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Monday 9 July
09:00 Registration and refreshments

Foyer
1a: Photo Acoustics

Room A09
11:00 (Invited) Photoacoustic detection using optically resonant cavities for biomedical imaging and sensing
P Beard, University College London, UK
11:40 Multimodal photoacoustic and fluorescence microscopy employing a diode laser
G Langer, Research Center for Non-Destructive Testing GmbH, Austria
12:00 Photoacoustic temperature imaging based on multi-wavelength excitation
L Meng, KU Leuven, Belgium
12:30 Lunch

Foyer
2a: Biomedical

2b: NDE

Room A09

Room B01

13:30 (Invited) Brillouin microscopy: a new tool to
study mechanobiology of cancer
T Dehoux, Université Claude Bernard Lyon1,
France

Welding in-process monitoring using Rayleigh wave
propagating along groove
T Hoshi, Toshiba Energy Systems & Solutions Corporation,
Japan

13:50

In-line inspection of friction stir welds using laser
ultrasonic testing
M Klein, Optech Ventures, USA

14:10 Cytomechanics of Acanthamoeba castellanii by
phonon microscopy
F Perez-Cota, University of Nottingham, UK

In-situ measurement of weld pool depth during TIG
welding using laser ultrasonic
S Asai, Osaka University, Japan

14:30 In vivo medical and on-wing aerospace
diagnostics: laser ultrasonic fibre-transducers
S La Cavera III, University of Nottingham, UK
15:00 Refreshment break

Foyer
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3a: Ultrafast & Nano

3b: Biomedical

Room A09

Room B01

16:00 Nanoscale profiling of sound velocity and
refractive index in liquids and solids with
picosecond ultrasonics using automated angle
scanning
M Tomoda, Hokkaido University, Japan

High-resolution three-dimensional all-optical ultrasound
imaging system based on a Fabry-Perot scanner
K Pham, University College London, UK

16:20 Time-resolved pump-probe and numerical
modelling of picosecond ultrasonicin freestanding metallic membranes
H Zhang, Advanced Research Center for
Nanolithography, The Netherlands

Anisotropic sub-ghz phonon propagation in fibrous plant
cell walls
T Dehoux, Université Claude Bernard Lyon1, France

16:40 Impact of picosecond strain pulses on the
ultrafast phase transition in vanadium dioxide
nanohillocks
I A Mogunov, Ioffe Institute, Russia

The challenges of imaging living cells with laser
ultrasound
R J Smith, University of Nottingham, UK

17:00 Nanoparticle acoustic transducers: superresolution imaging / localisation technique
R Fuentes-Dominguez, University of
Nottingham, UK
18:00 Welcome Reception

The Hemsley
Sponsored by
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Tuesday 10 July
08:30 Registration

Foyer
4a: NDE/Flaw detection

Room A09
09:00 (Invited) Industrial use cases of laser ultrasound at RECENDT
B Reitinger, Research Center for Non Destructive Testing GmbH (RECENDT), Austria
09:40 Detection of machined and real flaws under rough surface in laser metal deposition samples thanks to laser
ultrasonics system
C Millon, CEA-List, Saclay, France
10:00 In-line inspection of additive manufactured parts using laser ultrasonics
M Klein, Optech Ventures, USA
10:30 Refreshment break

Foyer
5a: Ultrafast & Nano

5b: NDE (additive)

Room A09

Room B01

11:00 (Invited) Time-resolved imaging of gigahertz
surface acoustic waves: recent development
and applications
O Matsuda, Hokkaido University, Japan

Non-destructive evaluation of additively manufactured
materials – towards online inspection for selective laser
melting
R Patel, University of Nottingham, UK

11:20

Laser-ultrasonic and laser shock wave inspection of cold
spray additive manufacturing components
C Bescond, National Research Council Canada, Canada

11:40 Imaging tungsten thin film adhesion and
thickness using picosecond ultrasonics.
A Abbas, Neta, France

Making and utilising online measurements by laser
ultrasound in powder bed additive manufacturing
P Dryburgh, University of Nottingham, UK

12:00 Ultrasonic surface acoustic waves in the
quantum limit
A N Cleland, University of Chicago, USA

Remote ultrasonic imaging of additive manufactured
components using Laser Induced Phased Arrays (LIPAs)
T Stratoudaki, University of Strathclyde, UK

12:30 Lunch

Foyer
6a: Materials Characteristics

6b: NDE (non linear)

Room A09

Room B01

13:30 Characterization of Materials using SAWs and
Ritz-Rayleigh based numerical calculations
T Grabec, Nuclear Physics Institute of the CAS,
Czech Republic

Nonlinear behavior of laser-generated high-amplitude
acoustic wave in cracked glass sample
C Ni, Nanjing University of Science and Technology, China

Laser Ultrasonics 2018

3

#IOPLU2018

13:50 Orientation imaging of polysilicon grains using
spatially resolved acoustic spectroscopy
W Li, University of Nottingham, UK

Evolution of the acoustic nonlinearity in heat-treated
metallic plates revealed with laser-based zero-group
velocity (ZGV) Lamb modes
S Raetz, LAUM, CNRS, Le Mans Université, France

14:10 In-situ grain size measurement of metal strip
using laser ultrasonics
F Dong, University of Science and Technology
Beijing, China

Spatially resolving buried structures with laser-induced
ultrasound
A Antoncecchi, Advanced Research Center for
Nanolithography, The Netherlands

14:30

Robotized Laser-Ultrasonic NDT system for large aircraft
structures
N Huber, RECENDT GmbH, Austria

15:00 Refreshment break

Foyer
7a: Instrumentation

7b: NDE

Room A09

Room B01

16:00 Laser ultrasound with novel optical microphone
B Fischer, XARION Laser Acoustics GmbH,
Austria

Laser Ultrasound as a tool for the characterisation of
electromagnetic welded joints
C Hofer, Research Center for Non-Destructive
Testing GmbH (RECENDT), Austria

16:20 Acoustic sensing for super-heated bubble
chambers using a GCLAD system
J N Caron, Research Support Instruments, USA

Underwater Oil Spill detection and monitoring in arctic
C Bescond, National Research Council Canada, Canada

16:40 Detection sensitivity calibration method of long
pulsed laser for thick structure measurement
T Hoshi, Toshiba Energy Systems & Solutions
Corporation, Japan

Inspection of cracks in welding joints with focused laser
ultrasonic waves
C Pei, Xi’an Jiaotong University, China

17:00 Development of a fully-fiber coupled laser
ultrasonic system using mid-infrared OPO laser
generation beam for CFRP inspection
J-F Vandenrijt, Centre Spatial de Liège (CSL),
Liège Université, Belgium
19:00 World Cup Semi Finals

The Portland Building (The big screen)
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Industry Day - Wednesday 11 July
Sponsored by

08:30 Registration

Foyer
09:00 Robert Smith, RCNDE, UK
09:30 Sound & bright

09:45 Optech Ventures

10:00 Refreshment break

Foyer
10:55 David Wright, Rolls Royce, UK
11:15 Tecnar

11:30- Networking lunch and ESR/Industry posters
13:30 Foyer
Please note that the conference posters have been moved to an upper landing. The posters featured in this session are industry
specific which had been openly invited to delegates.

14:30- Castle Rock Brewery
16:30
19:00- Conference Dinner
Late
Nottingham Conference Centre
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Thursday 12 July
08:30 Registration

Foyer
8a: Waves

Room A09
09:00 (Invited) Supersonic saw: discrete bound states in a radiation continuum
A G Every, University of the Witwatersrand, South Africa
09:40 Investigation of lamb waves with conical dispersion
T W Murray, University of Colorado Boulder, USA
10:00 Adhesion study of a transparent film deposited on an opaque substrate using Surface Acoustic Waves
generated and detected by laser sources
M Robin, Univ. Valenciennes, CNRS, Univ. Lille, France
10:30 Refreshment break

Foyer
9a: Waves

9b: NDE

Room A09

Room B01

11:00 (Invited) Photoacoustic characterization of
reticulated structures
C Glorieux, KU Leuven, Belgium
11:20

In-process industrial applications of laser ultrasound
B Dutton, Manufactoring Technology Centre, UK

11:40 The Acoustic Energy control Based on Acoustic
Metamaterial
X Xu, Nanjing University, China

Detection crack at edge footrail using Laser Ultrasonic: a
proposal
M C S Cabeça, Unicamp - Universidade Estadual de
Campinas, Cidade Universitária Zeferino Vaz, Brasil

12:00 Observation dispersion of wedge waves
propagating along wedge with truncations by
laser ultrasound technique
J Jia, Hohai University, China

Remote imaging inspection for plate-like structures by
scanning laser source and microphone detection
T Hayashi, Kyoto University, Japan

An algorithm for 2D immersion laser-ultrasonic imaging of
solids with piecewise linear surface proﬁle
V Zarubin, The National University of Science and
Technology MISiS, Russia

12:30 Lunch

Foyer
13:30 Poster session

Foyer
Laser Ultrasonics 2018
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Friday 13 July
08:30 Registration

Foyer
10a: Ultrafast & Nano

Room A09
09:00 (Invited) High-speed acoustoelectric transducers for detection of laser generated picosecond acoustic pulses
A J Kent, University of Nottingham, UK
09:40 Evaluation of the structural phase transition in multiferroic (Bi1-x Prx)(Fe0.95 Mn0.05)O3 thin films by timedomain Brillouin scattering
S Raetz, Laboratoire d’Acoustique de l’Université du Mans (LAUM), Le Mans Université, France
10:00 A high electron mobility phonotransistor
C L Poyser, University of Nottingham, UK
10:20 Driving of magnetization precession by laser ultrasonics in ferromagnetic nanogratings
F Godejohann, Technische Universität Dortmund, Germany
11:00 Refreshment break

Foyer

11a: Ultrafast & Nano

Room A09
11:30 (Invited) Near-field optical detection of elastic vibrations in small scale structures
O Balogun, Northwestern University, USA
12:10 Coherent ultrasonic vibrations excited in nanomaterials by laser pulses at low temperatures and nonlinear
effects, connected with this phenomenon
A D Kudryavtseva, P.N. Lebedev Physical Institute of the RAS, Russia
12:30 Detection of periodic nano-structures underneath optically opaque metal layers
S Edward, Advanced Research Center for Nanolithography, The Netherlands
12:50 Laser ultrasonic characterisation of semiconductor membranes
R S Edwards, University of Warwick, UK
13:10 Gold nanorod optoacoustic transducers
S Naznin, University of Nottingham, UK
13:30 Lunch

Foyer
14:00 Conference close
Laser Ultrasonics 2018
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Poster programme
P.01 Generation of negative group velocity Lamb waves by a moving CW laser
Z Shen, Nanjing University of Science and Technology, China
P.02 The Influence of Tiny Tooth Crack on the Frequency Domain Characteristics of Nonlinear Laser Surface
Acoustic Waves
L Yuan, Nanjing University of Science and Technology, China
P.03 Resonant ultrasound spectrocopy characterization of ferromagnetic shape memory alloys
L Bodnárová, Institute of Thermomechanics, Czech Academy of Sciences, Czech Republic
P.04 Laser generation of narrowband non-linear surface acoustic waves in metal additive manufactured
components
G Davis, Indian Institute of Technology Madras, India
P.05 Detection of delamination in CFRP plate using ultrasonic visualization technique
H Yamawaki, National Institute for Materials Science, Japan
P.06 Optical diffraction by laser induced ultrasound using low duty cycle buried gratings
V Verrina, ARCNL, Amsterdam, University of Amsterdam, The Netherlands
P.07 Characterization of custom-made thin film AlN MEMS ultrasound transducers
J Kusch, University of Strathclyde, UK
P.08 In-line quality-control of a laser-cladding process by acoustic emission measurements
B Reitinger, RECENDT GmbH, Austria
P.09 Augmented Reality meets NDT with Laser-Ultrasonics
B Reitinger, RECENDT GmbH, Austria
P.10 Microcantilever resonance testing for mechanical characterization of tungsten thin-films
D Kang, Pusan National University, Korea
P.11 Thickness Measurement of Polymer Thin Films with High Frequency Ultrasonic Transducers
R J Smith, University of Nottingham, Nottingham, UK
P.12 Mapping micro-mechanical properties of dentin tissues with Brillouin spectroscopy
T Dehoux, Université Claude Bernard Lyon1, France
P.13 Laser generated ultrasound by using high power diode lasers and PDMS composite films for ultrasound
imaging
D Gallego, University Carlos III of Madrid, Spain
P.14 Fully automated orientation imaging using spatially resolved acoustic spectroscopy
W Li, University of Nottingham, UK
P.15 Speckle interferometry with nonlinear control system implemented in FPGA for laser ultrasound detection
R I Martin, São Paulo State University (UNESP), Brazil,
P.16 Underwater Laser Ultrasonic Imaging
S Zamiri, Research Center for Non-Destructive Testing GmbH (RECENDT), Austria
Laser Ultrasonics 2018
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Monday 9 July
1a: Photo Acoustics
(Invited) Photoacoustic detection using optically resonant cavities for biomedical imaging and sensing
P Beard
University College London, UK
The sensitive detection of broadband ultrasound waves in the low MHz to tens of MHz range underpins biomedical
photoacoustic imaging and laser generated ultrasound techniques. Piezoelectric ultrasound receivers represent the
current state of the art but present two key acoustic performance limitations. Firstly, achieving the high acoustic
sensitivities required for large imaging depths in biological tissues necessitates piezoelectric element sizes on a
millimetre-centimetre scale which result in a highly directional response at MHz frequencies due to spatial
averaging. This can have the counter-productive effect of degrading image SNR and fidelity in paradigms such as
photoacoustic tomography which require sub-wavelength detectors with a near omnidirectional response. Secondly,
achieving the very highest sensitivities typically requires detectors that are fabricated from acoustically resonant
piezoceramic materials. This can result in a sharply peaked frequency response thereby precluding a faithful
representation of the incident acoustic wave and ultimately compromising image fidelity. Optical ultrasound sensors
offer an alternative that is beginning to challenge the current piezoelectric dominated landscape. This applies
particularly to devices based on highly sensitive optically resonant structures such as micro-rings, Fabry-Pérot
etalons and in-fibre Bragg gratings. The operating principles and performance of these devices as well as their
application to biomedical photoacoustic and laser generated ultrasound imaging will be reviewed, with specific
emphasis on polymer optical cavity based sensors.
Multimodal photoacoustic and fluorescence microscopy employing a diode laser
G Langer1, J Jacak2,3, B Buchegger2, T A Klar2 and T Berer1
1

Research Center for Non-Destructive Testing GmbH, Austria, 2Johannes Kepler University Linz, Austria, 3University of
Applied Sciences Upper Austria, Austria
In general, photoacoustic microscopes realized with pulsed laser excitation provide several orders of magnitude
higher amplitudes of the generated pressure waves compared to intensity modulated continuous-wave excitation
[1,2]. However, image quality is rather determined by the signal to noise ratio (SNR) and not by the signal
amplitude. It is predicted by theory that the quality of photoacoustic micrographs generated by means of intensitymodulated diode lasers can compete with pulsed excitation under certain requirements, e.g. by employing modulation frequencies above 100 MHz [2]. Besides the use of lock-in detection several measures can additionally
increase the SNR (see e.g. [2,3]). However, by extending the theoretical model to more realistic scenarios, it is
found that modulation frequencies above 100 MHz are not required. Firstly, high-frequency ultrasound becomes
significantly attenuated by water or the surrounding tissue. Secondly, the excited state life-times of the absorbing
molecules, which are typically in the ns time scale, have to be considered in order to find the optimum modulation
frequency [4]. These findings do not rebut the original statement, i.e. that frequency domain photoacoustics can
compete with pulsed excitation, as these points apply for both excitation schemes.
Additional and simultaneous measurement of the fluorescence may offer new insights into the sample’s physiology
[5], as radiative and non-radiative relaxation paths are monitored. In general, both signals are proportional to the
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dye concentration. A high fluorescence quantum yield leads to a low photoacoustic signal and vice versa. We
present imaging on stained and un-stained cells, e.g. unstained blood smears and dyed yeast. On Rhodamine 6G
dyed yeast (see figure) we find that the signal amplitudes of photoacoustic (a) and fluorescence (b) signals are
inversely proportional. This finding suggests that simultaneous recording of photoacoustic and fluorescence signal
allows to map the relative quantum yield with sub-μm resolution [6]. In the figure below, areas where the overlay (c)
is green the fluorescence quantum yield is expected to be higher than at areas where the overlay is red.

Photoacoustic (a), fluorescence (b), and overlay image (c) of dyed yeast. Figure taken from [6].
[1]
[2]
[3]
[4]
[5]
[6]

J. Yao and L. V. Wang, “Sensitivity of photoacoustic microscopy”, Photoacoustics 2, 87-101 (2014)
G. Langer, et al., “Frequency domain photoacoustic and fluorescence microscopy”, Biomed. Opt. Exp. 7,
2692-2702 (2016)
G. Langer, et al., “Frequency domain optical resolution photoacoustic and fluorescence micros-copy using
a modulated laser diode“, Proc. SPIE 10064, 1006426-1 (2017)
G. Langer, and T. Berer, “Influence of the excited state lifetimes on the photoacoustic signal”, Proc. SPIE
1049465 (2018)
Y. Wang, et al., “Integrated Photoacoustic and Fluorescence Confocal Microscopy”, IEEE Trans. Biomed.
Eng. 57, 2576-2578 (2010)
G. Langer, et al., “Frequency-domain photoacoustic and fluorescence microscopy: Application on labeled
and unlabeled cells“, Proc. SPIE 1048709 (2018)

Photoacoustic temperature imaging based on multi-wavelength excitation
L Meng1, O Deschaume1, L Larbanoix2, T Sardella3, E Fron1, C Bartic1, R Muller2, M Van der Auweraer1 and C
Glorieux1
1

KU Leuven, Belgium, 2UMons, Belgium, 3iThera Medical, Germany

The combined exploitation in photoacoustic imaging (PAI) of the high spatial resolution offered by ultrasonic
imaging and the high optical contrast yielded by laser excitation has given this approach great diagnostic
possibilities. In this paper, we report on an application concept on the use of multispectral optoacoustic
tomography (MSOT) for temperature imaging, in which the temperature dependence of features of the spectrum of
the optical absorption coefficient is exploited.
Finite difference (FD) simulations with different temperature distributions show that in ideal world conditions the
approach is adequate. PA measurements were performed on an agarose phantom containing Au nanorods.
Photoacoustic images were obtained by exciting the sample with pulses from tunable laser in the 660-1255nm
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range, and detecting the waves by a 256 element transducer array. Preliminary results are reported concerning the
potential of the approach for practical implementation and the challenges to overcome.

Simulation example of radially non-uniform original and MSOT-reconstructed temperature distribution

2a: Biomedical
(Invited) Anisotropic Sub-GHz Phonon Propagation In Fibrous Plant Cell Walls
M Abi Ghanem1, L Khoryati2, S Raetz3, A Khanolkar4, N Boechler1 and T Dehoux5
1

University of California San Diego, USA, 2Benaroya Research Institute at Virginia Mason, USA, 3Laboratoire
d’Acoustique de l’Université du Maine (LAUM), Université du Maine, France, 4University of Washington, USA,
5
Université Claude Bernard Lyon1, France
Biological composites are known to exhibit extraordinary mechanical properties, due to their complex, hierarchical
internal structures composed of fibrous polymers, and other supra-molecular arrangements. While much is known
about their quasi-static mechanical properties, the study of elastic wave propagation in biological structural
materials is an emerging field. In this work, we investigate the phononic behavior of the anisotropic fibrillar network
in micron-thick onion cell walls using laser-generated, sub-GHz guided acoustic waves. The measured dispersion
curves reveal the presence of Rayleigh and Sezawa modes. By tracking their dispersion as a function of cell
orientation, we find angular-dependent phase velocities. From the measured dispersion, we extract the anisotropic
mechanical properties of the cell wall. Moreover, we show that the structural arrangement of the wall generates an
anomalous low-frequency acoustic branch characterized by an ultra-slow group velocity and a high anisotropy. We
anticipate that these studies will enable new biologically-derived and biologically-inspired phononic materials.
Cytomechanics of Acanthamoeba castellanii by phonon microscopy
F Perez-Cota, R Smith, H M Elsheikha and M Clark
University of Nottingham, UK

Acanthamoeba is a single cell organism that is commonly found in aqueous or humid environments including soil,
air, sewage, tape water and even bottled water. Acanthamoeba is able to survive in diverse eco-systems due to its
capacity to differentiate into a cyst. Although Acanthamoeba normally feeds almost exclusively from bacteria, this
organism can cause infections which are very difficult to treat due to its ability to form resistant cysts.
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In this work, we investigated the encystation process from the point of view of the cytomechanical properties of the
organism by means of phonon microscopy [1-2]. This approach allowed us to identify distinct changes as revealed
by three observed distributions of the Brillouin frequency measured from the Acanthamoeba.
Phonon microscopy is an emerging technique that uses shorter-than-optical wavelength phonons to image cultured
cells. The signals are obtained by detecting the phonons by time resolved Brillouin scattering which provide
information about the acoustic/mechanical properties of the sample with high resolution.

Figure 1: Photograph of an Acanthamoeba organism in the active trophozoite form imaged by phonon microscopy
[1]. In (a) an optical phase contrast image of the trophozite is shown. In (b) the Brillouin frequency map of the same
trophozite is shown. Note, the vacuoles showed the same sound velocity as the extracellular culture medium. In (c)
the distribution of the Brillouin frequencies is shown and the peak corresponds to the Acanthamoeba in the right
hand side of the picture.
[1]
[2]

Cell imaging by phonon microscopy: sub-optical wavelength ultrasound for noninvasive imaging. Fernando
Perez-Cota et al, Imaging & Microscopy 2017 (3).
High resolution imaging of living cells with sub-optical wavelength phonons Perez-Cota F., Smith R. J.
Moradi E., Marques L., Webb K, and Clark M. Scientific Reports.

In vivo medical and on-wing aerospace diagnostics: laser ultrasonic fibre-transducers
S La Cavera III, R J Smith and M Clark
University of Nottingham, UK
Advances in picosecond laser ultrasound (PLU) have afforded the ability to perform phononic imaging on livecells,
in vitro, with sub-optical axial resolution [1]. While the GHz frequencies inherent to PLU are capable of resolving
nanometric features in elastic samples, they ultimately limit the overall penetration depth of a transducer in an
aqueous environment, as ultrasound attenuates with the square of its frequency in water [2].
In order to perform laser ultrasonic diagnostics in vivo, a transducer should be developed which maintains superior
axial resolution, while extending the acoustic penetration to permit non-contact inspection of microscopic objects
over macroscopic distances. We propose a solution which utilises the mobility, durability, and light transmitting
properties of an optical fibre, in parallel with opto-acoustic transducer design. Our approach aims to: generate and
detect high-frequency ultrasound using a single fibre, engineer a MHz-resonant transducer with a bespoke central
frequency, and engineer the shape of strain waves generated in the transducer.
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A successful device would be integrable to endoscopic applications, where the resolution and contrast of laser
ultrasound would promote an evolution of ultrasound-based diagnostics. Such technology could aid in the detection
of diseases and flaws, which may exhibit characteristic acoustic responses, in in vivo biomedical and on-wing
aerospace component inspections, respectively.

Figure 1: Prior to scaling fabrication to the tip of an optical fibre, plate transducers were designed and fabricated on
fused silica substrates, in order to calibrate using an optical dye to amplify strain amplitude. L-R: optical and
resulting acoustic images of the transducer surface; the average time-trace and frequency response measured using
a pump-probe technique.

Figure 2: L-R: a Fabry P´ erot interferometric cavity was fabricated on the tip of a single mode optical fibre using
sputtering and dipcoating thin-film deposition techniques. Tailoring the deposition parameters determines the
device’s central frequency and bandwidth; the fibre-transducer above was resonant in the range of 300-400 MHz.
Different doping agents, such as metallic nano-particles, are being investigated to amplify the cavity response.
[1]
[2]

Fernando P´erez-Cota, Richard J. Smith, Emilia Moradi, Leonel Marques, Kevin F. Webb, and Matt Clark,
“Thin-film optoacoustic transducers for subcellular Brillouin oscillation imaging of individual biological
cells,” Appl. Opt. 54, 8388-8398 (2015)
F Yang et al 2007 J. Phys.: Conf. Ser. 92 012024

2b: NDE
Welding in-process monitoring using Rayleigh wave propagating along groove
A Sugawara, T Hoshi, S Yamamoto, J Semboshi, M Ochiai, T Ogawa and M Aizawa
Toshiba Energy Systems & Solutions Corporation, Japan
Welding is fundamental and important manufacturing technology. However welding process has a risk of defect
generation such as blow hole and slag inclusion. In order to reduce a risk, we have developed in-process monitoring
system using laser-ultrasound [1, 2]. In this system, High power (~700 mJ) pulsed generation laser is necessary to
detect defects in the thick structure using bulk wave because propagation distance is long and defect signal is
#IOPLU2018

attenuated. Therefore, generation laser system is so large that it is difficult to move the system following to welding
position moving. To make LUT system portable, we attempt to transmit generation laser using optical fiber. However,
there is a limit of transmittable laser power without causing damage to optical fiber. In order to detect defects with
lower power generation laser, we propose detection method using Rayleigh wave occurred by mode conversion of
reflected bulk wave from defects at weld bead surface. In this method, detection laser is irradiated at the side of
groove. Propagation distance is shorter than conventional method and it may useful for detection at low power
generation laser. Moreover, there is a possibility of detection defects at shallower part of weld. We will show you the
experimental results of this method and discussion its usefulness.
[1]
[2]

S. Yamamoto et al., Materials Transactions, Vol. 55, No. 7, 998-1002 (2014)
T. Hoshi et al., Proceedings of LU2015, 81 (2015)

In-line inspection of friction stir welds using laser ultrasonic testing
M Klein1, W Osikowicz2, J Fremling2, E Lindh-Ulmgren3, M Engman3 and M Falkenstrom3
1

Optech Ventures, USA, 2Hydro Extruded Solutions, Sweden, 3Swerea KIMAB AB, Sweden

Friction Stir Welding is now widely used for joining of aluminum components in several prominent industries. One
high volume application is the butt-weld joining of extrusions into large panels for ship decks and rail cars. Current
post-process quality control techniques cannot keep up with the production flow. Furthermore, if defects are found,
it is difficult to rework the part. Instead the part must either be scrapped or repaired with fusion welding. Thus, there
is a need for an in-line inspection technique that can qualify parts as they are produced. If flaws are detected
immediately, corrective actions can be called upon, thereby avoiding scrap and saving otherwise wasted production
time.
We have performed extensive laboratory testing to determine the best beam configuration. The samples were
aluminum sheets containing linear friction stir butt welds. The thickness ranged from 3 mm to 10 mm. The defects
of primary interest for this study were elongated voids. Samples with different sized voids were tested, along with
nominally defect-free samples having EDM holes machined into the weld zone from the end of the samples. We
were able to detect voids below 0.5 mm in cross-section.
On the basis of the promising laboratory testing results, we developed a prototype in-line inspection system that
was evaluated at Hydro Extruded Solutions in Finspång, Sweden. A compact measurement head was developed
and then installed on the housing of the spindle that was used to drive the weld tool. The measurement head
directed both beams to the weld surface shortly behind the weld tool. As the weld head moved, our measurement
head acquired data in real time at normal production speed. Tests were performed on nominally defect-free welds,
as well as welds with voids introduced by intentional gaps between the abutted surfaces. This technique produced
voids with sizes ranging from 1 mm down to below 300 um. Each such sample was X-rayed to determine the
distribution and size of the voids. At the same time our data was processed to produce a parameter whose value
was related to the size of the pores. The correlation allowed us to determine the pore size across the full range of
defects.
In this presentation, we will describe our measurement technique and present laboratory data. We will then
describe the factory installation and show the results that confirm detection of defects across the full range of void
sizes.
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In-situ measurement of weld pool depth during TIG welding using laser ultrasonic
S Asai, K Nomura, F Imura, R Kita and S Otaki
Osaka University, Japan
A new method for in-situ monitoring of welding based on laser ultrasonic is developed in order to guarantee the weld
quality. The laser ultrasonic technique is non–contacting ultrasonic technique and then can be applied to detect the
weld surface of the high temperature for insitu monitoring weld quality during welding. In this study, the laser
ultrasonic technique was applied to measure the weld pool configuration and the penetration depth during welding.
A prototype measuring system using laser ultrasonic technique was manufactured (Figure1). The generation laser
was irradiated on the backside surface and the ultrasonic wave propagated was detected at the same surface by
detecting laser with a laser interferometer. We measured the weld pool depth of the bead on plate welding by TIG.
As a result, the detection of echoes from the solid–liquid interface is affected by the weld pool configuration in the
direction of weld line. However, maximum weld pool depth ca be measured in the range from 100A to 200A welding
current. In order to measure the distance of weld pool interface correctly, the temperature dependency of ultrasonic
velocity should be consider. The ultrasonic velocity was corrected by the application of the temperature distribution
which was calculated by using the 3D heat conduction model. At the results, it was recognized that the weld pool
configuration like relatively actual configuration can be measured (Figure2). As a result, the measured depth of weld
pool reasonably corresponded to the actual depth obtained by the hammering method which can blow off the weld
pool with the impact hammer.

Figure 1. Schematic diagram of measuring system

Figure 2. Aperture synthesis image
of weld pool configuration

3a: Ultrafast & Nano
Nanoscale profiling of sound velocity and refractive index in liquids and solids with picosecond ultrasonics using
automated angle scanning
M Tomoda, A Kubota, O Matsuda and O B Wright
Hokkaido University, Japan
Laser picosecond ultrasonics, based on the pump-probe technique with a femtosecond laser, is a powerful
technique for the investigation of nanoscale mechanical properties. For transparent samples, the time-resolved
optical reflectance shows oscillations because of the interference between the probe light reflected from surfaces or
interfaces inside the sample and that reflected from nanoscale ultrasonic pulses. Such oscillations are called
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Brillouin oscillations, and their frequency is given by 𝑓𝑓𝐵𝐵 = 2𝑣𝑣(𝑛𝑛2 − sin2 𝜃𝜃)2 /𝜆𝜆, where 𝑣𝑣 is the longitudinal sound
velocity, 𝑛𝑛 is the refractive index, 𝜃𝜃 is the incident angle of the probe light in air, and 𝜆𝜆 is the probe-light wavelength
in air. When the sample refractive index is spatially uniform and known, analysing the time-resolved Brillouin
oscillation frequency allows one to obtain depth-profiles of 𝑣𝑣. But for the case of transparent samples in which the
refractive index also shows a distribution in the depth direction, multiple incident angles of the probe light beam are
required for extraction of 𝑣𝑣 or n, which makes the measurement system more complex [1].
Here we propose an experimental method for varying the probe-light incident angle with a water-immersion
objective lens (NA. 1.0, 60X) with a 2 mm working distance. By scanning the incident position of a narrow beam
incident on the objective lens aperture, we could obtain Brillouin scattering signals at oblique incident angles up to
~45° in water and ~40° in a SiO2 glass sample. This method should prove useful for the internal imaging of
transparent inorganic and organic samples including living biological cells [2, 3].
[1]
[2]
[3]

A. M. Lomonosov et al., ACS Nano, 6, 1410 (2014)
S. Danworaphong et al., Appl. Phys. Lett., 106, 163701 (2015)
F. Perez-Cota et al., Appl. Opt. 54, 8388 (2015)

Time-resolved pump-probe and numerical modelling of picosecond ultrasonicin free-standing metallic membranes
H Zhang1, 3, A Antoncecchi1, 3, S Edward1, 2, P Planken1, 2 and S Witte1, 3
1

Advanced Research Center for Nanolithography, The Netherlands, 2Universiteit van Amsterdam, The Netherlands,
Vrije Universiteit, The Netherlands

3

Ultrafast laser pulses incident on metallic solid can lead to the generation of coherent phonon wave packets with
frequencies in the gigahertz to terahertz range. We study the acoustic response of thin metallic membranes under
femtosecond laser excitation by means of two-color-pump-probe measurements. The use of free-standing
membranes enables measurements of the evolution of the generated acoustic wave packets upon propagation over
significant distances, as they can be probed during multiple roundtrips through the membrane without transmission
losses at an interface with a substrate. Two pump beams impinge on the sample at a small angle, projecting
interference fringes at the membrane surface. This ‘transient grating’ generates a spatially periodic array of acoustic
pulses. A delayed probe beam then monitors the response of the sample by measuring the first-order diffraction
that is visible every time an acoustic echo returns to the surface. We developed a Two-Temperature Model (TTM)
coupled with a Finite Difference Time Domain (FDTD) model of the acoustic equations that describe the generation
and propagation of the picosecond sound pulses. We demonstrate that the model reproduces the experimental data
well and a multi-parameter fit to the experimental data can lead to the extraction of many important material
properties.
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Fig. 1Pump-probe measurements on the first-order diffraction efficiencies (red dot) and model calculations (solid
lines), shown for gold membrane of500nmthickness (left) and for aluminum membrane of400nm thickness (right).
In both measurements, multiple acoustic echoes are clearly observed, which carry information about acoustic
damping and dispersion at these high phonon frequencies. Note that the model calculation is not a rigorous leastsquares fit, but a simulation that uses material parameter values from literature and estimated experimental
conditions as inputs.
Impact of picosecond strain pulses on the ultrafast phase transition in vanadium dioxide nanohillocks
I A Mogunov1, F Fernández2, S Lysenko2, A J Kent3, A V Scherbakov1,4, A M Kalashnikova1 and A V Akimov3
1

Ioffe Institute, Russia, 2University of Puerto Rico, USA, 3University of Nottingham, UK, 4Technische Universität
Dortmund, Germany

Laser ultrasonics provides a powerful tool to access and control optoelectronic devices [1]. In the present work we
utilize picosecond strain pulses generated by laser ultrasonic technique to control the ultrafast optically-driven
insulator-to-metal phase transition in a correlated material VO2 [2,3]. This photo-induced phase transition (PIPT) in
VO2 results in a collapse of the 0.6 eV band gap and an abrupt change of electrical conductivity and optical
refractive index on a subpicosecond time scale [3-5]. It is important to note that the Mott-type insulator-to-metal
transition in VO2 is accompanied by a first-order structural phase transition [4]. This complex behaviour initiates our
experiments where we aim to control PIPT by dynamical strain which accompanies coherent acoustic phonon
wavepackets generated by laser ultrasonic method.
We use femtosecond laser pulses to drive ultrafast PIPT in an epitaxial VO2 nanohillocks grown on Al2O3 substrate
[5]. Simultaneously with optical pulses, picosecond wavepackets of coherent phonons are injected into VO2 from
the sapphire substrate. By monitoring the transient optical reflectivity with subpicosecond resolution we
demonstrate pronounced changes in VO2 nonlinear optical response caused by dynamical strain during PIPT (Fig.
1). We show that coherent phonons increase or decrease the fraction of the VO2 which undergoes the ultrafast PIPT
depending on the sign of dynamical strain at the moment of the impact of optical pulse. This unambiguously reveals
that the injected coherent phonons make the PIPT either more or alternatively less favourable by introducing
negative or positive dynamical strain to the lattice.
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Figure 1: The strain-induced enhancement of VO2
nanohillocks in metallic phase during the laserinduced PIPT. The optical pulses were applied
during the tensile part of the ~100 ps long strain
pulse.

Upper inset: Experimental scheme showing optical
pump (orange), strain (blue) and probe (black)
pulses. Red arrow indicates laser pulses which
excite strain pulses in the Al film.

Lower inset: Atomic force microscopy image of the
VO2 nanohillocks.
Our results demonstrate new phononic effect in VO2 which provides important information for understanding
complex electron-lattice interplay during the ultrafast phase transitions, and pave the way towards novel approach
for controlling the state of a matter on an ultrafast timescale by laser ultrasonics techniques.
[1]
[2]
[3]
[4]
[5]

A.V. Akimov, et al., Ultrasonics 56, 122 (2015).
M. Imada, A. Fujimori, and Y. Tokura, Rev. Mod. Phys. 70, 1039 (1998).
A. Cavalleri et al., Phys. Rev. Lett. 87, 237401 (2001).
D. Wegkamp and J. Stähler, Prog. Surf. Sci. 90, 464-502 (2015).
S. Lysenko, et al., Phys. Rev. B 75, 075109 (2007).

Nanoparticle acoustic transducers: super-resolution imaging / localisation technique
R Fuentes-Dominguez, Richard J Smith, F-P Cota and M Clark
University of Nottingham, UK
There has been much interest in the optical and mechanical properties of metal nanoparticles. Our interest stems
from the ability of such devices to interact with ultrasound of very short wavelength allowing the possibility of high
resolution acoustic imaging.
There are a number of different fabrication approaches that could be adopted for making nanoultrasonic
transducers. Previously, a thin-film transducer for cell imaging has been developed [1], but making the lateral
dimensions of the transducer smaller than one micron is challenging. An alternative approach to overcome this
difficulty is to make transducers using nanoparticles.
Nanoparticle transducers have some attractions, they are inherently small, can be made in large quantities, have an
easy symmetry and for metal particles can exploit plasmonics to enhance the detection sensitivity.
We will present results of the optical and mechanical properties of metal nanoparticles and a novel super-resolution
imaging/localisation technique using the mechanical vibrations of these devices [2].
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Figure 1: Experimental time (a,b,c) and FFT traces (d,e,f) from a 5x5 microns scan of metal nanoparticles where the
optical picture (g) shows one object and the acoustic picture (h) shows at least two different frequencies equivalent
to two particles in the same point spread function (PSF).
[1]
[2]

Pérez-Cota, F. et al. High resolution 3D imaging of living cells with sub-optical wavelength phonons. Sci.
Rep. 6, 39326 (2016).
Fuentes-Domínguez, R.; Smith, R.J.; Pérez-Cota, F.; Marques, L.; Peña-Rodríguez, O.; Clark, M. Size
Characterisation Method and Detection Enhancement of Plasmonic Nanoparticles in a Pump–Probe
System. Appl. Sci. 2017, 7, 819.

3b: Biomedical
High-resolution three-dimensional all-optical ultrasound imaging system based on a Fabry-Perot scanner
K Pham, N T Huynh, E Zhang, S Noimark, A Desjardins, B Cox and P Beard
University College London, UK
The planar Fabry-Perot (FP) scanner has been shown to provide excellent high resolution 3D in vivo photoacoustic
images of soft tissue to depths up to approximately 10 mm [1]. The contrast in photoacoustic imaging (PAI) is
based on optical absorption in the tissue. Hence PAI can visualise blood vessels and other absorbing structures, but
cannot reveal the surrounding non-absorbing tissue morphology. This could be addressed if the system could
additionally provide an ultrasound imaging capability. The aim of the current work is to modify the FP scanner to
obtain high-resolution three-dimensional pulse-echo ultrasound images.
An optical ultrasound generation capability was added to the FP scanner system by coating the FP sensor head with
a carbon-nanotube-PDMS composite [2] and exciting it with nano-second laser pulses to generate plane wave
ultrasound pulses. The absorbing coating exhibited high generation efficiency (0.14 ± 0.04 MPa mJ-1 cm2) enabling
high peak pressures to be generated (3.0 ± 0.3 MPa). The generated ultrasound waves had a broad bandwidth
extending to approximately 50 MHz and were planar to within λ/10 at 10 MHz. Heating due to optical absorption
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during ultrasound generation was shown to have insignificant effects on the FP scanner’s ultrasound detection
sensitivity. Ultrasound signals that reflected off the imaging target were mapped by the FP scanner over centimetre
scale areas with a step size of 100 μm and an element size of 64 μm. The -3dB bandwidth of the FP sensor was 30
MHz. Photoacoustic reconstruction methods using a k-space formulation [3] were modified to account for the
different dispersion relation and recover 3D ultrasound images. Image processing steps including sensor
apodisation, time-gain compensation, envelope detection and log compression were applied. The system’s lateral
spatial resolution was evaluated by imaging a line target at depths up to 10 mm and ranged between 50 and 125
μm.
The system obtained promising ultrasound images for a variety of phantoms. Arbitrarily shaped objects were imaged
to demonstrate the 3D imaging capability of the scanner. Samples with impedance mismatches typical in tissue
(see Fig. 1) and ex vivo tissue samples were imaged to estimate the SNR for in vivo imaging. This work shows that a
combined ultrasound and photoacoustic probe based on the Fabry-Perot scanner is feasible for in vivo imaging.

Figure 1: Imaging of layered phantom with impedance mismatches similar to a blood-fat interface: Set-up (left)
with three gel wax layers of thickness 5, 2 and 5 mm (green) acoustically coupled with coupling gel (blue). (a) Alloptical ultrasound image from line scan over 7 mm with step size 100 μm, sampling interval of 4 ns and 8 averages.
(b) Clinical ultrasound image using 40 MHz linear array transducer.
[1]

[2]
[3]

Plumb, A. A., et al (2018). Rapid volumetric photoacoustic tomographic imaging with a Fabry-Perot
ultrasound sensor depicts peripheral arteries and microvascular vasomotor responses to thermal stimuli.
European Radiology, 28(3), 1037–1045.
Noimark, S., et al (2016). Carbon-Nanotube-PDMS Composite Coatings on Optical Fibers for All-Optical
Ultrasound Imaging. Advanced Functional Materials, 8390–8396.
Treeby, B. E. & Cox, B. T. (2010). k-Wave : MATLAB toolbox for the simulation and reconstruction of
photoacoustic wave fields, 15(April 2010), 1–12.

Anisotropic sub-ghz phonon propagation in fibrous plant cell walls
M Abi Ghanem1, L Khoryati2, S Raetz3, A Khanolkar4, N Boechler1 and T Dehoux5
1

University of California San Diego, USA, 2Benaroya Research Institute at Virginia Mason, USA, 3Laboratoire
d’Acoustique de l’Université du Maine (LAUM), Université du Maine, France, 4University of Washington, USA,
5
Université Claude Bernard Lyon1, France
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Biological composites are known to exhibit extraordinary mechanical properties, due to their complex, hierarchical
internal structures composed of fibrous polymers, and other supra-molecular arrangements. While much is known
about their quasi-static mechanical properties, the study of elastic wave propagation in biological structural
materials is an emerging field. In this work, we investigate the phononic behavior of the anisotropic fibrillar network
in micron-thick onion cell walls using laser-generated, sub-GHz guided acoustic waves. The measured dispersion
curves reveal the presence of Rayleigh and Sezawa modes. By tracking their dispersion as a function of cell
orientation, we find angular-dependent phase velocities. From the measured dispersion, we extract the anisotropic
mechanical properties of the cell wall. Moreover, we show that the structural arrangement of the wall generates an
anomalous low-frequency acoustic branch characterized by an ultra-slow group velocity and a high anisotropy. We
anticipate that these studies will enable new biologically-derived and biologically-inspired phononic materials.
The challenges of imaging living cells with laser ultrasound
R J Smith, F Pérez-Cota, E Moradi, L Marques, K F Webb and M Clark
University of Nottingham, UK
There is an emerging need to be able to measure properties of living cells in a nondestructive way so that these cells
can then go on to grow and be used in therapeutics. Many existing techniques require the use of labels, such as
fluorescent dyes, to see contrast in the cells. These dyes are either toxic or modify the long term function of the cell
so the cells cannot be used for other things.
Laser ultrasound is an attractive method for measuring cell properties because it does not need labels and can
probe in 3 dimensions. However, working with living cells is very challenging as they are easy to damage. We will
present the technique, its capabilities and limitations and discuss the main factors limiting the advancement of the
technique so far. We will show images various types fixed and living cells and discuss how this technique could be
used in the future.
This work was supported by the Engineering and Physical Sciences Research Council [grant numbers EP/
K021877/1, EP/G061661/1] (EPSRC). F.P.C acknowledge Conacyt for sponsoring his studies.

Imaging of live 3T3 cells with phonons. (a) Optical image of the scanned area. (b) Brillouin shift measured from (a)
sampling every 1 μm, taking ~1.5 s per point and a total of 38 minutes total acquisition time
[1]

Pérez-Cota, Fernando, Richard J. Smith, Emilia Moradi, Leonel Marques, Kevin F. Webb, and Matt Clark.
“High Resolution 3D Imaging of Living Cells with Sub-Optical Wavelength Phonons.” Scientific Reports 6
(December 20, 2016): 39326. https://doi.org/10.1038/srep39326.
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4a: NDE/Flaw detection
(Invited) Industrial use cases of laser ultrasound at RECENDT
B Reitinger, E Scherleitner and P Burgholzer
Research Center for Non Destructive Testing GmbH (RECENDT), Austria
Laser ultrasound (LUS) has gone a long way from its starting in the early sixties with the invention of the laser (ruby
laser), its use for the generation of acoustic waves by the photoacoustic effect according to the idea of Richard M.
White [1], till now where industrially fully useable equipment is available for the harshest environments (Bossanova
Tech, Intelligent Optical Systems, Tecnar). But major breakthroughs on industrial implementations of LUS system
products have only been shown on very limited use cases, like wall thickness measurements on hot steel tubes
during production (Tecnar and SMS), the CFRP NDT system developed by Lockheed Martin (now Tecnatom), and the
insitu laser ultrasonic grain structure option “Lumet” for the Gleeble (Dynamic System).
In this presentation we will show some interesting applications, where we did intensive research on, with the
potential of being a breakthrough for industrial implementations of LUS system products. The presented
applications will start with the use of LUS by raw material producers of aluminum and steel to detect defects and
non-wanted characteristics in the raw material at a very early stage, where defects are typically rather large. But
here problems arise because of the harsh environment (moist, temperature, dust and vibration), the inline
application and the difficult condition of the raw material (scale or oxidation). At the next stage we will show
applications during material processing, like inline grain structure analysis during rolling and thickness control of roll
cladded high quality steels. A very interesting and hot topic at this point is the determination of the hardness
penetration depth of steel components used by the automotive and aerospace industry. At the last stage of
production NDT deals with defect detection and component analysis/characterization on almost finished products.
We will show LUS-results on the characterization of welded components including spot welds, laser seam welds and
electromagnetic pulse welded parts. A future outlook will show a new possibility of visualizing NDT results (here: LUS
results) displayed directly on the parts by augmented reality techniques. This is especially interesting for very large
and bulky parts found, for example, in the aerospace industry.
[1]
White, R. M., “Generation of Elastic Waves by Transient Surface Heating,” J. Appl. Phys. 34(12), 3559–
3567 (1963)
Detection of machined and real flaws under rough surface in laser metal deposition samples thanks to laser
ultrasonics system
C Millon and A Vanhoye
CEA-List, Saclay, France
Laser metal deposition (LMD) is one of the metallic additive manufacturing (AM) processes based on making apiece
layer by layer using a cad model. The process consists in focusing a laser beam onto a substrate to create a molten
pool; simultaneously metallic powder particles are injected to form a layer. The quality and repeatability of metal
parts produced by AM are critical issues for the widespread of the technology. Currently, LMD metal parts are often
difficult to inspect because of their complex geometry. Moreover, due to production costs, there is a strong interest
for reducing scrap rates and monitoring the process. Given the large number of parameters influencing the
mechanical properties of the final piece, many techniques have been developed to monitor the fabrication [1].
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Laser ultrasonics (LU) is a promising technology to fulfill surface and subsurface inspections downstream the melt
pool during the fabrication. Most of studies, which have been carried on regarding this application, focus on the
detection of machined flaws under polished surfaces. However, the surface roughness of AM samples might affect
the effectiveness of interferometer used for LU and the propagation of surface wave. Moreover, the performances of
LU inspection of samples containing real flaws must be evaluated to determine if an in situ control could be done
thanks to this technique.
The LU system used to conduct the experiments has been specifically designed for the generation of surface waves.
It is evaluated regarding the feasibility and the effectiveness of detecting machined notches and holes under
polished and rough surface in 316L AM samples. Then, we study the possibility detecting real porosities in both
Inconel 718 and 316L AM samples under rough surfaces.
Our study shows how surface roughness makes the sensibility of LU system decreases so that sided drilled holes
which diameter are lower than 300 µm diameter cannot be detected any more. In addition, a signal processing has
been developed and enhances the possibility to make a difference from a porous sample to a dense sample.
[1]

B. M. Sharrat, « Non-Destructive Techniques and Technologies for Qualification of Additive Manufactured
Parts and Processes », no. March, 2015.

In-line inspection of additive manufactured parts using laser ultrasonics
M Klein, M Wiedmann and B Bobbs
Optech Ventures, USA
Additive Manufacturing (AM) is now being introduced into many manufacturing processes as well as for repair
purposes. However, there is a gap in the availability of reliable techniques to qualify the finished parts. Reliable
qualification is especially important for safety-critical aerospace applications, as only parts that can be fully
inspected and qualified as 100% free of critical defects can be certified for flight. Currently, finished AM parts are
often qualified by x-ray CT scanning. If one or more critical defects are found, the completed part must be scrapped
at considerable loss of time and money. By contrast, if critical defects could be detected in real time during the
build process, immediate corrective action could be taken to repair to defects or, at worst, scrap the part early in
processing.
There are efforts to optimize part quality in real time by monitoring properties of the melt pool as material is being
deposited, and then using the resulting data to predict the state of the finished layer and eventually to control the
process parameters to minimize defects. This monitoring and model-based control technique is predictive and
indirect, and thus has a number of drawbacks that limit its effectiveness. The bottom line is that these efforts do not
actually detect defects, and so are incapable of qualifying a part as defect-free.
In this presentation we describe the application of laser ultrasonic testing (LUT) for inspection of the workpiece on a
layer-by-layer basis in real time. Defects can be identified in the solidified material immediately after deposition,
when reworking is highly likely to be able to remove the defects. This process ensures that the finished part is
qualified to be 100% free of critical without any further inspection. LUT is ideal for in-line measurements, as there is
no sensor in contact with the rough surface of the workpiece. It can interrogate parts at high temperature and
moving at process speeds.
We have used LUT to inspect Inconel and Titanium alloy parts in our laboratory. Samples produced by laser directed
energy deposition and by selective laser melting were tested. The samples consisted of interrupted builds, having
surface roughness as would be encountered during production. Artificial defects below the build surface were
produced in these samples by electron discharge machining after build interruption. In particular, subsurface holes
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were machined from the sides of the builds to simulate localized pores of known depth and diameter. Processrelated defects were also produced by adjustment of the build parameters. We describe our inspection method,
present our laboratory data, and describe our signal processing methods, as well as in-line tests performed on a
laser directed energy deposition machine.

5a: Ultrafast & Nano
(Invited) Time-resolved imaging of gigahertz surface acoustic waves: recent development and applications
O Matsuda
Hokkaido University, Japan
Optical pump probe technique using laser pulses with picosecond temporal width can be utilized to study gigahertz
acoustic waves in solids. The absorption of pump light pulse at the sample surface generate acoustic pulses, and
the propagation of the acoustic pulses along the surface can be detected by the delayed probe light pulses sensing
the surface displacement. By scanning the pump-probe delay time and the spatial position of the probe light spot,
the spatio-temporal evolution of the acoustic field can be retrieved.[1]
In this paper, the basic principle of the time-resolved two-dimensional acoustic wave imaging technique is briefly
explained and it is applied for studying two-dimensional phononic crystals in micron scale. A technique to improve
the frequency resolution of the measurement is also introduced: this is essential to study the structures such as
acoustic resonators showing sharp frequency dependences.
Using focused ion beam milling, the phononic crystal is formed on a silicon (100) substrate as the square lattice of
holes covering the area of 100x100 μm2 with the lattice constant 5.7 μm. The pump light pulses are focused near
the center of the phononic crystal. The propagating acoustic waves are imaged in the area of 200x200 μm2 covering
both the interior and exterior of the phononic crystal. The temporal Fourier transform of the obtained time-resolved
images show peculiar phonon focusing patterns (Fig. 1). The spatio-temporal Fourier transform reveals the
dispersion relation of the phononic crystal, bringing such phonon focusing (Fig. 2). The results are qualitatively
understood by a simple nearly-empty lattice model.
Above mentioned technique for the imaging has an inherent limitation for the frequency resolution: the usage of the
periodic light pulse train makes the accessible frequency of acoustic vibration being the integer multiples of the
repetition frequency of the pulse train (in our case ~ 80 MHz). This difficulty can be removed by modulating the
intensity of the pulse train with appropriate signal processing.[2] The method is demonstrated in getting the precise
dispersion relation of the whispering gallery acoustic modes on a copper disk in micron scale.[3]
The time-resolved two-dimensional acoustic wave imaging technique is a powerful tool to clarify the acoustic
properties of the nano- and micro-structures and to develop acoustic devices.
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Fig. 2: Spatio-temporal Fourier transform
at 401 MHz of the acoustic field within the
phononic crystal. The flat segments at the
corner of the first Brillouin zone are
responsible for the phonon focusing
appeared in Fig. 1.

Fig. 1: Temporal Fourier transform at 401
MHz of the acoustic field on and around
the phononic crystal. The phonon focusing
along the diagonal directions is observed
in the crystal region.

T. Tachizaki et al., Rev. Sci. Instrum. 77, 043713 (2006).
O. Matsuda et al., IEEE Trans. Ultrason. Ferroelectr. Freq. Control 62, 584 (2015).
S. Mezil et al., Opt. Lett. 40, 2157 (2015).

[1]
[2]
[3]

Imaging tungsten thin film adhesion and thickness using picosecond ultrasonics.
A Abbas
Neta, France
Asynchronous Optical Sampling (ASOPS) technology allows the generation and the detection of picosecond
Ultrasonics which frequencies can extend to several terahertz. These very high frequency ultrasounds are especially
suitable for matter characterization[1], non-destructive testing[2] or biological imaging[3] at nanometric scales.
In this presentation, picosecond ultrasounds, which frequencies extend up to several hundred gigahertz will be used
to establish both thickness and adhesion cartography of a tungsten thin layer deposited on a silicon substrate.
Signals and methodology, used to obtain these cartographies will also be presented and discussed.

Figure 1 : thin film adhesion quality cartography

Figure 2 : thin film thickness cartography
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[1]
[2]
[3]

Mante, P.-A et al. Scientific Reports, 2015, 4
Grossmann, M. et al. New Journal of Physics, 2017, 19, 053019
Dehoux, T et al., Scientific Reports, 2015, 5, 8650

Ultrasonic surface acoustic waves in the quantum limit
K Satzinger, A Bienfait, H-S Chang, M-H Chou, C Conner, É Dumur, J Grebel, G Peairs, R Povey, S Whiteley, Y Zhong,
D I Schuster and A N Cleland
University of Chicago, USA
We report on a recent experiment demonstrating quantum
control and measurement of the 4 GHz fundamental mode of
a surface acoustic wave (SAW) resonator, with control and
measurement of the quantum states of the phonons in the
resonator achieved via coupling to a microwave frequency
superconducting qubit. This builds on prior work coupling
superconducting qubits to SAW devices1, here achieving full
quantum control over the SAW mode, and exceeding the
control achieved over earlier bulk acoustic resonator-qubit
experiments2. The surface acoustic wave resonator was
fabricated on bulk LiNbO3, a strong piezoelectric, using
nanolithographic techniques to pattern a few-finger
Fig. 1. LiNbO3 chip with SAW resonator (black),
transducer and a pair of Bragg-style SAW mirrors, placing
flip-chip coupled to 6mm by 6mm qubit chip
the mirror set one-half wavelength to either side of the
(silver), wire bonded into a qubit mount.
transducer. This structure was designed to have a single
SAW mode centered at 4 GHz, with higher order modes outside the stop band of the mirror set. A superconducting
qubit (gmon style3) was fabricated on a separate sapphire substrate, and the LiNbO3 chip with its SAW resonator
was flip-chip bonded to the sapphire substrate, aligning the SAW transducer element to wiring on the qubit chip
(Fig. 1).
The qubit was inductively coupled to the SAW transducer through the 4 𝜇𝜇m gap between the two chips, using a
lossless tunable inductance pi bridge with a flux controlled Josephson junction as the variable inductor. The qubit
was measured with the variable coupler turned off, demonstrating tunability of the qubit |𝑔𝑔⟩ − |𝑒𝑒⟩ splitting over the
frequency of the SAW resonator, with good qubit T1 and TØ. By turning the variable coupler on, measurements of the
qubit T1 as a function of qubit frequency were used to measure the SAW electrical impedance, revealing the
expected detailed structure of the transducer response, the mirror stop band, and the single strong SAW mode at
the design frequency. We then used the qubit to (1) measure the SAW thermal phonon population, which was less
than 0.02, as expected at the operating temperature of 7 mK; (2) swap a single 4 GHz phonon in the SAW resonator
and measure the phonon T1 lifetime (120 ns); (3) swap a |0⟩ + |1⟩ phonon state into the resonator and use it to
measure the phonon T2 lifetime (240 ns ≈ 2T1); and (4) use Wigner tomography to map the Wigner function of the
phonon |0〉, |1〉 and |0〉 +|1〉 states over the resonator phase space, showing good agreement with theoretical
Wigner tomograms (Fig. 2).

#IOPLU2018

Fig. 2. Wigner tomogram of the SAW
resonator |1 〉 phonon state, experiment
(left) and theory (right). Horizontal axes
are resonator phase space quadrature
amplitude, extending from -1 to 1 (both
horizontal and vertical) and color scale is -2/𝜋𝜋
(center) to + 2/𝜋𝜋 (edges).
[1]
[2]
[3]

M.V. Gustafsson et al., Science 346, 207-211, 2014; R. Manenti et al., Nature Comm., 8, 975 (2017);
B.A. Moores et al., arXiv: 1711.05913 (2017)
A.D. O’Connell et al., Nature 464, 697-703 (2010); Y. Chu et al., Science 358, 199-202 (2017)
Y. Chen et al, Phys. Rev. Lett. 113, 22052 (2014); M.R. Geller et al., Phys. Rev. A 92, 012320(2015); C.
Neill et al., Nature Phys. 12, 1037-1041 (2016)

5b: NDE (additive)
Making and utilising online measurements by laser ultrasound in powder bed additive manufacturing
P Dryburgh, D M Pieris, R Patel, W Li, R J Smith, M Clark and A T Clare
University of Nottingham, UK
Selective Laser Melting (SLM) is an exciting prospect for use in high-value manufacturing. Removing many of
traditional machining constraints allows significant design optimisation and weight-saving, however defects levels
found in current class build systems is not acceptable for structural components. The complex geometry found in
SLM posses many challenges for traditional NDT techniques. The layer-by-layer manufacturing nature provides an
opportunity to take surface measurements to develop volumetric datasets, whilst circumventing many of the
problems posed by novel, geodesic structures. Additionally, traditional fabrication techniques have undergone
centuries of refinement, allowing close control of the final crystalline micro-structure, dictating the mechanical
performance. In contrast, additive manufacturing is characterised by highly isotropic and difficult to control
microstructure. Given the impact on the functional properties of the component, techniques which can provide
microstucture information are highly valuable. The high associated costs with SLM, compared to both other additive
and subtractive techniques encourages a minimisation of scrapped builds, current linear work flows rely on postbuild inspection and subsequently significant numbers of failed builds. Whilst online monitoring can allow early
scrappage, true value shall be added through the realisation of adaptive scan strategies to correct defects as they
arise.
Spatially Resolved Acoustic Spectroscopy (SRAS) is an acoustic microscopy technique, which utilises laser
ultrasonics for the excitation and detection of surface acoustic waves for materials characterisation. This technique
meets many of the requirements of a suitable inspection technique for SLM, such as non-destructive, and early
studies have confirmed the ability to detect defects and measure microstructure in SLM parts using SRAS. However,
significant challenges remain as the technique and instrumentation is developed towards online measurements.
This talk will discuss the merits of using SRAS for in-process inspection for defect detection and characterisation,
with a review to enabling remedial action. Discussion will touch on system capability, including a time-cost model
and progress towards build system integration. Particular focus will be paid to the detection and characterisation of
porosity, both subsurface and surface breaking.
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(a) Rework scan paths shown for surface breaking defect. (b) Optical micrograph of defect post- rework. (c)
Envisaged future work flow, where online monitoring facilitates both defect and microstructure information in
sequence with the component build.
Laser-ultrasonic and laser shock wave inspection of cold spray additive manufacturing components
C Bescond, D Levesque and C Cojocaru
National Research Council Canada, Canada
Additive manufacturing (AM) process for metallic part is an important emerging manufacturing technology. As a new
technology in its early days before widespread acceptance, R&D efforts are required to improve, optimize and certify
the process and the parts. In additive manufacturing, components are built up layer by layer, which allow one to
manufacture highly complex structures including hollows to reduce weight or internal fluid or gas channels. Quality
control of such complex parts is a challenge to address. For such complex parts, traditional techniques cannot be
used as it was with conventional manufacturing. Laser ultrasonic is particularly attractive due to its non-contact
nature and is well adapted to online implementation during the AM process.
This study will present various inspections results of parts built with a fast Additive manufacturing process suitable
to produce large metallic components, the cold spray additive manufacturing process. For NDE of metallic parts
produced by the cold spray AM process, Laser ultrasonics combined with the synthetic aperture focusing technique
(SAFT) is used to detect flaws and Laser ultrasonic backscattered signal analysis is used to evaluate through
thickness porosity assessment. For Bond assessment, Laser shock wave technique is used to characterize bond
strength at the interface between the deposition and the substrate. For post heat treatment of cold spray AM
metallic parts, laser ultrasonics is used to monitor in real time softening, recrystallization and sintering.
Non-destructive evaluation of additively manufactured materials – towards online inspection for selective laser
melting
R Patel, P Dryburgh, D Pieris, W Li, R Smith, A Clare and M Clark
University of Nottingham, UK
Selective laser melting (SLM) is an additive manufacturing (AM) technique used to build parts layer-by-layer by
fusing metallic power. The parts can have complex geometries which cannot be made using traditional
manufacturing methods. The AM process consists of uncontrollable build variables which can often lead to the
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development of defects and part non-conformities. To certify parts for operation in tough or safety critical
environments every part must be inspected.
We are developing in-situ ultrasonic inspection techniques to assess build quality during the build process. This will
allow for closed-loop smart fabrication systems, where detected flaws can cause used to stop entire build processes
(saving time and material) or be used to correctively rework the flaw.
The proposed laser ultrasound technique can be used to detected both surface and subsurface defects, and can be
used to inspect the material microstructure or texture. Working on as-deposited SLM material is challenging due to
the high surface roughness. We will present results of the laser ultrasonic technique – spatially resolved acoustic
spectroscopy (SRAS) – on as deposited material from a build chamber compatible instrument. We will discuss the
possibilities for defect and microstructure control, and the challenges remaining for online inspection.
This work was supported by the research centre for nondestructive evaluation (RCNDE) [EP/L022125/1]

Fig. 1 Optical image and acoustic image of a SRAS scanned as-deposited SLM surface
[1]
[2]
[3]

Spatially Resolved Acoustic Spectroscopy for Selective Laser Melting, R. Smith, M. Hirsch, R. Patel, W. Li, A.
Clare, S. Sharples, Journal of Materials Processing Technology, 235, pp 93--102 (2016)
Meso-scale defect evaluation of selective laser melting using spatially resolved acoustic spectroscopy,
Hirsch, M., Catchpole-Smith, S., Patel, R., Marrow, P., Li, Wenqi, Tuck, C., Sharples, S. D., Clare, A. T.,
Proceedings of the Royal Society of London A, 473(2205) (2017)
Targeted rework strategies for powder bed additive manufacture, M. Hirsch, P. Dryburgh, S. CatchpoleSmith, R. Patel, L. Parry, S.D. Sharples, I.A. Ashcroft, A.T. Clare, Additive Manufacturing 19:127 – 133
(2018)

Remote ultrasonic imaging of additive manufactured components using Laser Induced Phased Arrays (LIPAs)
T Stratoudaki1, D Pieris2, Y Javadi1, W Kerr1, P D Wilcox3 and M Clark2
1

University of Strathclyde, UK, 2University of Nottingham, UK, 3University of Bristol, UK

Additive Manufacturing (AM) is steadily developing into a mainstream manufacturing technology due to its
capability to manufacture complex geometries compared to casting and cost savings compared to subtractive
methods. For the effective deployment of AM process, remote process monitoring is required for the detection and
quantification of possible defects. Our study presents remote ultrasonic imaging of defects, non-destructively, on
components made using Selective Laser Melting (SLM). SLM is an AM process used to build precision components
in an inert atmosphere. However, the laser melting process itself causes a wide range of defects within the built
components such as cracks and pores.
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We will present remote ultrasonic imaging of defects using Laser Induced Phased Arrays (LIPAs) [1]. LIPAs use laser
ultrasonics to generate and detect ultrasound in order to synthesise an ultrasonic phased array in post processing.
Full Matrix Capture (FMC) is accomplished by scanning the laser generation and detection beams at every possible
combination with respect to position. The acquired data are then used in post possessing to synthesise a focus at
every point in the section imaged, using the Total Focus Method (TFM) as imaging algorithm [2]. The result is greatly
improved imaging quality compared to conventional laser ultrasonic imaging. As the technique is remote and
couplant free it lends itself well to extreme environments, such as the AM process.
In this contribution we present off line ultrasonic TFM images from an aluminium SLM built component. The LIPAs
were synthesised under the base plate of the built, to demonstrate the capability for in situ process monitoring. The
aluminium built incorporated six side through holes of 0.5-1mm diameter size, in its design, in order to simulate
process occurring defects. LIPAs successfully imaged all defects, buried as deep as 25mm within the structure. The
analysis is complemented by transducer produced TFM images on the same component.
[1]
[2]

T. Stratoudaki, M. Clark, and P. D. Wilcox. Laser induced ultrasonic phased array using full matrix capture
data acquisition and total focusing method. Opt. Express, 24(19), p.p. 21921-21938, 2016.
P. D. Wilcox, C. Holmes, B. W. Drinkwater. Post-processing of the full matrix of ultrasonic transmit-receive
array data for non-destructive evaluation. NDT&E Int., 38(8), p.p. 701-711, 2005.

6a: Materials Char
Characterization of Materials using SAWs and Ritz-Rayleigh based numerical calculations
T Grabec1,3, P Sedlák2, P Stoklasová2, H Seiner2 and M Landa2
1

Nuclear Physics Institute of the CAS, Czech Republic, 2Institute of Thermomechanics of the CAS, Czech Republic,
3
Czech Technical University in Prague, Czech Republic
Surface acoustic waves (SAWs) have a great potential in the characterization of materials. An obvious advantage is
that the only demand on the sample is one polished spot on its surface, at least when considering laser-ultrasound
experimental setup. They also provide a possibility to characterize surface properties and thin films – with a variable
thickness of the surface layer depending on the frequency region used. However, in order to use SAWs for material
characterization, one must construct an inverse method based on the comparison of experimental and calculated
properties of the propagating SAW. Therefore, a fast and robust way of calculating these properties is necessary.
In the presented contribution, a Ritz-Rayleigh method adjusted to the case of plane, linear SAWs propagating in a
homogeneous media [1] will be introduced. It allows calculating velocities of SAWs and other guided waves
propagating in a general direction through a medium of any symmetry class. In the case of a film-on-substrate type
sample, any combination of film and substrate anisotropy, their relative angle, and any direction of propagation can
be addressed by the presented method of calculation.
The principle is rather straightforward: a Lagrange energy of a computational domain with chosen material
properties and boundary conditions is calculated. Resonances of such domain correspond to stationary points of
the energy. The displacement field is discretized into a functional basis, thus converting the task to an eigenvalue
problem. Due to the variability in boundary conditions, the same approach can be used for calculation of many
typical wave problems, such as the spatial dispersion of SAW velocities in anisotropic materials, or the frequency
dispersion in a layered system, or even that of Lamb waves in anisotropic plates.
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Another interesting feature of this approach is a calculation of the time-evolution of propagating waves in a
specimen any specified material after any specified excitation. This is achieved by setting a very high order of used
Legendre polynomials, decomposition of the desired excitation into the functional basis, and calculation of
properties of individual resonance modes in such conditions. Recombination of resulting information allows to
instantaneously visualize displacement fields at any chosen time moment.
The use of the approach will be documented on several cases, such as characterization of elasticity of InP
monocrystal based on angular SAW measurement on generally cut surfaces [1] or observance of thermally induced
phase transformation in thin NiTi film based on frequency dispersion measurement [2].
[1] P. Stoklasová, P. Sedlák, H. Seiner et al. Forward and inverse problems for surface acoustic waves in
anisotropic media: a Ritz-Rayleigh method based approach. Ultrasonics. 56:381-389, 2015.
[2] T. Grabec, P. Sedlák, P. Stoklasová et al. In situ characterization of local elastic properties of thin shape
memory films by surface acoustic waves. Smart Materials and Structures, 25(12), 2016.
Orientation imaging of polysilicon grains using spatially resolved acoustic spectroscopy
W Li, R Patel, R J Smith and M Clark
University of Nottingham, UK
Solar panel is a key component for renewable energy industry; the polysilicon, also called multicrystalline silicon, is
widely used to produce solar cell wafers. However, as the structure and orientation strongly linked to conversion
efficiencies, polysilicon are often less efficient than equivalent monocrystalline or thin film cells. The capability of a
non-destructive laser ultrasonic inspection technique -- spatially resolved acoustic spectroscopy (SRAS) – is
presented for characterising silicon cell wafer's microstructure and grains orientation; scanning times, sample
surface preparation and system upgrades for silicon measurement are also discussed. This technique could be used
to optimise the polysilicon wafer production process and potentially improve efficiency.
In-situ grain size measurement of metal strip using laser ultrasonics
F Dong, X Wang, Q Yang, D Xu and Y Sun
University of Science and Technology Beijing, China
Grain size is an important microstructure parameter of metallic materials affecting its mechanical, electrical and
magnetic properties directly. Traditional methods for metal grain size measurement including metallography and
electron backscatter diffraction (EBSD) are usually time consuming, cannot meet the needs of in-situ testing which
plays an important role in feedback control of material microstructure during material processing. As a non-contact
measurement technique, laser ultrasonics (LU) is also a very rapid method that can evaluate grain size with few
laser pulses. In this study, a laser-ultrasonic system was established combining an 8 ns width pulsed laser for
ultrasound generation and a two-wave mixing (TWM) interferometer for detection. Several Ti-6Al-4V samples were
heat treated variously to get different grain sizes. Longitudinal wave back wall echoes were used to calculate the
frequency dependent attenuation of ultrasound after the signals were denoised using wavelet transform. A model
was built to calculate the log-normal distribution of grain size based on the correlation between the frequency
dependent attenuation and the volumetric grain size distribution derived from (EBSD) using Schwartz–Saltykov
method. The directional dependency of grain size measurement using laser ultraosnics was also studied in this
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research. A blade method was used to identify the relative position of pulsed and detect lasers when measuring
aluminum grain size via laser-ultrasonic technique. The finite element method model was established by COMSOL
Multiphysics to simulate the generation and propagation of ultrasonic waves in aluminum. Both simulation and
experimental data revealed that directional pattern has a significant effect on the measurement results of grain size
calculation when unpredictable deviations of generation and detection laser exist.
Ti-6Al-4V plate
Si Fixed Gain
Detector

Q-Switched Laser

BSO Crystal

CW Laser

TWM Inteferometer
Ultrasound signal
Grain size distribution

Figure 1 Grain size distribution measurement of Ti-6Al-4V using laser ultrasonics

6b: NDE (non linear)
Nonlinear behavior of laser-generated high-amplitude acoustic wave in cracked glass sample
C Ni1, M Li1, Z Shen1 and V Gusev2
1

Nanjing University of Science and Technology, China, 2Le Mans Université, France

This paper presents a technique for high-amplitude acoustic wave generation and detection by laser irradiation. The
pump laser radiation is focused into a spot of ~3 mm in diameter (wavelength 𝜆𝜆=1064 nm, pulse duration 𝜏𝜏=10
ns). A laser Michelson interferometer (wavelength 𝜆𝜆=633 nm) is used for the acoustic detection. In comparison to
conventional pulsed laser ultrasonic generation, a black ink layer of several hundred microns in thickness is induced
to absorb the laser energy and produce high transient pressures in the sample [1]. As a result, acoustic wave with
extremely high strain (𝜀𝜀~5×10−3, comparing with 𝜀𝜀~2×10−4, strain obtained by using the same experimental setup
and laser generating energy but without absorption-layer) and broad-band spectra can be obtained, while the
sample under test remains intact.
It has been demonstrated earlier that by exploiting these high amplitude acoustic waves propagating over cracked
area in metallic samples [2], nonlinear effect, i.e., nonlinear ultrasonic attenuation and the nonlinear distortion of
time profile of the acoustic wave, can be achieved. In this paper, high-amplitude acoustic waves are generated and
detected by laser irradiation in cracked glass samples. By comparing the bulk wave signals obtained on and outside
the crack, it can be found that the negative displacement of the 1st longitudinal echo was cut off on crack at a
specific laser power density. The distortion of the 1st longitudinal echo cannot be observed either outside the crack
or on the crack but at other laser power densities. The nonlinear distortion of the waveforms could be used to
nondestructively detect the cracks. The technique could serve as an alternative approach for revealing and
estimating parameters of damaged/micro-crack in materials.
[1]
[2]

Lomonosov, A. and P. Hess, Physical Review Letters, 83(19), 3876-3879 (1999)
Yasumoto, Y., A. Nakamura, and R. Takeuchi, Acta Acustica, 30(5), 260-267 (1974)
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Evolution of the acoustic nonlinearity in heat-treated metallic plates revealed with laser-based zero-group velocity
(ZGV) Lamb modes
G Yan1, S Raetz1, H Seo2, K-Y Jhang2, N Chigarev1, V E Gusev1 and V Tournat1
1

LAUM, CNRS, Le Mans Université, France, 2Hanyang University, South Korea

Non-contact and nondestructive techniques to probe the quality of interface, adhesion, nonlinear phenomena, or
local mechanical properties at micrometric scale is of paramount importance in many applications, from advanced
technologies to fundamental research. In recent years, zero-group velocity (ZGV) Lamb modes have proven to be an
effective tool for locally and very accurately probing the thickness of a sample [1], the mechanical properties of
isotropic and anisotropic materials [2-3], and to detect flaws [4]. These particular types of guided waves,
corresponding to local resonances of the inspected structure, result from the interference of two Lamb waves having
an opposite phase velocity and coexisting at a single pair of frequency/wave number. An efficient way to generate
and detect such local resonances at frequencies of tens to hundreds of MHz without inferring with them is to use
laser ultrasonic technique.
Figure. (a) Nonlinear parameter b1
quantifying the softening effect vs. the heattreatment time extracted from ZGV Lamb
modes generated and detected by lasers. (bc) Relative acoustic nonlinearity β’ vs. the
heat-treatment time obtained using one of the
following ultrasonic waves: (b) surface
acoustic wave (SAW) generated and detected
by piezoelectric transducers [5], and (c) SAW
generated by a laser and detected by a
piezoelectric transducer [5].
In this study, the measurements of acoustic nonlinearity have been carried out using ZGV Lamb modes in order to
characterize the thermal aging of the aluminum alloy Al6061-T6. Eight samples have been tested, each of them
cooked at 220°C for different times (0 min, 20 min, 40 min, 1 h, 2 h, 10 h, 100 h, 1000 h), therefore leading to
different levels of thermal aging. The nonlinear parameter b1 quantifying the softening effect has been extracted
thanks to a dedicated processing of the ZGV signals. Comparing our results (see figure) with the ones reported
earlier (relative acoustic nonlinearity vs. the heat-treatment time) on the same samples with different techniques [5]
shows good agreement and demonstrates the ability of ZGV Lamb modes for evaluating the acoustic nonlinearity.
Since the variations of the acoustic nonlinearity follow the variations in the yield strength due to the thermal aging
[5], the acoustic nonlinear coefficient could indeed be considered as an indicator of the level of thermal aging of the
aluminum alloy. We believe the ability to assess the acoustic nonlinear coefficient using laser-based ZGV Lamb
modes therefore paves the way to new applications of the ZGV Lamb waves for evaluations of materials aging and
fatigue.
[1]
[2]
[3]
[4]
[5]

C. Prada et al., Appl. Phys. Lett. 87, 194109 (2005).
C. Prada et al., J. Acoust. Soc. Am. 124, 203 (2008).
C. Prada et al., J. Acoust. Soc. Am. 126, 620 (2009).
F. Faëse et al., NDT&E Int. 85, 13 (2017).
H. Seo et al., Res. Nondestr. Eval. 28, 3 (2017).
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Spatially resolving buried structures with laser-induced ultrasound
A Antoncecchi1, 3, H Zhang1, 3, S Edward1, 2, P Planken1, 2 and S Witte1, 3
1

Advanced Research Center for Nanolithography, The Netherlands, 2Universiteit van Amsterdam, The Netherlands,
3
Vrije Universiteit, The Netherlands
The ability to detect nanostructures inside metal objects is important in many situations in materials science and
semiconductor metrology. However, optical methods are challenging to use as visible light has a short penetration
depth in metal and in semiconductor materials. In contrast, ultrasound can penetrate through thick layers of metals,
and may therefore be used to detect and image structures that are buried under optically opaque materials. We
generate high-frequency acoustic wavepackets in metal layers using femtosecond laser pulses. A pump and probe
setup that includes an interferometric detection/imaging scheme allows us to measure the amplitude and phase of
the reflected electric field as a function of pump-probe delay. We developed an approach that enables us to
separate the surface displacement contribution to the electric field from the photo-elastic effect, and to obtain the
strain field at the surface plane of the sample. The strain distribution reaching the surface at specific times is
directly related to the geometrical shape of the buried object, as the acoustic waves reflect at the interface between
the opaque metal and the buried structures. As a first proof-of-concept, we use a buried grating underneath a flat
metal layer (Figure 1). We measure the diffraction of a probe beam as a function of time delay: whenever an
acoustic echo from the buried grating returns to the surface, this gives rise to a grating-shaped strain wave at the
surface, resulting in diffraction of the delayed probe beam. These measurements demonstrate the feasibility of
detecting and of spatially resolving features of buried structures. We will present our work towards detection of
complex-shaped buried structures at high spatial resolution.

Fig. 1: a) Schematic view of the experiment done on a “buried” grating. The grating is written on a gold layer. The
probe beam illuminates the sample from the SiO2 side, and therefore sees a nominally flat object. b) The observed
diffraction signal as function of pump probe delay time. Clear diffraction is observed when acoustic wavepackets
return from the grating peaks or valleys. c) A schematic configuration of an ultrasound microscope.
Robotized Laser-Ultrasonic NDT system for large aircraft structures
N Huber1, M Gärtner1, B Reitinger1, C Hofer1, E Scherleitner1, P Burgholzer1, N Graf2, I Nicholson3, M Lindop3, J
Phipps4 and C Incarnato5
1

RECENDT GmbH, Austria, 2InnoLas Laser GmbH, Germany, 3TWI Technology Centre Wales, UK, 4KUKA Systems UK
Ltd, UK, 5Leonardo S.p.A.
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In this presentation, we will show the actual development stage of a new technical approach for a laser based NDT
system for fast and contactless testing of large carbon fiber reinforced polymer (CFRP) aircraft structures. The
approach is based on a non-contact laser ultrasound technique with delivery of both the laser ultrasound excitation
and detection pulses through flexible optical fibers. The backscattered light is also collected into a fiber. The
measurement head, which contains the two beam outputs and the light collection optics is scanned over the surface
by a 6-axis lightweight robot arm. The excitation and detection lasers are based on diode pumped Nd:YAG lasers
which enable a low profile casing with low weight and very long lifetime with little maintenance and high scanning
speed of around 500Hz. Both lasers are based on commercial laser designs by Innolas and are specially redesigned
for the required specifications. For the demodulation of the ultrasonic waves, both a balanced two wave mixing
interferometer (B-TWM) and a dual confocal Fabry-Perot Interferometer (D-CFPI) are tested. In the presentation, the
results of their suitability to different defect types and CFRP layer structures will be shown.

Figure 1. Principle setup of the presented approach with 6-axis robot and fiberized measurement head.
The overall goal of the shown developed system is to obtain the optimum technology for the non-destructive
inspection of both present and future generation hybrid aircraft and thick composite structures, containing acoustic
damping materials, which highly attenuate ultrasonic waves. In the follow-up of this Clean Sky 2 project
“ACCURATe”, the prototype system will be validated via deployment to inspect a long barrel demonstrator, which is
to be developed in the Clean Sky 2 program using hybrid materials technology.
The Project (“ACCURATe”) leading to these results has received funding from the Clean Sky 2 Joint Undertaking bec

7a: Instrumentation
Laser ultrasound with novel optical microphone
B Fischer1, F Luecking1, N Panzer1, W Rohringer1 and N Lehmann2
1
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In Laser Ultrasonic Testing (UT), the detection principle usually relies on the optical assessment of the vibration of
the test object’s surface. We present a different approach: the vibrating surface of the test object is emitting a
dispersive ultrasonic pressure wave into the adjacent air. This is similar to a vibrating loudspeaker membrane,
except that the frequencies are much higher.
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With conventional microphones, this airborne wave cannot be detected in a satisfactory manner. The acoustic wave
has very broadband frequency content which would be lost due to the limited frequency detection bandwidth of
state-of-the-art microphones. However, this is possible with an air-spaced miniaturized Fabry-Pérot etalon: the
pressure wave corresponds to a local density modulation which, in turn, alters the air’s optical index of refraction. By
allowing the pressure wave to penetrate the space between the two interferometer mirrors, the transmitted (or
reflected) light from this optical cavity is modulated according to the acoustic waves. Since no moving or
mechanically deformable elements (such as membranes or piezoelectric crystals) are involved in this acoustic
sensor, it has a broad frequency bandwidth and a true impulse response – two key features for Laser UT. The
compact-sized detector (see below image) can even reach into confined spaces in an automated production
environment. Compared to optical detection methods traditionally used in Laser UT, the equipment pricing is very
favorable. This is at the expense of depth resolution accuracy, since the propagation of ultrasound in air is
physically limited to a few MHz only.
The award-winning detection approach was demonstrated on resistance spot welding joints between two steel
plates in a car body construction context. A fiber-coupled excitation laser is used for the generation of the
broadband acoustic pulse. The optical microphone is used as a detector, both in a single-sided and in a troughtransmission setup. By cross-scanning the welding joints with the probe, a two dimensional image (c-scan) can be
obtained to evaluate the diameter of the resistance spot weld.

Left: the novel optical microphone, the 2-mm air spacing between the two interferometer mirrors is seen at the
sensor tip. Right: spot-weld joint between two steel sheets measured with the optical microphone.
Acoustic sensing for super-heated bubble chambers using a GCLAD system
J N Caron1,2
1

Research Support Instruments, USA, 2Quarktet, USA

We present a new concept for ultrasound sensing in bubble chambers filled with super-heated fluids. [1] Bubble
chambers provide a means to detect nuclear recoils allowing discrimination of neutrons, neutrinos, and weakly
interacting massive particles (WIMPs). A path of microscopic bubbles is created by the ionization track of the
charged particle. The species of particle can be determined from the acoustic emission of the collapsed bubbles.
Piezo-electric transducers, either mounted to the vessel or sub-merged, are often used to sense the acoustic
disturbances. The use of transducers for long-term sensing can create issues as the sensors need to be broadband
up to 200 kHz and minimize the release of radioactivity from the PZT material. Sub-merged transducers require
special coatings to withstand the wet environment and can introduce particulates into the liquid.
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The current application will draw from recent research of using a Gas-coupled Laser Acoustic Detection (GCLAD)
system for the detection of ultrasound in liquids (LCLAD). A laser beam can be directed into the bubble chamber
through the sidewall, as shown, or a vessel window and is sensed upon leaving the vessel by a position-sensitive
photodector. The laser is diverted by local changes in index of refraction caused by the ultrasound produced from
the bubble burst. Depending on the optical setup, the diversion can be sensed as a beam deflection or a beam
displacement. Multiple beams, as shown, can be used to triangulate the source of the emission. This approach has
proven to be a simple and effective method for laser-ultrasound sensing in water and air.
The use of this approach allows for wider and flatter acoustic frequency response than can be achieved with
transducers. The presence of the beam in the vessel should not adversely affect the experiment. We present a
sensitivity calculation, a thermal heating calculation, and preliminary experiments that demonstrate the potential of
this method.

Figure 1 (Left) A super-heated fluid vessel produces bubbles created from passing neutrons, neutrinos, and WIMPS.
A laser beam passing through the liquid will be diverted from the acoustic emission when the bubbles collapse. The
change in path is sensed by a position sensitive photodetector. (Right) The calculated frequency response for
optical beam deflection by an ultrasound wave in water.
[1]

We acknowledge Dr. Guillaume Giroux, Assistant Professor at the Canadian Particle Astrophysics Research
Centre, Queen’s University, ON Canada for first suggesting the use of GCLAD for this application.

Detection sensitivity calibration method of long pulsed laser for thick structure measurement
T Hoshi, A Sugawara, S Yamamoto, J Semboshi, M Ochiai, T Ohashi and T Ogawa
Toshiba Energy Systems & Solutions Corporation
Laser-ultrasonic testing (LUT) is a very useful technique because of its non-contact and remote sensing feature. We
have implemented a variety of LUT applications mainly on power plant and industrial manufacturing [1-3]. We have
selected components for LUT system, such as generation and detection lasers or laser interferometer, in
consideration of application specification, and then assemble them as a system. In the case of thick structure, such
as in-process weld monitoring [2], we used long pulsed detection laser which has about 80usec pulse width. High
peak energy of detection laser pulse was effective especially for materials which reflect small amount of detection
laser. However, in the case of detecting defects with different depth in thick structure, signal intensity would be
different even if the defects have same size not only due to transverse paths, but intensity of reflected detection
laser is different by time due to energy distribution of pulse shape. In addition, shot dispersion of detection laser
pulse also affects to accuracy of signal intensity.
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We attempted detective sensitivity calibration by monitoring detection laser pulse energy distribution with
simultaneous measuring of ultrasonic wave, and tried to compensate ultrasonic signal intensity. We also tried to
obtain fitting curve of detection laser pulse energy distribution and applied it to ultrasonic wave compensation.
Synthetic Aperture Focusing Technique (SAFT) is also conducted with compensated data. Efficiency of
compensation, evaluation results of dispersion of defect sizing will be presented.
[1]
[2]
[3]

Ochiai, M., Journal of Japan Welding Society, In-Process Identification of Molten Pool Configuration (in
Japanese), P.426-431 (1999)
Yamamoto, S. et al., Materials Transactions, Vol. 55, No.7, “Defect Detection in Thick Weld Structure Using
Welding In-Process Laser Ultrasonic Testing System” p998-1002 (2014)
A. Sugawara, et al., Ultrasonic imaging of molten pool configuration using sound velocity compensation,
Proceedings of the 38th symposium on ultrasonic electronics (USE 2017), 3J2-3 (2017)

Development of a fully-fiber coupled laser ultrasonic system using mid-infrared OPO laser generation beam for
CFRP inspection
J-F Vandenrijt, F Languy and M P Georges
Centre Spatial de Liège (CSL), Liège Université, Belgium
Classical ultrasonic systems are commonly used in the industry for the investigation of carbon fiber reinforced
polymer (CFRP). These systems are wide-spread and very efficient but, major problems arise when the shape of the
element to be investigated is complex (peak, valley, small radius of curvature…). To overcome these problems laser
ultrasonic systems can be used and the recent developments show promising results.
When a laser ultrasonic system is mounted on a robotic arm, very complex shaped objects can be considered. Laser
ultrasonic systems can use different wavelengths for the ultrasound generation. Usually CO2 lasers emitting at 10
μm wavelength are used. However, the optical fibers for 10 μm wavelength are not capable to cope with laser
ultrasonic system needs. Therefore, infrared systems use a jointed articulated beam delivery system which limits the
flexibility of the arm. To circumvent this limitation, an all-fibered laser ultrasonic system can be used. For this
purpose, visible wavelengths are becoming more common. However, visible generation is more likely to damage the
sample under investigation.
Halfway between these two technologies, OPO lasers are commercially available in the range of 3 to 3.5 μm
wavelength. They already have been considered in earlier experiments with CFRP which show that it is an
advantageous wavelength compared to visible/near infrared or far infrared generation. Mid-infrared (MIR)
generation is expected to combine both advantages of visible and far-infrared. Solutions now exist for transporting
MIR light of OPO lasers into fiber, thus avoiding articulated beam delivery system. Also MIR can be used at higher
power than visible light without damaging the surface of the sample under investigation.
For these reasons, we have started developing a fully-fiber coupled laser ultrasonics head with MIR OPO generation
to put on a robot arm for the non-destructive inspection of CFRP components. In this paper, we present the first step
of this development, and results obtained on a reference plate with the OPO and are compared to those obtained
with the green (532 nm) and far infrared (10.6 μm) generations. From these elements, we discuss expectations for
the final instrument, and the planning of the rest of the development activities.
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Figure 1: General view of the OPO laser.

Figure 2: Fiber injection assembly.

7b: NDE
Laser Ultrasound as a tool for the characterisation of electromagnetic welded joints
C Hofer1, K Meirer1, V Psyk2, K Faes3, E Scherleitner1, B Reitinger1
1

Research Center for Non-Destructive Testing GmbH (RECENDT), Austria, 2Fraunhofer Institute for Machine Tools and
Forming Technology IWU, Germany, 3Belgian Welding Institute, Belgium

Joining by Electromagnetic Forming (EMF), also called electromagnetic pulse joining or welding, is a promising
innovative technology for e.g. the joining of dissimilar materials. EMF is a high-speed forming technology using
pulsed magnetic fields for forming electrically-conductive tube or sheet metal workpieces without mechanical
contact between tool and workpiece. Depending on the interaction with additional components, apart from mere
shaping processes, also joining by EMF is possible (electromagnetic welding - EMW). In EMW, a metallic bonding is
created [1].
For the characterization of the properties of electromagnetic welded joints two different laser ultrasound setups were
developed. The first of these, comprising a nanosecond Q-switched pulse laser (wavelength: 1064nm, 1ns pulse
duration, <2mJ/pulse, <2kHz repetition rate) and a two-wave-mixing (TWM) interferometer [2, 3] using a cw laser of
532 nm wavelength in transmission configuration, is limited for the investigation of planar samples and requires a
two-sided accessibility. With the second approach, using a fiberized nanosecond Q-switched pulse laser
(wavelength: 532nm, 10ns pulse duration, energy of 30mJ), a pulsed detection laser (PDL, wavelength: 1064nm,
10µs pulse duration, <500 Watts peak power) and a TWM interferometer with GaAs photorefractive crystal, in
reflection configuration, also tubular samples can be measured and a one-sided accessibility is sufficient.
Both setups were used to investigate the quality of electromagnetic welded joints on sheet metal and tubular
specimen, respectively. When evaluating the data, suitable strategies were developed for the respective
configuration and the results were compared with destructive tests (metallographic micro sections, tensile tests,…)
and non-destructive characterisation methods like leak tests (for tubular samples). For the transmission scheme,
the weld seam properties such as width, length and flyer thickness have been determined and based on them, a
quality number was calculated.
The result of the laser ultrasound measurements showed good agreement with the results of the destructive testing.
The Project JOIN-EM (JOINing of copper to aluminium by ElectroMagnetic fields) leading to these results has
received funding from the European Union’s Horizon 2020 research and innovation program under Grant Agreement
n° 677660.
[1]
[2]
[3]

H2020-FoF-2014-677660 - JOIN-EM: www.join-em.eu
B. Campagne, A. Blouin, L. Pujol, J.P. Monchalin, Rev.o. Sci. Instr., Volume 72, Nr. 5, 2001
Zamiri S., Reitinger B., Berer T., S. Bauer, Burgholzer P. Microelectronics Conference , ME10, Vienna,
Austria, (2010)
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Underwater Oil Spill detection and monitoring in arctic
C Bescond, S Kruger, D Levesque and C Brosseau
National Research Council Canada, Canada
Effective technologies to detect and monitor oil spills in ice covered marine environment are crucial to respond
rapidly and efficiently to potential incident in Arctic due to resource exploration projects and new road
transportation such as the Northwest Passage. Detection and quantitative characterization of the affected areas as
well as monitoring of remediation measures are critical for optimised cleaning operation and minimal environment
impact. In the recent years, techniques of oil spill detection from under the ice with Remote Operated Vehicle (ROV)
or Autonomous Underwater Vehicle (AUV), have been explored and have shown promising results. These techniques
are based on ultrasonic or sonar technologies to quantify the oil volume and optical techniques to obtain a
chemical signature of the oil presence.
We present a new promising technique based on photoacoustics for detection and sizing of oil spill under the ice,
encapsulated within ice, or on open water. Based on photoacoustics, the technique has the advantage to provide
signal in the presence of oil and no signal in its absence, as well as to be less critical to alignment compared to
ultrasonic and sonar techniques. Experimental results on detection of oil under the ice are presented and discussed.
A first prototype with a scanning unit that can be operated in ROV is presented. The solution proposed should be
especially useful as a tool for emergency response, but should also be suitable when operated in AUV for monitoring
high risk areas due to navigation and transportation.
Inspection of cracks in welding joints with focused laser ultrasonic waves
C Pei, D Yi, T Liu and Z Chen
Xi’an Jiaotong University, China
Cracks around welding joints is the critical failure of many mechanical structures in industries. The routine
inspection and evaluation of cracks in welding structures are usually carried out with conventional ultrasonic testing
(UT) method. However, the requirement of physical contact and coupling medium between the piezoelectric
transducers and the tested structures makes it difficult or even impossible to be applied in some areas, such as hot
environment, complex-shape components. Laser ultrasonic Testing (LUT) is considered to be a promising solution
for such cases as it can provide a remote and noncontact generation and detection of ultrasonic waves in materials
with high spatial resolution and good accessibility. But, one of the main limitation of this technique is its fairly low
generation efficiency [1, 2].
In this work, in order to improve the detecting ability of LUT method for cracks inspection without using high energy
density ablative source, an arc-line-focused laser source realized with a set of optical lens is proposed to generate
focused ultrasonic waves for enhancing the wave strength towards to the cracks, as shown in Fig. 1. The signal-tonoise ratio (SNR) and spatial resolution can be improved, making detection and evaluation of small crack possible.
To verify the performance of this method, the distribution of the ultrasonic waves generated by the arc-line laser
source are measured by a laser interferometer to evaluate the focal area. Finally, the measurement of electrical
discharging machining (EDM) cracks varied in both length and depth in welding joints with using focused ultrasonic
waves generated by the arc-line laser source is investigated by experiment.
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(a)

(b)

Fig. 1 Schematic diagram of inspection of cracks in welds by focused laser ultrasound with using arc-line laser
source: (a) top view and (b) cross-section view
[1]
[2]

C. Pei, K. Demachi, T. Fukuchi, K. Koyama, M. Uesaka, J. Appl. Phys. 113 (2013).
P. Cielo, F. Nadeau, M. Lamontagne, Ultrasonics, 55 (1985)
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(Invited) Supersonic saw: discrete bound states in a radiation continuum
A G Every1 and A A Maznev2
1

University of the Witwatersrand, South Africa, 2Massachusetts Institute of Technology, USA

The subject of discrete bound states within a continuum of radiation states (BIC) is attracting considerable attention
in diverse areas of physics. The concept was first advanced by von Neumannn and Wigner [1] for a model quantum
mechanical system, but to date it is mainly in classical systems, primarily in optics and acoustics, that BIC have
been encountered. Although recognition of the generality of BIC and much of the current terminology owes to the
2016 review by Hsu et al.,[2] the realization of BIC in the guise of supersonic SAW (SSAW) can be traced back
much further, to the 1970 review by Farnell.[3]
There are various situations that give rise to a surface acoustic mode which is supersonic with respect to transverse
waves of the bulk. Coupling of the surface mode to the bulk wave continuum results in its attenuation and spectral
broadening. Where circumstances permit, for a particular value of the system parameters the coupling can vanish,
and the surface mode becomes a true un-attenuated supersonic SAW. As such it represents a BIC. In this paper
three different situations permitting SSAW will be discussed:
•
•
•

SSAW at periodically structures surfaces and their observation with the laser transient grating method.
SSAW on the surfaces of anisotropic solids (crystals) and their observation with surface Brillouin
scattering.
Supersonic SAW on isotropic layered systems, with and without fluid loading.[4]

We conclude by describing the unfolding of SSAW into a leaky or pseudo-SAW (PSAW) with variation of a system
parameter such as direction in a crystal surface or product of wave vector and layer thickness for a supported
layer.[5] We demonstrate how for generic non-symmetry-protected SSAW, the unfolded PSAW resonance conforms
accurately to the well-known asymmetric Fano line shape associated with the excitation of a localised state coupled
to a non-degenerate radiative continuum.
SSAW are not only of scientific interest, but are exploited in SAW devices, where they offer new design options.
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[1]
[2]
[3]
[4]
[5]

J. von Neumann and E. Wigner, Phys. Z. 30, 465 (1929).
C. W. Hsu et al., Nat. Rev. Mater. 1, 16048 (2016).
G. W Farnell, Physical Acoustics, Vol VI (AP, NY, 1970) pps. 109-166.
A. A. Maznev and A. G. Every, Bound Acoustic Modes in the Radiation Continuum in Isotropic Layered
Systems without Periodic Structures, Phys. Rev. B 97, 014108-1-8 (2018).
A. G. Every and A. A. Maznev, Fano Line Shapes of Leaky Surface Acoustic Waves Extending from Surface
Acoustic Wave Points, Wave Motion 79, 1-9 (2018).

Investigation of lamb waves with conical dispersion
D M Stobbe and T W Murray
University of Colorado Boulder, USA
Lamb waves are used for a variety of applications in materials characterization and nondestructive testing. Recently,
there has been an interest in exploiting some of the peculiar properties of Lamb waves for enhanced nondestructive
testing of materials. For some Lamb wave modes, the curvature of the dispersion near k = 0 is negative, leading to a
region of backward wave propagation over which the phase velocity and group velocity are anti-parallel [1,2]. These
modes also exhibit a point where the group velocity goes through zero, while the phase velocity remains finite, in the
transition from backward to forward propagating modes. The origin of backward wave propagation in elastic
waveguides lies in the repulsion of the dispersion curves between modes of the same symmetry [3]. This repulsion
is the strongest when an accidental degeneracy occurs between closely spaced modes. For isotropic plates, the
Poisson’s ratio determines the character of dispersion. The dispersion curves intersect the k = 0 axis at the thickness
mode resonances, where the phase velocity becomes infinite while the group velocity vanishes. The dispersion curve
is generally parabolic in the long wavelength limit as is dictated by the requirement that 𝜔𝜔(k) = 𝜔𝜔(-k). If, however,
the Poisson’s ratio is selected such that an accidental degeneracy occurs between a longitudinal thickness mode
resonance and a shear thickness mode resonance, of the same symmetry, then the dispersion curve becomes linear
in the vicinity of k = 0 and, in a three dimensional representation, assumes the shape of a cone. Conical dispersion
of Lamb waves for special values of Poisson’s ratio was originally described by Mindlin [4].
Recently, there has been interest in the development of designer materials that have conical dispersion at k = 0, but
the study of this phenomena in isotropic plates has been limited [5]. In this presentation, we report the laser
ultrasonic measurement of linear dispersion through k = 0 in a homogeneous isotropic plate. Starting with an
aluminum alloy plate with a near-degeneracy, we slightly modify the elastic properties through temperature change
to achieve degeneracy at k = 0 [6]. Furthermore, we demonstrate the spatial and temporal decoupling of Lamb
waves with near-conical dispersion through experiments showing angle invariant mode conversion from the free
edge of a plate. Finally, we discuss recent results showing the unusual scattering behavior that these waves exhibit
when interacting with plate defects.
[1]
[2]
[3]

I. Tolstoy and E. Usdin, “Wave Propagation in Elastic Plates: Low and High Mode Dispersion,” J. Acoust.
Soc. Am. 29, 37 (1957).
A. H. Meitzler, “Backward‐Wave Transmission of Stress Pulses in Elastic Cylinders and Plates,” J. Acoust.
Soc. Am. 38, 835 (1965).
C. Prada, D. Clorennec, and D. Royer, “Local vibration of an elastic plate and zero-group velocity Lamb
modes,” J. Acoust. Soc. Am. 124, 203 (2008).
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[5]
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R. D. Mindlin, An Introduction to the Mathematical Theory of Vibrations of Elastic Plates (World Scientific,
Singapore, 2016).
A. A. Maznev, “Dirac cone dispersion of acoustic waves in plates without phononic crystals,” J. Acoust. Soc.
Am. 135, 577 (2014).
D. Stobbe and T.W. Murray, “Conical Dispersion of Lamb Waves in Elastic Plates,” Phys. Rev. B 96,
144101 (2017).

Adhesion study of a transparent film deposited on an opaque substrate using Surface Acoustic Waves generated
and detected by laser sources
M Robin, F Jenot, M Ouaftouh and M Duquennoy
Univ. Valenciennes, CNRS, Univ. Lille, France
Non-Destructive Testing of adhesion is an important academic and industrial issue. For this purpose, the use of
Surface Acoustic Waves is well suited because of their sensibility to the contact conditions between the materials
who influence the dispersion of this type of waves. The difficulty of this research field is that the modification of
some experimental parameters leads to a similar result on the dispersion curves than the adhesion. It is especially
the case of the thickness variations when considering multilayered samples or the low degree of mastery of
thickness and mechanical characteristics for glued samples. To avoid these problems, transparent polymer films are
placed in direct contact with the metallic substrate. They offer the advantage of weak thickness variations. The use
of Laser-Ultrasonics method allows contactless generation and detection of acoustic waves in a large frequency
bandwidth and their excitation directly at the interface between film and substrate. The results presented concern
finite-element simulations and experimental achievements about the influence of contact conditions on Rayleigh
modes excited at the interface.
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(Invited) Photoacoustic characterization of reticulated structures
L Labelle1, B Roozen1, T Seresini1, M Dossi2, M Brennan2, K Kemel2, M Moesen2, J Vandenbroeck2 and C Glorieux1
1
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The elastic properties of macroscopic poroelastic materials depend on their 3D structure and on the elastic modulus
of the material from which they are constituted. Prediction and tuning of their acoustic and elastic properties
therefore requires both the characterization of their structure and of their elastic behavior on the scale of struts and
membranes. In this contribution, results are presented on an experimental approach that makes use of guided
elastic waves along the structure of 3D printed grid model samples, with acoustic wavelengths ranging from
dimensions shorter than the characteristic sizes of the porous network to much longer ones, which go along with
frequencies in the audible range. The analysis is supported by numerical simulations. Possibilities and limitations of
the interpretation of dispersion curves of guided waves in network structures to extract the elastic moduli of the
microscopic material are discussed.
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Figure: reticulated structure
The Acoustic Energy control Based on Acoustic Metamaterial
X Xu, C Liu, J Liu, X Feng, A Yin and S Zhang
Nanjing University, China
Inhomogeneous anisotropic density-near-zero metamaterials (IADNZMs), with only one component of the mass
density tensor near zero, have been proposed and used to manipulate the flow of the acoustic energy in
designed paths. The effective mass density and wavelength of the IADNZM under normal incidence are derived
theoretically. A strong averaging effect on the non-zero component of the mass density tensor is theoretically
and numerically demonstrated in the IADNZM. Based on this effect, the acoustic intensity vector, which
represents the average direction and magnitude of the acoustic energy flow, can be manipulated by simply
designing the spatial profile of the non-zero mass density component. In experiment, a periodic distribution of
solid pillars built on a steel plate in order to imitate the IADNZM, and a home-made photorefractive
interferometry is used to detect acoustics wave propagating in the plate. The measured results confirmed that
the acoustic energy is confined in the artificial wave guide. This method provides new possibilities in controlling
the acoustic intensity in almost an arbitrary way.
[1]
[2]
[3]
[4]
[5]
[6]

D. Torrent and J. Sánchez-Dehesa, Phys. Rev. Lett. 103, 064301 (2009).
F. Liu, X. Huang, and C. T. Chan, Appl. Phys. Lett. 100, 071911 (2012).
R. Fleury and A. Alù, Phys. Rev. Lett. 111, 055501 (2013).
Y. Li, B. Liang, Z. Gu, X. Zou, and J. Cheng, Appl. Phys. Lett. 103, 053505 (2013).
Otsuka P H , Nanri K , Matsuda O et.al, Sci. Rep. 3, 3351(2013).
Bilal O R, Foehr A and Daraio C, Adv. Mater. 1700628(2017).

#IOPLU2018

Observation dispersion of wedge waves propagating along wedge with truncations by laser ultrasound technique
J Jia, Q Han, X Jing and C Yin
Hohai University, China
Wedge waves are discovered by Lagasse and his workers [1,2] through numerical study in the early 1970s, which
propagate along the tip of wedge. Because of their major features: dispersion characteristics, low wave velocity, and
strong localization, they can be utilized in information processing devices, biochemical sensor, nondestructive
detection and evaluation, and nondestructive detection of wedge-shaped engineering devices.
The wedge waveguide models with truncations, radii of curvature were built by using finite element method(FEM).
Pulsed laser coupled with optical fiber excitation and optical vibrometer for detection was used to detect the wedge
waves experimentally. The dispersion curves were obtained by using 2D Fourier transformation method. For the 20°
and 60°wedges, both experimental and numerical results indicated that non-ideal wedge tip had great impact on
the wedge waves. The modes of 20° line wedge with truncations presented anomalous dispersion, low mode closed
to high mode in high frequency and the characteristics of antisymmetric Lamb waves as truncation increased. The
mode of 60° line wedge with truncations appeared the characteristics of antisymmetric Lamb waves, and the A1
mode was also observed clearly. Radius of curvature effects on the wedge waves. Small abnormal dispersion in 20°
cylinder wedge and feeble normal dispersion for 60° cylinder wedge are observed compared with line wedge. The
findings can be used to evaluate and detect wedge structure. Meanwhile, the propagation of non-dispersive wedge
waves was realized via a special wedge shape, which was designed with a unique relationship between the
curvature radius and truncation, and its correctness was validated using numerical simulation.
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In-process industrial applications of laser ultrasound
B Dutton, M Rosli, W Vesga and J Whicker
Manufactoring Technology Centre, UK
Additive manufacturing (AM) offers freedom to design complex geometries or add material in order to extend the
useful life, which are not possible with conventional manufacturing methods. Nevertheless, in order for such benefits
to be realistic, the product quality must first be ensured. Typically, quality inspections are performed after the build
of the full part, which becomes difficult for complex geometries, adds cost to the whole process and potentially
creates more scrap. Taking advantage of the unique layer-by-layer or bead-by-bead build method, an ideal place to
verify the part quality is after a layer or bead, with the potential advantage to reduce or eliminate the need to
inspect after the full build or after machining. Additionally, other industrial processes, such as laser welding, could
also benefit from such an approach. Laser ultrasonic testing is a non-contact inspection technique with potential for
in-process monitoring of such processes which are at elevated temperatures. This paper explores the capability of
this technique for AM and welding industrial applications.
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Figure 1: Laser ultrasound scan results highlighting capability to detect wall fusion irregularities between beads.
Courtesy AMAZE EU project.
An algorithm for 2D immersion laser-ultrasonic imaging of solids with piecewise linear surface proﬁle
V Zarubin1,2, A Bychkov1,2, A Karabutov1,2,3, V A Simonova3 and E Cherepetskaya1
1

The National University of Science and Technology MISiS, Russia, 2M.V. Lomonosov Moscow State University,
Russia, 3The Institute on Laser and Information Technologies of the Russian Academy of Sciences, Russia

Ultrasonic methods are widely used in industry for non-destructive
testing, material characterization and structuroscopy. However, there
is still a need for high-resolution and high-performance ultrasonic
methods for inspection of solid objects with complex shapes [1,2].
We developed an automated real-time experimental setup and
refraction-corrected algorithms for 2D immersion laser ultrasonic
imaging based on ray-tracing for inspection of solids with piecewise
linear surface profile and tested them on solid samples. The laser
ultrasound is a well-established method, successfully used in nondestructive evaluation of metals and composite materials and other
fields [3,4]. Laser generation of ultrasound provides short aperiodic
probe pulse without side-lobes [5], that is used for conduction of
Principle of the proposed method.
laser ultrasonic tomography with wideband sensor array. The
proposed method can be applied for inspection of metal and composite structures.
This work is supported by Russian Science Foundation (16-17-10181).
[1]
[2]

L.C. Lynnworth. Ultrasonic measurements for process control: theory, techniques, applications. Academic
Press, 2013.
K. Nakahata, S. Tokumasu, A. Sakai, Y. Iwata, K. Ohira, Y. Ogura. Ultrasonic imaging using signal postprocessing for a flexible array transducer, NDT & E International, 82, 13-25, 2016.
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[3]

[4]

[5]

N.B. Podymova, A.A. Karabutov. Combined effects of reinforcement fraction and porosity on ultrasonic
velocity in SiC particulate aluminum alloy matrix composites. Composites Part B: Engineering, 113, 138143, 2017.
I. Pelivanov, T. Buma, J. Xia, C.W. Wei, M. O'Donnell. A new fiber-optic non-contact compact laserultrasound scanner for fast non-destructive testing and evaluation of aircraft composites. Journal of Applied
Physics, 115, 11, 2014.
V. E. Gusev and A. A. Karabutov, Laser Optoacoustics (American Institute of Physics, 1993).

Detection crack at edge footrail using Laser Ultrasonic: a proposal
M C S Cabeça1, F A Grijalba1, J R de F Arruda1, J Frejlich1, J A da Silva2 and R N Baldez3
1

Unicamp - Universidade Estadual de Campinas, Cidade Universitária Zeferino Vaz, Brasil, 2Vale, Brasil, 3Abendi –
Associação Brasileira de Ensaios Não-Destrutivos e Inspeção, Brasil
The heavy-haul railroad from permanent way are permanently
subjected to high mechanical loads and adverse environmental
conditions. The main agents that interact in the life of the rail are high
axle load, rolling contact pressure, combined shear stresses, bending
and twisting by the rail vehicle, thermal stresses due to the contained
elongation of continuously welded rails and manufacturing residual
stresses (straightening) and welding in the field [1].
Figure 1 - Transverse defect initiated
from a wheel burn defect, detail crack
stages [6] - with adaptation by [5]

Heavy-haul railways are characterized by high axle load, uniform

rolling stock, long trains and large annual traffic volumes. The
presence of these factors leads to superficial and internal failures.
The principal one of these is the transverse defect (TDs), representing
about 26% of the other discontinuities, being that [2]. TDs comes from fatigue cyclics tensions, whose growth rate
largely depends on traffic density [3]. There are basically two types of ultrasonic inspection: manual and continuos
(semi-automatic and automatic) [4]. Some railroads plan to
equip their wagons for such an inspection.
In continuous inspection, it isn’t possible to observe all cross
section of the rail. The edge area of the footrail, represent
15% of the failures not detected. The presence of elastic
clips, does not allow a detailed inspection of the region, due
to sonic attenuation. In this case study, proposed for an
evaluation of this forum, it was considered a heavy-haul
Figure 2 – (a) Broken rail by fracture transverse with
railway, with a capacity of nearly or superior 32.5 t/axle
nucleation footrail; (b) Arrows highlight fracture region [5]
[5], using LUS to detect failures in the edge region of the
footrail.
[1]
[2]

ZERBST, U.; BERETTA, S. Failure and damage tolerance aspects of railway components. Eng Fail Anal.
2011; 18:53442.
CANNON, D. F.; EDEL, K.-O.; GRASSIE, S. L.; SAWLEY, K. Rail defects: an overview. Fatigue Fracture
Engineering Materials Structure, 26, 865-887. 2003.
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DRAKE, H. C. Transverse Fissure Detector Car. In: Presented at the Winter Convention of the A.I.E.E., New
York: January 26-30, 1931.
STEFFLER, F. Via Permanente Aplicada: Guia Teórico e Prático. Livros Técnicos e Científicos: Rio de janeiro,
2013.
BALDEZ, R. N.; CABECA, M. C. S. Ultrassom para trilhos e soldas. Abendi: São Paulo. 2017.
AUSTRALIA. NSW Transport RailCorp. Rail Defects Handbook – TMC226. Version 1.2, Engineering Manual
Track. 2012.

Remote imaging inspection for plate-like structures by scanning laser source and microphone detection
T Hayashi and A Maeda
Kyoto University, Japan
Irradiating laser pulses to a plate-like structure generates flexural vibration. In a low frequency range, the vibration
energy generated becomes larger when the laser spot is located at an area having small bending stiffness such as a
defective area, and becomes smaller when the laser spot is located at an intact area. Authors have developed a
defect imaging technique using this characteristic of flexural vibration in a low frequency range [1-4]. Because a
sensor for detecting the flexural vibration is fixed at an arbitrary position on a plate, various types of sensors can be
used in this imaging technique. For example, the use of a contact piezoelectric transducer realizes high signal to
noise ratio [2], and a laser doppler vibrometar enables us to create defect images in a remote non-contact manner
[3]. Moreover, since defect images can be obtained at high spatial resolution beyond the diffraction limit, we can
use very low frequency range compared to ordinary ultrasonic inspection and therefore acoustic microphones
become a candidate for a detection sensor.
In this study, therefore, the defect imaging technique using small silicone microphones that have been widely used
in cell phones are described. Fig. 1 shows the experimental set-up. Considering high attenuation of sound in air and
the fact that audible frequency range can be used in this imaging technique, we developed microphone units that
are supposed to place near the test plate and transmit signals with a Bluetooth audio transmitter. Once the
microphone units were placed close to an inspected object, we were able to obtain a defect image as shown in Fig.
2 with no precise adjustment of receiving devices.

[1]
[2]
[3]
[4]

T. Hayashi, M. Murase, M.N. Salim, J. Acoust. Soc. Am. 126 (2009) 1101–1106.
T. Hayashi, Appl. Phys. Lett. 108 (2016) 81901.
T. Hayashi, Int. J. Press. Vessel. Pip. 153 (2017) 26–31.
T. Hayashi, M. Fukuyama, J. Acoust. Soc. Am. 140 (2016) 2427–2436.
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(Invited) High-speed acoustoelectric transducers for detection of laser generated picosecond acoustic pulses
A J Kent, A V Akimov, R P Campion, S L Heywood, C L Poyser and D Srikanthreddy
University of Nottingham, UK
In this talk, I will discuss the physics and applications of high-speed acoustoelectric devices for the detection of
laser-generated ultrasonic pulses.
I will review our recent results using semiconductor diodes [1] and superlattices [2] to detect longitudinal acoustic
pulses of picoseconds duration generated by femtosecond pulsed lasers. The coherent phonons in the acoustic
pulse modulate the electronic band structure of the devices via the deformation potential interaction. This causes a
change in the electrical conductivity, which can be detected using microwave electronics. I will then go on to show
that Schottky diodes fabricated on a low-crystal symmetry surface of a semiconductor can be used to detect shear
polarized acoustic pulses through the piezoelectric interaction [3].
This direct detection method works satisfactorily for frequencies up to a few tens of GHz. For detection of higher
acoustic frequencies, ~100 GHz, I show how we can exploit the nonlinear properties of the device to mix the
acoustically-induced signal with a microwave local oscillator to produce and intermediate frequency in the 10 GHz
range [4].
Owing to the speed limitations of signal processing electronics currently available at reasonable cost, the
acoustoelectric detectors have limited spectral resolution of the acoustic signals. We show that, by using chirped
acoustic pulses, we can spread the frequency spectrum over an extended time window [5] suitable for use with the
acoustoelectric detectors.
[1]
[2]
[3]
[4]
[5]

D M Moss et al., Phys. Rev. Lett. 106, 066602 (2011)
C L Poyser et al., New J. Phys. 17, 083064 (2015)
D Srikanthreddy et al., Phys. Rev. Applied 7, 024014 (2017)
Sarah L Heywood et al., Sci. Rep. 6:30396 (2016)
C L Poyser et al., Phys. Rev. Lett. 119, 255502 (2017)

Evaluation of the structural phase transition in multiferroic (Bi1-x Prx)(Fe0.95 Mn0.05)O3 thin films by time-domain
Brillouin scattering
S Raetz1, N Chigarev1, A Lomonosov2, Z Wen3, Q Jin3, A Bulou4, N Delorme4, S Avanesyan5, A Rousseau4, G Vaudel4,
P Ruello4, D Wu6 and V Gusev1
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Time-domain Brillouin scattering (TDBS) is an experimental technique for the generation and the detection of
ultrashort acoustic pulses using ultrafast lasers, which was originally referred to as picosecond acoustic
interferometry [1-3]. It provides opportunity to monitor propagation of nanometers-in-length acoustic pulses in
transparent media and to determine acoustical, optical, and acousto-optical parameters of the materials [4]. We
report here on the application of TDBS for the evaluation of the effect of Pr substitution on the elasticity of (Bi1xPrx)(Fe0.95Mn0.05)O3 (BPFMO) thin films. The films were deposited on Si and LaAlO3 (LAO) substrates by a sol-gel
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method. X-ray diffraction and Raman spectra revealed earlier that a phase transition from rhombohedral to
tetragonal structure occurs at about 15% Pr substitution and is accompanied by the maxima of remanent
magnetization and polarization [5]. Thus BPFMO films at the structure transition composition show the strongest
ferromagnetism. Combining TDBS with optical interferometry, scanning electron microscopy, and topographic
measurements by atomic force microscopy, we found that the structural transition is also characterized by the
minimum in longitudinal sound velocity and maximum in optical dielectric constant. Our results in combination with
earlier ones [5] suggest that BiFeO3-based films and ceramics with compositions near phase boundaries might be
promising materials for multifunctional applications.
In addition, our experiments demonstrate that TDBS provides opportunity to distinguish the polycrystalline films
deposited on Si from the textured films deposited on LAO. The TDBS measurements performed at two different
angles of probe incidence in multiple planes of probe incidence on the sample reveal preferential orientations of the
crystallites in the films deposited on LAO substrates.
The authors acknowledge Le Mans Acoustique for funding “Ferrotransducers” project.
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A high electron mobility phonotransistor
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We demonstrate a fundamentally new type of active acoustoelectronic device based on a GaAs heterostructure: an
acoustically gated transistor, or phonotransistor. In this device a laser-generated bulk sub-THz acoustic wave
passing through a 2DEG channel in a direction perpendicular to current flow is used to modulate the drain-source
current performing the function usually requiring an electrical signal and a metal or semiconductor gate.
In the proof of principle experiments discussed during this talk a sample was prepared featuring an electrically
contacted 2DEG structure on one side of the substrate and an aluminium film opto-acoustic transducer on the
opposite side as shown in figure 1. When excited with a femtosecond pulsed laser the transducer generated bipolar
picosecond acoustic (strain) pulses and launched them into the GaAs substrate. The strain pulses then travelled
through the substrate and were perpendicularly incident on the 2DEG layer. The lateral electrical response of the
2DEG device to this signal was recorded using a 12.5 GHz bandwidth oscilloscope, allowing an investigation of the
physical processes leading to these effects. High-speed modulation of the heterojunction potential by the acoustic
wave, via the deformation potential interaction, was found to result in a change in the conduction electron density in
the channel, and so a change of the channel conductivity.
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Such a phonotransistor has potential scientific and technological applications, e.g.: as a detector in laser
ultrasonics and phononics experiments and as a transducer in bulk acoustic wave filters, working at much higher
frequencies than currently available acoustoelectric devices.

Figure 1. Schematic of the experiment

Driving of magnetization precession by laser ultrasonics in ferromagnetic nanogratings
F Godejohann1, A V Scherbakov1,2, S M Kukhtaruk1,3, B A Glavin3, A Nadzeyka4, S Bauerdick4, M Wang5, A W
Rushforth5, D R Yakovlev1,2, A V Akimov5 and M Bayer1,2
1
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The precessing magnetization of a ferromagnetic nanostructure can be a source of a microwave magnetic field of
nanoscale localization desirable for many challenging magnetic applications. If a nanostructure possesses the
phonon resonances, this becomes a powerful method to drive the magnetization precession with large amplitude
and narrow spectral band [1-3]. Here we utilize laser ultrasonic technique to drive the magnetization by coherent
acoustic phonons with frequencies up to 16 GHz in a lateral ferromagnetic nanograting.
The studied nanogratings were produced by focused ion beam milling into a 120 nm-thick Galfenol (Fe0.81Ga0.19)
film deposited on a GaAs substrate. The nanogratings of 25 x 25 m2 size with a period of d = 200÷250 nm consist
of parallel grooves of width a = 100 nm and depth h = 10÷60 nm milled along the [100]-crystallographic direction.
We perform time-resolved measurements in a pump-probe scheme with the asynchronous optical sampling
(ASOPS). The femtosecond pump pulse excites phonon and magnon resonances in the nanograting, while the probe
pulse serves to detect coherent lattice and magnetic response in time domain by means of the photo-elastic and
magneto-optical Kerr effects. By an external magnetic field, we tune magnon modes to the resonance with the
localized modes of surface acoustic waves (SAWs) and control the precession spectral amplitude and lifetime. A
possible application is the generation of an oscillating magnetic field for spin processing and magnetic imaging.
[1]
[2]
[3]

J. V. Jäger et al., Phys. Rev. B 92, 020404(R) (2015).
J.-W. Kim and J.-Y. Bigot, Phys. Rev. B 95, 144422 (2017).
A. S. Salasyuk et al., Phys. Rev. B 97, 060404(R) (2018).

#IOPLU2018

Fig. 1 Magnetic field dependence of the spectral
amplitude of the magnetization precession in the
nanograting with d = 200 and h = 10 nm. There
are two SAW modes in the nanograting. The first
one at 12 GHz drives the high-order magnon
modes, while the second one at 16 GHz drives the
ground magnon mode. The inset shows the
transient Kerr rotation signal with the
magnetization precession driven by the 2nd SAM
mode. It lasts up to 12 ns in contrast to the free
precession in the plain film, which decays within
several oscillations.

11a: Ultrafast & Nano
(Invited) Near-field optical detection of elastic vibrations in small scale structures
O Balogun
Northwestern University, USA
This work presents a framework for exploring optical nanoantennas based on surface plasmons for local detection of
acoustic vibrations in nanostructures. I would present some studies from my research group showing how we exploit
the near-field optical interaction between proximal mechanical oscillators- a plasmonic nanofocusing probe-tip
supported by a low frequency cantilever and a high frequency nanomechanical oscillator, for local detection of
nanomechanical vibrations. With this scheme, we are able to monitor local nanomechanical vibrations at MHz
frequencies with a minimum detectable displacement sensitivity of 0.45 pm/Hz1/2, limited by shot noise and
electrical noise. Recently, we integrated the plasmonic nanofocusing probe with a picoseconds ultrasonic pump and
probe setup, and record the ultrafast acoustic breathing modes of metal nanostructures at frequencies in the GHz
range. The near-field optical probe provides high spatial resolution (< 20 nm) and temporal resolution (~ 1
picosecond). I will discuss the methods we have explored to understand the complex near-field optical field
distribution, enhance the local optical field using gap mode resonances, and to facilitate parallel detection without
scanning the probe-tip.
Coherent ultrasonic vibrations excited in nanomaterials by laser pulses at low temperatures and nonlinear effects,
connected with this phenomenon
M A Karpov1, A D Kudryavtseva2, T V Mironova2, D V Rozinskii3, M A Shevchenko2, N V Tcherniega2 and K I Zemskov2
1
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We showed in our previous works [1,2] that strong acoustic vibrations in giga- and terahertz range can be excited in
nanomaterials under impact of nanosecond laser pulses. These vibrations existence is confirmed by very efficient
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stimulated low frequency Raman scattering arising in nanomaterials as a result of laser light interaction with
nanoparticles mechanical eigenvibrations. Many nonlinear effects are connected with this phenomenon: stimulated
scattering efficiency increase, strong triboluminescence and so on.
In this work we show that these effects are enhanced significantly at low temperatures. We observed very bright and
long (up to few seconds) luminescence of nanomaterials in blue-green range under 20 ns pulses of ruby laser
excitation at the temperatures less than 110 K (see Figure 1b and c). We observed it in different nanomaterials,
both high-ordered, like synthetic opal matrixes and their nanocomposites, and random materials (cooled
nanoparticles suspensions). This effect is connected with triboluminescence – light emission under mechanical
impact. Recently interest to the triboluminescence increased with the possible applications of this effect for impact
monitoring on the material surfaces, for instance, impact of small meteorites on the surface of spacecrafts.
We also observed enhancement of the stimulated scatterings: stimulated low frequency Raman scattering (SLFRS)
and stimulated Raman scattering (SRS) in nanomaterials at low temperatures. At the liquid nitrogen temperature
SLFRS and SRS threshold was lower, intensity increased and more components of higher orders were excited than
at the room temperature. The effect was observed for nanocomposites based on synthetic opal matrixes at low
temperatures. It was shown to be caused by optical feedback organized by synthetic opal matrixes.
Temporal and temperature dependences of the effect were investigated.

Figure 1. a - SLFRS spectrum in opal matrix; b, c – opal matrix luminescence in blue-green range under ruby laser
excitation (b at room temperature, c at the liquid nitrogen temperature
[1]
[2]
[3]

N. V. Tcherniega, M. I. Samoylovich, A. D. Kudryavtseva, A. F. Belyanin, P. V. Pashchenko and N. N.
Dzbanovski, Optics Letters, 35, 300 (2010).
N. V. Tcherniega, K. I. Zemskov, V. V. Savranskii, A. D. Kudryavtseva, A. Yu. Olenin and G. V. Lisichkin,
Optics Letters, 38, 824 (2013).
Y. Kawaguchi, “Time-resolved fractoluminescence spectra of silica glass in a vacuum and nitrogen
atmosphere”, Phys. Rev B, 52, 9224-9228 (1995).
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Detection of periodic nano-structures underneath optically opaque metal layers
S Edward, A Antoncecchi, Hao Zhang, S Witte and P Planken
Advanced Research Center for Nanolithography, The Netherlands
The ability to “see" through optically opaque metallic and dielectric layers is essential for metrology applications in
the semiconductor manufacturing industry. Here, we demonstrate that using laser-induced ultrasonics it is possible
to detect the presence of buried gratings underneath optically opaque metal layers.
We fabricated Au gratings on flat layers of Au on a glass substrate and performed pump-probe experiments from the
substrate side. Hence, both the 400 nm pump pulse and the 800 nm probe probe pulse see a nominally flat
surface and the grating is effectively optically hidden (Fig. 1(a)). The femtosecond pump pulse generates an
acoustic wave in the metal layer that propagates though the metal and reflects off the buried grating. The acoustic
wave front returning to the Au-glass interface now has a shape resembling that of the buried grating. This givies rise
to a ‘grating-like’ strain wave at the Au-glass interface. A delayed probe pulse diffracts from this grating and the
diffracted signal is plotted as a function of time delay between the pump and the probe pulse. Fig. 1b shows the
time-dependent diffracted probe signal for buried gratings with amplitudes of 2.5 nm and 1 nm of gold on top of a
75 nm flat gold layer on glass. These small amplitude gratings were chosen to determine the smallest buried grating
amplitude that can still give rise to measurable diffraction. The figure shows multiple diffraction peaks for increasing
time delay, with the characteristic feature that the height of the diffracted peak initially increases with time delay.
For larger grating amplitudes this gradual increase is not observed (not shown here).
The increasing diffraction efficiency for increasing time delays can be explained as follows: Diffraction can only
occur when acoustic waves reflected off the valleys and ridges of the grating arrive at the glass/gold interface at
different times. This phase difference accumulates as the acoustic waves reflect multiple times, leading to a stronger
contrast in the acoustic grating at the top surface as a function of time. We show that the thickness of the grating
has a profound effect on the shape and strength of the time-dependent diffracted signal and that even subnanometer amplitude gratings may be observable in this manner. We will also present our work towards the
detection of periodic structures underneath hundreds of nanometers thick metal/dielectric layer stacks using laserinduced ultrasonics.

Figure 1: (a) Schematic of the experiment: The 400 nm pump and the 800 nm probe pulses illuminate a flat Au
layer with a grating on top, from the glass side. (b) The diffracted signal plotted as a function of pump-probe delay
for 1 nm and 2.5 nm amplitude Au gratings. The result for a flat Au layer is also shown.
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Laser ultrasonic characterisation of semiconductor membranes
R S Edwards, L Q Zhou, G Colston, O Trushkevych, M Myronov and D R Leadley
University of Warwick, UK
Germanium (Ge) is a potential logical supplement for recent silicon semiconductor technologies, which can be used
in spintronics, optical detection, or platforms for photonic devices. It is possible to prepare such materials so that
they produce a suspended structure, for example a simple suspended membrane, and these are a very simple
micro-electronic mechanical system (MEMS). Identification of the membrane parameters, such as residual stress,
are key to identifying uses and ensuring production of a quality membrane. In addition, monitoring for crack
initiation and growth can ensure mechanical reliability.
We present work on vibrations of the membranes at ultrasonic frequencies, using laser interferometry to characterise
the resonant modes of mm-dimension membranes, and use this to calculate the average residual stress. One
membrane was subjected to prolonged large amplitude vibrations, and exhibited non-linear behaviour.
Measurements of the stress and the Q-factor showed the onset of damage in this membrane. Several membranes
were subjected to thermal cycling over a temperature range of 296-370 K, with the damaged membrane showing
self-healing of parts of the crack during heating. This self-healing was detected through the vibrational response and
Q-factor measurements, and using scanning electron microscopy on a heated stage.
This offers a potential technique for characterising production quality or lifetime testing for MEMS.
Gold nanorod optoacoustic transducers
S Naznin, R Fuentes-Dominguez, F Perez-Cota, L Marques, R J Smith, C W See and M Clark
University of Nottingham, UK
Metallic nanorods are of special interest in laser and picosecond ultrasonics because they exhibit anisotropic
surface plasmon resonances and polarization dependent cross-sections. These can be tuned from visible to near
infrared by changing the size and shape of the rods. This in turn will allow us to think about the generation and
detection of ultrasound by controlling the size, shape and orientation of the nanorods [1]-[4]. Gold nanorod (GNR)
has sharp longitudinal surface plasmon resonance and attractive photo-thermal properties [1]. We explore the use
of gold nanorods as advanced opto-acoustic transducers in the GHz region by ultrafast laser excitation. Polarization
sensitivity of nanorod has motivated us to design gold nanorod transducers to overcome the limit of lateral
resolution that can contribute to the living cell imaging [4]. Optical response is simulated to enhance the generation
and detection of vibrational states of nanorods. We could not only successfully detect the extensional and breathing
vibrational modes of gold nanorods as shown in Figure 1 but also the obtained results characterize the size of the
nanorods accurately.
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Figure 1. (a) Extensional and breathing vibrational modes of a 145nm×50nm GNR at 6GHz and 42GHz respectively
in air medium; (b) SEM image of 145nm×50nm GNRs; (c) Extensional modes at 6GHz and 14GHz of a
145nm×50nm GNR and 87nm×25nm GNR respectively in water medium.
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Characterisation Method and Detection Enhancement of Plasmonic Nanoparticles in a Pump–Probe
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living cells with sub-optical wavelength phonons,” Scientific Reports, vol. 6, p. srep39326, Dec. 2016.

#IOPLU2018

Poster Programme
(P.01) Generation of negative group velocity Lamb waves by a moving CW laser
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Conventional optoacoustical methods for generation of Lamb waves utilize pulsed or modulated c.w. lasers which
are absorbed by the sample plate, which gives rise to a stress in the material. Laser sources based on a pulsed
laser can be optimized for certain Lamb mode generation by forming an appropriate spatial distribution of the laser
radiation[1]. This determines the wavenumber range and therefore is efficient for example to generate the wave with
zero group velocity (ZGV). Another approach for mode selection is to specify the frequency range of the wave by
means of modulation of a c.w. laser radiation[2]. Combination of both spatial and frequency modulation
theoretically allows for generation of a single wave in a multimodal structures such as an elastic plate. In this work,
a moving thermoelastic source utilizing a powerful c.w. laser was applied for selective generation of negative group
velocity (NGV) Lamb modes in elastic plate. Such source is coupled with modes which phase velocity coincides with
the source moving speed. Additional mode selection was performed by choosing an optimal width of the laser spot,
which determines the range of the wavenumber k. For the symmetric plate mode effective generation of the wave
with negative group velocity was demonstrated. By tuning the speed of the source the propagation direction was
switched from forward to reversal.

[1]
[2]

Francois Bruno, Jerome Laurent, Paul Jehanno, Daniel Royer, and Claire Prada The Journal of the Acoustical
Society of America 140, 2829 (2016).
Suraj Bramhavar, Claire Prada, Alexei A. Maznev, Arthur G. Every, Theodore B. Norris, and Todd W. Murray ,
PHYSICAL REVIEW B 83, 014106 (2011).

(P.02) The Influence of Tiny Tooth Crack on the Frequency Domain Characteristics of Nonlinear Laser Surface
Acoustic Waves
L Yuan, H Xu, Z Shen, X Ni and J Lu
Nanjing University of Science and Technology, China
Aiming at the evaluation of tiny teeth crack, an early diagnosis method based on laser induced surface acoustic
waves (LSAW) is presented and a corresponding theoretical model is established. A pulse laser is used to excite the
surface acoustic wave (SAW) on teeth and the opening and closing motion of the tiny crack is controlled by a
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modulated low frequency wave. Utilize the nonlinear effects of the emitted acoustic waves caused by the breath of
crack, the tiny cracks can be diagnosed. Based on this method, the physical model is established. The frequency of
the modulated waves is discussed, and the relationships between the mechanical parameters of enamel and the
nonlinear coefficients of transmitted SAW are investigated. The study results provide theoretical basis for the
selection of the frequency of the modulating wave and the quantitative evaluation of the caries degree of tooth. At
the same time, the range of crack depth can be quantitatively evaluated by nonlinear parameters is also discussed.
(P.03) Resonant ultrasound spectrocopy characterization of ferromagnetic shape memory alloys
L Bodnárová1, P Sedlák1, H Seiner1, O Heczko2, L Straka2, A Sozinov3 and M Landa1
1
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Ultrasonic methods are often the only way to determine elasticity of new designed materials with special
mechanical behavior. Resonant Ultrasound Spectroscopy (RUS) represents unique all-optical non-destructive
contactless laser-based tool to obtain the full tensor of elastic coefficients of wide range of materials.
Complemented by pulse-echo ultrasonic measurement of longitudinal waves velocity in direction perpendicular to
the sample faces, it becomes reliable, stable and so unreplaceable in material characterization [1].
The RUS method is based on measurements of resonant spectra of free elastic vibrations of small sample and the
desired elastic coefficients are resulting from the solution of the so-called inverse procedure. This procedure is
based on minimization of the misfit between the measured and calculated resonant frequencies of the same
vibrational mode.
The combination of RUS method and pulse-echo measurements was successfully used to determine all elastic
coefficients of tetragonal non-modulated martensites of pure and Co and Cu doped Ni-Mn-Ga alloys [2]. The Ni-MnGa magnetic shape memory alloy belongs among the most intensively studied material systems and Co- and Cudoped alloys are supposed to be convenient to designing new high-temperature magnetic SMAs with wide operating
temperature interval [3]. The high sensitivity of RUS method even allows to observe a significant influence on
material elasticity caused by slight changes in Co and Cu additives amount (the material remains non-modulated
and tetragonal, but the doping effectively decreases the elastic anisotropy and even more importantly, the
orientation of soft shearing planes changes with the doping).
[1]
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(P.04) Laser generation of narrowband non-linear surface acoustic waves in metal additive manufactured
components
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Additive manufactured (AM) metal components experience a complex thermal cycle involving directional heat
extraction, repeated melting, rapid solidification and repeated solid-state phase transformations [1]. These factors
introduce material non-linearities as well as material discontinuities. Material damage such as fatigue, creep,
thermal aging and cracking can be characterized by acoustic non-linearity of ultrasonic waves [2,]. The harmonic
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generation of ultrasonic waves is closely related to the nonlinear elastic behavior of solid materials that have small
quadratic non-linearity and to the features of material damage such as dislocations, crack size and micro porosities
that are typically found in metal additive manufactured components. Recent research also demonstrate that the
second order harmonic amplitude is directly related to the microstructural evolution [3]. In this study, a narrow band
surface acoustic wave was successfully generated by a pulsed Nd-YAG laser system consisting of a spatial array
illumination source. Higher harmonics up to 10MHz were successfully generated and studied.
[1]
[2]
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Frazier WE (2014) Metal Additive Manufacturing: A Review. Journal of Materials Engineering and
Performance 23 (6):1917-1928. doi:10.1007/s11665-014-0958-z.
Kim C-S, Jhang K-Y. Acoustic Nonlinearity of a Laser-Generated Surface Wave in a Plastically Deformed
Aluminum Alloy. Chinese Physics Letters. 2012;29(12):120701.
Rao VVSJ, Kannan E, Prakash RV, Balasubramaniam K. Fatigue damage characterization using surface
acoustic wave nonlinearity in aluminum alloy AA7175-T7351. Journal of Applied Physics.
2008;104(12):123508.

(P.05) Detection of delamination in CFRP plate using ultrasonic visualization technique
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NDT technique using combination of scanning pulsed laser irradiation for ultrasonic generation, sensors for
ultrasonic detection, and signal processing by computer enables visualization of ultrasonic propagation at specimen
surface [1]. The visualized image includes ultrasonic disturbance caused by existence of subsurface defects and it
has been applied for NDT of various structures including also CFRP. However, in the case of delamination in CFRP,
mechanisms of the detection by the visualization and its applicable range are not clarified. Especially, CFRPs show
various anisotropic elasticities and complicated ultrasonic propagations, so that it is required to analyse
relationship between visualized ultrasonic propagation and conditions of delaminations. In this report, experimental
results of detection of modeled delamination in CFRP plate was shown, and mechanism of the detection was
analyzed by computer simulation for ultrasonic propagation.
Figures shows snapshot images of ultrasonic distribution on a CFRP plate with 2mm thick, 0deg-90deg cross-ply
and 8-layered. PTFE films with size of 1mm, 2mm. 5mm and 10mm squares were sandwiched at center of the plate
thickness. Pulsed YAG laser was used for ultrasonic generation and its laser beam was scanned by X-Y
galvanomirrors. Ultrasonic waves were detected by PZT sensor with 200kHz center frequency. In the images, two
mechanisms for the detection were observed. One was the ultrasonic retardation shown in
Fig.1. Another was the flickering pattern shown in Fig. 2. By the 2-D computer simulation using Improved-FDM, it
was reproduced that the ultrasonic retardation and excitation of low frequency vibration relating size and depth of
delaminated area.
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Fig. 1. Deformations of pure share wave are
observed at delaminated areas of 10mm (lowerright) and 5mm (lower-left) sq.s.
[1]

Fig. 2. Flickering patterns are observed at
delaminated area of 2mm (upper-right) and
5mm (lower-left) sq.s.

J. Takatsubo, et al., "Generation Laser Scanning Method for Visualizing Ultrasonic Waves Propagating on a
3-D Object", Proceedings of LU2008, Montreal, Canada (2008).

(P.06) Optical diffraction by laser induced ultrasound using low duty cycle buried gratings
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As lithographic structures move towards multilayer architectures, new non-invasive methods are required that are
capable of performing subsurface metrology through optically opaque layers. For example, for wafer alignment
applications, it is important to be able to detect periodic structures (gratings) buried underneath opaque layers.
Here, in a proof-of-principle experiment, we demonstrate that using laser-induced ultrasound waves, it is possible to
detect the presence of these structures.
For our experiments, gold gratings with a 6 µm period and a 40 nm amplitude are fabricated on a 75 nm thick flat
gold layer deposited on a glass substrate (Fig. 1a). A 400 nm 60 femtosecond pump pulse excites the flat gold
layer from the glass side and generates an acoustic wave packet that travels deeper into the material towards the
grating. Waves reflected off the valleys and ridges of the grating arrive at the gold/glass interface at different times.
In a sense, the physical grating is encoded on the spatially periodic phase of the acoustic wave. A synchronized,
delayed 800 nm probe pulse, can diffract off this transient acoustic wave-induced grating when it reaches the glass
gold interface. When exciting and probing the metal from the glass side in this manner, the light doesn't "see" the
grating and the grating can be said to be "buried". To test the sensitivity limit of this approach, we fabricated
gratings with a duty cycle as low as 2%, corresponding to a grating line width of 125 nm (SEM image in Fig. 1),
comparable to the wavelengths of the generated acoustic waves. Results for three different duty-cycle of 2, 4 and
8% gratings are shown in Fig. 1.
In this figure, the first sharp peak around delay zero is caused by diffraction off a grating in the electron temperature
caused by heating and cooling of the excited electron gas. Subsequent peaks in the diffracted signal are caused by
multiple acoustic reflections in the gold layer. They are influenced by changes in the acoustic grating contrast which
depends on the accumulated phase difference between waves reflected off the valleys and the ridges of the grating.
We emphasize that the presence of transient diffraction is proof that the buried grating can indeed be observed
through the acoustic "copy" near the glass/gold interface, even for gratings having lines as narrow as 125 nm.
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Fig. 1: a) Schematic of the experimental setup. b)The diffraction efficiency as function of pump-probe delay for 500
nm (black), 250 nm (red) and 125 nm (blue) line width gratings. For clarity, the curves have been shifted vertically.
The period of all gratings is 6 mm. Inset: SEM image of the grating with 125 nm line width.
(P.07) Characterization of custom-made thin film AlN MEMS ultrasound transducers
J Kusch, G MH Flockhart, R Bauer and D Uttamchandani
University of Strathclyde, UK
Photoacoustic (PA) imaging and sensing has attracted a lot of attention in biomedical applications. This is due to its
potential in improved specificity and resolution when compared to using ultrasound as imaging source [1]. In the
presented work we focus on the miniaturization of custom MEMS ultrasound receivers for applications in PA
detection. These devices are of interest as they can lead to broad bandwidth transducers and have the potential for
mass production with a reduction in cost [2]. The array of MEMS ultrasound receivers are fabricated using a costefficient multi-user process (PiezoMUMPs) and consist of a 500 nm thick film of aluminium nitride as piezo-active
layer on a 10 µm thick silicon-on-insulator wafer. A multi-element single bandwidth and a multi-bandwidth MEMS
chip have been designed with a centre frequency of 1.3 MHz and centre frequencies of 1.2 MHz, 0.6 MHz, 0.4 MHz,
0.2 MHz (smallest to largest diameter), respectively (see Fig. 1). The designs were immersed in an oil bath and
characterized using the pitch-catch technique and PA excitation. The PA excitation was generated using a 10 ns
Nd:YAG laser (Brilliant B, Quantel) at 532 nm and a pulse repetition frequency of 10 Hz with pulse energies of 2.6
mJ, focussed with a 30 mm lens onto a highly absorbing gelatine phantom. The devices’ performance in ultrasound
and PA wave detection will be shown and their advantages discussed.

Fig 1: SEM images of the a) single bandwidth multi element transducer chip and b) the multi bandwidth transducer
chip with diameters in µm.
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[1]
[2]

P. Beard, “Biomedical photoacoustic imaging,” Interface Focus, vol. 1, no. June, pp. 602–631, 2011.
A. Hajati, D. Latev, D. Gardner, A. Hajati, D. Imai, M. Torrey, and M. Schoeppler, “Three-dimensional micro
electromechanical system piezoelectric ultrasound transducer,” Appl. Phys. Lett., vol. 101, no. 25, 2012.

(P.08) In-line quality-control of a laser-cladding process by acoustic emission measurements
M Pfleger1, T Mitter1, B Reitinger1, A García de la Yedra2, B Aramendi2, M Cabeza2, F Zubiri2 and E Scherleitner1
1

RECENDT GmbH, Austria, 2IK4-LORTEK, Spain

Laser cladding is an additive manufacturing technique used to build up parts layer by layer or to gain certain
characteristics, like resistance against corrosion or abrasion, of the surface of a base material. During this process
different defects, that reduce the quality of the functional surface or weaken the whole part, can occur. In this work
we present the applicability of a laser-vibrometer (Bossa Nova) for the contactless measurement of acoustic
emission events during the cladding-process. This way it is possible to detect different kind of defects, such as layer
delamination or heat affected zone cracking, during the cladding process. Therefore nine test series are performed,
five with non- (measurement #1-5) and four with –pre-heated (measurement #6-9) substrates. Additionally the
melt-pool temperature is monitored by thermal imaging (FLIR). In the figures below the results given by these
methods are compared with a traditional inspection procedure (liquid penetrant testing). The results reveal the
effectiveness of the laser-vibrometer to detect layer delaminations in-line during the production process.

Fig.1: (left figure): Results from the laser-vibrometer measurements; acoustic energy for each detected acoustic
emission event (cross) and mean acoustic energy of the whole corresponding cladding process (circle) versus
number of layer delamination revealed by liquid penetrant testing (green diamonds); (right figure) mean substrate
temperature given by thermal imaging (black squares) versus number of layer cracking (green n diamonds).
(P.09) Augmented Reality meets NDT with Laser-Ultrasonics
B Reitinger1, M Pfleger1, N Huber1, C Hofer1, E Scherleitner1, K Strasser2, F Schikermüller2, S Starke2 and P
Burgholzer1
1
RECENDT GmbH, Austria, 2Catalysts GmbH, Austria
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Easy-to-handle non-destructive testing methods for components are getting more and more important to achieve
“zero failure production” and conduct regular maintenance. Especially in the aerospace industry, the responsible
quality managers have to follow a strict 200% testing-approach. This means, a full-faced check of the part is
performed by an automated NDT system as the first step of the procedure. Areas that show deviations from the
reference dataset are marked as so-called „findings“. In a second step a qualified auditor needs to evaluate these
findings on a PC-monitor as „ok“, „defect“ or „ignore“. Finally, these rated findings are required to be again
validated by manual NDT measurements on the real component.
This rather unintuitive workflow requires a change of the perspective between the graphically illustrated dataset on a
monitor and the real component, which is not only a further source of errors but also leads to focusing on the
defective areas only. With the advancement in headsets, cameras, and tracking technology, augmented reality is
gaining better and better traction. Augmented reality extends the physical world with digital assets, such as static or
animated overlays.
In this poster we will show the actual status of the project AuRea NDT dealing with a new way of showing NDT results
by augmented reality. As the visualization technology is multimodal, we will show and compare the results of three
different NDT technologies (laser ultrasonics, thermography and x-ray tomography) used on a specially prepared
sample. The sample is composed of a CFRP plate where different defective scenarios (I.e. Teflon tape, fiberous web,
steel washer…) are incorporated. The idea of an augmented visualization of the NDT results will be given by the use
of a Hololens in combination with the poster.
Acknowledgment: The Project (“AuRea NDT - Augmented Reality meets NDT”) leading to these results has received
funding from the state of Upper Austria (contract number 11747962).
(P.10) Microcantilever resonance testing for mechanical characterization of tungsten thin-films
D Kang1, Y Y Kim2 and Y Cho1
1

Pusan National University, Korea, 2Dong-eui University, Korea

Thin-films are used in a wide variety of applications, such as microelectromechanical systems (MEMS) sensors and
semiconductor memory devices. Especially, tungsten is used as a gate material of 3D-NAND flash memory.
Nanomechanical properties of thin-films often deviate from those of their macroscopic status, so measurement
techniques suitable for their characteristic length scale are required. This study aims to investigate the mechanical
property of a nanoscale tungsten thin-film using the microcantilever resonance testing. The natural frequency shift of
a film-deposited microcantilever was optically measured to estimate its Young’s modulus using the Euler-Bernoulli
beam theory. Results show that the proposed technique can effectively evaluate the nanomechanical property,
overcoming the drawbacks of traditional contact-mechanics based methods.
(P.11) Thickness Measurement of Polymer Thin Films with High Frequency Ultrasonic Transducers
R J Smith, F Pérez-Cota, L Marques and M Clark,
University of Nottingham, UK
High frequency laser ultrasound, in the high Gigahertz regime, has been used to study ultrathin polymer films on the
1-10 nm scale [1]. We have been looking at thicker (100-1000nm) films where the properties are more like the
bulk material. This has been achieved by depositing a thin film stack on top of a polymer layer. The thin film stack
has a mechanical resonance which radiates narrowband elastic waves into the polymer film. These are reflected
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from the glass substrate and return to the transducer. The return phase leads to constructive or destructive
interference changing the apparent frequency of the transducer. This change can be used to map the film thickness.
We will present images of large areas of polymer thin films deposited by the spin coating method. We will discuss
methods to determine the thickness and how this can be used to investigate thin film fabrication processes.
This work was supported by the Engineering and Physical Sciences Research Council [grant numbers EP/
K021877/1] (EPSRC)

Ultrasonic image of 10x10mm area of a polystyrene thin film. A high frequency ultrasound transducer was
deposited on top of the film. The resonance frequency of the transducer and the interaction with the polymer film
leads to changes in the measured frequency with thickness.
[1]

Hettich, Mike, Karl Jacob, Oliver Ristow, Martin Schubert, Axel Bruchhausen, Vitalyi Gusev, and Thomas
Dekorsy. “Viscoelastic Properties and Efficient Acoustic Damping in Confined Polymer Nano-Layers at GHz
Frequencies.” Scientific Reports 6 (September 16, 2016): 33471. https://doi.org/10.1038/srep33471.

(P.12) Mapping micro-mechanical properties of dentin tissues with Brillouin spectroscopy
T Lainović1, J Margueritat2, L Blažić2 and T Dehoux2
1

University of Novi Sad, Serbia, 2Université Claude Bernard Lyon1, France

Dentin is a hard mineralized tissue that plays a key role in tooth viability. Its integrity can be affected by
pathological processes and traumas, such as unbalanced physiological occlusal forces, or by therapeutic
procedures and the placement of tooth-restorative materials. As part of the dentin-pulp complex, dentin is a living
material that is able to remodel upon external cues, such as mechanical trauma, chemical or thermal factors, or
tooth lesions, in order to protect the pulp and tooth vitality. Probing morphogenesis in dentin is thus crucial to
optimize clinical procedures and to design prosthetic materials.
In standard clinical procedures, the main criteria for the differentiation of caries and healthy tissues are their
mechanical properties, not their optical characteristics that are case-dependent. Dentinal pathological changes can
be detected by visuo-tactile and radiographic methods to guide clinicians in establishing a relevant diagnostic, and
in proposing an adapted therapy. However, such approaches cannot give information on the microstructure, or tell if
the dentinal tissue that has been destructed by caries has been completely removed by the clinical procedure.
Recently, laser ultrasonics techniques have been deployed to evaluate the mechanical properties of enamel during
remineralization. [1,2] However, such techniques lack the resolution that would reveal the phase transitions
differences between tissue layers, and distinguish healthy organized tubular dentin from irregular atubular patterns
of pathological dentin. In an attempt to improve the resolution, nanoindentation with AFM tips have been employed
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to detect the local mechanical properties. [3] In this work, we use Brillouin light scattering spectroscopy as a noncontact alternative to probe mechanical changes in dentin at GHz hypersonic frequencies.
We prepared ~0.5 mm thick slices of teeth extracted in accordance with the ethical requirements for the ex-vivo
studies, and polished them in wet conditions. We obtained maps of Brillouin frequency shift and linewidth that can
be interpreted as maps of sound velocity and viscosity. Our results show significant changes between healthy
tissues and pathological lesions. Such results can help delineating precisely destructed dentin during clinical
procedures, paving the way to minimally invasive strategies. We also show maps of the sagittal and transversal of
healthy tubular dentin that reveal its anisotropic microstructure. In the vicinity of polymeric tooth-filling materials,
we observed fingering of the adhesive complex into the opened tubule of healthy dentine. The ability to probe the
quality of this interfacial layer could lead to innovative designs of biomaterials used for dental restorations in
contemporary adhesive dentistry, and it would have direct repercussions on the decision-making during clinical
work.
[1]
[2]
[3]

Wang et al, Experimental and numerical studies for nondestructive evaluation of human enamel using laser
ultrasonic technique. Appl Opt 52, 6896-6905 (2013).
Wang et al., Laser ultrasonic evaluation of human dental enamel during remineralisation treatment. Biomed
Opt Express 2, 345-355 (2011).
Tesch et al., Graded Microstructure and Mechanical Properties of Human Crown Dentin. Calcif Tissue Int 69,
147-157 (2001).

(P.13) Laser generated ultrasound by using high power diode lasers and PDMS composite films for ultrasound
imaging
D Gallego, M Sánchez, A C Galera, J Baselga, A A Oraevsky and H Lamela
University Carlos III of Madrid, Spain
Recently, there has been a quick development of optical ultrasound transducers to overcome the limitations of
conventional electric transducers used in ultrasound imaging such as piezoelectric transducers or capacitive
micromachined ultrasound transducers (CMUT). Electric ultrasonic transducers generate pulses with reverberations
due to their limited bandwidth. This limits the resolution of ultrasonic images due to lack of high frequencies, but
also the contrast due to the absence of low frequencies.
Optical ultrasonic transmitters can generate very broadband ultrasonic pulses by the absorption of short laser
pulses through the optoacoustic effect. In order to have an efficient transduction, materials with high optical
absorption and low specific heat for the conversion of optical energy into heat and a rapid transfer of heat are
usually combined with a medium that has a high thermal expansion coefficient for the generation of high intensity
ultrasounds. Polymethylsiloxane (PDMS) present a high thermal coefficient of volume expansion. It has been used
as composite target for ultrasound generation combined with carbon black powder, gold nanoparticles or carbon
nanoparticles.
Typically, solid state lasers are used as laser sources in optical ultrasonic transmitters. They can produce high
energy short optical pulses with a fixed duration of few nanoseconds. However, they are usually complex, bulky,
hardly portable and extremely expensive and presents low repetition rates of 10 to 100 Hz. The repetition rate can
be increased to 10 kHz and the size can be reduced by using diode pumped solid state lasers at expenses of reduce
considerably the pulse energy. As the high frequency contents of the ultrasonic pulses generated are rapidly
attenuated in the propagation through biological tissues the applications of this optical ultrasonic transmitters are
limited to those that involve short propagation distances, i.e., skin or eyes imaging and endoscopic applications. As
alternative, diode lasers are suitable for broadband ultrasound generation. Diode lasers presents several general
advantages over solid state lasers, namely, they are more compact, robust and cost effective. The pulses duration
can be adjusted or even modulated and can support high repetition rates. The frequency content of the pulses can
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be tuned in order to efficiently overlap the spectral response of the ultrasonic detector and the attenuation in any
imaging application.
In this work, we fabricate two kind of composite targets based on carbon black-PDMS films and CNT-PDMS films
and we characterize the ultrasonic waves produced by using high power diode lasers (HPDL) at different pulse
durations. As a reference, we compare the acoustic signals obtained with HPDL with ones obtained using a Nd:YAG
laser (fig 1).
Figure 1. (a) Setup for generation and
characterization of laser ultrasound waves. (b)
Photograph of the optically absorbing target
compose of a layer of CNTs embedded in PDMS
over a transparent polymer substrate. (c)
temporal profile and (d) amplitude spectra of
optical pulse (displaced from the origin for
visualization purpose) and optoacoustic signal
generated by a OPO laser (FWHM 4ns). (e)
temporal profile and (f) amplitude spectra of
optoacoustic signals generated by a high power
diode laser at 905nm and different pulse widths.
(P.14) Fully automated orientation imaging using spatially resolved acoustic spectroscopy
W Li1, R J Smith1, A Heath2, D Wright2 and M Clark1
1

University of Nottingham, UK, 2Rolls Royce plc., UK

The non-destructive laser ultrasonic inspection technique - spatially resolved acoustic spectroscopy (SRAS) - has
been previously presented as powerful technique for characterising material microstructure and grain orientation [1,
2]. It works by measuring the surface acoustic wave (SAW) velocity for a particular wave propagation direction and
by combining measurements for multiple propagation directions the crystallographic orientation can be obtained
(see Fig.1). SRAS has a fast scanning speed, no sample size restriction and low sample surface preparation
requirements. Its use has been demonstrated on a wide range of industrial materials (e.g titanium, nickel,
aluminium and its alloys).
With increasing industrial interest and research demands, a new SRAS instrument has been designed and
implemented. This instrument is designed for rapid, fully automated orientation measurements on samples with
industrial relevant surface finishes. Comparisons between the previous generation instruments and the current
instrument are shown in this presentation.
[1]

W. Li, S. D. Sharples, R.J. Smith, M. Clark, and M. G. Somekh, “Determination of Crystallographic
Orientation of Large Grain Metals with Surface Acoustic Waves,” Journal of the Acoustical Society of
America, 2012. [DOI: 10.1121/1.4731226]

[2]

R. J. Smith, W. Li, J. Coulson, M. Clark and Michael G. Somekh, S. D. Sharples, “Spatially Resolved
Acoustic Spectroscopy for Rapid Imaging of Material Microstructure and Grain Orientation”, Meas. Sci.
Technol. 25 055902, 2014. [DOI:10.1088/0957-0233/25/5/055902]
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Fig. 1: Inverse pole figure of a stainless steel weld sample measured by SRAS.
(P.15) Speckle interferometry with nonlinear control system implemented in FPGA for laser ultrasound detection
R I Martin¹, J M Salvi Sakamoto², M Carvalho Minhoto Teixeira1, G Mendes Pacheco³ and C Kitano¹
¹São Paulo State University (UNESP), Brazil, ²Instituto de Estudos Avançados (IEAv), Brazil, ³Instituto Técnológico
de Aeronáutica (ITA), Brazil
The optical interferometry can be used to detect ultrasonic waves with a large and flat broadband frequency
response, and with the advantage of a non-contact self-calibrated technique. However, the alignment, surface
conditions and stability requirements of conventional homodyne bulk and all-fiber optic interferometers normally
limit their use to laboratory environments. In applications outside the laboratory, the sensor should work properly in
the presence of much larger amplitude low frequency disturbance. In this way, we propose the use of a nonlinear
control system based on variable structure and sliding modes [1] for speckle optical interferometry. This approach
can bring several advantages such as high-accuracy, featuring simple implementation, low cost and high robustness
for the measurements of ultrasonic waves in rough surfaces even under strong external disturbances. The
experimental setup using a closed loop bulk speckle Michelson interferometer is shown in Fig. 1(a), where the
nonlinear control system was also implemented using the FPGA (Field Programmable Gate Array) inside the myRIO
platform, from National Instruments. The laser used to generate ultrasonic pulses in steel samples was a Q-switched
Nd:YAG laser and it can generate longitudinal, shear and surface waves, and was operated at single shot with an
energy of approximately 450 mJ and pulse width of 12 ns in thermoelastic regime. In this work, we measure bulk
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waves as shown in Fig. 1(b) without filtering process, where we can observe that the system has a high signal to
noise ratio (SNR). We calculate the sample thickness considering the velocity of the longitudinal wave in this
medium is known and constant. In this case, using the velocity and the time delay with the oscilloscope resolution
we obtained a resolution of 0.003 mm.

Figure 1 - Interferometer setup and laser ultrasonic signal. (a) Michelson interferometer with non-linear control
system. (b) Echoes generated by single-shot in thermoelastic regime.
[1]

Martin, R. I.; Sakamoto, J. M. S.; Teixeira, M. C. M.; Martinez, G. A.; Pereira, F. d. C.; Kitano, C. Nonlinear
control system for optical interferometry based on variable structure control and sliding modes. Optics
Express, v. 25, n. 6, p. 6335–6348, 2017a

(P.16) Underwater Laser Ultrasonic Imaging
S Zamiri1, B Emde2, E Scherleitner1 and B Reitinger1
1
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Submerged structures inspection such as defect profiling, crack sizing as well as controlling of welded joint quality
are very important tasks for e.g. in nuclear reactors industry [1,2] and in submarine industry. To study these sort of
structures, a well suited technology is contactless laser ultrasonic (LUS) which is used as a broadband and
nondestructive method with high-resolution.
In this work, we report on underwater laser ultrasonic (WATLUS) setup used for material inspection e.g. defect,
damage and crack detection in immersed metal structures as well as for welded joint quality study. The examined
samples in a water tank, have artificial defects such as a crack, a drilled hole and a disconnections zone in welded
joints. The samples together with water tank are moved with a step size of 10 µm and thereby scanned by the
WATLUS setup to profile the size and position of the defects. The generation of the broadband ultrasonic waves is
done by a nanosecond Q-switched pulsed laser (max. 2 mJ, 900ps, 1064 nm, <2 kHz firing rate) and detected by a
TWM receiver [3] using a CW laser of 532 nm wavelength. In Fig.1a, the image of the used WATLUS setup for
demonstrating the detection principle is shown. Fig.1b shows a B–scan image along the hole defect location (size of
~800 µm). The surface wave is clearly visible close to 2.5 µs. The scattered waves at about 4.5 µs indicate the
location of the hole defect on the immersed sample surface in water.

#IOPLU2018

Fig.1 a) Image of the WATLUS
laboratory setup for defect
profiling and sizing with an
immersed steel plate, b)
Typical B-scan image
obtained by using WATLUS
setup for detection of the
drilled hole defect of 800µm
on the surface of the
immersed sample.
(a)

(b)

[1]

Scruby CB and Drain LE (1990). Laser Ultrasonics: Techniques and Applications, Adam Hilger, Bristol.

[2]

Ochiai M (2008). Development and application of laser ultrasonic testing in nuclear industry. 1st

[3]

Reitinger B, Zamiri S, Grünsteidl C, Roither J, Kornfeld M and Wegenberger A (2016). Method for
determining the layer thickness of a connecting layer between two packaging layers. Patent:
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In memory of Michal Landa, friend of our community

Obituary courtesy of Hanuš Seiner
Dr. Michal Landa, 52, our beloved colleague, enthusiastic scientist, man of humor, and loving husband and father,
passed away on April 10, 2018, in his house in Vsenory, Czech Republic.
Michal was a founder and head of the Laboratory of Ultrasonic Methods (LUM) at the Institute of Thermomechanics,
Czech Academy of Sciences, Prague, and a world-renowned authority on ultrasonic characterization of anisotropic
solids. Under his leadership, the LUM team developed the world-unique methodology of contact-less resonant
ultrasound spectroscopy for characterization of generally anisotropic media, which has found applications in several
branches of materials science, most importantly in the field of smart and phase-transforming alloys. His research
interests covered a broad variety of topics, ranging from laser-ultrasound to fracture mechanics. He was the principal
investigator of several national and international projects, and he closely collaborated with the world-leading
research teams in the field.
In his personal life, Michal was a passionate reader, loving history, nature, and arts. He is survived by his beloved
wife Katerina and their two sons, Jan and Tomas.
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