
Master 2 Internship

Tit  l  e  : Vacuum optical trapping of mesoscopic particles

Supervisor(s): Yann Louyer, Yacine Amarouchene and Nicolas Bachelard

Email(s): yann.louyer@u-bordeaux.fr, yacine.amarouchene@u-bordeaux.fr

————————————

Project  :   The pioneering works of Arthur Ashkin (2018 No-

bel Prize), in the 1970s through to the mid-1980s, on the op-

tical  control  and manipulation of dielectric  particles  have

led  to  major  advances  in  cold  atomic  physics  and  bio-

physics. By tightly focusing a laser beam, Ashkin showed

how to trap a particle in liquids using the intensity gradient

force of a laser [1]. Notably, it is only recently that the gra-

dient force has been used to trap dielectric particles in vac-

uum [2, 3], leading to impressive proposals and experimen-

tal results in ultra-weak force sensing and fundamental tests of quantum mechanics [4–5]. 

Quantum behavior in room temperature environments can emerge when the particles are of

subwavelength scale such that the effects of recoil heating due to scattered photons become

negligible.  In  principle,  the center-of-mass  motion (CM) of  a  levitated nanoparticle  can be

optically cooled to the quantum vibrational ground state starting from room temperature. This

system constitutes an extreme example of environmental isolation because the CM motion is

naturally decoupled from the internal degrees of freedom in addition to being mechanically

isolated by levitation. In this case, the decoherence and heating rates are fundamentally limited

by the momentum recoil of scattered photons. The present project aims to be at the forefront of

the  study  and  manipulation  of  levitated  particles,  including  experimental  techniques,

technological advances, and theoretical ideas. Our aim is to use an optically trapped silica (or

silicium) particle as a sensor of its environment, to study nonequilibrium statistical physics (see

our work [6, 7]), soft matter physics and to approach the mesoscopic quantum regime.

The M2 internship can lead to a thesis funded by the ANR.

[1] A. Ashkin, A. Op�cal Trapping and Manipula�on of Neutral Par�cles Using Lasers, World Scien�#c Publishing

(2006) and references therein.

[2] T. Li, S. Kheifets, and M.G. Raizen, Nature Physics 7, 527 (2011).

[3] J. Gieseler, B. Deutsch, R. Quidant, and L. Novotny, Phys. Rev. Le�. 109, 103603 (2012).

[4] A. Arvanitaki and A. Geraci, Phys. Rev. Le�. 110, 071105 (2013).

[5] A. B. K. Lochan, S. Sa�n, T. Singh, and H. Ulbricht, Rev. Mod. Phys. 85, 471 (2013).

[6] Y. Amarouchene, M. Mangeat, B. Vidal Montes, L. Ondic, T. Guérin, D.S. Dean and Y. Louyer, Nonequilibrium

dynamics induced by sca?ering forces for op�cally trapped nanopar�cles in strongly iner�al regimes, Phys. Rev.

Le?. 122 (2019) 183901.

[7] M. Mangeat, Y. Amarouchene, Y. Louyer, T. Guérin and D.S. Dean, Role of nonconserva�ve sca?ering forces

and damping on Brownian par�cles in op�cal traps, Phys. Rev. E 99 (2019) 052107.
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Master 1/2 Internship 
 
Title: Liquid crystal encoding assisted by light.  
 
Supervisor(s): Delphine Coursault  
Email(s): delphine.coursault@u-bordeaux.fr;  

———————————— 
Project: 
Liquid crystals are viscoelastic anisotropic fluids known for the diversity and versatility of the 
orientational order of their molecules. When the orientational order is constrained or frustrated, 
one can use an external stimulus to reorient the molecules and localized topological structures 
with particular properties may appear, see Figure 1 below. [1] Our goal here is to create and 
control the morphogenesis of numerous self-organized topological structures that can be 
viewed as “colloidal-like” particles. Then, we will be able to investigate interactions and dy-
namics of a new out-of-equilibrium system made of collections of objects of various nature. 
With that aim, we actually want to exploit the light-matter interaction using all light field prop-
erties: polarization, phase and amplitude.  
Our team showed recently that the angular momentum of the light allows to impart a chiral 
character to liquid crystal topological structures by twisting the medium (Figure 1). This results 
from momentum conservation principle with a transfer of angular momentum from the light to 
the liquid crystal medium. Recalling that the mechanical effect of the angular momentum is 
independent on its nature, we are exploring the influence of both spin angular momentum -
related to light polarization- and orbital angular momentum - related to phase field distribution 
(associated with optical vortices) - on the liquid crystal reorientation. Phase distribution is re-
lated to spatial degree of freedom, and so is the amplitude field distribution of an extended light 
beam. Hence, we also want to explore our ability to sculpt orientational structures by patterning 
the illumination of a photo-active electro-optical device, so called “liquid crystal valve”. 
In this project, you will perform parametric investigations (influence of the illumination size, 
distribution, power, the boundary conditions…) to generate localized topological structures 
with controlled chirality by varying the nature of the light-matter interaction. 

 
Figure 1: Optical microscopy images between crossed linear polarizers. Dark areas show no reorientation of the liquid crys-

tal molecules.   (1) left-handed topological structure (2) right handed topological structure. 

[1] C. Loussert and E.Brasselet, Multiple chiral topological states in liquid crystals from unstructured light 
beams, Applied Physics Letters 104, 051911 (2014).  

Right (1) and left handed (2) topological structures in frustrated achiral [2] (a) and chiral (b) liquid crystal
observed between crossed polarizers

(1) (2) (1) (2)

(a) (b)



 

 

 
 

 
 

Master 2 Internship 
 
Title: Toward a statistical mechanics of the Marangoni effect 
 
Supervisor(s): Thomas Bickel 
 
Email(s): thomas.bickel@u-bordeaux.fr 
 
PhD funding (if any):  
 

———————————— 
Project: 
 
The equilibrium properties of a liquid interface can be characterized by a single parameter: the 
surface tension g. The latter is related to the microscopic properties of the liquids through stand-
ard statistical mechanics [1]. Yet, the description of a fluid interface becomes more intricate 
when the system is brought out of equilibrium by a temperature gradient. Indeed, because of 
the temperature-dependance of g, the resulting stresses along the interface induce a fluid flow 
in the bulk. This is known as the Marangoni – or thermocapillary – effect.   
Although thermocapillary flows have long been investigated from the point of view of fluid 
mechanics, little is known regarding their statistical properties [2]. The aim of this project is to 
study the nonequilibrium fluctuations that originate from the Marangoni effect. In a first step, 
we intend to study the influence of the bulk flow on the height fluctuations of the interface [3]. 
In practice, the candidate will develop an analytical model in order to derive a Langevin equa-
tion for the fluctuation dynamics. This study requires a taste for theoretical physics, and some 
basic knowledge of both (classical) statistical mechanics and (low Reynolds number) hydrody-
namics. 
 
The project will be completed in the Condensed Matter Theory Group (LOMA – University of 
Bordeaux), where several members have a strong expertise in Soft Matter theory. It is intended 
to be continued with a PhD. 
 
Keywords: nonequilibrium soft matter, Marangoni flows, physics of interfaces.  
 
Bibliography: 
[1] Barrat and Hansen, Basic concepts for simple and complex liquids, Cambridge (2003). 
[2] Clavaud, Maza-Cuello, Frétigny, Talini and Bickel, Modification of the fluctuation dy-
namics of ultra-thin wetting films, Phys. Rev. Lett. 126, 228004 (2021). 
[3] Thiébaud and Bickel, Nonequilibrium fluctuations of an interface under shear, Phys. Rev. 
E 81, 031602 (2010). 



LIGHTS&T 

 
INTERNSHIP TITLE  
 

Charged aqueous interfaces studied by Second Harmonic 
and Sum Frequency Generation 

PLEASE SELECT M1 OR M2 M2 

NAME OF THE SUPERVISOR(S)  
(E-MAIL, TEL)  

Eric Freysz, eric.freysz@u-bordeaux.fr 05 4000 8313 
Laetitia Dalstein, laetitia.dalstein@u-bordeaux.fr, 05 4000 2541 

LABORATORY  LOMA, UMR 5798 
 
Interfaces of water and aqueous solutions play a prominent role in many technological and 
natural processes. The liquid/solid interface is the main driver for many electrochemical 
reactions. Water being present everywhere, the fields of applications are numerous.  
The main idea of this project is to develop a hybridized second harmonic generation/ sum 
frequency generation (SHG/SFG) spectroscopy to study vibrational modes for aqueous 
interfaces. We will implement a method based on Terahertz field-induced surface charging and 
study its consequent interface dynamics through SFG/SHG spectroscopies. The main aim to 
apply an applied electrostatic potential (THz beam) and measure its impact on the air/water 
interface by SHG/SHG. It can be shown that the reflected SF signal is proportional to the 
effective surface nonlinear susceptibility   which spectrum gives the molecular 
vibrational strength and structural information about the network bonding in the Stern layer. 
A second experimental parameters  offers quantitative information about the surface 
charge density σ, since it arises from the charge distribution in the diffuse Layer due to 
electrostatic field  To get the global understanding of the interfacial processes, both 
and  are needed. 

 
We shall start this project by measuring the surface nonlinear signal χ S ,eff

(2)
for a charged 

interface and control the surface charge thanks to an intense THz field focus at the interface.  
We already built an SHG optical setup, and before the internship the THz beam will be 
implemented. During the internship, you will first study the water structure dynamics through 
SHG measurements. The second step will be the SFG setup implementation, i.e. adding an IR 
beam light. You will then be able to study the microscopic water structure, deduce the 
vibrational spectra of the Stern layer at the air/water interface as a function of electric field for 
the first time without adding any chemical, providing microscopic insight into the interfacial 
bonding structure at the air/water interface. 
 
References: 
 
Wen, Y.-C.; Zha, S.; Liu, X.; Yang, S.; Guo, P.; Shi, G.; Fang, H.; Shen, Y. R.; Tian, C., Unveiling 
Microscopic Structures of Charged Water Interfaces by Surface-Specific Vibrational Spectroscopy. 
Physical Review Letters 2016, 116, 016101. 
Dalstein, L.; Chiang, K.-Y.; Wen, Y.-C., Direct Quantification of Water Surface Charge by Phase-
Sensitive Second Harmonic Spectroscopy. The Journal of Physical Chemistry Letters 2019, 10,5200-
5205. 
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Master 2 Internship 
 
Title: Metal-to-insulator phase transition in Mott insulator studied by time-dependent te-
rahertz spectroscopy 
Supervisor(s): Jérôme Degert 
Email(s): jerome.degert@u-bordeaux.fr 
PhD funding (if any): 

———————————— 
 
Project: 
There are numerous low-energy excitations (e.g., free carriers, phonons, magnons, Cooper 
pairs, etc.) in condensed matter lying in the terahertz (THz) spectral range (from 0.5 to 10 THz). 
Over the last two decades, ultrashort THz pulses have been used extensively, first to probe these 
excitations, then to directly excite and control them with the advent of more and more efficient 
sources in terms of intensity and duration [1]. On the other hand, modern technology requires 
new materials to improve both the speed and miniaturization of electronic components. As con-
sequence, systems controllable and addressable on timescales below ~1ps, i.e. with a bandwidth 
in the THz range, are mandatory. 
From that standpoint, Mott insulators are good candidates. They are part of the so-called 
strongly correlated systems corresponding to a class of materials where interactions between 
electrons play a key role in the appearance of ‘‘exotic’’ phases at equilibrium. This is particu-
larly obvious when looking at the Mott transition, a metal-to-insulator transition, where each 
electron localizes to a single atomic site due to Coulomb’s repulsion. This Mott insulating 
phase, which is a cornerstone for strongly correlated materials, is present in many of them, 
including superconductors at high temperature. Although this transition is considered to be 
purely electronic, the question of a possible contribution from the electron-phonon interaction 
is still relevant [2]. It is worth mentioning that metal and insulator are usually good and bad 
reflector for THz radiations, respectively. Hence, the metal-to-insulator transition should result 
in a drastic change of the reflectivity or transmission in the THz frequency range. 
During this Master 2 internship, we will study the metal-to-insulator transition induced by 
femtosecond optical or THz pulses in the V2O3 Mott insulator [2] to: (1) demonstrate that the 
metal-insulator phase transition in these materials would make it possible to achieve ultrafast 
photo-switches in the THz domain; (2) use two-dimensional THz spectroscopy to identify the 
role of phonons and electrons in this phase transition. This technique, consisting in measuring 
the THz response of a system excited by a pair of intense, phase-locked, THz pulses is well 
known for its ability to measure optical nonlinearities in the THz range as well as possible 
couplings between different degrees of freedom within various materials. This work will be 
carried out in collaboration with the team of Aline Rougier, at the ICMCB, for sample prepa-
ration, and the teams of  Davide Boschetto (LOA, école Polytechnique) and Marino Marsi (LPS, 
Orsay), whose experience in the Mott insulator field is well known, for the study of their prop-
erties. 
 
References: 
1. T. Kampfrath et al., Nat. Photonics 7, 680 (2013). 
2. G. Lantz et al., Nat. Commun. 8, 13917 (2017). 



 

 

 
 
 

 

Master 2 Internship 
 
Title: Active matter at the nanoscale: probing the dynamics of a 3D active 
gas. 
 
Supervisor(s): Antoine Aubret 
 
Email(s): antoine.aubret@u-bordeaux.fr 
 
PhD funding (if any): PhD funding may be available depending on results to 
various calls. 

———————————— 
Project: Active matter consists in collections of self-driven units that convert energy 

into motion and work. Cells, for instance, use molecular nanomotors to transduce energy at the 
nanoscale, which enables cellular organization at larger scale. This biological complexity has 
motivated the development of artificial analogs, a major goal in material science. Recent pro-
gresses in colloidal science have triggered the development of micrometric, self-propelled par-
ticles. These particles could show emergent behaviors such as the formation of flocks, or herds. 
However, most of the current active matter use micrometric particles that restrain studies to 
specific, 2D systems.  

The study of active matter in 3D is yet essential to increase the complexity of active 
materials and explore novel physical concepts such as active pressure and temperature. In this 
context, we propose here to scale down the elementary building blocks and use self-driven 
nanoparticles. As nanoparticles exhibit weak sedimentation, they can be used as bricks of 
larger, 3D active matter systems.  

 
The aim of this internship is to explore the individual and collective dynamics of 

self-propelled nanoparticles. The Optoflow group at the LOMA has recently developed a 
method to synthesize metal/semiconductor nano-heterodimers (< 50nm). Their nanometric size 
and their asymmetry enables their self-propulsion by laser heating and in 3D. These particles 
thus offer a privileged platform for the design of a 3D active gas with optically tunable proper-
ties. The challenge in this study is two-fold: i) disentangle the motion due to the activity of the 
particles from the high thermal noise at this scale and ii) investigate the ensemble dynamics 
when the particles cannot be individually resolved. To this end, the trainee will implement and 
use nano-optical correlation techniques, such as fluorescence correlation spectroscopy coupled 
to fast tracking and imaging. They will work on setting up the experiment, performing calibra-
tion measurements, as well as collect important preliminary data on the nano-heterodimers to 
build, for the first time, an optically controlled and 3D active gas. 

 
 Figure1: a) TEM image and scheme of 

the nano-heterodimer used in the study. 
Upon heating of the metal part, the par-
ticle self-propels by thermophoresis – 
the motion of a particle in a temperature 
gradient. b) An assembly of self-pro-
pelled nanoparticles can yield to emer-
gent behavior in 3D. 

a) b) 



 

 

 
 

 
 

Master 2 Internship 
 
Title: Light-triggered director bullets in nematic liquid crystals!
 
Supervisor(s): Nina KRAVETS and Etienne BRASSELET 
!
Email(s): nina.kravets@u-bordeaux.fr 

———————————— 
 
Project: 
Topological defects (Nobel prize 2016) appear in all the branches of physics. Top-
ological defects in liquid crystal director*[1] have potential application for infor-
mation encoding and storage, inclusions localization, or even tuning global prop-
erties (like in metamaterials) etc. Incorporating motion to these defects opens 
many novel applications: targeted delivery and communications in driven sys-
tems, auto-organization and collective phenomena in self-propelled systems. 
Recently intriguing active topological defects were reported to appear in nematic 
liquid crystals driven by low-frequency AC electric field. These localized in space 
nematic director distortions were called “director bullets”[2]. One can tune their 
speed and direction (left or right in Fig.1) via frequency and amplitude of AC 
electric field. After three years of thorough studies by several leading research 
groups, “bullets” are described only in particular cases and still lack fundamental 
understanding.  
In this M2 internship we suggest to master the “director bullets” in terms of (i) 
location of their generation and extinction, (ii) number of generated bullets and 
(iii) direction of their propagation. You will use the light for “triggering” the “bul-
lets” and characterize their propagation using polarization microscopy.  
 
 
 
 
 

[1] Kralj, M., Kralj, M. and Kralj, S. Topological Defects in Nematic Liquid Crystals: Laboratory of 
Fundamental Physics. Phys. Status Solidi A, 218: 2000752, (2021). 
[2] B.-X. Li, V. Borshch, R.-L. Xiao, S. Paladugu, T. Turiv, S. V. Shiyanovskii and O. D. Lavrentovich, 
Electrically driven three-dimensional solitary waves as director bullets in nematic liquid crystals, Na-
ture Communications, vol. 9, no. 2912, (2018). 
* director is a headless unit vector indication local averaged orientation of molecules of liquid crystal.  

Figure1. Polarization microscope image (left), a sketch of individual internal structure (middle) 
and a 3D intensity plot (right) of director bullets (adapted from [2]). 



 

 

 

 
 
 

 

Master 2 Internship 
 
Title: Brownian Motion near Soft Interfaces 
 
Supervisors: Thomas Salez, Yacine Amarouchene 
 
Emails: thomas.salez@u-bordeaux.fr, yacine.amarouchene@u-bordeaux.fr 
 
Project: Motility of microscopic biological entities with the aim of reaching spe-
cific targets is a central question of biophysics, as evidenced by: cancer metasta-
sis, durotaxis of stem cells, antibody recognition, or DNA replication, among nu-
merous other examples. In an idealization attempt, this problem could perhaps be 
reduced to simple mechanics through a minimal combination of essential ingre-
dients: viscous flow, elastic boundaries, confined environment, charges and ther-
mal fluctuations. In echo to this point, a key problem of modern nanoscience 
amounts to understanding how to build the missing links between the antinomic 
molecular and continuum descriptions of matter or, stated differently, between 
the bottom-up and top-bottom approaches of condensed matter. Therefore, once 
again, combining continuum ingredients such as hydrodynamics and elasticity, 
together with molecular fluctuations at small scales, emerges as a crucial task. 
Right from the above arguments, the study of Brownian motion in soft-lubricated 
environments appears as one of the canonical problems of biophysics and nano-
physics. Despite the obvious character of this statement, it is intriguing to notice 
that theoretical studies are scarce on the topic, and that experimental pieces of 
evidence are inexistant - to the best of our knowledge. The “EMetBrown” project 
thus naturally aims at filling this gap, and further utilizing the associated 
knowledge production towards applications as various and important as particle 
trapping and transport, surface patterning, non-contact rheology, or biological 
filtering. Our strategy is to develop several simultaneous experiments, within an 
existing national consortium, and together with an international network of col-
laborators that are experts in the field of elastohydrodynamics. The various tech-
niques involve: Mie holography, optical tweezers, atomic-force microscopy, mi-
crofluidics… Besides, numerical and theoretical efforts will be dedicated to the 
resolution of the non-trivial governing system of equations: a 3D non-linear cou-
pled Langevin problem including multiplicative noise and external potential. The 
student, interested by some of these aspects of our activities should not hesitate to 
contact us for more details. 



 
 

 
 

Master 2 Internship 
 
Title: THz vortex beams: generation and macroscopic optical angular ma-
nipulation 
 
Supervisor(s): Emmanuel Abraham, Etienne Brasselet  
 
Email(s): emmanuel.abraham@u-bordeaux.fr 
 
PhD funding (if any): 

———————————— 
 
Project: An electromagnetic wave is defined by its amplitude, carrier frequency, wave vector 
and angular momentum. The latter can be decomposed into two distinct terms: the spin angular 
momentum (SAM, describing the polarization state of the wave) and the orbital angular momen-
tum (OAM) associated to the spatial distribution of the electric field. Generally, an electromagnetic 
wave with OAM can be characterized by an azimuthal dependence of its phase like exp( )ilR−   
with l  an integer called the topological charge. A beam possessing such a spiral phase distribution 
is called a vortex beam and carries a  l= OAM per photon. 
 
Geometric phase optical elements represent a powerful pathway to generate structured light - es-
pecially optical vortex beams - driven by the photon spin. However, the efficiency of current de-
vices is inherently restricted to selective spectral lines due the chromatic nature of the physics at 
work. We recently initiated THz vortex optics in France by direct beam shaping in the THz domain 
[1] and by spectral transfer of the topological information from the infrared to the THz domain 
mediated by nonlinear optical processes [2]. All these advances make it possible the emerging of 
spin-orbit photonic technologies, e.g. on-demand management of spatiotemporal couplings of 
light involving frequency-dependent orbital angular moment (OAM) content. 
 
In LOMA, in collaboration between the PULS (E. Abraham) and Singular group (E. Brasselet), 
the internship will concern the opto-mechanic applications of THz vortex beams. Our idea is to 
demonstrate, for the time in the THz spectral domain, the mechanical action of both SAM and 
OAM on a macroscopic object. Namely, a THz-absorbing object will be put into rotation once 
illuminated by a THz beam carrying SAM and/or OAM. In practice, this will be addressed by 
considering the levitation of a diamagnetic pyrolytic graphite over a monolithic NdFeB cylinder 
magnet. With this simple and low cost magnetic levitation (maglev), the student will have to de-
velop the appropriated instrumentation to measure the disk rotation induced by the optical torque 
of THz radiation (imaging, acquisition and analysis).  
 
 
[1] A. Minasyan et al., Opt. Lett. 42, 41 (2017).  
[2] A. Al Dhaybi, JOSA B 36(1), 12 (2019). 
 



 
 

 
 

Master 2 Internship 
 
Title: Can a silicon wafer behave as a THz lens after being photo-excited by 
a femtosecond laser pulse? 
 
Supervisor(s): Emmanuel Abraham, Jérôme Degert  
 
Email(s): emmanuel.abraham@u-bordeaux.fr 
 
PhD funding (if any): 

———————————— 
 
Project: Silicon (Si) semiconductor material is widely used in terahertz (THz) science and 

technology due to its low absorption coefficient [1, 2]. With a bandgap Eg = 1.14 eV, a visible or 

near infrared light can create photo-induced free carriers in Si which can locally modify the dielec-

tric constant - and therefore the refractive index - of the material. The first objective of this intern-

ship is to highlight this variation of Si refractive index, particularly pronounced in the THz domain, 

under the excitation by an infrared femtosecond laser pulse. The second objective concerns the 

evaluation of the consequences of this index variation for a THz pulse passing through the photo-

excited material.  

 

To this end, we will use a THz radiation generated in a ZnTe non-linear crystal. After its illumina-

tion by a femtosecond infrared pulse, a Si wafer should behave like a lens with a variable focal 

length, directly related to the number of carriers created by the exciting laser pulse. To measure 

this property, which can give rise to interesting applications (manufacture of THz lenses of variable 

focal length), we will use a THz wavefront analyzer which makes it possible to precisely measure 

the defocus (variation in the radius of curvature) of the THz wave induced by the exciting optical 

laser pulse. 

 

The internship will consist in different actions. First, the student will use a python code (already 

written) in order to simulate the variation of the dielectric constant of Si induced by the femtosec-

ond infrared laser pulse. Then, he will conduct a new experiment on the COLA platform consisting 

in optical alignment with an amplified femtosecond laser source Ti:Sa (CPA type), generation and 

detection of THz pulses using non-linear crystals, imaging using a camera. A significant part of the 

work will concern the acquisition and processing of data (wavefront measurement, decomposition 

based on Zernike polynomials to measure the geometric aberrations of the THz wave, including 

the defocus). 

 

[1] J. Dai, J. Zhang, W. Zhang, et D. Grischkowsky, « Terahertz time-domain spectroscopy char-

acterization of the far-infrared absorption and index of refraction of high-resistivity, float-zone 

silicon », JOSA B 21(7), 1379 (2004). 

[2] M. van Exter et D. Grischkowsky, « Carrier dynamics of electrons and holes in moderately 

doped silicon », Phys. Rev. B 41(17), 12140 (1990). 

 



 

 

 
 

 
 

Master 2 Internship 
 
Title: carbon nanotubes as nano-mechanical qubits 
 
Supervisor(s): F. Pistolesi 
 
Email(s): Fabio.Pistolesi@u-bordeaux.fr 
 

———————————— 
 
Project:  
 
The realization of new platform for quantum computing is an important challenge. The main element for quantum 
computation is the qubit, a two-level system. In order to be used for quantum computation is has to well isolated 
from the environment, in order to preserve the quantum coherence. Mechanical resonators are known to have very 
good quality factors, and in this respect could be very interesting as host systems for a qubit. The main difficulty 
is to convert the equally spaced harmonic oscillator spectrum to that of a non-linear oscillator, in order to 
manipulate the first two states without populating higher states. Introducing a non-linearity is not trivial, recently 
we proposed a system formed by a nanotube coupled to a double quantum dot (see figure and reference), that 
appears to fulfill the requirements for being a qubit. 
In this internship, we will study theoretically the dynamics of the system and its behavior in presence of an 
environment. Protocols for large quantum delocalization of the oscillator will be also investigated.  
 

 
Fig: Schematic of the proposed setup. A suspended carbon nanotube hosting a double quantum dot, whose one- electron charged 
state is coupled to the second flexural mode. In blue a sketch of the electronic confinement potential. 
 
Reference:  Proposal for a nanomechanical qubit, F. Pistolesi, A. Cleland, A. Bachtold, Phys. Rev. X 11, 031027 (2021). 
 
 
 
 
 
 

 

https://link.aps.org/doi/10.1103/PhysRevX.11.031027


LIGHTS&T 

 
INTERNSHIP TITLE  
 A mechanical oscillator coupled to single-molecules 

PLEASE SELECT M1 OR M2 M1 or M2 both possible 

NAME OF THE SUPERVISOR(S)  
(E-MAIL, TEL)  Fabio Pistolesi 

LABORATORY  LOMA 
 
 

RESEARCH PROJECT 
 
Detection and manipulation of nanomechanical oscillator in the quantum regime is a current challenge important 
for quantum sensing and quantum state manipulation. 
In our group we have shown that it is possible to couple a mechanical oscillator to single-molecules and exploit 
the spectroscopic signal to detect the displacement of the mechanical oscillator [1]. More recently we 
investigated how one can cool the oscillator, and perform topological operations on the mechanical state, but 
driving the oscillator around an exceptional point of the mechanical spectrum [2].  
 
In this internship the possibility of coupling the two molecules via the oscillator will be investigated theoretically 
looking for protocols that allow entanglement of the molecules. 
 
 
 

 
 

 
Fig: Schematic of the proposed setup. A singly clamped suspended carbon nanotube oscillates modulating the electric 
field on a single molecule. The single molecule is embedded in a solid state matrix and irradiated by a laser beam.  
 
References:   
[1] V. Puller, B. Lounis, and F. Pistolesi, Phys. Rev. Lett. 110, 125501 (2013). 
[2] C. Dutreix , R. Avriller , B. Lounis , and F. Pistolesi, Phys. Rev. Res. 2, 023268 (2020).  
 
 

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.110.125501
https://link.aps.org/doi/10.1103/PhysRevResearch.2.023268


 
 

 
 

Master 2 Internship 
 
Title: Interface dynamics of complex fluids at the nanoscale: the puzzling 
role of local rheology and thermal fluctuations 
Supervisor(s): Jean-Pierre DELVILLE/Thomas Salez (CNRS Scientists, HDR) 
https://www.loma.cnrs.fr/jean-pierre-delville/; https://www.loma.cnrs.fr/thomas-salez/  
Emails: jean-pierre.delville@u-bordeaux.fr / thomas.salez@u-bordeaux.fr 
 

———————————— 
Project: The spreading dynamics of a droplet on a substrate is an important scientific issue with 
numerous practical implications. The underlying principles on simple non-evaporating liquids are now 
well-established [1]. This spreading dynamics has also strong incidence on more complex or evolving 
liquids, in particular in soft matter. How they flow or deform at very small scales leave a lot of open 
applied and fundamental questions in out-of-equilibrium conditions such as the evolving rheology 
(viscosity/visco-elasticity) during solvent evaporation for ink (coffee ring effect) and paint deposition, 
or the spreading or the evaporation towards the nanofluidics regime (reached before the end, by 
definition) where continuum fluid dynamics becomes debatable and surface fluctuations become 
increasingly important [2]. Investigation of these effects remains very challenging since classical 
rheometry is no more adapted in scale and in dynamics and fluidics at the nanoscale, in particular in 
non-equilibrium conditions (spreading/evaporation), still deserves the setting of new means of 
investigation. In order to overcome these difficulties, we propose to implement a promising contactless 
strategy that uses the optical radiation pressure to deform interfaces and detect these deformation by 
interferometry with nanometric resolution [3]. 
 This M2 project focuses experimentally and theoretically on an almost uncovered situation, the 
out-of-equilibrium rheology of solvent evaporating inks and paints when their thickness varies from 
the micrometric range to total drying, since rheology plays a major role in the quality of the covering 
and its properties. Do rheology and continuous fluid mechanics continue to be at work? And is there a 
crossover to a thermal fluctuation regime? Asymptotic and/or numerical solutions of stochastic 
lubrication models [4] will be constructed and compared quantitatively to experimental results. 
 Considering the novelty of this contactless optical approach, we plan developing this work 
within the frame of a PhD generalizing investigations to out-of-equilibrium wetting droplets in near-
critical phase separated mixtures where density fluctuations, associated to critical opalescence, play an 
increasing role. Experimentally, the radiation pressure at a near-critical liquid-liquid interface allows to 
produce such out-of-equilibrium droplets [5], whose physical properties vary with the proximity to the 
critical point. We plan to investigate the near-critical deviations from a fluctuation-free situation (far 
from the critical point), and their relations with the increasing roles of density fluctuations, gravity and 
evaporation. The overall goal is to establish for the first time on solid grounds the fundamental 
crossover between the capillary-dominated and fluctuation-dominated regimes in presence of 
evaporation, since evaporation is at the heart of printing mechanisms and is an intrinsic component of 
the stochastic fluid dynamics involved in nanofluidics. 
 
[1] L. H. Tanner, The spreading of silicone oil drops on horizontal surfaces, J. Phys. D Appl. Phys., 12, 1473 (1979) 
[2] B. Davidovitch et al. Spreading of viscous fluid drops on a solid substrate assisted by thermal fluctuations, Phys. Rev. Lett. 95, 
244505 (2005) 
[3] G. Verma, et al. Contactless thin-film rheology unveiled by laser-induced nanoscale interface dynamics. Soft Matter, 16, 7904 (2020) 
[4] C. Pedersen et al. Asymptotic regimes in elastohydrodynamic and stochastic leveling on a viscous film, Phys. Rev. Fluids 4, 124003 
(2019) 
[5] J. Petit, et al. Break-up dynamics of fluctuating liquid threads, Proc. Nat. Ac. Sci. USA 109, 18327 (2012) 
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LABORATORY  LABORATOIRE ONDES ET MATIERE D’AQUITAINE (LOMA) 
 

RESEARCH PROJECT: Soft materials and complex liquids are present everywhere around us, and 
nevertheless we continue to miss their rheological properties, particularly at small scale 
(microdroplets, cells, ink and paint drying to just give three examples). Even if many types of reliable 
rheometers exist for large scale materials, most of them fail in characterizing small and/or confined 
and/or out of equilibrium samples when scales reach the µm or even smaller. One of the classical 
limitations is related to the mechanical contact used to shear soft materials, which promote pollution, 
modify the local structure or even break fragile materials. To overcome these difficulties, we propose 
a radically new optical strategy with nanometric resolution and based on optical radiation pressure 
induced interface deformation, which is local, active, non-invasive and contactless [1]. 
 The principle is the following. A pump laser beam impinging the surface of a film or a drop 
exerts a normal stress called radiation pressure which deforms the liquid surface. The final shape 
results from the balance between radiation pressure (∆nI/c, ∆n index contrast, I=2P/(πw2) laser 
intensity), Laplace pressure (γC, γ surface tension, C curvature ~ h/w2), buoyancy (∆ρgh often 
negligible at small scale) and possibly elasticity; typically, with P=1W, ∆n=0.5 and γ=10-100 mN/m, 
the height of the interface deformation is h=10-100 nm, and even smaller for more realistic index 
contrast ∆n. The surface tension γ is deduced from the stationary amplitude of the interface 
deformation and the viscosity η from its dynamics (viscous velocity γ/η). These nanometer-scale 
deformation are probed by interferometry (1 nm resolution) opening a new route for investigating 
any sort of confined Newtonian or viscoelastic fluid, soft elastic solids (gels), textured or not as thin 
films or microdrops, even in presence of weak absorption and scattering, and out of equilibrium. 
 

a) Principal of the optical setup 
for interface deformation by the 
radiation pressure and the 
probing by interferences. 
b) Time-resolved interface 
deformation on a glycerol drop 
for P = 3 W and two values of 
the beam waist; red lines are 
data fits according to model. a)  b)  

 

 This M2 internship focuses on the rheology of evaporating liquid films when their thickness 
varies from the micro to the nanometric range. Do rheology and continuous fluid mechanics continue 
to be at work? And is there a crossover to a thermal fluctuation regime? These questions are 
particularly relevant for ink/paint spreading and drying, for both Newtonian and non-Newtonian 
fluids, since rheology plays a major role in the quality of the covering and its properties. Considering 
the novelty of this contactless optical approach, we plan developing this work within the frame of a 
PhD generalizing investigations to out-of-equilibrium wetting droplets in near-critical conditions 
where density fluctuations, associated to critical opalescence, play an increasing role.  

 
[1] G. Verma, et al., Contactless thin-film rheology unveiled by laser-induced nanoscale interface dynamics. Soft Matter, 
16, 7904 (2020); https://doi.org/10.1039/D0SM00978D 
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Master 2 Internship 

 
Title: Probing the growth mechanisms of living cells : from single cell experiments to 
population behaviour. 
Supervisor(s): Françoise Argoul 
Email(s): francoise.argoul@u-bordeaux.fr 
PhD funding (if any): proposals are presently submitted for this funding 
 

———————————— 
Project: 
As the elementary building block of living systems, cells are active mechanical machines that, in contrast to 
amorphous materials, have the fascinating property to constantly remodel their structural organization to withstand 
forces and deformations and to adapt to their mechanical environment [1,2]. The mechanobiology of living cells 
and tissues is nowadays considered as an important actor in the maintenance and restauration of their normal 
functions after stress and in their intra- and inter- tissular cross-talk. Living cells and tissues can adopt a variety of 
mechanical behaviors, from strictly periodic to apparently stochastic and scale invariant dynamics which are 
dictated by both internal and external constraints. 
Our recent experimental developments on single cells have enlightened that living cells  are  not simple visco-
elastic systems but that they instead respond to stress with a continuous range of relaxation times [3,4]. Living 
systems are fundamentally out-of-equilibrium materials that include a high fraction of defects (compared to 
nonliving materials) which give them an impressive ability to dissipate a mechanical energy over a wide range of 
frequencies. The presence of these local mechanical singularities have been suspected with AFM indentation 
experiments, in which localized avalanches of fractures of the cell cytoskeleton have be observed [5].  
This property is embodied in power-law behaviors of the mechanical parameters, meaning in particular that their 
temporal behavior never converges to a stationary limit (t → ∞), contrarily to exponential decay functions 
encountered in traditional viscoelastic systems. We have proposed a wavelet-based decomposition of these signals 
[3,4], and tested our methodology on atomic force microscopy (AFM) indentation experiments on single living 
cells in both healthy and pathologic situations (from hematopoietic cells [5] and muscle cells [4,6]). More recently 
compression microsystems have also been designed with partner teams in Lyon, to study the impact of permanent 
stress on the growth and proliferation of cells [7].  
The present internship aims at combining single cell indentation using AFM with whole population compression  
experiments. In both cases the stress will be monitored locally or globally and the induced strain will be followed in 
real time thanks to the coupling of the mechanical systems with a quantitative phase microscope (QPM). The 
intership student will perform  AFM and QPM experiments and he will work in close concertation with E. Harté 
from the Optics and Instrumentation Ingeniering Team of the LOMA to design a version of the compression system 
[7] that will be coupled to a QPM microscope. The nonlinear reponse (plasticity and/or fracture)  of cells to stress 
will be focused on, combining experiments and analytical tools that we have developed during the past few years 
[8,9,10]. The key question adressed during the intership will be to find out if the nature of these avalanches of local 
ruptures may lead to a global destruction of the cells, and in this case which type of statistical distribution of 
fracture sizes they adopt. Compared to non-living vitrous systems which have also been shown to behave with 
avalanches of fractures, we will search for local and global evidences for membrane repair mechanisms which are 
been suggested by cell biologists [11].  
 
References: 
[1] B. D. Hoffman and J. C. Crocker, Annual Review of Biomedical Engineering 11, 259 (2009). 
[2] A. Chauviere, L. Preziosi, and C. Verdier, Cell Mechanics: From Single Scale-Based Models to Multiscale Modeling (2010). 
[3] C. Martinez-Torres, A. Arneodo, L. Streppa, P. Argoul, and F. Argoul, Applied Physics Letters 108, 034102 (2016). 
[4]E. Gerasimova, L. Streppa, L. Schaeffer, A. Devin, P. Argoul, A. Arneodo, and F. Argoul, Journal of Rheology 62, 1347–1362 (2018). 
[5] B. Laperrousaz, et al., Physical Biology 13, 03LT01 (2016). 
[6] L. Streppa, F. Ratti, E. Goillot, A. Devin, L. Schaeffer A. Arneodo, and F. Argoul, Scientific Reports 8, 8602 (2018). 
[7] A. Prunet, A., et al. Lab on a Chip 20, 4016–4030 (2020). 
[8] S. Polizzi, B. Laperrousaz, F. Perez-Reche, F. Nicolini, V. Satta, A. Arneodo and F. Argoul, New J. of Physics 20(5) 053057 (2018). 
[9] S. Polizzi, A. Arneodo, F. Perez-Reche, and F. Argoul, Front. In Appl. Maths. 6 (2021).  
[10] S. Polizzi, F. Perez-Reche, A. Arneodo and F. Argoul, Phys. Rev. E (2021) revised version submitted.  
[11] C. Dias and J. Nylandsted, Cell Discovery, 7(4) (2021). 
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Title: Time-frequency analysis of complex physiological signals 
Supervisor(s): Françoise Argoul 
Email(s): francoise.argoul@u-bordeaux.fr 
PhD funding (if any): proposals are presently submitted for this funding 
 

———————————— 
Project: 
During the past decades, the possibility to capture in real time physiological signals from many tissues and organs 
(brain, heart, muscles, breath, vessels, intestines, lungs, blood ...) has pushed physicians and clinicians to revisit 
their approach of human beings. From their original view of segmented bodies with separate parts who would 
require a treatment by a specialized physician, they progressively turned to a global holistic view of human being 
as a complex and multi-scale network of interactions, where all the parts work in close synergy and contribute to 
the preservation of health. Physiologic signals are not only unsteady in time but they also pave several frequency 
decades. Their complexity and their interest for physicist community comes from their combination of stochastic 
and rhythmic dynamics, where nonlinear feedback loops across scales have to adapt continuously to ensure an 
efficient homeostatic control. To correctly handle such processes it is required to use multifractal a formalism [1–
3]. Moreover their high variability cannot be assessed by classical spectral analysis or averaging methods. In that 
context time-frequency estimators have been proposed based on temporal or spectral windowing [4], short time 
Fourier transform (STFT) [5, 6] or wavelet transform (WT) [7, 8]. 
 
Following our recent study on the cross-correlation of heart, respiratory and brain rhythms during sleep and sleep 
apnea [8], this thesis project will address the question of the intermittent character of the temporal variability of 
these cross-coupling between organs, to characterize to which extent the loss of sleep multi-rhythmic characteris-
tics can be a marker of cognitive impairment [9]. Cross-frequency couplings (CFC) have been proposed as a key 
mechanism for the coordination of neural dynamics across spatial and temporal scales [10]. For that purpose, it is 
important to improve temporal and spectral methods to detect and discriminate amplitude-to-amplitude, phase-to-
amplitude and phase-to-phase couplings. The relevance of wavelet-based phase and amplitude time-frequency 
decompositions on electroencephalogram (EEG) signals has recently been highlighted [11], giving a solid ground 
for this thesis project. At first, the PhD student will concentrate on linear time-frequency decomposition methods 
(correlation, coherence, Granger causality) to acquire a mastery of these analytical tools and of the brain 
physiology complexity. Because the human nervous system connectivity is effectively nonlinear, the extension of 
linear identification methods to nonlinear time-frequency identification tools will be achieved in the second year 
[12]. Multi-spectral generalized coherence and nonlinear causality analysis will be implemented on EEG signals 
either from databases which we have access to from the web or from the two collaborations in Bordeaux - J. 
Taillard from the USR CNRS 3413 SANSPY Sommeil, Addiction and NeuroPsychyatrie [9] and in Boston - P. 
Ivanov from the Keck Laboratory for Network Physiology, Department of Physics, Boston University [13] - which 
were fostered during the past three years. 
 
References: 
[1] F. S. Racz, P. Mukli, Z. Nagy, and A. Eke, Physiological Measurement 39, 024003 (2018). 
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[3] G. Attuel, E. Gerasimova-Chechkina, F. Argoul, H. Yahia, and A. Arneodo, Frontiers in Physiology 10, 480 (2019). 
[4] G. Carter, Proceedings of the IEEE 75, 236 (1987). 
[5] E. G. Lovett and K. M. Ropella, Annals of Biomedical Engineering 25, 975 (1997). 
[6] R. Saab, M. McKeown, L. Myers, and R. Abu-Gharbieh (IEEE, 2005) pp. 616–620. 
[7] M. Orini, R. Bailon, L. T. Mainardi, P. Laguna, and P. Flandrin, IEEE Transactions on Biomedical Engineering 59, 663 (2012). 
[8] A. Guillet, A. Arneodo, and F. Argoul, Frontiers in Applied Mathematics and Statistics 7, 624456 (2021). 
[9] J. Taillard, P. Sagaspe, C. Berthomier, M. Brandewinder, H. Amieva, J.-F. Dartigues, M. Rainfray, S. Harston, J.-A.Micoulaud-Franchi, 
and P. Philip, Frontiers in Neurology 10 (2019), 10.3389/fneur.2019.00197. 
[10] J. Aru, J. Aru, V. Priesemann, M. Wibral, L. Lana, G. Pipa, W. Singer, and R. Vicente, Current Opinion in Neurobiology 31, 51 (2015). 
[11] T. T. K. Munia and S. Aviyente, Scientific Reports 9 (2019), 10.1038/s41598-019-48870-2. 
[12] F. He and Y. Yang, Neuroscience 458, 213 (2021). 
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The recent development of nanostructures has paved the way to new methods to characterize their 
physical (thermal, optical, electrical…) properties at the nanoscale. Our expertise in optical techniques 
such as thermoreflectance has evolved towards femtosecond pump-probe techniques[1], in particular 
TDTR (Time Domain ThermoReflectance), adapted to the characterization of nanolayers thanks to their 
excellent temporal resolution. In parallel, an experimental set-up based on the use of an AFM (Atomic 
Force Microscope) equipped with specific tips has enabled to reach spatial resolution of a few tens of 
nanometers in order to characterize individual nanowires (NWs) embedded in a matrix[2]. 
 
Nevertheless, none of these techniques can offer simultaneously a nanometer spatial resolution and 
a femtosecond temporal resolution necessary to analyze the energy transfer mechanisms in 
nanometer structures. A combination of near field technique (SNOM) with Time Domain 
Thermoreflectance (TDTR) is currently being developed at LOMA. This technique has the potential 
to achieve nanometer and femtosecond spatiotemporal resolution, the presently proposed technique 
has, to our knowledge, never been reported in the literature. 
 
The internship project consists in characterizing nanostructures (nanolayers and/or nanowires) and, 
more particularly the energy transport properties inside nanostructures with nanometer and 
femtosecond spatiotemporal resolution. 
 
This internship is part of a Regional Council project and would be possibly continued in PhD. 
 

[1] A. Zenji, J.M. rampnoux, S. Grauby, and S. Dilhaire, J. Appl. Phys. 128, 065106 (2020); 
https://doi.org/10.1063/5.0015391  

[2] A. Ben Amor, D. Djomani, M. Fakhfakh, S. Dilhaire, L. Vincent, and S. Grauby, Nanotechnology 30, 
375704 (2019); https://doi.org/10.1088/1361-6528/ab29a6  

 



 

 

 
 

 
 

Master 2 Internship 
 
Title: Soft deformation of biomimetic object induced by light  
 
Supervisor(s): Ulysse DELABRE 
Email(s):ulysse.delabre@u-bordeaux.fr 
 

———————————— 
Project: 
Characterizing the deformation properties of soft objects at the micron scale is a 
major challenge both from a fundamental point of view and at an industrial level. At 
these scales (typically 1-10 µm), the slightest contact with the object can modify the 
overall viscoelastic response. We have developed a double optical trap integrated 
into a microfluidic device (see figure 1) to study the rheological properties of biomi-
metic objects (such as vesicles) or drops of fluids without any contact. Such an opti-
cal trap, also called an optical stretcher [1], consists of two optical fibers facing each 
other. It is then possible to trap and deform the object at higher power without any 
contact. 
a)

 

 
 

 
a) Optical stretcher setup                      b) Optical deformation of a vesicle 

The first goal of the internship (and the PhD) will be to carry out an experimental and 
theoretical investigation of droplet deformation of low interfacial tension in this 
double optical trap. This will give a first detailed characterization of optical forces 
inside this trap. What is the maximum deformation ? Can optical radiation pressure 
induce breakup ?  The second challenge will be to deform soft biomimetic objects 
such as vesicles (see figure 2) or polymersomes to characterize the rheological pro-
perties, their maximal deformation, their permeability under deformation.  The results 
of this project will be part of the Frontiers of Life Project of University of Bordeaux (in 
close collaboration with LCPO Lab) and will be compared to numerical predictions 
performed in the Optofluidics team. 
 
[1] U. Delabre et al. Deformation of phospholipid vesicles in an optical stretcher, Soft 
Matter (2015) 
[2] Manipulation and biophysical characterization of GUVs with an optical stretcher 
Gheorghe Cojoc, Antoine Girot, Ulysse Delabre, Jochen Guck, The Giant Vesicle 
Book , Editors C. Marques and R. Dimova  
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Title: Spin-orbit optomechanics of dielectric metasurfaces 

Supervisor: Etienne BRASSELET 
Email: etienne.brasselet@u-bordeaux.fr 

PhD funding : possible opportunities for interested candidates. 

———————————— 
Project 

 
Light can carry both spin and orbital angular momentum, which related to the polarization state of 
light and its spatial degrees of freedom, respectively. When optically anisotropic media are endowed 
with local spatial rotations, spin-orbit interaction takes place for the photons [1]. Dielectric 
metasurfaces—subwavelength-thick space inhomogeneous media endowed with subwavelength 
structuring—nowadays offer a routine pathway to shape light in arbitrarily structured manners. In 
particular, it is possible to tailor both the spin and orbit angular momentum transfer from light to 
matter (or inversely) when light passes through suitably structured media, which has been 
experimentally assessed in our group via optomechanical indirect [2] and direct [3] experiments. 
Very recently, this has been extended to free-to-move micro-metasurfaces [4], though restricted to 
the emergence of optical forces and optical spin torque. Here, in the framework of a collaboration 
collaborators from Switzerland and Australia with whom we developed free-standing micro-
metasurfaces (see figure), we propose to address experimentally the challenging direct mechanical 
detection and quantitative measurement of the spin-orbit optical torques. 
 

   
Structural and optical characterization of a disk-shaped diamond metasurface operating at 
maximal efficiency at 532nm, with 50µm diameter, 350nm thickness and 200nm local 
periodicity. Left: SEM image; Middle: color-coded experimental image of the in-plane 
orientation angle of the space-variant nanograting wavevector obtained by optical polariscopy. 
Right: optical vortex interference pattern with topological charge 12 recorded in bright field. 
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Title: Rotating matter with acoustic vortices 

Supervisor: Etienne BRASSELET 
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———————————— 
Project 

 
Phases singularities represent a common feature to any scalar wave whatever its nature. They 
represent generic events in wave physics prone to appear in usual observations conditions as three 
planes waves are enough to construct them. In our laboratory, we develop experimental techniques 
to generate them from 3D printed objects and unveil their mechanical effects on matter as a result 
of sound-matter interaction. This is done both qualitatively and quantitatively, owing to visual 
observations [1,2]. As a phase singularity is imprinted on an initially smooth propagating pressure 
field, an acoustic vortex is born and leaves a mechanical fingerprint to matter in the form of a 
torque exerted on it. Indeed, acoustic vortex beams carry (orbital) angular momentum pointing 
along their propagation. Therefore, according to angular momentum conservation principles, 
sound-matter angular momentum transfer allows us to rotate matter with acoustic waves, in a 
contactless manner. Here, we will experimentally explore non-intuitive sound-matter interaction 
geometries leading to nonzero acoustic torque contributions lying in the transverse plane with 
respect to the propagation direction rather than pointing along it. This will be done by direct and 
simple means, using suitably designed 3D printed objects placed in the course of an ultrasonic 
vortex propagating in the air. 
 

   
Noodle images illustrating helical-shaped wavefronts 
analog to those of vortices of sound, light or 
elementary article wavefunction.  
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