work of Wang et al.*

where the boundary between
two adjacent grains and their relative crystallographic orientations were reconstructed in 3D space
using the simultaneous TDBS imaging with LA and TA pulses. However, an integral/holistic 3D
imaging of a polycrystalline sample (e.g., H,O ice) containing, in addition to multiple grains, two
different high-pressure phases (ice VI and ice VII) is here performed and presented for the first
time. This particular case of a sample compressed in a DAC should be considered by the reader
as an example of experiments with a sample inside a relatively heavy device providing access

from only one side, which excludes the possibility to use X-ray-based approaches as well as the

classical spectroscopic techniques for the high-resolution 3D imaging.

Extending several concepts developed recently in the TDBS experiments at ambient condi-
tions, we succeeded to generate an integral 3D image of a polycrystalline sample in a DAC
containing multiple differently oriented grains of two high-pressure phases of H,O ice. We
were able to determine the position and shapes of grains constituting the sample in the complete
~ 100 x 100 x 10 um? volume with the lateral resolution of 2.5 um and the axial resolution of
1.2 um as well as orientation of their crystallographic axes with respect to a common system of
coordinates. First experimental observation of coherent TA pulses in TDBS measurements at high
pressures was crucial in obtaining the orientation of crystallographic axes of individual ice grains.

Combining this observations with the signals generated by LA pulses, we could distinguish grains

6
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of H,O ice VI from those of H,O ice VII coexisting at the pressure of our experiment, 2.15 GPa.
In addition, we report on observation of particular TDBS signals, corresponding to the propaga-
tion of LA pulses in two neighbor grains simultaneously, which provides an original opportunity
to localize boundaries between grains. The main prerequisite of such experiments is the earlier
determined densities, refractive indices and single crystal elastic moduli of both H,O-ice phases.
In our opinion, 3D images collected using the TDBS-based approach can be considered as stan-
dards for verification of the reliability of back-projection models used in the X-ray-based CT. This
is because the 3D TDBS images are directly obtained from spatially 3D-resolved data requiring a

minimal level of assumptions, as described below.

II. SAMPLE PREPARATION AND EXPERIMENTAL SET-UP
A. DAC and the sample

The high-pressure experiments on water ice were performed using a diamond anvil cell (DAC)
of the Merrill-Bassett type’’. We used diamond anvils with unbevelled culets having a diameter
of ~ 500 pm. A hole of ~ 180 um in diameter drilled in the center of a stainless steel gasket
pre-indented to the thickness of ~ 60 um represented the sample volume [Fig. 1(c)]. The latter
was filled with bi-distilled water that solidified upon compression. The sample volume contained
also a thin iron disk and few ruby grains of 1-5 um in size distributed in the space between the
iron disk and the gasket wall. The iron disk served as the opto-acoustic generator for launching
coherent acoustic pulses into the ice sample. It was obtained by a gentle compression of a small
iron spherule between the diamond anvils, whose surfaces are parallel to each other, until the de-
sired thickness was obtained. The disk was initially in contact with one of the anvils but lifted
up on one side by a few microns when the sample volume was filled with water [Fig. 1(c)]. Note
that the shape and the orientation of the iron generator presented in Fig. 1(c) are illustrative. The
ruby grains were used to measure pressure using the calibrated shift of the R1 fluorescence line
with compression®®. Finally, the H,O ice sample was compressed to 2.15 GPa until the ice VI and
ice VII phases were simultaneously present in the sample volume. The ruby fluorescence spectra
were collected with an Ocean Optics USB4000 spectrometer. Within the instrument resolution,
the pressure was found to be the same in all points around the sample. The collected spectra were

fitted with the Gaussian-Lorentzian function to obtain position of the R1-line maximum. Corre-

7
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sponding pressure was calculated to be 2.15 4-0.05 GPa using the calibration for quasihydrostatic

load conditions?®.

(a) (b)
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|

]
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Computer -
general controller Xyz stage

DIAMOND

FIG. 1. (a) Experimental set-up of the picosecond acoustic microscope (JAX-M1, NETA, France) and (b)
optical image of the H,O ice polycrystal in the DAC between the diamond anvil and the iron optoacoustic
transducer. (c) Magnified cross-sectional side view of the DAC. The results of the TDBS experiments (see
Figs. 3 and 4) revealed the coexistence in the sample of two phases, ice VI (bluish) and ice VII (greenish).
The disk-shape iron opto-acoustic generator inside the sample chamber has the diameter of about 100 um.
It touches the lower diamond anvil at its right end. Even though the pump and probe laser paths are collinear
in the experiment, the probe one is shown inclined for a better visualisation of its different reflections. The
coordinate system used below is shown by white arrows in (b) and (c).

B. Pump/probe ASOPS set-up

The experimental set-up is a commercial picosecond acoustic microscope (JAX-M1, NETA,
France)’” based on asynchronous optical sampling (ASOPS) with pump and probe laser beams
following the same path within the DAC, as shown schematically in Fig. 1(a). Two pulsed fiber
lasers of optical wavelength of 1034.8 nm and 1068.4 nm, of pulse duration 198 fs and 130 fs,
respectively, and with a repetition rate of 42 MHz are synchronised for asynchronous optical
sampling*’. The repetition rate of the follower laser cavity is slightly offset compared to that

of the leader one. The used offset in our measurements of 500 Hz corresponds to a temporal sam-

8
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pling of 0.28 ps. The two optical wavelengths obtained by frequency doubling of the fundamental
radiations, 517 nm and 535 nm, were used as pump (follower cavity) and probe (leader cavity), re-
spectively. The beams were normally incident and co-focused on the surface of the iron disk to the
spot of approximately 1.25 um radius at the 1/e? level of the laser intensity. The averaged power
of the pump laser was 7 mW and that of the probe laser 13 mW. Note that the chosen beam pow-
ers have been set to maximize the ratio of the useful signal over noise: the probe power is nearly
twice that of the pump in order to have a large enough reference and scattered probe light reaching
the photodetector, which allows diminishing the number of averages and hence the overall time
of the experiment. The sample analysed in this work was a water ice polycrystal compressed in
a DAC to a pressure of 2.15 GPa, as presented in the previous section, with an embedded iron
optoacoustic transducer for launching the CAPs*!. The optical image of the H,O ice polycrystal
in the DAC shown in Fig. 1(b) reveals some dark areas on the iron transducer corresponding to
low local optical reflectivity of iron, that could be due to some degradation processes*'. For the
imaging experiments, the sample was mounted on a X-Y positioning stage equipped with step mo-
tors ensuring the positioning precision of 0.16 pum. For the below-presented images, the step was
1.25 um along x- and y-axes [see Fig. 1(b)-(c) for the coordinate system]. As shown in Fig. 1(c),

the origin of the z-axis is at the surface of the iron transducer.

III. RESULTS
A. Typical experimental signals

In the TDBS experiments, the probe light scattered by moving CAPs and the probe light re-
flected by various stationary optical inhomogeneities of the sample interfere on a photodetector
surface and thus produce a signal oscillating in time. In the considered experiments, the most im-
portant stationary sources of the probe light reflection are (i) the metallic optoacoustic transducer
where the pump and probe laser pulses are co-focused and (ii) the interface between the diamond
anvil—providing optical access to the compressed sample—and the water ice [see Fig. 1(c)]. Het-
erodyne detection in the TDBS technique is essentially interferometric and sensitive to the relative
phase of the acoustically scattered and reflected probe light'*'>. Because of a CAP propagation
at its mode velocity, the phase of the light scattered by this CAP is continuously varying in time.

The TDBS signal, due to the interferences on the photodetector of the acoustically-scattered probe

9
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FIG. 2. Experimental acoustic contributions to transient reflectivity signals as a function of time delay (up-
per row) and their Fourier spectrum density (lower row) in four typical cases: (a) a single quasi-longitudinal
acoustic (LA) mode, (b) a LA and one quasi-transverse acoustic (TA) modes with low (orange lines) and
large (blue lines) relative shear amplitudes, (c) a LA and two TA modes, and (d) two LA modes propagating
in two different grains “in parallel” (orange lines) and “in sequence” (blue lines). The coordinates x and y
of the measurement points, which are indicated in the first row, correspond to the positioning (in um) of the
ice sample in the coordinate system presented in Figs. 3 and 4.

light and the reflected one, is oscillating with extrema and zeros corresponding to the construc-
tive and destructive interferences, respectively. The oscillating TDBS signal, commonly called
the Brillouin oscillation (BO), contains the delay-time dependent information about variations of
optical, elastic, and photo-elastic properties in the sample along the CAPs propagation direction
which can be converted to the length/depth scale. The typical oscillating TDBS signals, obtained
for different lateral positions on the imaged area of the water ice sample, are presented in the first
row of Fig. 2. These signals are obtained from the raw transient reflectivity signals captured by a
photodetector followed by filtering, subtracting the thermal background and cutting of initial peaks
generally observed at the instants when the pump and probe laser pulses overlapped. First the sig-
nal is filtered with a 48th-order FIR bandpass filter with passband 10 < f < 50 GHz according
to the expected Brillouin frequencies from Tab. I. Then, the remaining-after-filtering background
was subtracted applying the local regression method LOESS from Matlab® using weighted linear

142

least squares and a 2nd degree polynomial model™ with 319 points of span of the moving average

(i.e., the window span for the moving average is about 0.15 ns). Because the fast non-oscillating
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transients of optical reflectivity near the initial time are difficult to remove without influencing the
high-frequency Brillouin oscillations (Brillouin peak), the first 25 ps of the remaining signal were
cut. Therefore, the first tens of nanometres next to the iron generator are lost for the analyses. We

applied a similar treatment to all signals presented in this paper before further processing.

The characteristic frequencies of the BOs in the TDBS signal (see Fig. 2) correspond to the
frequencies of the Stokes/anti-Stokes frequency shifts of the scattered light in the FDBS technique,
i.e., to the Brillouin frequency (BF)'?". In our experimental geometry, where the coherent CAPs
and the probe light are propagating collinearly, the most efficient process of the photon-phonon
interaction is the backward scattering of the probe light. In this case, the BFs (fp ¢) are related to
the velocities (vy) of the coherent acoustic phonons, where o stands for the type of the acoustic

mode (LA or one of the TA), by the following relation:

2n Vo,

- )Lprobe ,

IB.a )

where 7 is the refractive index of the transparent media at the wavelength in vacuum )Lprobe of the
probe laser pulses. The Fourier analysis of the BOs is therefore commonly the first step used to

reveal the physical origins of variations of BF of each of the TDBS signals.

Fourier spectra of typical BOs detected in our sample are presented in the second row of Fig. 2.
These spectra clearly indicate that the TDBS signals have contributions from different types of the
CAPs in the different lateral positions of our sample. This was used in the following for 3D TDBS
imaging. Near the pressure of 2.15 GPa, corresponding to the transition at room temperature
from the lower-pressure phase VI to the higher-pressure phase VII of H,O ice*!, the available
data on the optical and elastic properties (see Table I) provide the opportunity to estimate the
expected BFs in both phases of ice (see Appendix for detailed explanations of these estimations
and their uncertainties). The comparison of the spectra presented in Fig. 2 with the results of
these estimations, presented in the last row of Table I,indicated that not only LA modes but also
TA modes are contributing to our detected TDBS signals. The latter is observed for the first time
in high-pressure TDBS experiments. The BOs presented in Fig. 2(a)-(c) can be attributed to the
Brillouin scattering by a single LA mode, by a LA and one TA modes, and by a LA and two TA
modes, i.e. fast (FTA) and slow (STA), respectively. It is worth noting here that, potentially, in
optically anisotropic ices, a single acoustic mode could produce up to three different BFs because

32,33

of the birefringence phenomena giving rise to BS with optical mode conversion”~”~. However,
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Phases of H,O ice VI VII

(Lattice system) (Tetragonal) (Cubic)
Density*** (gem ™) p=1.419 p = 1.600
C11 =40.56
Cip =13.75
Elastic constants**” Ci3 =18.59 g” B ?;?;
(GPa) C33 = 34.43 C12 5159
Caq =17.50 uoon
Ce6 = 6.39

léefsri‘gtﬁgffx n=1468 | n=1521
LA:|[[26.71 —29.37]|[27.58 — 33.00]
FTA:|[12.63 — 16.89]|[16.46 — 20.90]

|
STA:|[11.66 — 12.80] |[13.66 — 20.90]
T

* Our TDBS results for ice VII?” agree reasonably well
with those reported in Ref. 44

Brillouin frequency
range (GHz)

TABLE 1. Properties of the high-pressure phases VI and VII of
H, O ice near the pressure of 2.15 GPa and used to calculate the
ranges of BFs for the LA, the fast TA (FTA) and the slow TA
(STA) modes. The uncertainties in the estimated ranges of the
Brillouin frequencies of different acoustic modes are discussed in
the appendix.

the phase VII of H,O ice is cubic (and thus optically isotropic), while the birefringence of the

hexagonal phase VI is too weak (less than 1%"°) to be observed in our TDBS experiments.

The beating in the BO evidenced in Fig. 2(d) demonstrates that the LA pulses are propagating
in two differently-oriented grains of ice. The orange lines correspond to their propagation in both
grains simultaneously, i.e. “in paralle]”. On the contrary, the blue lines correspond to the case
when the LA pulses are propagating first in one grain and then in another one, i.e. “in sequence”.
The BOs corresponding to the sequential TDBS in two different media, i.e. the TDBS imaging
of the LA CAP transmission from one medium into another were already reported multiple times,
for example for ice/diamond interface'?, for the interface between ice VII and ice VI*! and for
Si0,/Si interface®**°. The sequential propagation of the LA CAPs in two different grains of a
polycrystal was reported as well**. Note that there are also some reported observations of the
simultaneous monitoring in two different media of two different LA CAPs propagating in the
opposite directions: for example, the CAPs transmitted through and reflected from the interface
between two media®’. Here however, we report for the first time the TDBS monitoring of two LA

CAPs propagating in parallel and in the same direction in two differently oriented ice grains along
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their mutual interface. In the next subsection, it is revealed that all the TDBS signals of the type,
highlighted in Fig. 2(d) with the orange colour, are detected in the vicinity of grain boundaries
and are never detected in the grain volume. The latter suggests that the detection of these kind of

TDBS signals could be fruitful for a fast localisation of grain boundaries, in situ and in real time.

B. 2D TDBS projections obtained with LA and TA coherent acoustic pulses and grain

identification

The 2D TDBS projections in Fig. 3 highlight the contribution of the most prominent grains
with a particular velocity of (a) LA mode or (b) one of the TA modes related to the orientation of
those grains. The color maps in Fig. 3 represent indeed the dominant frequency content attributed
to (a) LA modes and (b) TA modes of the first two nanoseconds of the TDBS signals observed in
the polycrystalline ice sample covering a round disk-shaped iron optoacoustic transducer of about
50 um radius [Fig. 1(b,c)]. The chosen time interval corresponds to the acoustic propagation time
through about 10 um of the ice sample at a LA mode velocity. The TDBS signals are not observed
in the locations indicated by white pixels due to poor signal-to-noise ratio. Note that the white
pixel areas in Fig. 3(a) match the dark tones in the optical image of the sample [Fig. 1(b)]. It
is important to note that while individual crystallites in the sample are not visible on the optical
image, their presence is obvious in the 2D TDBS projection.

The black open squares in Fig. 3(a) depict pixels where a beating phenomenon of the kind “in
parallel” (orange) in Fig. 2(d) has been observed. The automatic gathering of those pixels has
been performed by tracking the signals that have two peaks in the spectrum density within the LA
frequency range and that show at the same time a peak at the difference frequency in the spectrum
density of its envelope. It is clearly visible from Fig. 3(a) that such signals are only found in
locations in the vicinity of grain boundaries and never in a grain volume. We propose that this
feature can be used for grain boundary imaging (see Discussion).

To obtain the map of TA modes [(Fig. 3(b)], we have extracted prominent frequency peaks in
the 10 to 22 GHz frequency range, which excludes the LA modes (see Table I). The TA map is less
complete than the LA one because TA modes have usually lower amplitudes in TDBS signals than
LA modes, making them more difficult to detect/observe. Nevertheless, even TA modes with weak
amplitudes are detected in the data with good signal-to-noise ratio as shown by the dashed orange

curve of the spectrum density in Fig. 2(b). The white solid lines in Fig. 3(a) indicate areas where
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FIG. 3. Dominant frequency content attributed to (a) LA modes and (b) TA modes of the first two nanosec-
onds of the TDBS signals observed in the 100 x 100 um? area of the ice sample. The white solid lines in
part (a) delimit areas where the TA modes shown in (b) have been detected. In (a), each pixel shown in
(b) is marked with a central black dot. The black open square markers show the pixels where a beating
phenomenon of the kind presented by the top (orange) signal in Fig. 2(d) has been observed.

sz the TA modes shown in Fig. 3(b) have been detected. Each pixel shown in Fig. 3(b) is marked
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with a central black dot in Fig. 3(a). It is interesting to note that most of the detected TA modes are
recorded in the voxels where the frequency content is higher than 29.4 GHz (greenish color scale),
showing that the TA modes with decent amplitudes are all found in the phase VII of H,O ice, and
mainly where the LA velocity is rather low (dark green) or high (light green). The lowest part of
the color bar in Fig. 3(a), where the frequencies lower than 27.5 GHz are (magenta-to-cyan color
scale), depicts the crystallites belonging to the phase VI of H,O ice. Interestingly, almost no TA
modes are detected in these specific locations of the sample, which suggests that the monitoring
of TA modes in the phase VI is, for the present state of the technique, very unlikely, not to say
impossible (see next section). Note that in the center-right grain (around x ~ 90 yum and y ~ 60 um)
in Fig. 3(b) with the lowest TA frequencies, the color of some neighboring pixels is occasionally
switching from dark violet, i.e. the lowest frequency of the color scale, to light yellow, i.e. the
highest frequency of the color scale. This is because the figure represents the dominant frequency
content in the TA frequency ranges and this particular grain contains two detectable TA modes.
The amplitude of the slow (S) TA mode is usually higher than that of the fast (F) TA mode, except
in some (light yellow) locations. The area where identification of the main ice phase remains
unclear from the first analysis of the dominant frequency content of the LA signals, i.e., where the
frequency is greater than or equal to 27.5 GHz and lower than or equal to 29.4 GHz are depicted

in a copper color in the scale in Fig. 3(a).

C. 3D TDBS imaging with LA coherent acoustic pulses

In order to obtain 3D images of the sample texture using the collected TDBS signals, we used
a usual short-time Fourier transform. Fig. 4 represents the depth-resolved information of the ice
sample texture recovered using the LA mode. Although the same imaging with TA coherent acous-
tic pulses is possible, the detected TA modes are too sparse [see Fig.3(b)] to obtain an informative
3D image. The latter is explained by very low power of both pump and probe lasers needed to
preclude the non-thermal transformation of ice VII into ice VI (see below).

In Fig. 4, we estimate the dominant LA-mode-related frequency at different depths by calcu-
lating the FFT of the acoustic signal sliced with a Hann window of 0.23 ns (about 7 oscillations
of the LA mode), which gives an axial resolution of about 1.2 um. Using the temporal indication
of the centre of the sliding window and the measured local velocities at the previous instants for

the same acoustic mode, the time axis was transformed in the depth axis; the smaller the time, the
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FIG. 4. 3D TDBS imaging of the polycrystalline H, O ice sample. (a)-(k) The slices are shown at particular positions along the z-axis indicated
in the right-bottom corner of each slice. In (a)-(f), the circles depict a volume zone composed of multiple small crystallites. In (a)-(h), the solid lines
rectangles depict the zones where crystallites of the phase VI are seen between the optoacoustic transducer and the higher-located crystallites of the
phase VII. In (a)-(1), the dotted lines rectangles depict zones with oblique boundaries between several crystallites of phase VI. (1) 3D representation
of the complete probed volume with the first and last slices, (a) and (k) (xy planes), and the middle slices (yz and xz planes) at x = 50 um and
y =50 um, respectively (red dashed rectangles). The color map is common for all parts of Fig. 4 and is the same as in Fig. 3(a). It is important to
note that for the sake of visibility of 3D textures, the vertical z-axis is expanded by 4 times when compared with the x- and y-axes.
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closer the probed voxel to the iron optoacoustic transducer. Note that this change of coordinates
implies knowledge of the local refractive index. For the sake of simplicity, we have chosen here
to attribute only one refractive index to a given pixel, even when it contains two phases. The at-
tribution of the refractive index is based on the previous determination of the phases of each grain
as discussed in Fig. 3(a). This means that we used the refractive index of the dominant phase. We
are aware that this will engender some distortions of the grains, which we consider as minor in
this analysis. For pixels with unattributed phases (fz 1.4 € [27.5,29.4] GHz), the refractive index
is chosen to be the average of that of phases VI and VII. The resulting 3D-imaging is shown in
Fig. 4 where each panel, except the last one (1), is a slice of the polycrystalline H,O ice sample at
a particular coordinate along the z-axis given in the right-bottom corner of each panel. In Fig. 4(1),
a 3D representation of the complete probed volume is shown with the first and last slices, (a) and
(k) (xy planes), and the vertical slices through the sample middle (yz and xz planes) at x = 50 um
and y = 50 um, respectively (red dashed rectangles). The rectangles (shown with solid and dotted
lines) and the circle mark in Fig. 4 indicate the sample regions/volumes with some interesting

changes in the bulk revealed by this 3D imaging that are discussed in the following.

From the analysis of the 2D projection in Fig. 3(a), the volume zone pointed out by the circle in
Fig. 4(a)-(f) is expected to be composed of multiple small crystallites because it contains numerous
TDBS signals with beatings. It can indeed be seen in Fig. 4 that close to the iron optoacoustic
transducer, this zone is made of multiple and relatively small crystallites depicted by different
colors. About half of the voxels within the circle depicted in the slice at z = 0.89 um (Fig. 4(a))
belong to ice VI crystallites. In the next slice at z = 1.25 um, Fig. 4(b), it can be seen that
in the place of the crystallites of phase VI with high LA velocity for that phase (cyan voxels,
f ~ 27.5 GHz) the ice phase is now VII with low LA velocity for that phase (green voxels, f ~
31.1 GHz). From that slice to the next one at z = 2.16 um, Fig. 4(c), the voxel color slightly
changes to lighter green, which could be temptatively attributed to a change from one phase VII
crystallite to another having a deviating crystallographic orientation. Yet, the resolution along
z of about 1.2 um controlled by the width of the Hann window means that the frequency/color
attributed to those voxels in the slice in Fig. 4(b) is indeed a weighted average of the frequency of
the phase VI crystallite (close to the transducer) and that of the phase VII [higher in the DAC, see
Fig. 1(c) for illustration]. An even more precise depth localisation of the boundary between the
two could be done but requires a more sophisticated signal processing. The rectangles shown by

solid lines [Fig. 4(a)-(h)] depict also the zones where crystallites of the phase VI are seen between
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the optoacoustic transducer and the higher-located crystallites of the phase VII. Interestingly, the
frequency (and color in Fig. 4) is not switching here from that of phase VI to that of phase VII
at the same depth for all pixels. This is the clear sign of an oblique interface between the two
grains composed of different phases of H,O ice. Last but not least, rectangles shown with dotted
lines [Fig. 4(a)-(1)] surround other textural features demonstrating the 3D imaging capability of
the TDBS technique. In this case, oblique boundaries between several crystallites of phase VI
having different crystallographic orientations extend up to the ice/diamond interface. In Fig. 4(1),

the inclined boundaries are clearly visible in the vertical slice (xz plane) at y = 50 um.

IV. DISCUSSION
A. On the TDBS depth spatial resolution

In the 3D TDBS-ASOPS image shown in Fig. 4, shapes and coordinates of grains of both H,O

ice phases, obtained using the LA modes only, were measured with the spatial resolution similar

4748 In our work, the axial

to that achieved in the most recent XRD-based CT measurements
resolution was 1.2 um and the lateral one, defined by focusing of the laser beams to be 2.5 um,
was approximately twice larger than the lateral step of the scans. The XRD-based CT permits
reconstruction of 3D-images of texture-free or weakly textured samples with the stated spatial
resolution of 1 um. However, the technically possible spatial resolution of the TDBS-ASOPS

16,31

method is much higher'””". The lateral resolution, limited by the wavelength of the used lasers,

can be improved to half the probe optical wavelength, down to 150 nm if UV-blue light lasers are
used. The axial resolution of < 170 nm with our probe laser can be achieved if both LA mode and

A

TA modes are used because it is only limited by the probed acoustic wavelength Ag = zrflbe . In our

present 3D imaging, the axial resolution was controlled by the application of the time-frequency
analysis technique known as the short-time Fourier transform requiring a balance between the
frequency- and temporal (and thus axial) resolution. We had to keep the frequency resolution,
which permits recognizing of grains having different crystallographic orientation, high enough to
be able to differentiate frequency changes in the interval of the LA Brillouin frequencies of phase
VI spanning only over 2.7 GHz (see Table I and Fig. 4). For this reason, the temporal size of
the Hann window was 0.23 ns, which is theoretically even a bit small since the 3 dB bandwidth

of such a window function is 3.2 GHz. In addition, one should not forget that a polycrystalline
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aggregate under pressure in a DAC is usually subjected to stress inhomogeneity/nonhydrostaticity,
which could lead to an induced optical anisotropy within the DAC and therefore could influence
the obtained 3D images if not accounted for. This effect in our case is negligible. Indeed, we
estimated a uniaxial stress component parallel to the load axis of the DAC of 30 MPa, from the
measured 0.15 GPa difference in pressure between the center and the edge of the sample. In the
case where the uniaxial stress component was estimated to be 1 GPa for a 4 GPa difference in
pressure over 45 um, we have already reported that the induced optical anisotropy in that case is

negligible'”.

B. On the TDBS depth of imaging

The TDBS imaging theoretically allows imaging of transparent samples to the depths exceeding

100 um but it can be limited by several factors such as (i) the coherence length of the probe laser

Lprobe

pulses, coherence’

in the medium under evaluation, (ii) the diffraction length, Lg, of the probe laser
radiation and of the coherent acoustic waves, as well as (iii) by the absorption of the acoustic pulses
and probe light. For further details on depth of the TDBS imaging, we refer interested readers to
the review article on advances in applications of TDBS for nanoscale imaging (Ref. 16) and ref-

erences cited therein. We estimated the coherence length in our measurements using the equation

Lprobe

coherence = €0 Tprobe /(2n) =~ 15 um, where c( denotes the speed of light in vacuum, Tprobe ~ 150 fs

the duration of the laser pulses of our TDBS-ASOPS set-up, and n =~ 1.5 the refractive index of ice
at P =2.15 GPa for A = 515 nm*>** (close to our probe wavelength ﬁ,pmbe 2 535 nm). The main
limiting parameter was, obviously, Tyope because, currently, only for this type of lasers (i.e., fs
lasers) the needed cavities synchronisation of the pump and probe lasers for ASOPS is available.
Because of the strict relation between )Lprobe in the medium and the wavelength of the coherent

_ 2'probf:

acoustic phonon at the Brillouin frequency, i.e. A = 5>, the Rayleigh range (i.e., the diffraction

length) of both the probe light beam and the coherent acoustic beam at Brillouin frequency, can be
described by the formula: Lg = (%Z%’ where a is the radius at 1/¢? level of the intensity distri-
bution in the probe or in the pump laser beams. Because focusing of the pump laser beam controls
the radius of the photo-generated CAPs and the pump and probe laser beams were co-focused,
in our experiments, to the same spot with a ~ 1.25 um, we obtained Lg ~ 14.3 um, very similar
to Lgcr)(l)ll;fence' However, the signal amplitude drops by e? times at the coherence length, while it

decreases by only /2 times at the Rayleigh range. Accordingly, the influence of the diffraction
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(~ 1/[1 + (uwat/Lg)*]*/?) on the depth of imaging was negligible in our experiments. We have
confirmed this consideration experimentally. In some lateral positions, the gaps between the op-
toacoustic transducer and the diamond anvil were filled by single crystals as followed from the
observed Brillouin oscillations within the complete gaps (see Fig. 1(c) and Supplementary infor-
mation). In one of these positions, the quasi-longitudinal acoustic wave with fp = 26.85 GHz and
vLa ~ 4881 ms~! propagated from the optoacoustic transducer to the diamond anvil in 2.15 ns,
thus providing the distance of 10.5 um. We note that, during the propagation, the Brillouin os-
cillation amplitude decreased by only 75%. We fitted the observed Brillouin amplitude decay by
accounting for (i) the Gaussian temporal decay related to the coherence length of the probe laser
pulses and (ii) the additional exponential temporal decay that could be potentially caused by un-
known absorption of CAPs using the model signal Aexp(—ar)exp[—2(t/7)?] cos(27fz LAt + ¢).
Here, A is the amplitude, o the acoustic absorption coefficient, T the coherence time of the probe
laser pulses and ¢ the phase of the signal (see Supplementary information for details). The optical
absorption of the probe green light was not considered because it is known to be negligible at the
evaluated coherence length. The fit result demonstrated that the contribution of the acoustic ab-
sorption in the observed decay of the Brillouin amplitude is negligible too and that the decay of the
TDBS signal in single crystals of ice is controlled by the coherence length because we obtained the
fitted values of ng?lzfence ~ 13 um and Tyrope & 125 fs, consistent with the experimental pulse du-
ration of the probe laser. Thus, the depth of imaging was limited in our experiments by the sample
thickness. We note that application of lasers with pulses in ps-range, presently not commercially
available for ASOPS although achievable from fs-lasers-based ASOPS systems with prisms or
optical gratings, will allow a significant extension of the 3D-imaging depth of the TDBS-ASOPS

method (not needed in our case) without any degradation of other imaging characteristics.

C. Comparison of the TDBS and X-ray imaging methods

As mentioned in the introduction, the most elaborated way to examine texture of polycrystalline
solids, with the spatial resolution similar or better than the grain sizes, is X-ray microscopy. Yet,
most of the techniques based on the X-ray CT provide only partial information related to sam-
ple texture or composition such as distinct absorption coefficients, refractive indices®, or electron
densities [e.g. in Ref. 48] of the constituting grains. For this reason, they are of limited interest

for examination of texture of densified pore-free samples composed of light elements and/or of
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only one compound. However, they permit examination of individual particles with a very high
reconstruction resolution of < 0.1 um. Similarly, coherent X-ray diffraction allows 3D imag-
ing of morphology and strains in isolated deformed crystals with the reconstruction resolution of
< 30 nm (e.g., Refs.*”"") as well as visualisation of twinning and dislocation dynamics in an indi-

vidual nanoparticle using a particular Bragg reflection”'

. Yet, the particle itself and its position
in the sample with respect to other particles (or a common system of coordinates) should be deter-
mined using another technique®'. Dark field X-ray microscopy also permits 3D mapping, with the
spatial resolution approaching 0.3 um, of subgrains or even domains in individual particles having

12:47,52 " Once again, the particle positions in the sample interior had to be de-

sizes around 10 um
termined using other techniques: either 3D X-ray Diffraction or Diffraction Contrast Tomography
whose spatial reconstruction resolution was specified as 1 um'>*/"?, The differential-aperture X-
ray microscopy provides 3D images without CT reconstruction with the resolution of < 1 um>’.
It requires, however, the rare polychromatic synchrotron X-ray microbeams to probe local crys-
tal orientations and strains. Unfortunately, measurements for samples in devices with a limited
access, e.g., a DAC, were not yet published. In a polycrystalline pore-free sample, the latter tech-
niques based on X-ray diffraction (XRD) are providing the most comprehensive 3D imaging of
the position, shape and orientation of grains with respect to each other and/or with respect to a
common coordinate system. Due to the nature of the XRD, these approaches permit distinguish-
ing differently oriented particles of the same compound as well as particles of different phases of

the same compound provided the particles are crystalline and their structures are known under the

temperature and/or pressure conditions of the measurements.

While X-ray-based CT techniques are widely used for 3D imaging of polycrystalline solids,
thorough discussions of quality and reliability of the 3D-images obtained with pm- or even sub-
um resolution are surprisingly underrepresented [e.g. Ref. 54]. The main source of uncertainties
comes, obviously, from the procedure used to reconstruct a 3D image of a sample from the 2D pro-
jections collected upon its rotation. Here, the criteria applied to evaluate the image-reconstruction
reliability, e.g. modulation transfer function, signal-to-noise ratio, or detection effectiveness, are
of outstanding importance. A simple test of several X-ray-based 3D-scanners, consisting in deter-
mining the known ratio of microbeads of two monodisperse sizes of 10 pm and 20 um, showed
variations of almost one order of magnitude between the tested devices’*. It was also reported that,
by the use of the XRD-based CT and unhindered sample accessibility along two spatial directions,

the reconstructed 3D-images exhibit “spotty” aspects as a consequence of the noncontinuous inten-
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sity of the Debye—Scherrer rings>>. The authors attributed this artifacts either to grain preferential
orientations present in the examined cold-compressed sample or to large grain sizes relative to
the beam size. Further difficulties can arise during in-sifu measurements due to (i) use of intense
focused X-ray beams altering the material texture or even melting caused by heating, (ii) incom-
plete solid-angle region accessible for X-rays when samples are located in tools or devices such as
a DAC’°, a high-temperature oven or a cryostat, further aggravated by (iii) insufficient accuracy
of displacement and rotation of such relatively heavy devices'”>*. According to earlier works,
the device/tool weight and an incomplete solid-angle region do not permit localization of grains
with the accuracy better than 5-10 um, thus strongly degrading the spatial resolution expected
with X-ray-based imaging in more favorable experimental conditions®’~“. Even when using the
technically-primitive methods based on the X-ray absorption-contrast imaging (ACI) and phase-
contrast imaging (PCI), the obtained 3D-images of entire samples, not to mention of grains inside
the sample, did “not represent the absolute shape of the sample”°.

Contrasting with the above-discussed limitations of X-ray methods, optical methods and espe-
cially the TDBS one, as demonstrated here, are better suited for getting local information directly
from signals collected at a long-working distance and along a single direction: the rotation of
relatively heavy devices are not needed anymore, partial access to samples is not an issue any-
more. Providing that densities, refractive indices and single crystal elastic moduli of a tested
(polycrystalline) sample are known from previous measurements, that could also involved TDBS
measurements”’->®, the reconstruction of the 3D images from TDBS signals does require a minimal
level of assumptions and could therefore be used for verification of the reliability of X-ray-based

CT 3D imaging, at least where samples are located in devices with a limited access.

D. On the TDBS imaging with TA modes

Even though the TA modes showed up too sparsely to provide a qualitative 3D image as it has
been done in Fig. 4 with the LA mode, the TA modes [Fig. 3(b)] are of a great importance and com-
plementary to the LA mode because they allow identification of unknown grains and estimation of
a set of possible crystallographic orientations of each recognized crystallite. The latter was done
by scanning all propagation directions of the CAPs accompanied by the calculation of Brillouin
frequencies of the corresponding LA and TA modes until they matched the measured Brillouin fre-

quencies simultaneously. In some cases, the TA modes were the only way to distinguish two grains
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having different orientations but the same LA velocity. Accordingly, the stronger the anisotropy
of the TA modes, the stronger the contrast in the TA-mode-based images, which can even exceed
that in LA-mode-based images and thus provides additional insight on the sample state’”. So, in
our measurement, the detection or not of a TA mode, together with the LA-mode-based 3D image,

permitted identification of the H,O-ice phase composing recognized grains.

For this aim, the below-described analysis of efficiency of generation of CAPs, and of each in-
dividual acoustic mode contributing to them, was performed. In TDBS measurements, generation
of the LA and both TA modes in a sample (e.g. H,O ice) occurs due to the mode conversion of the
plane LA mode thermo-elastically generated in the isotropic optoacoustic transducer absorbing
the pump laser pulses®’%?. Thermo-elastic generation of CAPs directly in a transparent sample
(e.g. HyO ice) via heat transfer from the light absorbing transducer to the sample material is es-
timated to be negligible. If the interface between the optoacoustic transducer and the H,O ice is
flat and perfect, the elastic forces (stresses) and the mechanical displacements across the interface
are continuous. In such case, the generation efficiency of each acoustic mode in the H,O ice is
directly proportional to the efficiency of the mode conversion, i.e., transfer of the acoustic energy

00-62 The transfer

from the excited mode(s) in the transducer to each acoustic mode in the sample
efficiency, depending on the particular orientation of each particular H,O-ice crystallite relative
to the interface, could be obtained by calculating the acoustic transmission coefficients, from an
isotropic medium (the transducer) to an anisotropic medium (an arbitrary-oriented crystallite of the
polycrystalline H,O ice). We considered the particular case of a plane LA wave transmitted and
mode-converted, at the interface, to a plane LA and two plane TA modes, respectively. Because
the lateral size of the focused pump-laser spot was one order of magnitude larger than the probed
acoustic wavelength, this transmission/conversion problem could be solved as one-dimensional
where plane acoustic modes propagated normally through the interface. Changing relative orien-
tation of the principal axis of an ice crystallite with respect to the normal to the interface we derived
the transmission coefficients and thus the generation efficiency of each acoustic mode. Finally, to
reveal reasons of a TA mode absence/presence in our TDBS signals, we assumed that detection
of different acoustic modes predominantly takes place via the interaction of the probe light with
the longitudinal, i.e., the z strain component, of the acoustic modes. Details on the derivation of
the generation efficiency can be found in Refs. 61 and 62, or else in any textbook dealing with the
reflection and transmission coefficients of plane waves at an interface between two (anisotropic)

solids®%%,
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Using the known mechanical properties of both phases of H,O ice (Tab. I) and those of the
cast iron (isotropic) reported to be ppe = 7.87 gcm_3, ClFle = 279 GPa, and Cf}f = 82 GPa, the
generation (transmission and mode conversion) efficiencies of each acoustic mode are calculated
for both H,O ice phases (Fig. 5). The efficiency values are plotted in Fig. 5 as a function of
the orientation of the z-axis (the normal to the iron/ice interface, i.e., the propagation direction)
relative to the principal axes of ice crystals. The results are presented separately for different
modes: for the LA mode in Figs. 5(a) and 5(d), for the FTA mode in Figs. 5(b) and 5(e), and
for the STA mode in Figs. 5(c) and 5(f). For each acoustic mode transmitted in ice, with (TA) or
without (LA) mode conversion, the transmission/mode conversion coefficient (Fig. 5) is defined
as the ratio of the z strain component of the transmitted mode to the z strain component of the
LA mode generated in iron and incident on the iron/ice interface. The results in Fig. 5 indicate
that, for any crystallographic direction of any of the ice phases, the efficiency of generation of the
LA mode is one-to-two orders of magnitude larger than for any of the two TA modes. We note
also that the generation efficiency of the STA mode in phase VII is one order of magnitude larger
than that of any other TA mode, which therefore partly explains why TA modes have not been
observed for the phase VI and why mostly a single TA mode has been observed for the phase VII.
According to our calculations, it is very probable that, in all grains of ice VII where only one TA
mode was recognized, we dealt with the STA mode. As a result, a careful analysis of voxels with
unidentified phases [copper colour scale in Fig. 3(a)] permitted attributing, with a high degree of
confidence, the two center-bottom grains to the ice VII because the black dots denote the detection
of TA modes in the related TDBS signals. In contrast, the top-left voxels in Fig. 3(a) are attributed
to the ice VI because no TA modes could be recognized in the TDBS signals. This attribution
is supported by the analysis of the whole xy cross-sections because the center-bottom grains are

surrounded by the phase VII whereas the top-left one is surrounded by the phase VI.

Knowledge of the Brillouin frequencies of the LA modes permitted estimation of crystallo-
graphic directions of all recognized crystallites with respect to the CAP propagation direction and
thus with respect to other crystallites in a common system of coordinates. Moreover, the crystal-
lographic directions corresponding to the highest and the lowest LA-mode frequencies in crystals
of each of the two phases could be recognized with the accuracy of the frequency measurement.
For example, for the cubic phase VII of H,O ice, the frequency of the LA mode along (111) is
the highest while that along (100) is the lowest (e.g. Ref. 27). However, we were able to provide

more detailed information on crystallographic orientations of particular crystallites if they showed
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FIG. 5. Generation efficiency of each acoustic mode for (top) the phase VI and (bottom) the phase VII of
H, O ice along the principal axes of the crystals as a function of the orientation of the normal to the iron/ice
interface relative to the ice crystal principal axes. The results are presented separately for different modes:
in (a,d) for the LA mode, in (b,e) for the FTA mode, and in (c,f) for the STA mode.

both TA modes, in addition to the LA mode: For example, we consider such a crystallite of the
phase VII located, in Fig. 2(b), at x =~ 90 um and y ~ 60 um. It was pointed out above that the
dominant TA frequency was usually the lowest of the two TA modes, i.e., the STA mode, which is
consistent with our frequency calculations using the C;;-values summarised in Table I. Knowing
that in the considered crystallite the measured Brillouin frequencies are ~ 31.8 GHz, ~ 20.8 GHz,
and ~ 15.4 GHz, the CAP propagation direction was found to form an angle ¢ of 17°-18° and an
angle 6 of 32°-33°, where ¢ and 6 are the proper Euler angles of intrinsic rotations about moving
axes ez—eg(—eg@. Of course, all symmetry-equivalent crystallographic directions are also possible.
If we consider this direction in Fig. 5(e)-(f) (red thick line) then we recognize that it corresponds
to a direction in which the FTA mode has a generation efficiency of about 0.01 (half of the highest
possible efficiency) and that of the STA mode is of about 0.085, which explains the ease in the si-

multaneous detection of these two modes. If only one TA mode is measured, as in the centre of the

sample occupied by the phase VII, it is likely that this mode is the slow one and the orientation of
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the z-axis in the crystal principal axes is not unique anymore but defines a part of an arc (6 = 20°,
¢ € [26°,45°]) shown in grey in Fig. 5(d,f). This is the case for the TDBS signal collected for
the voxel with the coordinates (x,y,z) = (50,46.25,1.25) um in Fig. 2(b). As already mentioned
above, detection of the LA mode alone, as is the case for the TDBS signals attributed to H,O ice
VI, permits only a rough estimation of orientations of the crystallites if the detected frequencies
are not the extremes. However, detection of the LA mode and of one of the TA modes, whose type,
i.e., STA or FTA, is known (here from the analysis of the generation efficiency) allows bracketing
the range of orientations to limits which could already be of interest for the comparison with mi-
cromechanical models describing behaviour of polycrystalline materials and their evolution upon
external action, e.g., nonhydrostatic compression. It is worth noting here that the determination of
the propagation direction in a crystallite does not mean the complete orientation of the crystallite
relative to other crystallites, because the crystallite could be arbitrary rotated around the z axis
(interface normal). A complete orientation of crystallites could be obtained by performing TDBS
measurements with different polarisations of the probe light’®, which will be a subject of the future

work.

E. On the use of the detected TDBS signals with beatings

The above-mentioned observation of particular TDBS signals, corresponding to the simulta-
neous propagation of LA pulses in two adjacent crystallites [see black open squares in Fig. 3(a)]
provides an original opportunity to localize the boundaries between them. If the interest is focused
on imaging of grain boundaries, such signals can be used to 3D-map the boundaries and to follow
their movement in real time while performing sample deformation. To do so, a feedback signal
could indeed be designed out of the observation of beatings to control the displacement stage. This
procedure will limit the number of measurement points and thus accelerate the imaging procedure

of grain boundaries drastically.

F. On the data collection rate

Last but not least, the here-presented 3D image was collected during 110 hours because we kept
powers of both lasers very low (below 10 mW). However, the image collection can be accelerated

by 2 orders of magnitude, if both lasers are used at the full power of ~ 100 mW. The low laser
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powers were used in order to exclude possible progress of the transition from ice VII to ice VI
observed to occur when one spot in the sample is illuminated for long time*'. We remind, that
this phase transition is not initiated by thermal heating (the estimated stationary and transient
temperature rises did not exceed 3 °C) but by electrons photo-generated in the conduction band of
diamond*'. Because our 3D image (Fig. 4) contains about 58500 voxels (lateral step of 1.2 um
and axial of ~ 1.2 um), we estimated the data collection rate of the presented TDBS-ASOPS
measurement to be ~ 0.15 voxel/s. If the 3D imaging is performed on a sample containing only
one phase and far from the phase transition boundary, the full laser powers can be used and the
duration of collection of a similar 3D image will drop to ~ 65 minutes, which corresponds to the
data collection rate of ~ 15 voxel/s. For comparison, an XRD-based CT examination (at the ESRF,
one of the most powerful synchrotron radiation sources) of a sample with lateral and axial sizes of
~ 1 mm and the spatial resolution of ~ 27 um (~ 32000 voxels) required 8 hours (or ~ 1 voxel/s)
but the obtained 3D image still contained artefacts™. According to the authors of this work, the
artefacts were caused by orientational texture and big grain sizes of the examined material. Such
effect makes the XRD-based CT less suitable for the 3D-imaging of texture of polycrystalline
solids, one of the main purposes of such imaging measurements. The artefacts caused by a sample
texture are not possible in 3D-images obtained using the TDBS-ASOPS technique because the
signals are collected directly from each voxel and the data treatment is nearly free of assumption.
High laser powers can be used for examination of condensed matter in a DAC because the samples
inside are thin and the diamond anvils are a very efficient heat sink, especially when pressure
increases in the Mbar range and above. Despite of the immense pressure difference from 2 GPa to
100 GPa, both lateral and axial resolution of the TDBS-ASOPS technique does not degrade'>>"-*%.
The higher pump and probe laser powers result then in stronger TDBS signals and thus a more
efficient detection of TA modes in the Mbar range promising a more detailed 3D-imaging of texture
of transparent polycrystalline samples at extreme conditions of high pressures and, eventually,
high-temperatures to several thousands °C if combined with laser heating (e.g. Ref. 66). We
emphasize that a DAC is only one example of devices with a limited access. It can be extended to

cryostats, very high-temperature ovens (well above 1000 °C), and reactors of different types.
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V. CONCLUSIONS

We reported on advances in applications of the time-domain Brillouin scattering (TDBS) tech-
nique for 3D imaging of transparent polycrystalline samples located in a device with a limited
access, along only one spatial direction and from one side only. The applied TDBS-ASOPS set-
up provided a comprehensive, reliable high-resolution in-situ 3D visualisation of microstructure
of a transparent polycrystalline sample of H,O ice compressed in a diamond anvil cell (DAC) to
2.15 GPa where two phases, ice VI and ice VII, coexist. The approach permits, in general, 3D
images of samples with infinite lateral sizes and thicknesses of at least 10 pm in their entirety.
The latter means that the TDBS-ASOPS provides shapes and relative coordinates of all grains (if
resolved) with respect to each other or a common coordinate system, independent of their phase
composition with, in our experiments, the lateral resolution of 2.5 um and the axial one of 1.2 um,
identification of phase of each particular grain, as well as crystallographic orientation of the iden-
tified grains with respect to a common coordinate system. The here-reported resolution of the
TDBS-ASOPS technique can be further improved down to the optical diffraction limit in the lat-
eral direction, say down to 150 nm, if a blue-UV probe laser is used and the sample is transparent
for these wavelengths, and to sub-optical dimension in the axial direction, theoretically down to
the nanometers length of the coherent acoustic pulse or of the strain front in it'®. The 3D images,
obtained using the TDBS technique, are reliable because the information is recovered directly for
each image voxel using minimal level of assumptions. Accuracy of the recovered information
(e.g., crystallite orientations) depends only on the quality and content of the TDBS signals and the
degree of elastic anisotropy of the examined crystalline material that can be measured in advance

using the same technique (see Refs. 27 and 28).

In the here-presented 3D imaging experiments, we observed, for the first time at high pressures
in a DAC, TDBS signals containing contribution of quasi-shear coherent acoustic pulses (CAPs).
We demonstrated some examples of fruitful application of the TDBS imaging with several acous-
tic modes simultaneously. We revealed the possibility to localize positions of grain boundaries in a
transparent polycrystal by the identification of specific TDBS signals that are due to the simultane-
ous propagation of an acoustic pulse in two adjacent grains. Overall, our reported results are a big
step towards the perspective of full 3D characterization of sample texture at extreme conditions
(high pressures and/or temperatures) and its evolution on further compression, temperature change

or any other type of action. Such characterization is of special interest for different branches of
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research at extreme conditions. It will make possible in-sifu examination of texture of minerals
present in the deep Earth and its evolution upon nonhydrostatic compression with the detailedness
presently not accessible by other techniques. Such information will permit conclusion about the
nature of seismic anisotropies observed in the Earth’s mantle. Also, it could help to quantitatively
investigate (i) kinetics of phase transitions and chemical reactions at high pressures and/or high or
low temperatures as well as (ii) relations between the crystallographic orientations of crystallites
of the forming phase and of those of the parent phase. Obviously, further improvement of the sig-
nal treatment and resolution of the 3D TDBS imaging permitting recovery of quantitative values of
shear sound velocities in the same time as longitudinal sound velocities and within the full imaged
volume will further extend the horizons of investigation of solids at extreme conditions. We be-
lieve that 3D images collected using the TDBS-ASOPS technique can be used for the verification
of 3D images obtained using the X-ray-based CT, especially for samples located in devices with a

limited access.

SUPPLEMENTARY MATERIAL

See supplementary material for the details about the distribution of the Brillouin frequency for
phases VI and VII of H,O ice, the detailed discussion on the coherence length of the probe laser

pulses, and the micro-Raman spectrometry of the water ice sample.
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APPENDIX: ESTIMATION OF THE EXPECTED BRILLOUIN FREQUENCIES IN
BOTH PHASES VI AND VII OF WATER ICE AT 2.15 GPa

At the room temperature and the pressure of 2.15 GPa, both phases VI and VII of H,O ice

)#34467-69 We give here details on the way the Brillouin frequen-

are coexisting (phase transition
cies have been estimated for both phases. The goal was to have at hand estimated values of the
expected Brillouin frequencies for the subsequent analysis of the experimental data. The error of
the estimates is overall not very small, especially because of the drastic change of properties the
sample material can exhibit at the phase transition. We do believe though that the below presented

strategy of extrapolation allows the 3D characterization of individual ice grains at high-pressure

and in two-phase region with an acceptable correctness.

The densities, reported in the first row of Tab. I, are deduced by interpolating the same data
than the ones used in Fig. 3 of Ref. 43 plotting the density of the various H,O forms as a function
of pressure. Uncertainties in the densities in Ref. 43 (also used in Ref. 44, wherefrom the elastic
constants were taken) are negligible in comparison with uncertainties of the elastic moduli. The
elastic constants are deduced by fitting and extrapolating to a pressure of 2.15 GPa the results
presented in Figs. 4 and 5 of Ref. 44. Thus, the accuracy of ~ £2%, reported in Ref. 44 for
the ratios of the elastic moduli and the density, results in ~ +2% accuracy in the moduli and in
~ £1% accuracy in velocities of the acoustic modes**. The refractive index of ice was evaluated

in Ref. 44 (Fig. 3) with the accuracy of ~ +2%.

To calculate the Brillouin frequency ranges, the density and the elastic constants are used to
solve the Christoffel equation for all possible propagation directions to get the minimal and maxi-
mal possible velocities for each acoustic mode in each phase of H,O ice. Then Eq. (1) is used to get
the minimal and maximal possible Brillouin frequencies in each case. Since the acoustic velocities
are known in any propagation direction of the CAPs, so do the Brillouin frequencies. Combining
the uncertainties in velocities and in the refractive indices, we could conclude that maximal and
minimal Brillouin frequencies in Table I and Fig. S1 (see Supplementary information) are deter-
mined with the uncertainties of ~ +3%. The uncertainty of the Brillouin frequencies confining
the overlap interval of the LA Brillouin frequencies in ices VI and VII, i.e. [27.5,29.4] GHz, can
be scaled respectively. Thus, the overlap interval shrinks but does not disappear ([27.5,29.4] GHz
= [28.3,28.5] GHz).
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