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Non-invasive fast imaging of grain microstructure of polycrystalline ceria with sub-micrometric spatial resolution is performed via time-domain Brillouin scattering. The propagation of a nanoacoustic pulse is monitored down to 8 µm deep in a 30×30 µm 2 area. Grains boundaries are reconstructed in three-dimensions via a two- step processing method, relying on the wavelet synchro-squeezed transform and the alphashape algorithm.

Imaging contrast is improved by taking advantage of stronger sensitivity to anisotropy of transverse acoustic waves, compared with longitudinal waves. Utilization of transverse waves in the image processing reveals additional boundaries that are not discerned using longitudinal waves, conrmed by an electron backscattering diraction pattern. A buried inclined interface between dierently oriented grains is identied by monitoring changes in amplitude (phase) of the portion of the signal associated with transverse (longitudinal) waves.

Estimates of the inclination angle of this interface prove the sensitivity of our laser ultrasonic method to image inclined boundaries.

Introduction

The photoacoustic (PA) eect, light energy conversion into coherent acoustic waves was discovered in the 19th century [START_REF] Bell | On the production and reproduction of sound by light[END_REF], immediately followed by the suggestion of its application to spectroscopic analysis of materials. However, not until the 1980's were methodologies such as PA spectroscopy [2] and 2-D PA microscopy [START_REF] Rosencwaig | Photoacoustics and Photoacoustic Spectroscopy[END_REF] developed as reliable materials characterization techniques. Commonly the PA technique is based on the conversion of absorbed laser light into acoustic waves via one or more energy conversion pathways, (e.g. thermoelastic or deformation potential piezoelectric transduction mechanisms) (Ref. [START_REF] Gusev | Laser Optoacoustics[END_REF] for a review). The detection of these generated acoustic waves is accomplished by a variety of approaches, with key examples including piezoelectric transduction and acoustic wave modulation of the phase, amplitude, or propagation direction of optical beams (Refs. [START_REF] Mcdonald | Photoacoustic, photothermal, and related techniques: A review[END_REF][START_REF] Scruby | Laser Ultrasonics Techniques and Applications[END_REF] for a review). In the case of surface light absorption, spatial resolution can be controlled by the focusing of the laser radiation [START_REF] Lepoutre | Coupled equations of modulated photothermal eects, hypotheses and solutions[END_REF] leading to what is called super-resolution [START_REF] Cretin | Super-résolution en microscopie photothermique et thermoélastique: extension du concept de champ proche[END_REF] and to the micron, i.e. optical, scale imaging [START_REF] Fournier | Micron scale photothermal imaging1Based on a paper presented as a plenary talk at Eurotherm Seminar No. 57[END_REF]. Potentially, the spatial resolution of the PA 2-D imaging could be reduced from micro to nano by applying near-eld optics techniques [START_REF] Atkin | Nano-optical imaging and spectroscopy of order, phases, and domains in complex solids[END_REF]. The origin of the contrast in imaging via 2-D PA microscopy or nanoscopy is due to variation in the optic, elastic, thermal and thermoelastic parameters which could inuence the conversion process of the pump light into coherent acoustic waves. Because these parameters are tied to crystalline imperfections, PA techniques provide a convenient and non-destructive approach to characterize material microstructure [START_REF] Hurley | Pump-Probe Laser Ultrasonics: Characterization of Material Microstructure[END_REF].

Most of the imaging techniques involving laser-generated coherent acoustic wave can be grouped according to their physical principles, into one of the three following categories: 1 -laser ultrasonic imaging (LUI), 2photoacoustic imaging (PAI) and 3 -time-domain Brillouin scattering (TDBS).
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In the rst category, imaging is achieved like in traditional pulse-echo ultrasound measurements, by launching coherent acoustic pulses (CAPs) from the sample surface into its volume, and detecting the acoustic waves transmitted/scattered by the sample inhomogeneities, defects and interfaces [1215]. Since the scattered/transmitted acoustic waves are carrying information on the distribution of the acoustic inhomogeneities in the sample, the contrast in LUI is acoustical, and the spatial resolution with depth is controlled by the duration (length) of the laser-generated CAPs. LUI can provide nanometer scale resolution by application of picosecond or femtosecond laser pulses both for the generation and detection of picosecond duration CAPs [1618].

In the second category, the local absorption of pump light photons penetrating in the material generates CAPs, proled with the encoded information on the inhomogeneity of light absorption coecient spatial distribution. The temporal shape of pulsed-laser-generated PA signal was evidenced in the 1970's to depend on the magnitude of the light absorption coecient [START_REF] Carome | Generation of acoustic signals in liquids by ruby laser-induced thermal stress transients[END_REF], leading the way to measure experimentally the light absorption coecient spatial distribution from the shape of the detected CAPs (Sec. 2.2 in Ref. [START_REF] Gusev | Laser Optoacoustics[END_REF]) and applied later for biological tissues study [START_REF] Cross | Time-resolved photoacoustic studies of vascular tissue ablation at three laser wavelengths[END_REF][START_REF] Oraevsky | Laser optic-acoustic tomography for medical diagnostics: Principles[END_REF]. The photo-generated acoustic waves deliver the encoded information to the detection region near or on the sample surface. PAI performs 3-D imaging at centimeters to micrometers spatial scales [2231].

In the acoustic-resolution imaging technique called photoacoustic tomography (PAT), neither the light nor the sound are tightly focused. Dierent implementations of PAT allow the spatial resolution to be scaled with the desired imaging depth in tissue while a high depth-toresolution ratio is maintained [START_REF] Wang | Photoacoustic Tomography: In Vivo Imaging from Organelles to Organs[END_REF].

PAT can achieve sub-millimeter resolution at depths up to several centimeters [START_REF] Wang | Photoacoustic Tomography: In Vivo Imaging from Organelles to Organs[END_REF][START_REF] Ku | Deeply penetrating photoacoustic tomography in biological tissues enhanced with an optical contrast agent[END_REF].

The third category is fundamentally dierent compared to both LUI and PAI techniques. This approach, known under the names of picosecond ultrasonic interferometry [START_REF] Grahn | Picosecond ultrasonics[END_REF]3436] and time-domain Brillouin scattering (TDBS) [START_REF] Gusev | Advances in applications of time-domain Brillouin scattering for nanoscale imaging[END_REF], is based on the interaction of probe light with CAPs propagating inside media that are transparent or semi-transparent at the probe wavelength. TDBS and frequency-domain Brillouin scattering dier by the physical origin of the acoustic waves scattering the probe light. Unlike frequency-domain Brillouin scattering, which involves light scattering from incoherent thermal phonons existing in each point of the media and propagating in all directions, TDBS involves light scattering from highly directional CAP beams. The parameters of the CAP beam, such as its frequency spectrum and the directivity pattern, can be controlled like in LUI, via the design of the optoacoustic transducers (OAT) and the choice of the pump light characteristics and optical focusing [START_REF] Gusev | Laser Optoacoustics[END_REF]3638]. Application of ultrashort laser pulses, of picoseconds duration or shorter, provides opportunity to launch coherent acoustic waves in the GHz frequency range.

The coherent acoustic waves compose the CAPs, as small as nanometers to sub-micrometers length, that are obtained when the laser pulses are incident on either strongly absorbing materials (like metal or semiconductors with light penetration depths shorter than several tens of nanometers) or just nanometers thick absorbing lms/coatings on the transparent substrate. This length scale controls the axial (depth) dimension of the probe light scattering volume, i.e. the dimension along the propagation direction of the CAP.

The lateral dimensions of the scattering volume are controlled by the focusing of the pump light, because it determines lateral dimensions of the launched coherent acoustic beam and the angular spectrum of the emitted CAPs [START_REF] Gusev | Laser Optoacoustics[END_REF][START_REF] Nikitin | Directivity patterns and pulse proles of ultrasound emitted by laser action on interface between transparent and opaque solids: Analytical theory[END_REF].

3-D imaging by TDBS is achieved by scanning the co-focused pump and probe laser beams along the surface of a sample. The lateral resolution is controlled by the overlapping pump and probe foci. TDBS was rst successfully applied to imaging in transparent media with spatially localized inhomogeneities [4044].

Following these seminal studies, the TDBS technique has been extended to 2-D and 3-D imaging of the continuously distributed inhomogeneities in nanoporous materials [START_REF] Mechri | Depth-proling of elastic inhomogeneities in transparent nanoporous low-k materials by picosecond ultrasonic interferometry[END_REF][START_REF] Lomonosov | Nanoscale Noncontact Subsurface Investigations of Mechanical and Optical Properties of Nanoporous Low-k Material Thin Film[END_REF], ion-implanted semiconductors and dielectrics [4749], texture in polycrystalline materials [START_REF] Nikitin | Revealing sub-M m and M m-scale textures in H 2 O ice at megabar pressures by time-domain Brillouin scattering[END_REF][START_REF] Kuriakose | Picosecond laser ultrasonics for imaging of transparent polycrystalline materials compressed to megabar pressures[END_REF] or inside vegetable and animal cells

[5254], and temperature proles in liquids [START_REF] Chaban | Time-domain Brillouin scattering for the determination of laser-induced temperature gradients in liquids[END_REF].

All these experiments conrmed that, when the CAP is reected/transmitted by an interface between two transparent media, a TDBS signal can change both
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in periodicity and amplitude. Changes in periodicity are due to dierent acoustical and dierent optical properties in each medium. Amplitude changes are additionally due to dierent acousto-optical parameters in each medium as well as acoustical and optical impedance mismatches across interfaces. The characterization of the spatial orientation of plane interfaces or, more generally, imaging of complex non-plane interfaces by TDBS in the bulk of a medium, has emerged quite recently in relation to polycrystalline materials with application in the energy industry [5658], following earlier experiments where the surface acoustic waves generated and detected by ultrafast lasers were applied for the imaging of grain boundaries on the surface of a medium [START_REF] Hurley | Time-resolved surface acoustic wave propagation across a single grain boundary[END_REF].

In Ref. [START_REF] Khazov | Subsurface imaging of grain microstructure using picosecond ultrasonics[END_REF], a 2-D image of a subsurface grain boundary in a polycrystalline UO 2 sample was obtained due to the variations of both the frequency and the amplitude of a monochromatic Brillouin oscillation, when CAP was crossing the boundary. In [START_REF] Wang | Nondestructive characterization of polycrystalline 3D microstructure with time-domain Brillouin scattering[END_REF], the 3-D TDBS imaging was applied to the evaluation of the elastic constants of CeO 2 and determination of the crystallographic orientation of the grains on the surface of the sample. It was demonstrated that TDBS imaging with a quasi-transverse acoustic (TA) pulse can be more sensitive to grain orientation than TDBS imaging with quasi-longitudinal acoustic (LA) pulse. 3-D orientation of the subsurface boundary by TDBS imaging with LA mode was also reported. Finally, it has been demonstrated very recently [START_REF] Wang | Imaging grain microstructure in a model ceramic energy material with optically generated coherent acoustic phonons[END_REF] that complete orientation of the surface grains can be obtained by measuring how the polarization of the probe beam inuences the detected signal amplitude in the TDBS imaging. These recent studies on imaging grain microstructure with TDBS lead to the ability of 3-D imaging of grains and grains boundary in large volumes of polycrystalline materials. Yet, the complete 3-D imaging in a large volume (about 7 200 µm 3 here) remains to be addressed, due to the current lack of a dedicated and robust signal processing analysis routine and image reconstruction procedures. In this manuscript we present a method for ecient and complete 3-D image reconstruction of grain microstructure in polycrystalline CeO 2 .

The CeO 2 sample and the experimental scanning system are described in Sec. 2. Materials and Methods

Sample and experimental setup descriptions

The sample studied is a cubic polycrystalline cerium dioxide (or ceria) CeO 2 , with an optical refractive index n = 2.37 at probe wavelength λ = 535 nm, estimated from the measurements (in good agreement with [START_REF] Chiu | Optical and electrical characterizations of cerium oxide thin lms[END_REF], see appendix for details). The sample was annealed at 1650°C to promote grain growth (see Ref. [START_REF] Wang | Nondestructive characterization of polycrystalline 3D microstructure with time-domain Brillouin scattering[END_REF] and supplementary materials for details), the average grain size being ∼20 microns. A focused ion beam was used to put down ducial marks. The crystallite orientation was obtained using electron backscatter diraction. The ducial marks are visible optically and in the EBSD micrograph and are used to locate specic grains. A 20 nm-thick gold layer was coated to serve as an opto-acoustic transducer (OAT). Ceria, which is optically isotropic and elastically anisotropic because its crystalline structure is cubic, provides a model material for demonstrating enhanced imaging using transverse acoustic waves, without the complication of optical birefringence. In the case of birefringent materials, i.e. optically anisotropic crystals, polarimetry measurements would be required to distinguish ordinary from extraordinary light contributions to the TDBS signal. Moreover, refraction of the probe light at the interface between dierently oriented grains would modify the scattering eciency in the deepest grain, while in the presented case there is no refraction of light at the interface. placed on a displacement stage, and due to the speed of a single-point measurement, a scan lasting less than ve hours is realized on a 30 × 30 µm 2 zone, with a lateral resolution of 0.469 µm. Probed depth reaches 8 µm in the most favorable cases, with an axial (i.e. along the depth) resolution of about 0.75 µm (more details on depth of imaging can be found in the supplementary materials).

Time-domain Brillouin Scattering (TDBS)

The TDBS method aims to study materials, transparent or partially transparent to the wavelength of the probe laser beam λ probe , by monitoring the propagation of a coherent acoustic pulse (CAP), generated in the OAT by the pump laser pulse. The thermo-elastic mechanism is responsible for acoustic wave generation:

the pump laser pulse is focused on the surface of the OAT, inducing a fast temperature rise (heating) hence deformation of the material by thermo-elastic stresses. This process generates acoustic waves that can be considered plane (large lateral-distribution-to-acoustic-pulse-length ratio) and that propagates in the OAT, normally to the free surface, and reach the interface OAT/CeO 2 , where the acoustic waves are transmitted in ceria. In our case, the time-delayed probe laser pulse is focused on the same side as the pump laser.

In the TDBS imaging experiments reported here, a portion of the probe light reected from the propagating CAP is measured via heterodyning with the portion of the probe light reected from the OAT [Figure Periodicities of these oscillations are related to the phase shifts acquired by the probe light when scattered from the acoustic pulses travelling in the media. For a probe beam parallel to the direction of the acoustic pulse propagation, the frequency f B of the Brillouin oscillations is linked to the velocity v of the propagating pulse optical refractive index n at probe wavelength, by:

f B = 2 n v λ probe . (1) 
When depth proling with TDBS, the information from dierent spatial positions along the acoustic pulse propagation path inside the sample is obtained. The phase of the probe light scattered by the CAP contains the information on the product of the local optical refractive index by the local acoustic velocity [START_REF] Grahn | Picosecond ultrasonics[END_REF][START_REF] Thomsen | Picosecond interferometric technique for study of phonons in the brillouin frequency range[END_REF][START_REF] Gusev | Advances in applications of time-domain Brillouin scattering for nanoscale imaging[END_REF][START_REF] Mechri | Depth-proling of elastic inhomogeneities in transparent nanoporous low-k materials by picosecond ultrasonic interferometry[END_REF][START_REF] Lomonosov | Nanoscale Noncontact Subsurface Investigations of Mechanical and Optical Properties of Nanoporous Low-k Material Thin Film[END_REF][START_REF] Gusev | Depth-proling of elastic and optical inhomogeneities in transparent materials by picosecond ultrasonic interferometry: Theory[END_REF]. The amplitude of the scattered light also contains localized information on the components of the photo-elastic tensor, which determines the strength of acousto-optic interaction [START_REF] Gusev | Advances in applications of time-domain Brillouin scattering for nanoscale imaging[END_REF][START_REF] Lomonosov | Nanoscale Noncontact Subsurface Investigations of Mechanical and Optical Properties of Nanoporous Low-k Material Thin Film[END_REF][START_REF] Steigerwald | Semiconductor point defect concentration proles measured using coherent acoustic phonon waves[END_REF][START_REF] Fabelinskii | Molecular Scattering of Light[END_REF][START_REF] Dil | Brillouin scattering in condensed matter[END_REF].

Three acoustic quasi-modes can be launched in the elastically anisotropic ceria: a quasi-longitudinal acoustic (LA), a slow transverse acoustic mode (sTA) and a fast transverse acoustic mode (fTA). Generation eciency of transverse acoustic waves has been recently studied in Ref. [START_REF] Wang | Shear wave generation by mode conversion in picosecond ultrasonics: Impact of grain orientation and material properties[END_REF]. By considering multiple crystallite orientations, an estimate of the Brillouin frequency (BF) range can be obtained for each acoustic mode (Table 2). More details on the computation of this BF intervals are given in the supplementary materials. In the following, transverse modes with frequencies falling in the common BF interval [26. 79 37.97] GHz are labeled as TA, while modes above this interval can be unambiguously labeled as fTA modes. (FIR) bandpass lter with a passband in the range [25 -75] GHz tuned to the expected BF of table 1. The initial electronic peak in the signals, corresponding to the overlapping time of both pump and probe laser pulses, is removed since it is not related to the acoustic contribution. The rst 14,3 ps are cut to remove the electronic response near t = 0 ns, meaning that the rst nanometers in contact with the gold nanolayer (OAT) are not used (i.e. considered homogeneous) for the depth vector reconstruction. Finally, to estimate and subtract the remaining contribution of the thermal processes, we apply a local linear regression method (LOESS from MATLAB) over 500 points (0.24 ns) to the ltered peak-free signal. This treatment is applied to all the 3600 signals of the scan presented in this paper. The signals coming out of these three steps of ltering, referred to as the acoustic signal, are considered to contain exclusively the acoustic contribution of the signals and are further processed as discussed in the following.

On the processing of the acoustic signals: slicing

The slicing of each acoustic signal, to study the evolution of their frequency content as a function of time, is performed via the wavelet synchro-squeezed transform (WSST) [START_REF] Daubechies | Synchrosqueezed wavelet transforms: An empirical mode decompositionlike tool[END_REF][START_REF] Auger | Time-Frequency Reassignment and Synchrosqueezing: An Overview[END_REF]. This tool aims to narrow the time-frequency representation obtained with the wavelet transform by re-allocating the spectrum energy along the frequency axis only. Such WSST tools are used, in combination with ridge extraction, to reconstruct the temporal behaviour in time of a superposition of AM/FM modes, in a noisy signal [START_REF] Meignen | On Demodulation, Ridge Detection and Synchrosqueezing for Multicomponent Signals[END_REF][START_REF] Meignen | Synchrosqueezing transforms: From low-to high-frequency modulations and perspectives[END_REF].

Applications to paleoclimate datas [START_REF] Thakur | The Synchrosqueezing algorithm for time-varying spectral analysis: Robustness properties and new paleoclimate applications[END_REF] showed the robustness of this method, now extended to a variety of signal decomposition problems [START_REF] Bause | Ultrasonic waveguide signal decomposition using the synchrosqueezed wavelet transform for modal group delay computation[END_REF][START_REF] Hazra | Fault detection of gearboxes using synchro-squeezing transform[END_REF]. Performing a ridge extraction, extraction of the maximum-energy time-frequency ridge of the spectrum, oers the possibility to evaluate with precision the BF of the acoustic mode studied, for each time step. The elegance of the WSST is found in its capacity to oer a clear enough spectrum so that 3 ridges extraction can be performed, as long as these ridges are suciently separated in frequency (refer to the denition 3.2 on intrinsic mode components separation in Ref. [START_REF] Daubechies | Synchrosqueezed wavelet transforms: An empirical mode decompositionlike tool[END_REF] for further details). The ridge is extracted along the full measurement time, but only the points of the ridge with energy amplitude over a -68 dB threshold value are kept.

For example, the reconstruction of a single-frequency signal is depicted in Fig. 2 The LA mode contribution is plotted with respect to depth, the depth vector being reconstructed with Eq. 3 , while in the case of TA mode, the volume occupied by the voxels is 680 µm 3 , hence the minimal grain volume is of about 34 µm 3 . These estimates seems to be acceptable in our case since grains are expected to have larger volumes, the smallest grain being depicted by the blue grain reconstructed by TA detection in Fig. 3(g). The number of grains, and the associated BF intervals bounding the gathered voxels, are estimated via a segmentation method inspired from Otsu's work (details can be found in supplementary materials) [START_REF] Otsu | A Threshold Selection Method from Gray-Level Histograms[END_REF]. This method identies each cloud of voxels containing common BF that are used as an input to the alphashape algorithm [START_REF] Edelsbrunner | On the shape of a set of points in the plane[END_REF][START_REF] Edelsbrunner | Three-dimensional alpha shapes[END_REF]. This algorithm relies on a constraining parameter 1/α, linked to the radius of a sphere, to shape convex and non-convex envelope of the cloud of voxels. Hence an innite radius leads to the convex hull of the cloud of voxels, while a zero radius gives the cloud of voxels itself (no envelope). The dierent envelopes obtained between these two particular cases are named the family of alphashapes of the cloud of voxels. In the following analysis, the radius is set as twice the lateral spatial resolution of the scan, thus 1/α = 1 µm. The shaping of each cloud of voxels containing common BF-segmented interval oers a volumetric representation of all the boundaries of a single grain (see Fig. 3 and related discussions in the following section).

Results and discussion

3D imaging enhanced with transverse waves

The signal shown in Fig. 2(a), which corresponds to a grain with no subsurface boundaries within the interrogation volume, is used to assess the maximal depth of imaging of our system. This depth is ∼8 µm, attributed to the TDBS imaging coherence penetration depth of the probe laser (details in supplementary materials). The signal shown in Fig. 2 upshifted. This sudden drop in amplitude of the TA mode after transmission into the second, subsurface grain is the signature of: either large angle, o-axis refraction of the TA mode such that the interaction with the probe is vanishingly small, or small photoelastic coupling in the new grain with dierent orientation.

In the specic case of the signal (d-e) in Fig. 2 z -axis (depth) scales are enlarged for better visualization, the ratio between the z -axis and the x -and y-axes are 1/6 in Fig. 3(e) and 1/12 in Fig. 3(f-g). Concerning the axial (depth) resolution, its estimation depends on the acoustic quasi-mode studied, since it is linked to the temporal resolution of the corresponding wavelet in the WSST. However, the acoustic velocity (and hence BF) ratio between the TA waves and the LA ones being close to 2 leads to approximately 0.75 µm resolution for both a LA wave detected at 64 GHz and a

TA wave detected at 34 GHz, while the temporal resolution of the wavelet is such that it includes at least 6 full oscillations of the associated BF wavelength.

The use of the alphashape algorithm oers the possibility to estimate the volume of the reconstructed grains (Tab. 2). The uncertainties are obtained using the denition of the alphashape: the radius of the sphere used to shape our voxels clouds is 1 α = 1 µm thus the volume uncertainty is linked to the volume of the corresponding sphere of radius 1 µm. When detected, the stronger sensitivity to anisotropy of the TA modes oers an imaging contrast that was not achieved by monitoring the LA mode, as evidenced in the upper part of Fig. 3(a-c). Looking to the rst slices of the processing, the LA mode results in Fig. 3 the sTA mode propagation [blue grain in Fig. 3(c)]. In this specic grain, all the three possible acoustic quasi-modes are monitored, oering the possibility to estimate its crystalline orientation in the laboratory frame [START_REF] Chung | The determination of the orientation of cubic crystals from measured sound velocities[END_REF][START_REF] Duda | Application of ultrasonic measurements to determine the orientation of crystalline samples[END_REF].

Another example of the imaging enhancement permitted by TA modes detection is given in Fig. 3(c) where two grains, that were originally imaged as one grain on the LA mode results [Fig. 3 

3(a)

]. Finally, thanks to the additional information obtained with the TA modes, a complete view of the ceria polycrystal is achieved by TDBS and is in a very good agreement with the EBSD pattern measured on the surface of the sample [Fig. 3(d)]. The imaging contrast provided by the TA modes leads to the detection of the same number of grains as the EBSD pattern. The extension of these observations from the OAT vicinity to the depth of the grains, with the alphashape 3-D results shown in Fig. 3(e-g), presents the evolution of the grains boundaries with depth. The 3-D representation obtained with the LA mode sheds some light on a small grain appearing only in the depth of the sample (from 6 to 8 µm deep), below the violet one, with a BF close to the interval of the orange grain hence colored in orange in Fig. 3(e). Such deep transition from one grain to another, not visible using electron microscopy without destructive serial section, highlights the capacity of the TDBS technique to image grain microstructure nondestructively in 3D. The 3-D alphashapes results appear as a suitable representation to locate buried inclined interfaces between dierently oriented grains. One such surface is found to be between the orange (upper) and yellow (lower) grains of the LA mode alphashape [Fig. 3 (e)], located in the center of the scanned area and between 2 to 3 µm deep. Evidenced by both the LA and one TA modes, the inclination of this interface can be assessed by following the behavior of the TDBS signals in the vicinity of this area, one of the signals being represented in Fig. 2(d). As already mentioned, such signals are sensitive to the crossing of the interface by the acoustic pulse and is evidenced by the frequency shifting of the LA mode and the amplitude drop to the noise level of the TA mode. The situation when a CAP is incident on an inclined boundary between dierently oriented grains leads to the reection and refraction of the CAP (and not of the probe light due to the optical isotropy of ceria), and could lead to the mode-conversion of the incident CAP into up to three reected and transmitted CAPs with dierent polarizations [START_REF] Gusev | Theory of time-domain Brillouin scattering for probe light and acoustic beams propagating at an arbitrary relative angle: Application to acousto-optic interaction near material interfaces[END_REF]. For the interface inclinations observed in this manuscript, the propagation directions of the reected CAPs deviates more importantly than the directions of the transmitted CAPs, in comparison with the most ecient detection direction, i.e., the propagation direction of the probe light. The reason of these detection reductions is linked to the eciency of the light scattering by the CAP (acousto-optic interaction), being reduced due to the deviation from the momentum conservation law of the photon-phonon interaction. This deviation from the optimal scattering geometry results in the weakening of the scattering of the probe light and thus of the heterodyne detection, causing a diminution of the amplitude of the TDBS signal. Thus, an abrupt decrease to the noise level of the contribution to the TDBS signal from the reected CAP is owing to its deviation from the propagation 10 direction of the probe light (which is about 2θ in weakly elastically anisotropic crystals like ceria), while the transmitted CAP contribution is "only" weakened for the discussed small angles. Considering small angles results in signicantly smaller refraction angles of the CAP in comparison with the reection angles. Because of the low elastic anisotropy of ceria, its Zener ratio being α r = 2C 44 /(C 11 -C 12 ) = 0.4 [START_REF] Wang | Nondestructive characterization of polycrystalline 3D microstructure with time-domain Brillouin scattering[END_REF], the contribution to the TDBS signal of the mode-converted transmitted CAP is considered conned to the contribution of the transmitted LA mode only. On one hand, low anisotropy could lead to weak mode-conversion, and, on another hand, the resulting transmitted TA waves would be composed in minority of a longitudinal component, which is the component eciently scattering the probe light for the heterodyne detection, and in ma jority of transversal components, eciently depolarizing the probe light, i.e., precluding it for being detected. In conclusion, for the experiments reported in this manuscript, the contributions to the TDBS signal of the reected and the mode-converted transmitted TA waves are considered to be too small to be accounted for, even thought they are existing.

Buried interface inclination estimation

A representation of the buried surface at which the frequency shifting in the LA occurs is shown in Fig. 4(a). Similarly, a representation of the buried surface at which the amplitude drops for the TA mode shown in Fig. 4(b). Note that the absolute depth at which the buried surface is nd from LA and TA mode are slightly shifted, due to the blind zone in the rst ps of the temporal signals, while this is not inuencing the inclination angle recovery. Fitting the least-mean square plane to each surface gives access to a plane from which the mean inclination angle (with respect to the gold OAT, z=0 µm plane) is estimated via its outward normal. Results obtained from the frequency shifting of the LA mode [Fig. 4 Hence a good agreement between the tted planes to the LA and TA modes surfaces, and the alphashape reconstruction, allows estimation of the inclination of this interface to be of about 23.5 ± 0.5°with respect to the z=0 µm plane.

Conclusions

A method to reconstruct the 3-D grains boundaries of a polycrystalline ceria (CeO 2 ) sample, down to 8 µm depth, from opto-acousto-optic measurements, has been implemented. This technique provides opportunity to recreate an accurate 3-D image of grains and their respective boundaries. Time frequency tools are developed for the reconstruction of the temporal contribution to the measured signal of each possible acoustic mode independently. Grain boundary identication has been enhanced by monitoring of the acoustic quasi-transverse modes, highlighting boundaries that were not visible via quasi-longitudinal mode detection only. This new signal processing method opens the possibility of non-destructive, in situ visualization of grain shape and its evolution beneath the surface. The angle of a buried inclined interface between two dierently oriented grains is estimated to be about 23.5°. Extraction of such fundamental information (size and orientation) has application in the characterization of in-situ/real-time microstructure evolution in extreme environments including high temperature and pressure, high magnetic and electric elds, and harsh irradiation environments. Originally, Otsu's segmentation method [START_REF] Otsu | A Threshold Selection Method from Gray-Level Histograms[END_REF] was used in image processing to separate foreground and background using the grayscale of an image.

Each pixel of the image is converted into an intensity value between one and 256 and then the histogram repartition of the intensity is plotted.

To separate the background pixels from the foreground ones, a threshold in the [START_REF] Bell | On the production and reproduction of sound by light[END_REF]256] intensity scale is obtained automatically by nding the location of the maximum value of the variance between the histogram's bins. This segmentation of the histogram, between the pixels that contribute to the foreground and the ones that contribute to the background, splits the histogram in two equivalent parts with one threshold. Inspired by this method, the histogram repartition of the voxels, from the 4-D sliced output of the slicing post-processing part (Sec. 2.4), is plotted for each acoustic quasi-mode.

The bin number and frequency edges are dened by the frequency resolution of the wavelet synchro-squeezed transform, thus dened by the wavelet lter bank used to compute the continuous wavelet transform prior to synchrosqueezing. Such parameter is controlled by the "number of voices per octave" dened in MATLAB's documentation on the continuous wavelet transform. In our specic case, the aim is to locate the frequency intervals containing high occurrence bins. A grain is dened by a volume that contains a considerable amount of voxels having the same BF.

First, a threshold is dened as 5% of the total voxel amount in the histogram (solid red horizontal curve in Fig. 7), and the local maxima (red arrows in Fig. 7) are obtained by looking for peaks in the curve passing through all the bins (black solid curve in Fig. 7) having a prominence higher than half the threshold.

Depending on the distribution of the bins surrounding the local maxima, two scenarios are possible. First, if the occupancies of the two surrounding bins are below the threshold, the BF interval dening this grain include the three bins. This case can be observed in the two high BF intervals in Fig. 7(a), and the low BF interval in Fig. 7(c). Secondly, if the surrounding bins have an occupancy above the 5% threshold, then closer attention needs to be given to the voxels repartition. If only one neighbouring bin is higher than the threshold, then the BF interval is shifted compared to the interval centred on the local maxima, along the frequency axis, in a direction towards the neighbouring bin with occupancy higher than the threshold. Such a situation is depicted by the low frequency BF interval in Fig. 7(a). Finally, if all the occupancies of all the neighbouring bins are above the threshold, the gradient of the occupancy curve is computed and is used to locally separate the two highest bins, and split in two BF intervals, hence in two grains, like in the case of the fTA mode depicted in Fig. 7(b). The nal BF intervals dening the grains of our ceria scan are depicted by vertical dashed green lines in Figs. 7, and the associated values are gathered in table 4.

Each bin with occupancy above the threshold value could have been treated separately but would have nally appeared, from the alphashape output, as enveloping each other like the dierent layers of an onion.

This could be justied by the fact that, when the BF is estimated close to a boundary between two grains, it could be slightly shifted due to the nite width of the window used for processing. 
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Figure 1 :

 1 Figure 1: (a) Schematic of the experimental TDBS imaging system (JAX-M1) commercialized by NETA (France). b) Schematic of the probe beam reections in TDBS (reection conguration): two stationary reections occur at the OAT interface, while a third weaker reection occurs at dierent depth along the propagating path of the acoustic pulse. A buried inclined boundary between two grains is represented in the right part of the polycrystal's schematic. (colors needed)

  Measurements of the transient reectivity signals were done using a pump-probe Asynchronous Optical Sampling (ASOPS) system: the JAX-M1 commercialized by NETA [6163] [Figure 1 (a)]. The setup is composed of two Yb:KYW mode-locked laser cavities, emitting femtosecond laser pulses. The pulse delay between the two lasers is accomplished electronically by changing the pulse repetition rate of replica laser keeping the source laser repetition rate xed. The dierence in the frequency of repetition between the two lasers, or the beat frequency, is set to ∆f = 500 Hz. Both pump and probe beams are focused, using a ×50 microscope ob jective lens, on the free surface of the gold coated sample. Only the second harmonics of the laser sources are used. The wavelength of the probe is λ probe = 535 nm, while that of the pump is λ pump = 517 nm. To monitor the relative optical reectivity change ∆R/R caused by the propagating CAP, the backscattered probe light is directed to a photodiode where it interferes with static reections of the probe beam on the sample surfaces [Fig.1(b)]. The automatic scan and signal acquisitions are realized using NETA's built-in software. More details on the ASOPS-based setup can be found in [61]. The sample being

  1 (b)]. This Brillouin scattering of probe light contributes to the total variations of the transient reectivity and gives rise to an oscillating component in time, due to the interferences with stationary scattered light.

Figure 2 :

 2 Figure 2: Analysis of two typical acoustic signals of the scan (a-c) and (d-h). (a) Acoustic signal (blue signal and x -axis) and reconstructed LA contribution (red signal and x -axis) of the signal located at coordinates (25.79 µm, 23.45 µm) in the scan. (b) Associated WSST and extracted ridge (dashed white line on the spectrogram). (c) Associated Fourier Transform (FT) of the full signals of (a). (d) Acoustic signal located at coordinates (9.38 µm, 11.72 µm). (e) Reconstructed LA (red, upper) and TA (green, lower) contributions to the acoustic signal (d). (f ) Associated WSST and ridges (white dashed lines on the spectrogram) of the acoustic signal (d). (g) Associated WSST and ridges (white dashed lines on the spectrogram) of the reconstructed LA (red) and TA (green) contributions (e), zoomed on the frequency of interest. (h) Associated Fourier Transform (FT) of the full signals (d) and (e) related by their colors. The depth vectors are reconstructed from the instantaneous frequency of the ridge extracted from the associated acoustic mode and Eq. 1, explaining the downsizing of the slower TA mode in the lower part of (e) and (g). (colors needed)

  (a). The acoustic signal measured at the position (x, y) =(25.79 µm, 23.45 µm) in the scan is represented in blue (with associated x -axis in blue); and the signal in red (with associated x -axis in red) correspond to the contribution of the LA mode to the acoustic signal. The temporal behavior of LA mode contribution is reconstructed from the ridge extracted in the spectrogram obtained with the WSST [Fig. 2(b)] by applying the inverse WSST (IWSST).

1Figure 3 : 2 . 5 .

 325 Figure 3: Imaging results: upper view (free surface of the sample) of the slicing output for each BF interval [Tab. 1] (a-c), electron backscattering diraction (EBSD) pattern of the scanned area (d), and 3-D alphashape representations (e-g) of the associated (color and order) BF interval (a-c). Showing the upper view of the 4D stacked representation from the slicing processing step of the (a) LA, (b) fTA and (c) TA modes (colors associated to the BF) oers the possibility to appreciate the good agreement between the rst slices and the EBSD pattern (d). The positions of the previously analysed signals are represented by a green star [Fig.2(a-c)] and red circle [Fig.2(d-h)]. The alphashape results evidence the reconstitution of 3 grains (1/purple, 2/orange and 3/yellow) with the LA mode (e), 2 grains (1A/salmon-red and 1B/beige) with the fTA mode (f ) and 3 grains (1A/blue, 2A/green and 2B/yellow) with the TA mode (g). One can identify how TA modes allows to identify smaller grains from bigger homogeneous ones imaged by LA modes. (colors needed)

  (d) oers insight into multi-component signals with BF in the LA mode interval as well as in the TA mode interval. The reconstruction of the temporal behavior [Fig. 2(e)], andits change with depth, associated with both acoustic modes gives the opportunity to extract complementary information used for the imaging. The boundary between two dierently-oriented grains is evidenced by the two modes via two dierent physical mechanisms. First, the LA mode is sub ject to an upshifting of its BF [Fig.2(g)] that can be attributed, following Eq. 1, to the increase of the LA mode velocity due to its transmission to a dierently-oriented grain. In parallel, the TA mode amplitude suddenly decreases to the noise level [Fig.2(e,g)] at the same corresponding depth (∼3 µm) at which the BF of the LA mode is

  (b), the amplitude drop is associated with the latter case, because the deepest grain has a [0 0 1] orientation and such an orientation preclude TA mode detection.The 4-D stacked, or slice-by-slice, representations obtained as an output of the slicing oers a mode-bymode view on the information of each extracted ridge, analogous to a loaf of sliced bread. Looking to such representation from the top gives a view on the rst few nanometers of the sample, i.e. the gold-coated surface of the ceria sample [Fig.3(a-c)]. One can identify the dierent grains from their associated BF (colors), white zones being attributed to signals with no exploitable results (photodiode saturation and or amplitude of the associated WSST ridge below the -68 dB threshold dened previously). These rst layers of the sample reconstructed can be directly compared to the EBSD pattern of the scanned area of the sample. The localizations of the two signals analyzed in Fig.2are represented, on these top views, as a green star [Fig.2(a-c)] and a red circle [Fig.2(d-h)]. Imaging results [Fig. 3(e-g)], output of the shaping, reconstruct the 3-D boundaries of the grains detected by each modes: the LA mode [Fig. 3(e)] brings out three main grains (1/purple, 2/orange and 3/yellow) while fTA/TA modes interval identies smaller ones insides these main LA grains. The fTA mode [Fig. 3(f )] deconstruct the 1/purple grain into three smaller ones: 1A/salmon-red, 1B/beige and a third one, 1C, that is evidenced thanks to the absence of detection of the fTA mode. The TA mode [Fig. 3(g)], similarly, deconstruct the 2/orange grain into three smaller ones: 2A/green, 2B/yellow and a third one, 2C, depicted by the absence of TA mode in it. Moreover, part of the 1A grain is reconstructed also with the TA mode as 1A/blue [Fig. 3(g)]. This grain presents the peculiarity of being imaged by the three acoustic quasi-modes: LA (a)-(e), fTA (b)-(f ) and sTA (c)-(g) [Fig. 3]. The

  (a) seems to indicate the presence of three main grains in the scanned area, at the interface gold OAT/CeO 2 . The same processing applied to the fTA [Fig.3(b)] and TA [Fig.3(c)] modes leads to a new interpretation of the LA mode results, highlighting the presence of smaller grains: the LA purple grain in Fig.3(a) is in fact composed of three grains, two of them being evidenced by the fTA mode results [Fig.3(b)], and one of the two being also imaged by monitoring

  (a)], with close, but dierent, BF of a TA mode are pictured in green and yellow. One can also deduce the presence of a third grain, 2C, located in the scan interval x = [0, 5] µm and y = [10, 20] µm, not detected in the TA representation (white space in Fig 3(c)), and included in the orange grain on the LA mode results [Fig.

Figure 4 :

 4 Figure 4: Inclined buried interface analysis. (a) Surface of frequency shifting of the LA mode (orange surface) and best (least mean square) tted plane (grey plane). (b) Surface of TA mode's ridge amplitude (in the WSST spectrogram) drop below the -68 dB threshold (green surface) and best (least mean square) tted plane (black plane). The red arrows depict the outward normal of the tted plane used to estimate the mean inclination angle of the surface. (c) Comparison of the alphashape LA mode results (yellow triangles mesh) and the two tted planes of (a-b). The blue arrows, with a square base, highlights the local normals used to estimate the averaged angle over the alphashape region. (colors needed)

  (a)] gives 23.3°, and from the amplitude drop of the TA mode [Fig. 4(b)] gives 23.2°. Comparisons of the alphashape result of the lower grain of the interface with the tted planes shown in Fig. 4(a) (LA mode) and Fig. 4(b) (TA mode) are shown in Fig. 4(c). A good agreement between the inclinations of the tted plane and the actual alphashape result is shown. The local normals of the alphashape's triangle mesh of the same area are determined (blue arrows) and the averaged angle between these local normals and the gold OAT gives a 23.8°inclined interface.

Figure 5 : 3 -

 53 Figure 5: 3-D slowness surfaces of the three possible acoustic quasi-modes to propagate in CeO 2 . Half of the polar angles are represented to obtain the cross-sectional view. (colors needed)

Figure 6 :

 6 Figure 6: 3-D surfaces of shear velocity ratio to LA. The fTA/LA velocity ratio surface is transparent for better visualization of the sTA/LA one. The possible orientations of the grain 1A, in which the 3 acoustic quasi-modes are monitored, are represented by red arrows (with black circle basis) in 1/8 of the surface. Due to symmetries in the cubic crystalline structure, 6 orientations with common velocity ratio are obtained. (colors needed)

Table 1 :

 1 Expected Brillouin frequency (BF) intervals to be detected with TDBS in the case of cubic ceria CeO 2 , for each acoustic quasi-modes, using elastic properties and density from[START_REF] Wang | Nondestructive characterization of polycrystalline 3D microstructure with time-domain Brillouin scattering[END_REF][START_REF] Wang | Imaging grain microstructure in a model ceramic energy material with optically generated coherent acoustic phonons[END_REF] 

	Acoustic mode	Frequency interval (GHz)
	LA	[58.77 -70.02]
	sTA	[26.79 -37.97]
	fTA	[26.79 -42.48]
	2.3. On the processing of transient reectivity signals

The raw transient reectivity signals are processed as follows. First they are ltered in order to isolate the acoustic contribution (oscillating part of the signal) from the total transient reectivity. A three-steps procedure starts by denoising the raw transient reectivity signals with a 48th-order nite impulse response

Table 2 :

 2 Volume estimates of the alphashape reconstructed grains.

	LA grains	Volume (± 4.2 µm 3 )
	1 (purple)	1 530
	2 (orange)	1 336
	3 (yellow)	1 901
	fTA grains	Volume (± 4.2 µm 3 )
	1A (salmon-red)	264
	1B (beige)	186
	TA grains	Volume (± 4.2 µm 3 )
	1A (blue)	97
	2A (green)	237
	2B (yellow)	344

Table 3 :

 3 Ceria's optical refractive index estimation.

	Acoustic mode	Frequency (GHz)	Ratio (to LA)	Associated v (m s -1 ) Deduced n
	LA	61.65 ± 0.47	/	6 958 ± 52	2.37 ± 0.04
	sTA	30.37 ± 0.23	0.4925 ± 0.008	3 428 ± 33	2.37 ± 0.03
	fTA	40.15 ± 0.3	0.6515 ± 0.01	4 537 ± 97	2.37 ± 0.07
	Supplementary materials on histogram segmentation inspired by Otsu's work for grains identication

Table 4 :

 4 Ceria's grain intervals determined.

	LA mode	Frequency (GHz)
	LA 1	[61.19 ; 63.05]
	LA 2	[64.91 ; 66.77]
	LA 3	[67.70 ; 69.56]
	fTA mode	Frequency (GHz)
	fTA 1	[38.5 ; 40.18]
	fTA 2	[40.18 ; 41.30]
	TA mode	Frequency (GHz)
	TA 1	[29.76 ; 30.70]
	TA 2	[31.64 ; 33.05]
	TA 3	[33.05 ; 33.99]
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Supplementary Materials

Supplementary materials on the 3-D slowness surfaces of ceria (CeO 2 ) and optical refractive index estimation Up to three acoustic quasi-modes can be generated in the cubic polycrystal CeO 2 . The determination of the associated BF intervals requires the estimation of the fastest and slowest acoustic velocities for each quasi mode. To achieve this, the Christoel equation is solved and the velocities v associated to any direction are given by the roots of the secular equation (following Ref. [START_REF] Royer | Elastic Waves in Solids I: Free and Guided Propagation[END_REF] -Chapter 4 notation):

with Γ ij Christoel's tensor, ρ ceria's density and δ ij the Kronecker symbol. The elastic constants (C 11 = 451 GPa, C 12 = 119 GPa and C 44 = 66 GPa) and the density ρ = 7.22 g cm -3 are given in Ref. [START_REF] Wang | Nondestructive characterization of polycrystalline 3D microstructure with time-domain Brillouin scattering[END_REF]. The 3-D slowness (inverse of velocity) surfaces of the three quasi-modes are plotted in Fig. 5 which shows how much faster the LA waves (inside surface -red) are compared to both TA ones. The slowness surfaces also clearly depict that both TA modes are more sensitive to changes in the propagation direction with respect to the crystal principal axes than the LA mode. The results of table 1 are obtained by applying Eq. 1 to the fastest and slowest velocities of each mode, leading to the presented estimates of the BF intervals.

Determination of the optical refractive index n, of our ceria sample, to the probe wavelength λ= 535 nm is made possible thanks to the detection of the three acoustic quasi mode in a specic grain of the area scanned, located in the spatial interval x = [0, 5] µm, y = [START_REF] Cross | Time-resolved photoacoustic studies of vascular tissue ablation at three laser wavelengths[END_REF]25] µm, 1A in Fig. 3. Indeed, from the slowness surfaces, it is possible to represent the two surfaces of shear velocity ratio to LA for the two TA modes [Fig. 6]. In Eq. 1, λ and n are xed, thus the ratio of velocities is equal to the ratios of the BFs. These two ratios are used to locate, in the two surfaces of shear velocity ratio to LA the possible orientations and thus the associated acoustic velocities. Finally, by isolating n in Eq. 1, the optical refractive index can be estimated for the probe wavelength. Table 3 gives the values obtained with their associated uncertainties given by the frequency resolution of the ridge extracted in the WSST, the BF interval being associated to the corresponding frequency bin in the histogram of the segmentation method (see next section for more explanations).

Supplementary materials on the depth of imaging limitations

Grains 3-D imaging results obtained in Fig. 3 appear to be imaged down to a depth of about 8 µm deep in the best cases. This limitation of the depth of imaging can be attributed to the coherence length of the probe laser beam, rather than other physical mechanisms such as the acoustic wave attenuation or the probe 

with A the amplitude, f LA B = 61.52 GHz the BF of the LA mode obtained from the Fourier transform of the full acoustic signal, φ the phase, τ c the coherence time of the probe laser pulse and α the acoustic absorption coecient, of the signal.

Estimation of the coherence time from the tting gives τ c = 1.16 ± 0.012 ns, the uncertainty being estimated with the 95% condence interval of the tting. Such a value can be checked from the relation between the coherence time and the duration of the probe laser pulse τ probe : (

From this second method, the estimated coherence penetration depth is evaluated as L probe c = 8.04 ± 0.13 µm, close to the previous estimate and in good agreement with the deepest observed 3-D images of the grain in the main text. The obtained t is not improved by including the acoustic absorption since the tted value for α is going to zero when not limited with a lower physical bound equal to 0. Hence the limiting factor for the depth of imaging arise from the penetration depth of the probe laser beam coherence.