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Can Laser Optics resolve the Particle Physics angular
momentum controversy? - ICOAM 2017

Elliot Leader
Imperial College London,

Blackett Laboratory, Prince Consort Road,
London SW7 2AZ, U.K.

The role of the gluon in the internal struc-
ture of the nucleon, and in particular its con-
tribution to the spin of the nucleon, is of cen-
tral interest in Elementary Particle Physics.
Hence, the hullabaloo when a paper ap-
peared in 2008, claiming that our entire un-
derstanding of the angular momentum of
a gluon, and by implication, of a photon,
was incorrect. Included, was the disturbing
proclamation that all QED textbooks of the
past 50 years were wrong in their stressing
that the photon angular momentum cannot
be split, in a gauge invariant way, into a spin
and an orbital part. A workshop at the Insti-
tute for Nuclear Theory in Seattle in 2011,
the aim of which was "to resolve the contro-
versy", only succeeded in deepening it. My
talk will give a brief summary of the angular
momentum controversy in particle physics.
I will also suggest that the form of the an-
gular momentum, generally utilized in laser
optics papers, based on the Poynting vector,
is not the physically relevant one, and that
laser optics experiments can possibly resolve
the whole controversy.
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Modeling of OAM beams: theoretical investigations and
experimental realizations

Giuseppe Vallone
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vallone@dei.unipd.it

The modeling of beam carrying orbital
angular momentum (OAM) is very impor-
tant for many applications. In this frame-
work, circular beams (CiBs) were intro-
duced in [1] as a very general solution with
OAM of the paraxial wave equation. The
importance of the CiBs is underlined by
the fact that they represent a generaliza-
tion of many well known beams carrying
OAM, such as Laguerre-Gauss (LG) modes,
hypergeometric-Gaussian modes and hyper-
geometric modes.

We here report recent results on the prop-
erties of the CiBs and their experimental re-
alization. We first derive the expansion of
CiBs in terms of LG modes [2]. The ex-
pansion depends on the choice of the beam
waists of the LG basis: we show how the
waist parameter must be chosen in order to
optimize such expansion [3]. In particu-
lar, we found an analytical expression of the
beam waist in function of the CiBs param-
eters that maximize the overlap of the CiB
with the LG mode with lower radial index,
namely LG0,`, as shown in fig. 1.

Figure 1: (left) Generation of a CiB by a
phase plate with ` = 3 . (Center): CiB in-
tensity at z = 0.1z0. (Right): decomposition
of the CiB into LGn,3 modes.

We also present the free-space divergence
of CiBs [2]: by extending the results for
generic beam, we present a general the-
orem on the divergence of vortex beams
[4]. Indeed, the propagation and divergence
properties of beams carrying orbital angu-
lar momentum (OAM) play a crucial role in

long-range communication systems and mi-
croscopy. We show that the mean absolute
value of the OAM imposes a lower bound
on the value of the beam divergence, M2

rms ≥
1+ 〈|`|〉 [4]. We derive our results for two
different definitions of the divergence, the
so-called rms or encircled energy.

Finally, we present the experimental gen-
eration and their modeling of a subclass
of CiBs, easily achieved by applying a
phase factor ei`φ to a Gaussian beam. We
also experimentally studied their propaga-
tion through generic ABCD optical systems
[5].
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Figure 2: Experimental “birth” of the optical
vortex and comparison with the theoretical
CiB model.
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Optimal birefringent masks for producing bottle fields

Anthony Vella1,∗, Hippolyte Dourdent2, Lukas Novotny2, Miguel A. Alonso1

1The Institute of Optics, University of Rochester, Rochester NY 14627, USA
2Photonics Laboratory, ETH Zürich, 8093 Zürich, Switzerland

∗avella@ur.rochester.edu

An “optical bottle” is a field with a fi-
nite axial region of low (ideally null) in-
tensity surrounded in all directions by light.
Optical bottle fields can be used for effi-
cient trapping, manipulation, and measure-
ment of nanoparticles, and they are also ad-
vantageous for STED microscopy. For these
applications it is desirable for the intensity
minimum to be as narrow as possible, since
this is what limits the resolution.

Most existing techniques for bottle field
generation involve vortices produced by
phase masks or spatial light modulators.
These methods typically rely on interfer-
ometric superposition of two fundamental
Gaussian modes, making them sensitive to
alignment errors. Alternatively, polariza-
tion vortex beams have been demonstrated
by propagating a circularly polarized Gaus-
sian beam through a stress engineered opti-
cal element (SEOE). The circular polariza-
tion component exiting the SEOE with the
opposite handedness acquires a vortex along
the axis, so a bottle could be constructed by
ensuring that the component emerging with
the original polarization has an axial null.

In this work, we treat the problem of a
general transparent birefringent mask (BM)
placed in the pupil of an aplanatic high nu-
merical aperture (NA) focusing system, and
we derive the spatial variation of the BM for
which a uniformly polarized incident beam
is converted into a bottle field with the small-
est possible width. We find that the optimal
BM has a rotating pattern of linear eigen-
polarizations with topological charge −1/2
and a radially varying retardance distribution

δ (u) = arctan
(

u

g+h
√

1−u2

)
,

where u ∈ [0,NA] is the radial pupil coordi-
nate and g and h are constants that are deter-
mined by the NA of the system.

Naturally, the optimal solution for δ (u)
varies slightly depending on how one defines
the width of the bottle. The solutions ob-
tained using three different metrics are plot-
ted in Fig. 1 for the 0.9 NA case. A dashed
line representing the linear retardance distri-
bution of an SEOE is also shown for compar-
ison. Furthermore, the SEOE has the same
eigenpolarization pattern as the optimal BM.
As seen at the bottom of Fig. 1, the theo-
retical bottle field produced by an SEOE is
nearly identical to the optimal case. Prelim-
inary experiments have been performed at
low NA verifying that an SEOE can be used
to generate a focused field with a local min-
imum of intensity on-axis.
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Figure 1: Top: Radial retardance distributions of
the optimal BM (solid) and an SEOE (dashed).
Bottom: Simulated cross-sectional intensity of
bottle fields produced by the optimal BM (left)
and an SEOE (right). The green curves show the
intensity profiles in the transverse (vertical) and
longitudinal (horizontal) dimensions.
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Half quantization of optical angular momentum 

Paul Eastham, Kyle Ballantine, John Donegan 
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It is now well established that the total 

angular momentum of light consists of two 

parts: a spin contribution, arising from the 

polarization, and an orbital contribution, 

arising from a helical wavefront. The 

quantum numbers for the spin and orbital 

angular momentum, giving their 

projections in units of Planck’s constant, 

are integers. The total angular momentum 

projection is therefore also an integer, as 

expected.  

However, light can sometimes be 

described by theories with two space 

dimensions, as in the paraxial description 

of a beam. Following the pioneering work 

of Wilczek in the early 1980s it has been 

understood that quantum mechanics is 

different in two dimensions than in three, 

and in two dimensions particles can have 

arbitrary “fractional” angular momentum 

[1]. In this talk I will show that, in analogy 

to these effects, an unexpected half-integer 

spectrum can arise for optical angular 

momentum [2]. I will explain that the 

double-headed nature of polarization 

allows for a new definition of total angular 

momentum, whose spectrum is quantized 

in half-integer multiples of Planck’s 

constant. This form of total angular 

momentum is relevant to measurements 

using inhomogeneous polarizers (e.g. q-

plates), and its eigenstates can be 

generated using conical refraction (see Fig. 

1). I will outline the theory of this half-

integer angular momentum, and present 

experimental results which demonstrate the 

half-quantization.  

 

 

 
 

Figure 1: Intensity profile and polarization 

of beams generated by conical refraction, 

which are eigenstates of a half-quantized 

angular momentum.  
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Knotted optical singularities in free space:

designed, random and accidental

Mark R. Dennis

H H Wills Physics Laboratory, University of Bristol,

Tyndall Avenue, Bristol BS8 1TL, UK

mark.dennis@physics.org

However complicated it is to tie knots in

rope or string, it seems a harder task to tie

them in fields – the entire field structure must

be controlled, not just the points on the knot.

Nevertheless, there are several cases in mod-

ern optics where knotted singularity struc-

tures are known to occur, and these provide a

test of our ability to understand, manipulate

and measure structure of light in free space

in three dimensions.

The first example, and best known, is

holographically embed specific optical vor-

tex structures in a propagating Gaussian

beam. The hologram design is inspired by

mathematical knot theory [1] (particularly

knots around singularities of complex hyper-

surfaces). There has been recent success in

extending this construction further to more

complicated knots in the so-called lemnis-

cate knot family [2].

In three-dimensional random interference

such as optical speckle patterns, dense tan-

gles of optical vortices occur. Numerical

studies [3] reveal that a huge range of differ-

ent knot types appear in these tangles, from

vortex curves (resembling random walks) of

a few tens of wavelengths long to curves of

tens of thousands of wavelengths.

We have recently found [4] a new kind of

knot structure appearing in a dark focus of a

tightly-focused field, shown in figure 1. Un-

like the others, this is a set of knotted sin-

gularities in the polarization – the curve of

every transverse linear polarization state is

knotted, and as the polarization angle varies

over 180◦, these knots sweep out a torus in

3D. Furthermore, the knotting here is acci-

dental, and is a result of focusing an initial

beam with homogeneous circular polariza-

tion in a pure OAM state; the knotted struc-

ture arises from spin-to-orbital angular mo-

mentum transfer on tight focusing. By anal-

ogy with similar structures in other areas of

physics [5], we call this an optical Hopfion.

Figure 1: Optical Hopfion structure. Each

curve is a trefoil knot, corresponding to a

vortex line in a different linear polarization

component.
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Photons in the lowest Landau level: from topological 

invariants to singular surfaces 

N. Schine, M. Chalupnik, A. Ryou, A. Gromov, A. Sommer, and J. Simon 

Department of Physics, The University of Chicago 

Chicago, Illinois, USA 

nschine@uchicago.edu 

Quantum materials in which the 

constituent particles are photons trapped in 

an optical resonator offer an exciting 

platform with which to study quantum 

many-body physics. Recent parallel efforts 

have realized broad control over the single 

particle Hamiltonian including a strong 

synthetic magnetic field for resonator 

photons, [1] and strong single photon-

photon interactions via hybridization with 

Rydberg atoms. [2] Combined, the 

resulting system enters the fractional 

quantum Hall regime where we can 

prepare and explore highly correlated, 

topologically nontrivial photons with 

quantum-optical techniques. 
 

Conceptually, we build upon the 

connection between the transverse degrees 

of freedom of a resonator photon and the 

2d quantum harmonic oscillator. Making a 

four-mirror running wave resonator 

nonplanar introduces an effective magnetic 

field. Removal of residual harmonic 

trapping then brings angular momentum 

eigenmodes into degeneracy, and thus 

creates a Landau level.  The resonator is 

stabilized against astigmatism by imposing 

an additional threefold rotational 

symmetry, equivalent to confining photons 

to the surface of a cone.  
 

We use holographic mode preparation 

and measurement to inject arbitrary light 

fields into the resonator and to reconstruct 

the full electric field on the output. By 

injecting and measuring maximally 

localized modes in the lowest Landau level 

we can measure spatial projectors. Non- 

reciprocal products of these projectors then 

provide a real-space measurement of the 

Chern number. We also measure the local 

density of states, which has non-trivial 

response near the point of singular spatial 

curvature at the cone tip. This provides 

access to two additional topological 

quantum numbers, revealing a complex 

interplay between geometry and topology. 
 

Finally, we will discuss progress 

towards combining strong interactions with 

the synthetic magnetic field and the 

various routes this system presents towards 

the creation of few-particle Laughlin states 

and other exotic highly-correlated states of 

photons.  
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Figure 1: (a) Photons to travelling through 

nonplanar round trips rotate about the 

resonator axis, experiencing a synthetic 

magnetic field. (Fig. from Ref. [1]). (b) In 

the photonic Landau level, photons 

undergo cyclotron orbits, but an additional 

threefold rotational symmetry of the modes 

confines photons to a cone. (c) In a nearly 

degenerate Landau level, we track the 

introduction of vortices via holographic 

imaging and subsequent electric field 

reconstruction (brightness and hue are 

amplitude and phase, respectively). 
 



Excitation of an Atomic Transition with a Vortex Beam or: 

How Atoms Learned to Stop Worrying and Love the Twist 
Christian T. Schmiegelow 

Departamento e Instituto de Física de Buenos Aires, UBA-CONICET 

WA Quantum, JGU-Universität Mainz 

schmiegelow@df.uba.ar 

 I will discuss experimental results where 

orbital angular momentum from a photon was 

transferred to the internal electronic degrees of 

freedom of a single atom. We observed strongly 

modified selection rules showing that an atom can 

absorb two quanta of angular momentum from a 

single photon: one from the spin and another from 

the spatial structure of the beam.  Moreover, the 

results show in some cases, the longitudinal 

component of the field in a vortex beam plays a 

crucial role in determining the interaction 

characteristics.  Furthermore, I'll show that parasitic 

ac-Stark shifts from off-resonant transitions are 

suppressed in the center of the vortex beam.  The 

experiments were done probing a quadrupole 

transition in a single trapped Calcium ion.   

 



Spin-Orbit Coupling and Circular Dichroism in
Twisted-Light Absorption by Atoms

Andrei Afanasev1, C.E. Carlson2, and Maria Solyanik1

1The George Washington University, Washington, DC 20052, USA
2 College of William and Mary in Virginia, Williamsburg, VA 23187, USA

afanas@gwu.edu

We consider effects of spin-orbit cou-
pling and predict circular dichroism (CD)
and spin-dependent rates for absorption of
the twisted photons, or optical vortices, by
single atoms and ions. We demonstrate
that although for electric dipole transitions
the atomic excitation rates depend on the
relative orientation of photon spin and or-
bital angular momentum (OAM), the result-
ing CD is zero. However, CD is nonzero
for atomic transitions of higher multipolar-
ity, peaking in the optical vortex center.

CD is defined as differential absorption
of left and right circularly polarized pho-
tons. Twisted photons, or optical vortices,
carry OAM along their direction of propaga-
tion, and therefore their states with opposite
spins but fixed OAM are not mirror images
of each other. It results in the predictions
for spin dependence of twisted light absorp-
tion by atomic and ion targets presented in
this report. Similarly, the photo-absorption
depends on OAM sign for the fixed circular
polarization.

We define the twisted-photon states as
non-paraxial Bessel beams formed by super-
position of plane-wave photons with well-
defined (spin) helicity Λ that form a cone
in momentum space with half-opening an-
gle θk. In this case the total angular mo-
mentum projection on the propagation direc-
tion is defined as mγ ≡ mγ +Λ, see Ref.[1, 2]
for the details of theoretical formalism. The
quantity mγ coincides with a topological
charge in a paraxial approximation. Due to
the property of plane-wave factorization of
twisted-light absorption amplitudes in a lin-
ear regime, the predictions for CD (Fig.1) for
the excitation of a state with a given OAM
do not depend on the details of atomic wave-
functions.
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Figure 1: Circular dichroism as a function of
atom’s position b (in units of photon wave-
length λ ) w.r.t. the vortex center for differ-
ent values of mγ for excitation of the atomic
states from ground state to the state with
OAM l f =2; the angle θk=0.1 rad. The curve
styles are: mγ = 0 is the blue solid curve,
mγ = 1 is orange and dashed, mγ = 2 is green
and dotted, mγ = 3 is red and dot-dashed.
CD is zero for the beams with mγ=0.

Predictions for spin-dependent relative
strengths of transition amplitudes for 40Ca+

ion excitations under experimental setup of
Ref.[2] will be presented.
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Optical Wings that Rock, Roll, and Orbit 

Alexandra B. Artusio-Glimpse 
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Optical lift, the transverse force on 

asymmetric wing-like optical elements, 

and the accompanying optical torque, 

which varies with object orientation, 

influence the motion of simple rod-shaped 

objects in uniform beams of light. Like 

foils in laminar fluid flows, “optical 

wings” in collimated laser beams are an 

approachable framework for understanding 

complex dynamics between optical design, 

illumination, and environment for 

engineered optical micromanipulation. 

Through the study of representative 

designs, optical wings are observed to 

exhibit a variety of dynamic behaviors. For 

example, when constrained to two-

dimensional motion, optical wings rotate 

about the rod axis with multiple zero-

torque orientations [1]. Both the number of 

and the angle of these stable orientations 

depend on tunable parameters, like 

refractive index and wing geometry, with 

variations in torsional stiffness and optical 

force magnitude. 

Rocking on a flat, nonslip surface, an 

illuminated optical wing exhibits an 

intensity-dependent rocking frequency 

with bistable orientations above a critical 

intensity [2]. Under conditions when the 

optical forces and torque are well known, 

this behavior may be exploited to measure 

interaction forces between the wing and 

the adjoining surface.  

Hemispherical wings with six degrees 

of freedom demonstrate similar behavior to 

spinning tops, but, unlike the pivot point of 

spinning tops, the pivot point of these 

wings moves through space. This results in 

orbital motion in the plane of the incident 

wavefront of a plane wave beam. 

Perturbations to pure orbital motion arise 

when the initial angle of attack of the wing 

is not equal to its stable orientation, and 

these perturbations decay with small 

damping. 

 
 

Figure 1: A semicylindrical optical wing 

rotates into a stable orientation and travels 

to the left across the profile of a 470 µm 

diameter laser while the laser is on. 

 

This talk will present a sampling of 

complex dynamics that characterize optical 

wings as predicted by ray-based models. In 

these models, optical forces are isolated 

from compounding forces like stiction, 

drag, and convection. To support the 

numerical predictions, I will also present 

experimental results, where microscopic 

semicylindrical wings stably orient at a 

glass-water boundary under low-intensity 

(2 µW/µm
2
), weakly-focused illumination 

(see Fig. 1). I will further show the 

detection of oscillations purportedly due to 

optical torque on semicylindrical wings 

affixed to glass torsion oscillators in 

vacuum. 
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The measurement of vorticity, which 
provides local measurements of fluid 
rotation at every point in a flow, is of 
paramount importance in research fields as 
diverse as biology microfluidics, complex 
motions in the oceanic and atmospheric 
boundary layers, and wake turbulence on 
fluid aerodynamics.  

However, the precise measurement of 
flow vorticity is difficult. Here, we propose 
and demonstrate a technique that uses 
Laguerre-Gauss (LG) beams, characterized 
by a ring–like intensity distribution and an 
azimuthal phase variation, to sense fluid 
rotation at every point in a flow.  The key 
point is to make use of the transversal 
Doppler effect [1-3] of the returned signal 
that depends only on the azimuthal 
component of the flow velocity along the 
ring-shaped observation beam. We found 
from a detailed analysis of the 
experimental method that probing the fluid 
with LG beams is an effective and simple 
sensing technique capable of producing 
accurate estimates of flow vorticity [4]. 

The measurement determines the 
vorticity 𝜔 from the estimation of the 
transversal Doppler frequency centroid 
〈𝑓⊥〉 of the signal backscattered by the flow 
when illuminated by a LG beam with 
azimuthal index 𝑚 and radial index 𝑝 = 0: 

 𝜔 = 4𝜋 𝑚⁄  〈𝑓⊥〉  

The frequency centroid 〈𝑓⊥〉 estimation is 
typically based on the observation and 
analysis of the spectrum of the return 
backscattered signal –a compound of 
signals with different frequency Doppler 
shift triggered by the multiple components 
of velocity along the annular illumination 
beam. The characteristic return Doppler 
spectrum is a histogram of Doppler 
frequency components describing the 

spectral content of the returned signal and 
it can be used to calculate the frequency 
centroid 〈𝑓⊥〉 as the average of the 
frequencies present in the signal. 

We verify the working principle of the 
technique with numerical and lab 
experiments. A heterodyne receiver based 
on a modified Mach-Zehnder 
interferometer was used for experiments. 
By using measurement data, we assess the 
feasibility of the sensing technique and 
identify the accuracy of vorticity 
measurements from return signals affected 
by target speckle and receiver noise. We 
should also notice that later experiments 
have used the idea to measure vorticity in 
other fluid systems [5]. 

Details of our analysis, along with 
experimental results on the measurement 
of flow vorticity, will be presented at the 
meeting.  
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Measuring orbital angular momentum spectrum of
electron beams
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Quantum complementarity states that par-
ticles, e.g. electrons, can exhibit wave-like
properties such as diffraction and interfer-
ence upon propagation. Electron waves with
a helical wavefront, referred to as twisted
electrons, possess an azimuthal quantized
current density. Such an azimuthal current
density induces a quantized and unbounded
magnetic dipole moment parallel to the elec-
trons’ propagation direction [1]. When in-
teracting with magnetic materials, the wave-
functions of twisted electrons are inherently
modified. Such variations therefore moti-
vate the need to analyse electron wavefunc-
tions, especially their wavefronts, in order to
obtain information regarding the material’s
structure.

We recently propose, design, and demon-
strate the performance of a device for mea-
suring an electron’s azimuthal wavefunction,
i.e. its orbital angular momentum (OAM)
content [2]. Our device consists of nanoscale
kinoforms designed to introduce astigma-
tism onto the electron wavefunctions and
spatially separate its orbital angular momen-
tum components. We sort pure and super-
position OAM states of electrons ranging
within OAM values of −10 and 10. Finally,
we employ our device to analyse the OAM
spectrum of electrons having been affected
by a micron-scale magnetic dipole, thus es-
tablishing that, with a midfield optical con-
figuration, our sorter can be an instrument
for nanoscale magnetic spectroscopy.
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b
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Figure 1: Schematics of the electron
sorter depicting Transmission Electron Mi-
croscopy (TEM) images of the phase holo-
grams.
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Twisted electron beams possess one or 
more phase singularities at the center of 
their helical wavefront and are an 
eigenstate of the component of orbital 
angular momentum (OAM) along their 
propagation direction with eigenvalue ℓћ, 
making them an ideal probe for measuring 
the electronic and magnetic properties of 
materials. The ability to form electron 
vortex beams (EVBs) has been 
demonstrated using helical phase plates 
[1], computer generated holograms [2] and 
magnetic monopoles [3]. By taking 
advantage of their magnetic moment and 
angular momentum, EVBs have been 
applied to the measurement of magnetic 
and shape dichroism, to chiral crystal 
structure characterization and to 
nanoparticle manipulation. However, all of 
the methods that have been proposed to 
generate EVBs are limited by a constant 
value of OAM. 

Here, we present a new concept for a 
helical phase plate for creating EVBs 
based on the electrostatic counterpart of 
the Aharonov-Bohm effect. We show 
theoretically and experimentally that the 
phase plate is able to generate EVBs with 
any desirable value of OAM as a tunable 
and rapidly switchable device. 

The new device creates an electrostatic 
monopole field, which can be realized 
using two narrow metallic parallel wires, 
to which an external voltage is applied to 
generate a potential difference. A device 
was fabricated using a combined procedure 
involving electron beam lithography and 

focused ion beam milling. Details of its 
fabrication, performance in an electron 
optical set-up and possible applications 
will be discussed. 
 

 
 
Figure 1: Secondary electron image of a 
tunable EVB generator fabricated from 
oppositely charged metallic nanorods, 
which are marked by red and blue lines 
(top). Reconstructed phase images (1× 
amplification) of the vacuum region 
around the ends of nanorods recorded 
using off-axis electron holography for 
applied voltages of -5 V (bottom left) and 
+5 V (bottom right). 
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Vortex beams are structured travelling
waves endowed with orbital angular momen-
tum (OAM) about the propagation direction.
Typical descriptions of vortex beam produc-
tion methods focus on the replication of pre-
cise vortex beam wavefunctions. Here we
offer an alternative new perspective of the
conversion process by focusing on the rota-
tional symmetry characteristics of the vor-
tex beams. This gives rise to a new de-
sign principle for OAM convertors based
on the superposition of rotationally symmet-
ric chiral motifs. We show that the order
of the rotational symmetry determines the
OAM of the vortex beams generated, while
the chiral symmetry determines their helic-
ity. The principle not only explains the op-
eration of existing mode convertors such as
holographic spiral phase gratings, but it also
enables the evaluation of the vortex gener-
ation potential based on naturally patterned
surfaces such as that of a sunflower head.

Our understanding of the OAM state se-
lection principle is valid for structured quan-
tum waves in general, but here we demon-
strate by experiment two practical appli-
cations of this new principle in convertor
design and relate our experimental results
to theoretical predictions. We first focus
on the generation of electron vortex beams
using rotationally symmetric binary ampli-
tude sieve masks [1]. Such a mask (see
Fig. 1 for an example) involves sets of
rotationally symmetric units of spiral pin-
hole arrays which convert an incident plane
wave into vortex beams with well-defined
OAM contents. We show that the number
of holes in each unit can be designed to
consist of several co-existing different spi-

rals, leading to an electron sieve mask capa-
ble of producing nested compound electron
vortex beams characterized by concentric
bright rings associated with different OAM
modes. Furthermore we show how to ap-
ply the same principle to the design of chiral
plasmonic nanostructures by introducing ro-
tationally symmetric spiral boundary condi-
tions to selectively generate chiral breathing
surface plasmon modes. These vortex states
have potential applications in chiral molec-
ular sensing and nanoscale mixers in liquid
cells.

Figure 1: Different spiral arrangements of
holes in an electron sieve mask for generat-
ing OAM vortex beams.
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One of the largest differences between 

optical and electron vortex beams lies in 

the fact that electrons are charged. This 

means that an electron vortex beam is 

endowed with a magnetic dipole moment 

and is therefore an ideal instrument to 

probe a vertical magnetic field. It is easy 

to demonstrate that a vortex in a constant 

vertical magnetic field B acquires a global 

phase � �
�ℓ����

	

		that can be measured in 

an interferential setup. The measured 

phase is proportional to the magnetic field 

and the topological charge ℓ of the beam, 

providing a motivation for the use of a 

larger OAM quantum number. Here, we 

report the experimental use of a vortex 

beam with an OAM of 200 ħ and an 

interferential geometry for measuring a 

vertical magnetic field. Instead of a 

constant magnetic field, we study a more 

complicated situation where the field 

originates from a magnetic pillar, which 

produces a local approximation of an 

Aharonov-Bohm field. We analyze the 

extent to which this configuration can be 

modeled as two magnetic monopoles and 

the consequences of this topology on the 

phase for  different pillar geometries. 

Figure 1: Schematic diagrams of (a) the 

effect of a magnetic pillar (modeled as 

two magnetic monopoles) on an electron 

vortex beam and (b) the experimental 

setup for interferential measurement of the 

phase associated with its magnetic field. 
 

a          b 
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Electronic spectroscopies are important in 
the study of localised surface plasmon 
resonances of metallic nanostructures, 
allowing to detect and image the strong 
spatial variations in the electrical field of 
the induced resonances of a single 
nanoparticle. These techniques do 
however present some drawback when 
compared to their optical counterparts. 
While optical spectroscopies can make use 
of polarisation to directionally probe the 
response of a nanoparticle, an electronic 
beam can’t discriminate between energy-
degenerate eigenmodes and is also blind 
to optical activity and dichroism.  
As we show here, designing the 
wavefunction of the electron beam by 
manipulating its phase allows to 
circumvent this [1], allowing to measure 
previously inaccessible properties. We 
show theoretically and experimentally 
how the phase in the electron beam's 
wave function couples to the electric 
potential of the plasmonic resonance, 
allowing to selectively detect localised 
plasmonic excitations that possess the 
same symmetry as the electron probe [2]. 
A successful experimental demonstration 
of this method will be shown, the selective 
detection of the dipolar mode of a Al 
nanorod with an HG-like beam, which we 
successfully generate in a TEM by applying 
state of the art phase manipulation 
techniques. This demonstrates the 
viability of this new approach and opens 
the way to a variety of new plasmon-
oriented experiments base on the control 
of the electron’s wave function. 

 
 

Figure 1: A schematic representation of the 

interaction. A conventional or modified 

electron beam (a) interacts with the 

potential of a plasmon resonance (b). This 

interaction results in partial inelastic exit 

wave, whose form depends on both the 

incident beam, and plasmon potential (c). 

This information is then carried to the 

detection plane where a selection becomes 

possible (d) as shown in numerical and 

experimental realisations of this setup (e). 
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Most waves encountered in nature can
be given a “twist”, so that their phase
winds around an axis parallel to the direc-
tion of wave propagation. Such waves are
said to possess orbital angular momentum
(OAM). For quantum particles such as pho-
tons, atoms, and electrons, this corresponds
to the particle wavefunction having angular
momentum of Lh̄ along its propagation axis.
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Figure 1: a) Addition of angular momenta
along the direction of propagation accom-
plished by two spiral phase plates. Interfer-
ograms represent neutron phase profile after
passage through the spiral phase plates [1];
b) Illustration of neutron holography exper-
iment [2] c) Schematic of a spin-orbit Ram-
sey fringe experiment [3].

Here I discuss the first demonstration of
OAM control of neutrons [1]. Neutron inter-
ferometry with a spatially incoherent input
beam, it has been used to show the addition
and conservation of OAM (Fig. 1a) and en-

tanglement between quantum path and OAM
degrees of freedom. A spiral phase plate
used in these experiments has been holo-
graphically imaged using a neutron interfer-
ometer [2]. The resulting hologram is a fork
dislocation image (Fig. 1b), consistent with
the predictions of [4]. Neutrons have an in-
trinsic spin, and here we suggest a means of
coupling neutron spin and OAM to obtain an
entangled spin-orbit state [3]. A Ramsey-
fringe-type measurement is suggested as a
means of verifying the spin-orbit correla-
tions (Fig. 1c).

Neutron-based quantum information sci-
ence heretofore limited to spin, path, and
energy degrees of freedom, now has ac-
cess to another quantized variable, and
OAM modalities of light, x-ray, and elec-
tron beams are extended to a massive, pen-
etrating neutral particle. The methods of
neutron phase imprinting demonstrated here
expand the toolbox available for develop-
ment of phase-sensitive techniques of neu-
tron imaging.
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After remarkable work conducted by L. 

Allen et al., which revealed that a Laguerre 

Gaussian (LG) laser mode carries mħ 

orbital angular momentum (OAM) per 

photon [1], research on optical vortices 

using visible wavelength lasers has thrived 

and resulted in successful applications in 

various research fields. Moreover, vortex 

beams are not limited to visible light but 

have been generated in 10 keV X-rays, 

terahertz/radio waves, sub-MeV electron 

beams and cold neutrons. 

Gamma-rays are an important tool for 

various research fields including solid-state 

physics using magnetic Compton 

scattering, positron production via pair 

production for a linear collider, nuclear 

physics, medical diagnostics and therapy, 

non-destructive inspection for industrial 

products and homeland security, and 

astrophysics. At Jefferson Lab, we aim to 

generate a gamma-ray vortex with energy 

in the MeV and GeV energy range, and to 

explore the application of gamma-ray 

vortices for nuclear physics research. If the 

OAM of gamma-rays is transfered to the 

angular momentum of quarks and gluons 

inside a proton, it may be a strong tool to 

measure the spin configuration of protons. 

In this research, inverse Compton 

scattering (ICS) will be used to generate 

gamma-ray vortices. Figure 1 shows a 

schematic illustration of ICS. In ICS, the 

laser photon is backscattered by the 

relativistic electron and its energy is 

increased to a high energy region. The 

maximum gamma-ray energy scattered 

onto the center axis is described as E  = 

4
2
EL/(1+4 EL/mec

2
), where  is the 

Lorentz factor of an electron, EL is the 

energy of incident laser, and mec
2 

= 0.511 

MeV is the electron rest energy. Gamma-

rays with energy of tens of MeV can be 

generated by using a 1 GeV electron beam, 

and ~ GeV gamma-rays can be produced 

by a 10 GeV electron beam. 

The first theoretical paper [2] 

describing OAM conservation of incident 

vortex laser light revealed that OAM was 

preserved at a small scattering angles  < 

1/
2
. In this work, we present the OAM 

characteristics and the spatial intensity 

distribution of gamma-ray vortex beams 

generated by ICS. We also describe an 

experimental plan to be conducted at 
Jefferson Lab. 

 

 
Figure 1: Schematic illustration of ICS. 
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In this work we experimentally and the-
oretically describe three different kinds of
quantum vortex transmutation that can be
achieved thanks to 2D microcavity polari-
ton fluids. Such bosonic quasiparticles are
made of strongly coupled excitons and pho-
tons fields [1]. Their assets comprise high
coherence properties, spinorial nature, pho-
tonic in- and out-coupling, sub-ps Rabi os-
cillations (due to normal modes splitting),
and strong nonlinearities.

A first approach of vortex trasmutation
consists in initializing the polariton fluid
with resonant structured beams, such as
baby-skyrmions (aka full Poincaré beams in
space) or spin vortices (such as radial or hy-
perbolic polarization textures). Based on the
xy linear polarization anisotropy of polari-
tons, the initial patterns are twisted along
the Poincaré sphere of polarizations, also le-
ading to the reversal of the initial topology.
The transformation is continouos in time, on
the scale of tens of ps. Conformal mapping
reveals that, e.g., a baby-skyrmion becomes
a full Poincaré beam both in space and time.

In the second approach, we exploit Rabi
oscillations, and double-pulse coherent con-
trol to shape an ultrafast space-swirling vor-
tex. This results from the induced splitting
of the original vortex between the two nor-
mal modes of polaritons. A continouos ex-
change of energy and OAM happens bet-
ween the coupled fields of excitons and pho-
tons. We focus on the phase singularities,
and their 2D+t vortex lines (or topological
strings), showing that the emitted photonic
packets are characterized by one or more in-
ner vortex tubes which spiral around the axis
of propagation. Yet, the surrounding polari-
zation space texture undergoes ultrafast rota-
tions around the Poincaré sphere.

Figure 1: Rabi double vortex. Polariton den-
sity and phase, highlighting the sub-ps orbi-
ting of the phase singularities.

Finally, we exploit the nonlinear interacti-
ons of polaritons. Upon activating the mutal
rotations of a couple of cowinding vortices,
it is possible to induce, e.g., the decomposi-
tion of an initial couple of spin vortices into
their four component baby-skyrmions.
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The orbital angular momentum (OAM)
modes of a photon have emerged as an ideal
testbed for the rapidly advancing field of
high-dimensional quantum information. The
use of multiple quantum levels offers several
advantages, from increasing the capacity in
quantum communication systems to increas-
ing the noise robustness in fundamental tests
of quantum mechanics. However, the verifi-
cation of high-dimensional entanglement is
notoriously difficult. Complete tomographic
reconstruction of a high-dimensional quan-
tum state requires one to make at least as
many measurements as density matrix ele-
ments in the state, which can be staggeringly
large even for states with a modest dimen-
sionality.

A solution is found in entanglement di-
mension witnesses, which allow one to ver-
ify the presence of high-dimensional entan-
glement with a significantly fewer number
of measurements than tomography. Sev-
eral such witnesses have been developed and
used for quantifying OAM entanglement,
with the most recent example being a Fi-
delity witness that bounds the dimensional-
ity of a measured entangled state by calcu-
lating its overlap with an ideal target state
[1]. While being quite robust against noise,
this method still requires one to make O(d4)
single-outcome measurements of OAM for a
d ×d dimensional entangled state.

A recent theoretical technique quantified
the entanglement of formation (EoF) of a
high-dimensional state via measurements in
only two mutually unbiased bases (MUBs)
[2]. While drastically reducing the num-
ber of measurements to O(d2), this method
was extremely sensitive to any noise in
the state. Here, we introduce and experi-
mentally demonstrate a new, noise-resistant
method for quantifying entanglement in a
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f)      k = 4

g)      k = 5

h)      k = 6

i)      k = 7

j)      k = 8

k)      k = 9

l)      k = 10

Figure 1: CCD images showing states in
twelve different mutually unbiased bases (k)
corresponding to d = 11 (`=−5...5).

high-dimensional OAM-entangled state that
uses measurements in up to d + 1 carefully
constructed MUBs (Fig. 1). Our technique
adapts to the noise present in the state by op-
timizing the number of measurement bases
used, while maximizing its entanglement di-
mensionality. We test our method with a
high-dimensional OAM-entangled state of
two photons under realistic noise condi-
tions, thus demonstrating its applicability
for efficient, noise-resistant tests of high-
dimensional entanglement in a diverse range
of physical systems beyond just OAM.
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Orbital angular momentum (OAM) 

arising from the helical phase structure of a 
photon could be used to encode a qubit or 
a qudit. It plays an important role for the 
photonic quantum information processing 
since it could result in some unique 
functions. We have developed some OAM 
manipulation technologies with high 
efficiency, together with previous multi-
photon technology to control spin angular 
momentum (SAM), we successfully 
implemented the first quantum 
teleportation [1] of the spin and orbital 
angular momentum of a photon for the first 
time as shown in Fig. 1. This work has 
been awarded as the Physics World 2015 
Breakthrough of the Year [2]. 

Quantum teleportation provides a 
“disembodied” way to transfer quantum 
states from one object to another at a 
distant location, assisted by previously 
shared entangled states and a classical 
communication channel. In addition to its 
fundamental interest, teleportation has 
been recognized as an important element in 
long-distance quantum communication, 
distributed quantum networks and 
measurement-based quantum computation. 
There have been numerous demonstrations 
of teleportation in different physical 
systems. Yet, all the previous experiments 
were limited to teleportation of one degree 
of freedom (DoF) only. A fundamental 
open challenge is to simultaneously 
teleport multiple DoFs, which is necessary 
to fully describe a quantum particle, 
thereby truly teleporting it intactly. Here, 
we demonstrate quantum teleportation of 
the composite quantum states of a single 
photon encoded in both the spin and orbital 
angular momentum [1]. Our work moves a 
step toward teleportation of more complex 
quantum systems, and demonstrates an 
enhanced capability for scalable quantum 
technologies. 

 

Figure 1: We have teleported the spin and 
orbital angular momentum of a photon for 
the first time. 

 
Now, together with the production 

technology of new entanglement photon 
source developed in our recent work of 
ten-photon entanglement [2], we are 
striving hard to generate the six-photon 
eighteen-qubit entanglement with three 
degrees of freedom of a photon including 
SAM, OAM and path.  
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Entanglement swapping generates remote quantum correlations between particles that 

have not interacted and is the cornerstone of long-distance quantum communication, 

quantum networks, and fundamental tests of quantum science. In the context of spatial 

modes of light, high-dimensional entanglement provides an avenue to increase the 

bandwidth of quantum communications and provides more stringent limits for tests of 

quantum foundations. Here we simultaneously swap the entanglement of multiple orbital 

angular momentum states of light. The system is based on a degenerate filter that cannot 

distinguish between different anti-symmetric states, and thus entanglement swapping 

occurs for several thousand pairs of spatial light modes simultaneously. 

 

 
 

 

Figure 1: Schematic of entanglement swapping for orbital angular momentum states of 

light. 
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Designing experimental setups for high-
dimensional multipartite entangled states is
a notoriously difficult feat. For that rea-
son, we have developed the computer al-
gorithm MELVIN which is able to find new
experimental implementations for the cre-
ation and manipulation of complex quan-
tum states [1]. The discovered experiments
extensively use unfamiliar and asymmet-
ric techniques which are challenging to un-
derstand intuitively. MELVIN autonomously
learns from solutions for simpler systems,
which significantly speeds up the discovery
rate of more complex experiments. Sev-
eral of the computer-designed experiments
have already been successfully implemented
in our laboratories [2, 3, 4].

By analysing MELVIN’s proposal for an
unexpected quantum state, we discovered a
novel technique. It allows for well controlled
generation of entanglement based on a tech-
nique introduced by the group of Leonard
Mandel in 1991 [5]. Surprisingly, this tech-
nique only uses elements which were avail-
able already for 25 years, but it has been
discovered only now by a computer algo-
rithm. This shows that computer designed
quantum experiments can be inspirations for
new techniques [6].
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The notion of entanglement in classical
light fields is hotly debated [1], the main ar-
gument against stemming from the fact that
the entangled parties, the degrees of free-
dom, do not exhibit non-locality, a salient
feature of quantum entanglement. However,
non-locality is not the linchpin of classical
entanglement; the notion holds physical sig-
nificance that can be of great importance to
understand and characterize the dynamics of
quantum entanglement. Here, we demon-
strate a physical setup in which the dynamics
of classical and quantum entanglement are
indistinguishable from each other. We study
the decay of correlation of an entangled pair
of photon, in which one of the photon is
subjected to in atmospheric turbulence. We
show that the observed decay of quantum en-
tanglement is identical to that measured for
the classically equivalent system (see Fig. 1)
in which only one degree of freedom, the
orbital angular momentum of a vector vor-
tex beam, is perturbed by the same levels of
turbulence [2]. This provide further physi-
cal significance to the notion of classical en-
tanglement, beyond the mathematical simi-
larities to the quantum entangled state. It is
from the equivalence in entanglement decay
between the two systems that we propose
and demonstrate a scheme to mitigate the
effect of turbulence on the quantum states,
whereby the measurements on the classically
entangled vector vortex beam are used to re-
cover the initially entangled quantum state,
resulting in a conversion from noise – which
affect the degree of entanglement – to pho-
ton loss.

Figure 1: Decay of classical and quantum
entanglement in turbulence, increasing in
strength from right to left.
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Advanced techniques to control the 

transverse phase front of light enable tasks 

to investigate fundamental questions and 

develop novel tools for enhanced mode 

transformations. We present two recent 

results, in which we investigate entangled 

bi-photon states with quantum numbers up 

to 10010 [1] and we demonstrate a novel 

transformation scheme by shaping the wave 

front prior to transmission though strongly 

scattering media [2].   

 

Photons with a twisted phase front carry 

a quantized, in principle unbounded, 

amount of orbital angular momentum 

(OAM). Hence, photonic states can be used 

to test quantum mechanical prediction for 

large quantum numbers. We use spiral 

phase mirrors, which can imprint 

unprecedentedly large OAM values onto 

light, to generate entangled bi-photon 

quantum states with quantum numbers up to 

10010.  

We start by investigating the 

transformation of a Gaussian laser beam to 

modes with large OAM. By analyzing the 

intensity structure of superpositions, we are 

able to verify modes with OAM values up 

to 10010 (see Fig.1a). We then use the 

developed transfer scheme to generate 

hybrid-entangled photon pairs, where the 

polarization of one photon is entangled with 

a large OAM quantum number of its 

partner. Our results demonstrate that single 

photons can have OAM quantum numbers 

of 10010 and might be beneficially applied 

to boost the sensitivity in angular sensing or 

the transfer of angular momentum. 

In a second experiment, we investigate 

recently developed techniques in wave front 

shaping to control the strong scattering of 

light and develop applications based on this 

ability. The high degree of control along 

with the complex coupling within the 

scattering media enables complex mode 

transformation, a task for which only a few 

limited techniques are known.  

As a first demonstration, we implement 

a programmable mode-sorting scheme.  

Specifically, any input mode family can be 

custom-tailored to map onto a broad range 

of possible output channel arrangements 

(see Fig.1b). Our method enables full 

access to all of the information encoded in 

the transverse structure and points towards 

promising applications in future mode 

transformation tasks. 

 

 
 

Figure 1: a) Recorded intensity of a 

superposition of ±10010 OAM. b) Sorting 

of five OAM modes (-2,-1…,+2) by 

controlling a random scattering process.  
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Causality is an underpinning concept in 
science – scientists identify causes and 
effects. In the same way that quantum 
physics has challenged our notion of reality, 
it also challenges our notion of causality. 
Recent developments in theory [1] and 
experiment [2] have brought at least some 
aspects of causality into experimentally 
testable territory. For example, we are used 
to thinking of space and time as a physical 
"stage" in which events, e.g. Alice receiving 
a message from Bob (event A) or Bob 
receiving a message from Alice (event B), 
take place. We show that this notion of a 
"stage" may not be a necessarily 
fundamental ingredient of nature. We show 
that it is possible for different orders of 
events to exist in superposition, i.e. that A 
is before B and  that B is before A can both 
be simultaneously true --  thereby 
demonstrating an indefinite causal order.   
	
We implement the quantum switch 
proposed in [1], and measure a “causality 
witness”, which signals indefinite causal 
order in the same way that an entanglement 
witness signals entanglement. The 
experiment is possible because of our 
capacity to control the various degrees of 
freedom of light such as polarisation and 
transverse spatial mode (orbital angular 
momentum and their superposition).  We 
use polarisation as the control which 
determines whether operation A is before 
operation B or,  vice versa. We use the 
superposition of polarisation states to obtain 
a superposition of the order in which 
processes A and B (i.e. the Pauli 
transformations in Fig 1) act on the 
transverse spatial mode of photons.   More 
interestingly, the availability of polarisation 
entanglement points to the possibility of 
experimentally realising  entanglement  of 
the causal order of processes.  
 

 
 
Figure 1: Our causal witness is based on 
perfect Pauli transformations. For an input 
first-order Hermite-Gaussian mode, we 
show the corresponding intensity profiles 
for the ideal transformation (perfect), what 
we expect from our setup (model), and we  
get from the experiment (experiment).  
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Over the last decade, two-photon entan-
glement in transverse momentum (spatial
mode) became a powerful tool for quantum
engineering of hyperentangled photon states
in addition to polarization and energy-time
degrees of freedom. Special attention is
paid to maximally entangled Bell-type states
which play a crucial role in both fundamen-
tal tests of quantum mechanics and practi-
cal applications, such as entanglement-based
and device-independent quantum cryptogra-
phy protocols.

The process of spontaneous parametric
down-conversion (SPDC) in nonlinear crys-
tals is well suited for the generation of pho-
ton pairs spatially entangled in the bases
of Hermite-Gaussian (HG) or Laguerre-
Gaussian modes. At present, the common
way to generate spatial Bell states is to filter
a number of specific spatial modes from the
whole SPDC transverse mode spectrum [1].
Due to the fact, that usually this spectrum
contains a significant number of modes, such
"postselection" leads to inevitable loss.

For this reason we provide a spatial Bell-
state generation method, which does not re-
quire any spatial filtration of the SPDC trans-
verse mode spectrum [2]. By changing
the divergence of the Gaussian pump beam,
we reach a regime of down-conversion
close to single-spatial-mode one (with spa-
tial Schmidt number close to unity). Next,
using the spatial light modulator (SLM), we
transform the pump beam into the first HG
mode so the spatial mode content of gener-
ated SPDC radiation is limited to the sub-
space, containing the zero- and first-order
HG modes only [3]. High fidelity of the gen-
erated states with ideal Bell states is con-
firmed by full state tomography and signif-
icant violation of Clauser-Horne-Shimony-

Holt inequality The postselection-free char-
acter of the method allows for creation
of high-brightness sources of spatial Bell
states, while their well-defined and low-
order mode content would facilitate their use
in free-space and few-mode fiber communi-
cation channels.

In addition, we study a number of inter-
esting states, generated by transforming the
spatial mode of the pump beam to low-order
HG modes, demonstrating vast abilities in
engineering the spatial quantum state of pho-
ton pairs. An adaptive optics control of the
pump beam profile of phase and amplitude
allowed us to improve the quality of gen-
erated states by using iterative optimization
technique based on simultaneous perturba-
tion stochastic approximation.
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The generation of beams carrying 

orbital angular momentum (OAM) has 

recently been extended to the extreme ultra 

violet (XUV) range [1]. In practice, an 

intense infrared femtosecond beam 

carrying OAM is focused into a gas target 

to drive photon up-conversion in the XUV 

through high harmonic generation (HHG). 

Here, we report on HHG driven with an 

800 nm beam carrying 1 to 3 units of 

OAM in different targets (Argon, Neon). 

 

 In the far-field, we observe that the 

harmonic beam profile is donut-shaped and 

that the radius of the ring does not depend 

on the harmonic order. We show that this 

is consistent with a linear increase of the 

OAM with harmonic order, using an 

analytical analysis and a full 4-dimensional 

numerical experiment simulating HHG. 

 

We also measure the attosecond 

synchronization of the HHG comb 

implementing the RABBITT [1] technique 

for the first time with XUV beams carrying 

OAM. By matching the phase fronts of the 

harmonics and the dressing field, we 

demonstrate in an original way that there is 

a difference of two units in the OAM 

carried by two consecutive odd harmonic 

orders. This confirms the linear increase of 

OAM with harmonic order, the slope being 

determined by the OAM of the driver. 

Additionally, this measurement allows us 

to reconstruct the attosecond shape of the 

emission, as shown in Figure 1. 

 

We then demonstrate control over the 

OAM in the XUV by setting the OAM of 

the driving IR field to 2 and 3. The ring 

radius of the XUV beam is still constant 

with harmonic order but increases with the 

driver topological charge.  

 
 

Figure 1: Reconstruction of the attosecond 

structure resulting from the coherent 

superposition of high harmonic orders 

carrying a topological charge linearly 

increasing with harmonic order.  

 

Our results open new perspectives for 

the synthesis of attosecond electronic 

springs through photoionization. 
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Laser beams carrying orbital angular mo-
mentum (OAM) have found major applica-
tions in a variety of scientific fields, and their
potential for ultrahigh-intensity (UHI) laser-
matter interactions has since recently been
considered theoretically, up to the relativis-
tic regime [1, 2]. Indeed, the remarkable
phase and intensity properties of these vortex
beams could provide a new way to control
UHI interactions as well as new properties
for the resulting particles and XUV sources.
Despite a large number of theoretical stud-
ies done on this topic until recently, no ex-
periment had demonstrated such effects, es-
pacially because of the difficulty to induce
helical wavefronts in large and intense laser
beams.

Figure 1: Experimental holographic set up
used to create a transient plasma fork-grating
and to generate laser and XUV vortex beams
in the diffracted orders of an ultra-intense
laser beam [6].

We show for the first time the possibil-
ity to induce OAM on such intense laser
beams, as well as to transfer it to relativis-
tic XUV harmonic beams, which are gen-

erated on solid targets at intensities higher
than 1019 W/cm2 [3]. This was done on the
UHI100 facility thanks to a spiral phase plate
and the physical effects determining the field
mode content of the twisted harmonic beams
were elucidated. Moreover, thanks to an in-
terformetric technique using a fork-shape bi-
nary transmission grating, we measure the
helical phase of each harmonic beam and we
validate the conservation of OAM in highly
non-linear optical processes at extreme laser
intensities, which was challenged in gases
[4, 5].

Finally, we introduce a new holographic
method, called plasma holograms (see.
Fig.1), based on the controlled extension of
structured plasma on the surface of the solid
target to induce an optical vortex on the
ultra-high intense laser beam as well as on
its high-order harmonics [6]. In particular,
this all-optical technic should be very inter-
esting to manipulate Petawatt lasers.
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Fully-structured light – light that has non-
uniform intensity, phase and polarisation –
lies at the heart of an emerging and ex-
tremely promising field of research, with ap-
plications in high-resolution imaging, opti-
cal communications, and trapping and ma-
nipulation of nanoparticles. By tailoring the
spatial structure of the polarization, the ef-
fects of propagation in a self-focusing non-
linear medium can be effectively controlled
and, in particular, fragmentation of the
beams can be inhibited [1]. Here we demon-
strate that the polarisation structure can addi-
tionally be used to control the amount of po-
larisation rotation of the beams, both linearly
and non-linearly. These findings provide a
novel approach to transport high-power light
beams in nonlinear media with controllable
distortions to their spatial structure and po-
larization properties.

Fully structured light beams may be
constructed from a superposition of two
Laguerre-Gaussian (LG) modes with orthog-
onal circular polarizations (~el,~er):

~E(r,φ ,z) = EL(ρ,φ ,z)~el +ER(ρ,φ ,z)~er,

= cos(γ)LGL~el + eiβ sin(γ)LGR~er (1)

where γ and β give the relative amplitudes
and phase, respectively, of the two modes
with orbital angular momentum (OAM) of
`L, `R.

We show analytically that for linear prop-
agation the amount of polarisation rotation,
∆ψ , depends only on the difference in Gouy
phase between the modes. We then numer-
ically model nonlinear propagation using
two coupled nonlinear Schrödinger equa-
tions that provide excellent agreement with
experimental results [1] and show that non-
linearity not only changes the amount of
polarisation rotation for beams with a net
OAM, but that it can also induce a rotation in

beams with zero net OAM if there is an am-
plitude difference between the two modes.

Additionally, we investigate the fragmen-
tation of fully structured beams during non-
linear propagation. Scalar LG modes frag-
ment into solitons, with the number of soli-
tons equal to twice the OAM of the beam
[2]. Here we show instead that the fragmen-
tation of fully structured beams can be in-
hibited, while nonlinear confinement, self-
focusing, and polarization distributions are
not altered for specific cases of nonuniform
spatial polarization, both with and without
net OAM. Our results are in excellent agree-
ment with experiments of nonlinear propa-
gation in Rubidium gas, and suggest that the
spatial structure of the polarization plays an
important role in beam fragmentation [1].

Figure 1: Linear (blue, green, red) and non-
linear (cyan, light green, magenta) rotation
for fully structured beams with `L = 0, `R =
1,2,3 over one Rayleigh range.
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The Hanbury Brown-Twiss effect marks the beginning of modern quantum optics.  
Furthermore, it has been recognized that optical vortices are ubiquitous in random light and that 
the phase distribution around these optical singularities imprints a spectrum of orbital angular 
momentum onto a light field. We demonstrate [1] that random fluctuations of intensity give rise 
to the formation of correlations in the orbital angular momentum components and angular 
positions of pseudothermal light. The presence of these correlations is manifested through 
distinct interference structures in the orbital angular momentum–mode distribution of random 
light. These novel forms of interference correspond to the azimuthal analog of the Hanbury 
Brown and Twiss effect. This family of effects can be of fundamental importance in applications 
where entanglement is not required and where correlations in angular position and orbital 
angular momentum suffice.  We also suggest some applications of the azimuthal Hanbury Brown 
and Twiss effect. 
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In recent experiments, we discovered 
robust self-generation of a previously 
unobserved type of optical vortex: the 
spatiotemporal optical vortex (STOV). 
Such vortices have phase and energy 
circulation in a spatiotemporal plane and 
appear to be a universal phenomenon 
accompanying electromagnetic wave 
collapse induced by self-focusing in 
nonlinear propagation. Our initial 
experiments centered on measurements of 
STOVs accompanying filaments in air, but 
we also see evidence of STOV generation 
in relativistic self-focusing in plasmas and 
linear propagation scenarios.  

 
When a high intensity pulse propagates 

through a medium, it experiences an 
intensity dependent self-lens resulting from 
nonlinearity in the polarization response of 
the medium’s electrons. Above a critical 
power Pcr, the self-lens overcomes 
diffraction and begins to shrink the pulse 
in transverse size. As the pulse increases in 
intensity, the self-lens becomes 
increasingly dominant, resulting in the 
runaway process of optical collapse.  

 
Optical collapse is invariably mitigated 

by an arrest mechanism, which becomes 
important to propagation as the pulse 
becomes increasingly singular. Collapse 
arrest mechanisms include refraction from 
plasma generated by field ionization, 
dispersive pulse lengthening, and electron 
cavitation in the relativistic propagation 
regime in plasmas [2]. Following collapse 
arrest, the pulse begins to “filament” or 
self-guide, leading to extended propagation 
of a high intensity core over many 
Rayleigh lengths. 

 
We establish experimentally, and with 

theory and simulation, that during collapse 

arrest, pairs of STOVs are generated with 
opposite topological charges. Simulations 
of both air and relativistic filamentation 
show that the positively charged STOV 
settles down to propagate with the self-
guided pulse and facilitates the global flow 
of energy. Further into propagation, the 
complex evolution of the field is 
determined by the movement, creation and 
destruction of STOVs. 
 

We will present a review of our 
measurements and simulations leading to 
the detection of STOVs and then show 
recent results on STOV generation over a 
wide range of electromagnetic intensity. 
 

 
Figure 1: Simulation of phase (top) and 
intensity (bottom) of air filament. Three 
toroidal STOVs are present, labelled v1, 
v2, and v3. 
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The ability to control different degrees of
freedom of a light beam is essential for both
quantum and classical communication pro-
tocols. In this context, orbital angular mo-
mentum (OAM) has proved to be a poten-
tially useful tool. Its exchange in nonlin-
ear interactions has been extensively stud-
ied and is still a fruitful field of investi-
gation. OAM exchange has already been
investigated in second harmonic generation
[1, 2], parametric up conversion [3] and op-
tical parametric oscillation [4]. In this work
we consider type II second harmonic gen-
eration in collinear configuration with or-
thogonally polarized incoming beams carry-
ing arbitrary topological charges. The mul-
timode nonlinear dynamics is described by
a set of coupled equations for the Laguerre-
Gaussian mode amplitudes. We assume the
crystal is pumped by two vortices with arbi-
trary topological charges l′, l′′ and radial in-
dices equal to zero p′ = p′′ = 0. For the case
where both input topological charges have
the same sign (l′l′′≥ 0), the two input modes
couple to a single second harmonic one car-
rying the added topological charge l = l′+ l′′

(OAM conservation) and having zero radial
order p = 0.

A less intuitive situation is produced when
the input modes carry topological charges
with opposite signs. Here we also have the
expected OAM conservation condition l =
l′+ l′′ , however the appearance of other ra-
dial orders can be seen in the second har-
monic field. Therefore, the nonlinear mixing
of opposite helicities implies a more com-
plex dynamics with more transverse modes
taking part in the nonlinear interaction. In
order to evidence the generation of higher
radial orders experimentally, we performed
intensity measurements on the second har-
monic beam both in the near and far field

Figure 1: Experimental near and far field
images for second harmonic generation of
counter-rotating vortices.

regions. The corresponding images are dis-
played in Fig. (1). The far field intensity pat-
terns for second harmonic generation exhibit
the external rings characteristic of higher ra-
dial orders.
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The primary properties of optical beams are brightness, propagation direction, wavelength, 
polarisation, and angular momentum. The possibility of manipulation of optical angular momentum at 
the nanoscale is of crucial importance for both fundamental research and many emerging applications. 
However, it is still fundamentally challenging to achieving on-chip angular momentum multiplexing 
due to the extrinsic nature of orbital angular momentum associated with a helical wavefront. Here we 
present an entirely new concept of nanoplasmonic multiplexing of angular momentum through the 
nonresonant angular momentum mode-sorting sensitivity by nanoring slit waveguides on tightly-
confined plasmonic angular momentum modes, leading to on-chip angular momentum multiplexing 
of ultra-broadband light. 
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Chancellor at RMIT University and was a Laureate Fellow of the Australian Research 
Council. He is a sole author of two standard reference books and has over 450 
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Structured light and structured matter are 

two fascinating branches of modern optics 

that recently started having a significant 

impact on each other. The synergy of 

complex beams, such as the beams 

carrying an orbital angular momentum 

(OAM), with nanostructured engineered 

media is likely to bring new dimensions to 

the science and applications of structured 

light, ranging from fundamentally new 

regimes of spin-orbit interaction to novel 

ways of information encoding for the 

future optical communication systems.  

 

We will discuss fundamental optical 

phenomena at the interface of singular and 

nonlinear optics in engineered optical 

media and show that the unique optical 

properties of optical nanostructures open 

unlimited prospects to “engineer” light 

itself. We demonstrate a microring OAM 

laser producing an optical vortex beam 

with an on demand topological charge and 

vector polarization states. This is enabled 

through combined index and gain/loss 

modulations at an exceptional, which 

breaks the mirror symmetry in the lasing 

generation dynamics and facilitates the 
unidirectional power oscillation. 

 

We show that the polarization associated 

with OAM lasing can be further 

manipulated, creating a radially polarized 

vortex emission. Such OAM vector laser 

beams might offer novel degrees of 

freedom for the next generation of optical 

communications in both classical and 

quantum regimes. 

 

 
Figure 1: (a) Schematic of the OAM 

microlaser on an InP substrate. (b) 

Scanning electron microscope images of 

OAM microlaser. The OAM microlaser 

was fabricated on the InGaAsP/InP 

platform. Alternating Cr/Ge bilayer and Ge 

single-layer structures were periodically 

implemented in the azimuthal direction on 

top of the microring, presenting, 

respectively, the gain/loss and index 

modulations required for unidirectional 

power circulation. 
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Orbital angular momentum (OAM) 

carrying light states are natural 

eigensolutions of a circularly symmetric 

waveguide such as optical fibers. 

Nevertheless, for many years, they weren’t 

thought to be especially stable in fibers 

because they are higher order eigenstates 

that are almost degenerate with several 

other, parasitic, higher order eigenstates. 

As such, small bend and birefringence 

induced perturbations would couple them 

and result in an output much like a speckle 

pattern normally observed from multimode 

fibers. A new class of optical fiber designs, 

where the guiding high-refractive-index 

region is an annular ring rather than a 

conventional step-index has been shown 

address this long-standing stability 

problem and OAM states in optical fibers 

have been propagated as long as 13 km 

without appreciable mixing, to date.  

 

We will describe this class of optical 

fibers, and experiments conducted with 

them since their demonstration in 2013. As 

expected, OAM states in fibers share 

several attributes with their counterparts in 

free space. Likewise, they have spawned a 

multitude of applications ranging from 

information capacity scaling in tele-

communications networks to fiber-based 

super-resolution microscopy. However, 

perhaps more interestingly, there are 

several attributes of OAM in optical fibers 

not observed in in free-space – these 

include angular momentum conservation 

laws leading to forbidden transitions 

between degenerate states, the ability to 

tailor the group-velocity dispersion of the 

states (thereby leading to interesting 

nonlinear optical interactions), and the 

ability, in contrast to free-space systems, to 

transmit propagation invariant non-integer 

OAM eigenstates. 

 
 

This talk will elucidate the physics of these 

and other peculiarities of stably 

propagating twisted light in optical fibers, 

and discuss the applications they enable. 
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Light beams can carry three types of an-
gular momentum. The spin angular momen-
tum is associated with polarization [1], the
extrinsic orbital angular momentum is deter-
mined by the propagation path of the light
beam [2], and the intrinsic orbital angular
momentum is determined by the structure of
the light field of the beam [3, 4]. The ef-
fect of one of the angular momenta on an-
other angular momentum leads to the spin-
orbit interactions of light [5].

The effects of the spin-orbit interactions
of light can be divided into six types in
the following way: 1) the spin angular mo-
mentum affects the extrinsic orbital angu-
lar momentum; 2) the extrinsic orbital angu-
lar momentum affects the spin angular mo-
mentum; 3) the intrinsic orbital angular mo-
mentum affects the extrinsic orbital angular
momentum; 4) the extrinsic orbital angular
momentum affects the intrinsic orbital an-
gular momentum; 5) the spin angular mo-
mentum affects the intrinsic orbital angular
momentum; 6) the intrinsic orbital angular
momentum affects the spin angular momen-
tum. These effects can be observed under re-
flection and refraction of light beams, in fo-
cused light beams, under light propagation
in anisotropic inhomogeneous medium and
in optical fibers.

The influence of two types of angular mo-
mentum on the third one suggests the exis-
tence of three new effects [5]: 1) the joint
influence of the spin angular momentum and
the extrinsic orbital angular momentum on
the intrinsic orbital angular momentum; 2)
the joint influence of the spin angular mo-
mentum and the intrinsic orbital angular mo-
mentum on the extrinsic orbital angular mo-
mentum; 3) the joint influence of the extrin-
sic orbital angular momentum and the intrin-

sic orbital angular momentum on the spin
angular momentum.

One of these effects, namely, the joint
influence of the spin angular momentum
and the extrinsic orbital angular momen-
tum on the intrinsic orbital angular momen-
tum can be experimentally observed under
light propagation through a multimode opti-
cal fiber coiled into a helix.

This work was partly carried out within
the scope of the topic of State Assignment
No. 0389- 2014-0030.
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Polarization is one of the most 
interesting and powerful properties of light 
beams or electromagnetic fields, also 
enabling countless applications. For a 
single plane wave, the purely transverse 
electromagnetic field can, for instance, 
spin around the propagation axis of the 
beam as a result of a phase-shift between 
orthogonal field components. In analogy to 
mechanical systems, this wave then carries 
a spin angular momentum related to the 
elliptical or circular polarization state, 
which in the aforementioned setting is 
oriented parallel or anti-parallel to the 
linear momentum or k-vector.   

For realistic beam scenarios however, it 
is well-known that within a fully vectorial 
non-paraxial treatment of propagating light 
beams in general or upon strong spatial 
confinement in particular, resulting, e.g., 
from tight focusing, longitudinal electric 
and/or magnetic field components appear 
[1]. Especially in the latter case of tight 
focusing, these components can be very 
strong and locally also de-phased with 
respect to their transverse counterparts [1-
5]. At such points where the electric (or 
magnetic) field is then consequently 
elliptically or circularly polarized, the 
spinning axis having an orthogonal 
component (or being fully perpendicular) 
with respect to the local k-vector, the spin 
angular momentum (SAM) density has 
transverse components or is purely 
transverse (see [4] for a recent review). It 
was shown that electromagnetic fields 
exhibiting transverse SAM (densities) 
enable a wide range of different 
applications [2-5]. In addition, the topical 
area of transverse AM is also of 
fundamental interest and importance [4].  

In this presentation we will introduce 
the concept of transverse SAM in general 

and discuss it also in the context of a 
selected and very intriguing application, 
i.e., the localization of sub-wavelength-
sized particles with Angstrom or even sub-
Angstrom spatial localization accuracies 
[5]. The underlying principle not only 
allows for very high spatial but also 
extraordinarily high temporal resolution. 
This application of nanoscopic position 
sensing is based on the polarization-
dependent excitation of the nanoparticle to 
be tracked and its directional emission 
across interfaces [4,5]. Related phenomena 
will be discussed in the talk as well. 

Figure 1: Schematic representation of 
nanoscopic particle tracking. 
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The intra-cavity selection of LG0` modes
carrying OAM has proven to be non trivial
as superpositions of these modes with op-
posite handedness often occur owing to the
degeneracy in the handedness of azimuthal
modes. We demonstrate the controlled intra-
cavity selection of pure OAM LG0` modes of
opposite handedness by implementing spin
angular momentum (SAM) to OAM cou-
pling [1]. With this we also present a direct
approach to realise arbitrary vectorial vor-
tex fields that may be described through a
higher-order Poincaré sphere [2].

The excitation of pure LG0` modes is ac-
complished by coupling SAM to OAM by
controlling the state of polarization incident
on a q-plate inside a laser resonator. This is
achieved by transmitting a single-mode light
beam that is linearly polarized through a ro-
tated quarter-wave plate (QWP). We imple-
ment this experimentally in a 3-mirror solid-
state laser cavity where the laser cavity was
constructed in a V-shape. The q-plate (q =
1/2) was positioned at the apex of the V with
the QWP positioned to transmit both arms of
the cavity.

We analysed the output of the cavity by
varying the angle of rotation, β of the QWP,
and the output was consistently a well-
defined annular shaped beam (see Fig. 1)
independent of the angle. The output po-
larization state was sampled from the trans-
mitted intensity from a diffractive polariza-
tion grating (PG) and we evolve from a pure
SAM state of left handedness (β = −45) to
a pure SAM state of right handedness (β =
+45). The selective excitation of higher-
order Poincaré sphere beams is achieved by
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Figure 1: Higher-order Poincaré sphere
beams at the output of a laser.

controlling the input polarization state on the
q-plate (−45 < β < +45) as in Fig. 1 and
through the rotation angle of the q-plate [3].

References

[1] Marucci, L., Manzo, C., Paparo, D.,
Optical spin-to-orbital angular mo-
mentum conversion in inhomogeneous
anisotropic media, Phys. Rev. Lett. 96,
163905, 2006.

[2] Milione, G., Sztul, H.I., Nolan, D.A.,
Alfano, R.R., Higher-order Poincaré
sphere, Stokes parameters, and the an-
gular momentum of light, Phys. Rev.
Lett. 107, 053601, 2011.

[3] Naidoo, D., Roux, F.S., Dudley, A.,
Litvin, I., Piccirillo, B., Marucci, L.,
Forbes, A., Controlled generation of
higher-order Poincare sphere beams
from a laser, Nat. Photon. 10, 327-332,
2016.
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Here we investigate the focussing prop-
erties of vector vortex beams generated by
Fresnel cones, and find that they are capa-
ble of producing focal spots below the con-
ventional diffraction limit. Furthermore, az-
imuthally polarised beams generated by the
cones are shown to outperform traditional
’symmetric’ radially polarised beams.

Vector vortex beams, containing both po-
larisation and phase singularities are inter-
esting for their ability to mimic quantum
states, or to produce fields beyond the scope
of uniformly polarised beams. These beams
can be generated by a number of methods,
including the generation of arbitrary pat-
terns using an SLM or DMD. While flexible,
such systems are typically optically complex
and restricted to operation at a single wave-
length. More specific beams may be gen-
erated by fixed optical components such as
q-plates as well as achromatic OAM genera-
tors [1, 2].

Here we discuss recent developments of
our Fresnel cones [1], demonstrating a new
design developed together with Gooch and
Housego, nominally capable of 100% effi-
cient generation of broadband radially and
azimuthally polarised light. One of the ben-
efits of vector vortex beams is the fact that
under tight focussing they can produce fo-
cal spots below the conventional diffraction
limit. Here we investigate the focussing
properties of light generated with a Fresnel
cone which has a net angular momentum of
±h̄ and find that the tightest focussing occurs
for azimuthally polarised beams [3], with
spot sizes that (slightly) outperform conven-
tional radially polarised beams for all fo-
cussing strengths. We demonstrate this nu-
merically using a Richards and Wolf model
of strong focussing and compare a range of
standard and vector vortex beams in terms of
their focal spot areas and volumes (see figure
1 for an example focal volume).

a)

b)

d)

c)

e)

Figure 1: 3D representation of a strongly fo-
cussed radially polarised light beam. a) Total
intensity. b) Ex intensity. c) Ey intensity. d)
Ez intensity. e) Superposition of the Ex, Ey

and Ez intensity.
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Lateral optical and Casimir forces enabled by
spin-orbit locking
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Spin-orbit locking in evanescent waves
is a fundamental consequence of Maxwell’s
equations: the polarization of the evanes-
cent tails of an electromagnetic waveguide
mode will be elliptically polarized (trans-
verse spin) with a handedness that depends
on the propagation direction. This enables a
robust example of spin-orbit interactions of
light: using circularly polarized light to il-
luminate a small particle near a waveguide
causes the particle to become circularly po-
larized. The scattering of the particle can
then be modeled as a circularly polarized
dipole source, which will therefore match
and excite the electric field of the waveguide
mode propagating predominantly in one di-
rection, but not in the opposite one, depend-
ing on the illuminating polarization (Fig.
1). This constitutes a broadband and robust
polarization-dependent light nano-router.

Following conservation of momentum,
the lateral scattering of light into a waveg-
uided mode is necessarily accompanied by
a recoil mechanical momentum acting back
on the particle, thus enabling lateral optical
forces controlled with light polarization [1].
Additionally, even in the absence of illumi-
nation, we show how a small particle rotat-
ing near a surface will experience a lateral
Casimir force. This is caused by an imbal-
ance in the right-handed and left-handed po-
larizabilities of rotating particles. According
to fluctuation electrodynamics, this implies
a corresponding imbalance in right handed
and left handed dipole thermal and quantum
fluctuations, responsible for lateral Casimir
forces acting on the rotating particle [2].
Casimir forces between spherical particles
and smooth surfaces had always been con-
sidered as acting exclusively in a direction
perpendicular to the surface.
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Figure 1: Polarization dependent directional
scattering of an illuminated particle, and the
associated lateral optical force.
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Optical forces driven by light-matter 

exchanges of linear momentum are 

nowadays a common tool in many areas of 

science to manipulate microscopic object. 

In general, at given light-matter interaction 

geometry, the magnitude of the optical 

force is driven by the incident photon flux 

and its direction may depend on the 

incident polarization state. In the recent 

years, a particular interest has been 

devoted to situations where the photon 

helicity is used as a control parameter to 

monitor the direction of the optical force. 

In particular, an intriguing situation 

corresponds to lateral forces (i.e., forces 

directed in a direction perpendicular to the 

average photon flux) controlled by the 

photon helicity. 

To date, only a few experimental 

demonstrations of helicity-controlled 

lateral optical forces have been reported. 

This has been realized at the microscopic 

scale and involve force magnitudes of the 

order of 10 fN [1] to 1 pN [2]. Here we 

report on the direct observation of lateral 

forces of the order of 1 nN that induces the 

displacement of a solid-state macroscopic 

object (dimensions of several mm). 

The experiment is achieved by using a 

structured anisotropic dielectric material 

enabling helicity-dependent redirection of 

the optical linear momentum. The sample 

is placed at a curved liquid-air interface 

that behaves as a stable capillary trap. A 

typical measurement is illustrated in Figure 

1 where is reported the dynamics of the 

lateral displacement of a macroscopic 

parallelepiped (0.1 1 6 mm
3
) illuminated 

by a right-handed or left-handed circularly 

polarized Gaussian beam with optical 

power is in the range 0.1 to 1 W. The 

relaxation of the object as the laser is 

switched off is also presented. 

Experimental data is quantitatively 

analyzed by a simple model. 

 
 

Figure 1: Lateral displacement x as a 

function of time of structured dielectric 

parallelepiped placed at a fluid interface 

under the influence of circularly polarized 

light beam of increasing incident optical 

power with positive (green-to-blue) and 

negative (green-to-red) helicity. Markers: 

experimental data. Curves: simulations. 

 

These results extend previous works on 

unconventional optomechanics driven by 

the photon helicity to the macroscopic 

scale and extension to helicity-controlled 

push/pull optical forces will also be 

discussed. Our approach thus offer an 

original platform for naked eyes 

observation of optomechanical effects that 

are were restricted so far to subtle and 

highly demanding instrumentation. 
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Optical vortices carrying orbital angular 

momenta have attracted great interest in 

the past two decades owing to their unique 

properties and application potential. Vari-

ous methods of optical vortex generation 

have been proposed, such as the use of spi-

ral phase plates, forked gratings and spatial 

light modulators. However, most passive 

methods are based on wave propagation 

and thus are optimized for use at a single 

wavelength.  

We have recently proposed a new fami-

ly of reflective diffractive optical elements 

(DOEs) based on cholesteric liquid crystals 

(ChLCs): a LC phase in which the constit-

uent molecules spontaneously form a heli-

cal structure [1]. The helical modulation in 

the dielectric tensor gives rise to ‘selective 

reflection’, in which circularly polarized 

light with the same handedness as the 

ChLC is Bragg reflected over a wavelength 

range given by nop – nep, where no, ne and 

p are the ordinary and extraordinary refrac-

tive indices, and helical pitch, respectively. 

Interestingly, changing the phase of the 

helical structure (helix phase) results in the 

phase of reflected light being modulated by 

twice the change in the helix phase. Be-

cause the effect occurs across the whole 

Bragg reflection band, efficient phase 

modulation can be achieved over a multi-

ple wavelengths.  

Despite the fact that the optical charac-

teristics originates from the complex three-

dimensional dielectric tensor distribution, 

the self-organizing nature of helix for-

mation enables various kinds of DOEs to 

be fabricated by designing the two-

dimensional orientational easy axis on the 

substrate with which the ChLC is in con-

tact. Optical vortices can be generated 

from ChLCs by introducing a singular 

point in the helix phase distribution, as 

shown in Fig. 1(a). Upon observing the 

sample with an interference microscope 

(using a cylindrical reference wavefront), a 

helical wavefront is observed, with topo-

logical charges corresponding to the pat-

tern on the substrate. 
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Figure 1: (a) Orientational easy axis dis-

tributions for optical vortex generation. 

(b) Reflection interference microscopy 

using a spherical reference wavefront 

confirms generation of optical vortices. 
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We show that a homogeneous, isotropic
and ultra-thin (sub-wavelength thick) slab
can support vortex generation [1]. We prove
that such phenomenon is physically due to
the mutual difference between the dynamics
of transverse magnetic (TM) and transverse
electric (TE) fields upon reflection and trans-
mission. As the majority of radiation spin-
orbit interaction phenomena [2], the slab
vortex generation is mainly a nonparaxial
effect. On the other hand, we prove that
slab vortex generation in the epsilon near
zero (ENZ) regime is remarkably efficient
even for incident paraxial beams in spite of
the very small slab thickness. Such phe-
nomenology is unprecedent since, to the best
of our knowledge, paraxial vortex genera-
tion in homogenous media (i.e. through
lenses and uniaxial crystals) requires sam-
ples whose thickness is much larger than
wavelength. Here, the crucial role is played
by the physical ability of an ENZ slab to turn
a paraxial wave, incoming from vacuum,
into a nonparaxial one within the bulk, its
nonparaxiality triggering the predicted slab
vortex generation. The vortex generation
method prosed in this letter can have impor-
tant nanophotonic applications since, unlike
the one based on metasurfaces, it does not re-
quire microfabrication (the ENZ slab is ho-
mogenous) and it is scalable down to very
small wavelengths (exploiting the ultravio-
let ENZ point of metals) where metamateri-
als are not available. It is also worth noting
that our method, unlike the one based on in-
homogeneous anisotropic media (q-plates),
is based on a very simple setup that does
require neither preparation nor external bi-
asing by electric field, it operates in sub-
wavelength thick slabs and it can be used
even up to the ultraviolet frequencies.

LHC

LHC

LHC

RHC

RHCReflected

beams

Transmitted

beams

Incident

beam

(a)

0 0.2 0.4 0.6 0.8 1

1

2

3 0.8

0.2

0.4

0.6

 ∆ 

 R
e 

ε

 k /k
0

0

Vacuum ENZ Slab

 k  0k ε

( )V
zk

( )S
zk

Paraxial Nonparaxial

(b)

(c)

 ε = Re ε + 0.003i

Figure 1: (a) Geometry of the vortex genera-
tion process. The incident beam is LHC po-
larized with no topological charge. Both the
reflected and the transmitted beams have a
LHC component with no topological charge
and a RHC component containing a second-
order vortex. (The beams in the figure
are spatially separated for clarity purposes).
(b) TM-TE transmissivity asymmetry ∆ =
|tT M −tT E | versus k⊥/k0 and Reε . The white
dashed line is the curve k⊥ = k0

√
Re ε . (c)

Excitation of nonparaxial waves within the
ENZ slab by vacuum paraxial waves.
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Singularities are a wide spread 

phenomenon whose properties are 

investigated and applied in various fields as 

astrophysics, material science, as well as in 

optics. In the latter, optical singularities 

facilitate a broad range of applications in 

e.g. super-resolution microscopy, data 

communication, material machining or 

optical manipulation [1]. Further, 

fundamental investigations on these 

singularities present a cutting-edge topic in 

the field of singular optics, which includes 

still a number of unsolved issues. Beside 

well studied scalar phase singularities, 

especially vectorial singularities in 

polarization structured light are discussed 

currently, wherefore advanced generation 

methods are required. Recently, e.g. 

holographic configurations have facilitated 

to access tailored polarization structures. 

However, in particular the analysis of 

complex, higher-order polarization 

structures and singularities [2], especially 

outside the paraxial regime, is still in its 

infancy, demanding further investigations.  

 

With our contribution, we fill this gap by 

exemplarily investigating higher-order V-

point singularities in singular vector fields 

in the paraxial as well as in the non-paraxial 

regime. First, we analyze V-points in 

tailored, paraxial vectorial structures, 

revealing the relation between singularity 

order and the light field’s transverse shape. 

Following, we combine higher-order phase 

and polarization singularities to study their 

interaction upon propagation. For this 

purpose, we apply unfolding phase vortices 

to evoke striking propagation behavior of 

included V-points. We show 

experimentally as well as numerically that 

their evolution resembles singularity 

explosions, in which index conservation 

rule [3] is kept. 

 

 
 

Figure 1: Examples of numerically 

calculated focal intensity landscapes of 

tightly focused vector fields of positive 

(left) and negative (right) order. 
  

Beyond these investigations, we 

demonstrate numerically the application of 

higher-order vector beams for shaping focal 

intensity landscapes in the non-paraxial 

regime. By solving Richard and Wolf’s 

integrals, we obtain three-dimensional 

polarization structures with a transverse 

total intensity that resembles dark stars or 

bright flowers [4] (see Fig. 1). Moreover, 

we find a relation between the order of the 

incident vectorial field and the resulting 

distribution of focal field components. Our 

findings facilitate shaping focal light fields 

for specific application as e.g. in advanced 

microscopy.  
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The worldwide overwhelming traffic 

demand is fostering mode-division (MDM) 

as a novel multiplexing technique in order 

to increase the information bandwidth and 

prevent the menace of the so-called 

capacity crunch of today’s optical 

networks. Recently, modes carrying orbital 

angular momentum (OAM) of light have 

been considered as a promising solution 

for MDM and orthogonal optical vortices 

have been demonstrated to support 

independent information channels both in 

free-space and in optical fibers. The design 

of next-generation optical transceivers 

requires the integration of novel optical 

elements for the generation, multiplexing 

and sorting of OAM channels.  

Here we present a review of the several 

designs and configurations that we have 

recently conceived, fabricated and tested 

for the (de)multiplexing of optical vortices 

with integrated diffractive optics. Under 

the requirement of miniaturized, passive 

and efficient optics, two configurations 

have been considered: diffractive OAM-

mode analyzers (Figure 1.a) [1] and 

diffractive log-pol transformation optics 

[2, 3] (Figure 1.b-c). While the first 

solution provides a degree of freedom in 

choosing the far-field channel constellation 

[1], the latter one exhibits higher efficiency 

values and its remarkable optical 

performance has been demonstrated for 

both the generation and sorting of OAM 

beams [3] (Figure 1.d-f). Samples have 

been designed with custom numerical 

codes and fabricated with 3D electron-

beam lithography on PMMA resist layer 

over transparent glass substrate, exhibiting 

low roughness and high resolution. Optical 

characterization has been performed both 

in free-space and in commercial optical 

fibers, providing promising efficiency and 

cross-talk values (<-15 dB) for industrial 

applications in the telecom field.  

 
Figure 1: Different diffractive optics designs 

for (de)multiplexing of optical vortices: OAM-

mode analyzer for combined OAM-mode and 

spatial- division multiplexing (a, [1]), elements 

for log-pol optical transformation: un-wrapper 

(c.1), phase-corrector (c.2), integrated version 

(b, [2]), 256 phase levels. Multiplexing (d) and 

sorting (e, f) experimental characterization. 
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We present our investigations of spatially-
variable polarization of light that contain a
rotational dislocation, or disclination. In
particular we focus on a class of patterns
known as monstars, which are asymmetric.
We prepare these patterns by two means.
One involves the superposition of three spa-
tial modes, two with topological charges +`1
and −`1 in right circular polarization, and
a third mode with `2 in left circular polar-
ization. We do this experimentally using
spatial-light modulators. We show that mon-
stars can have a disclination index that can
be positive negative or zero [1, 2].

More recently, we prepared monstar pat-
terns in a different way: by passage of a
circularly polarized Gaussian beam through
one or more specially designed q-plates.
These plates have a distribution of liquid-
crystal directors that follow an elliptical
symmetry[3]. Figure 1(a) shows the discli-
nation pattern that was encoded onto the di-
rectors of the q-plate. The orientation is
given by

ψ = tan−1(a tanφ), (1)

where q = 1/2, a is an asymmetry, and φ is
the angular coordinate.

By inputing circularly polarized light onto
a q-plate with a = 4, the light acquired the
disclination of the q-plate. Figures 1(c) and
(d) show the modeling and measurements of
the space-variant polarization pattern. The
measured patterns were obtained by imag-
ing polarimetry. Monstars have characteris-
tic radial lines (shown in red in Fig. 1(a)),
which appear when the orientation relative
to the radial direction, as it decreases with
angle, undergoes a non-monotonic inflex-
ion. We confirmed that the measured pat-
terns were indeed monstars by measuring
this non-monotonic variation, as shown in
Fig. 1(b).

Figure 1: (a) Monstar pattern encoded in
the directors of an elliptically symmetric
q-plate; (b) radial orientation of measured
points; (c) modeling of the pattern; and (d)
measurements. Color coding denotes orien-
tation of the polarization ellipse relative to
the radial direction, with yellow denoting ra-
dial orientation.

This work was funded by NSF grant PHY-
1506321.

References

[1] B. Khajavi and E.J. Galvez, J. Opt. 18,
084003 (2016).

[2] E.J. Galvez and B. Khajavi, J. Opt. Soc.
Am. A 34, 568-575 (2017).

[3] B. Piccirillo, V. Kumar, L. Marrucci,
and E. Santamato, Proc. SPIE 9379,
937907 (2015).



 

 
 
 
 

Poster Session 1. 

  



Visual Representations of the Polarization States of Photon 

Vortices  
Dennis Afanasev, Andrei Afanasev  

The George Washington University 

Washington, D.C. 20052, USA 

dennisafa@gwu.edu 

 

Optical vortices may be characterized with 

very complicated polarization patterns [1]. 

Vectors can describe the polarization states 

of optical vortices in particular on higher 

order Poincare sphere [2].  

    In this work, we take advantage of 

stokes parameters and describe 

polarization of the optical vortex by a point 

on a tertiary (or Dalitz) plot.  

   Evolution of polarization is described by 

a trajectory on a tertiary plot. We also use 

one-to-one mapping of tertiary plot 

representation to color-coding (RGB) to 

present polarization states of the entire 

optical vortex wave front.  We demonstrate 

this approach for the evolution of optical 

vortex polarizations during propagation in 

atomic matter, according to theoretical 

calculations of ref. [3] 

   Figure 1 shows the tertiary diagram used 

for color coding of the polarization states. 

Demonstrated, the upper corner 

corresponds to 100% circular polarization, 

while both lower corners describe linear 

polarizations. Figure 2 shows an area of 

circular polarization on the optical vortex 

wavefront developing from 100% linear 

polarized optical vortex. 

   We believe that the proposed color 

coding method will be useful to describe 

polarization evolution of optical vortices.  

 

 
Figure 1. Polarization triangle for RGB 

color coding of polarization states 

 
Figure 2. Evolution of optical vortex 

polarization as a result of propagation in 

atomic matter. The axes show the position 

on a transverse plane in units of 

wavelength. 
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Ghost imaging is a technique by which
the image of an object is reconstructed us-
ing the combined information of two differ-
ent detectors [1]. One is a bucket detector
that detects the light that has interacted with
the object. Simultaneously, correlated light
that has not interacted with the object is de-
tected using a spatially resolving sensor. Us-
ing the correlation of these two signals, the
object can be reconstructed. The correlated
light can come from a variety of sources, in-
cluding a pair of entangled photons or clas-
sical light split with a beamsplitter.

Here we perform ghost imaging using two
photons that have never interacted. We pro-
duce two pairs of entangled single photons,
AB and CD, using spontaneous parametric
downconversion (SPDC) in two β -barium
borate (BBO) crystals (see Fig. 1). We
combine photons B and C on a beamsplit-
ter and observe Hong-Ou-Mandel interfer-
ence with two multi-mode fibres (MMFs)
connected to bucket detectors. This imple-
ments a projection onto all high-dimensional
anti-symmetric states, thus correlating pho-
tons A and D [2].

Each of the remaining photons is then in-
cident on a spatial light modulator (SLM).
An SLM is composed of liquid crystals and
can be used to change the phase and inten-
sity of light. When combined with a single-
mode fibre (SMF) and bucket detector, it can
implement a spatial measurement of the in-
cident light. In our experiment, we display a
mask on SLM A, which serves as the object
to recover. We cycle through different spa-
tial measurements on SLM D, which serves
as the spatially resolved detector.

We will discuss the theory, which predicts
that the detected image in D is the contrast
reversed image in A. We believe this effect

Ψ−

SLM A
(mask)

A B C D

SMFSMF

MMFs

SLM D
(spatial
meas.)

Figure 1: A simplified version of the experi-
mental setup.

relies partially on quantum effects in that
the use of two pairs of classically correlated
beams in the same manner would seem to
produce contrast reversal, though with lower
contrast than the quantum case. We will also
discuss the progress of the experimental re-
alisation.
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Spontaneous parametric down-conversion
(SPDC) is a well-known process used to
generate twin photons that are correlated in
various degrees of freedom. It has been ex-
perimentally shown that the angular spec-
trum of the pump beam gets transferred to
the twin photons generated in SPDC [1, 2]
due to the spatial correlation between them.
However, signal or idler part of parametric
down-converted light is in general spatially
incoherent. Although the modal signature of
the pump is partially observed in the SPDC
photon distribution [3], one cannot evidently
confirm the modal distribution of pump in
SPDC.

=

=

+ −
Theory Expt

Figure 1: Angular spectrum of parametric
down-converted photons at the Fourier plane
of the closed-to-minimum aperture when the
non-linear crystal is pumped with optical
vortices of orders 1, 2 and their equal but op-
positely charged coaxial superpositions.

Here, we show that the amplitude dis-
tribution of the pump beam is revealed in
the Fourier plane of SPDC distribution re-
stricted by an aperture. This distribution is
observed at any part of the annular ring of
SPDC. To verify the experiment with the-
ory, we model the SPDC process for differ-
ent pump modes with the Fourier imaging of

SPDC restricted by the aperture. The model
goes in good agreement with the experimen-
tal results. Phase measurements showed that
the SPDC mode distribution does not contain
the azimuthal phase corresponding to that of
the pump mode. We also observe a consider-
able shift of the image plane from the actual
Fourier plane, when the aperture is gradually
opened. The shift of the Fourier image of
down-converted photons affects the quality
of spatial mode-based projection in various
quantum correlation experiments with para-
metric down-converted photon pairs. The re-
sults may be useful in applications of SPDC
in quantum imaging and quantum informa-
tion.
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Recent years have seen vast progress in
image modulation based on atomic medium,
with potential applications in both classi-
cal optical imaging and quantum imaging
region. However, there is rare evidence
to show how thermal light images inter-
act with electromagnetically induced trans-
parency medium. In this work, we exper-
imentally demonstrated the pseudo-thermal
light modulation on coherent population
trapping condition in 87Rb vapour. By intro-
ducing the Laguerre-Gaussian (LG) beams
as the control beam and encoding speckle as
the probe beam, we obtained much shaper
speckle patterns after the atom cell com-
pared with that in free space. The spatially
modulated thermal light was then used to en-
hance the image resolution in ghost imag-
ing due to the sharper speckle, since the
ghost image resolution is severely relied on
speckle’s transverse coherent length. Our re-
sults are very promising to have potential ap-
plications in high resolution ghost imaging
and image metrology, image processing and
biomedical imaging in the future.

In our previous work, we have already
found that the compressed speckles from the
atom cell pushed ghost imaging resolution
better than that in free space [1]. In this
work, we will report an even better exper-
imental demonstration of speckle compres-
sion with different LG coupling beam in the
EIT medium, which was expected to im-
prove ghost imaging resolution more effec-
tively. By coding different LG charges onto
the control beam, then applying them to the
atom vapor, we found that the speckle’s pro-
files became much sharper. And it is im-
pressive to find the resolution of ghost imag-
ing was greatly enhanced, which is shown in

Fig. 1. From Fig. 1(a)-(c), the resolution of
GI became much better with the increment
of the number l, that is because the control
beam intensity profile was getting sharper
with lager l number, which made the speck-
les compressed more and more.

Figure 1: GI results with different control
beam profile. (a)-(d) are the cases for con-
trol LG mode with l = 1, l = 3, l = 5 and
l = 10, respectively.
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We present the realisation of a photonic 
quantum  walk  based  on  the  Orbital 
Angular Momentum (OAM) of light [1,2], 
showing  the  topological  phases  that 
characterise  periodically  modulated  1D 
systems  (Floquet  topological  insulators). 
These  phases  of  matter  are  typically 
investigated  through  the  analysis  of 
protected  edges  states.  Following  a 
different  approach,  here  we  rather  focus 
our  attention  to  bulk  observables.  In 
particular,  we  find  that  important 
information about the system topology can 
be extracted from the statistical  moments 
associated  with  photons  OAM  spectrum; 
while  varying  a  control  parameter  that 
determines  the  value  of  the  invariants, 
these show marked differences in distinct 
phases and exhibit abrupt variations at the 
transition  points  [2].  Quite  remarkably, 
specific  combinations  of  such  moments 
(associated  with  orthogonal  polarization 
components)  are  quantised  and 
proportional  to  the  topological  invariants 
[3], hence can be used to detect topological 
phases. Such quantisation arises in absence 
of  any external  force,  and it  is  robust  to 
perturbations  that  preserve  the  system 
symmetries.  We  confirm  experimentally 
these results in our photonic platform, and 
report  the  measurement  of  complete 
topological  invariants  characterising  this 
class of systems [3,4]. We demonstrate that 
the  method  we  propose  is  widely 
applicable in a variety of different 1D

Figure  1:  Pictorial  representation  of  our 
photonic system. A collimated light beam 
passes  through  a  sequence  of  optical 
elements; these are engineered so that they 
introduce  the  spin-orbit  coupling  giving 
rise to the quantum walk dynamics in the 
polarization-OAM space.

topological  systems,  and  readily 
implementable  in  experimental  platforms 
that  are  presently  used  to  simulate  these 
exotic phases.
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The first laser and Laguerre-Gaussian
beams (LGB) appeared in the same year
1960. They are intimately related as the lat-
ter can be the internal modes of a resonant
laser cavity as well as the output beam of
the same laser cavity allowing them to de-
scribe paraxial optical beams propagating in
free space[1, 2].

In this sense, the LGB are found as the
closed analytical solutions of the free space
paraxial wave equation in cylindrical coor-
dinates [3]. These beam are characterized
by two eigenvalues, one associated to the ra-
dial coordinate and a second one to the az-
imuthal coordinate. The first one describe
the transverse finite ringed structure of the
beam while the second one their content of
Orbital Angular Momentum (OAM).

In a recent publication it was demon-
strated that, similar to Bessel beams, the
multiringed LGB with OAM have the prop-
erty of self-healing [4]. Nevertheless, an
explanation on physical grounds of the ob-
served phenomenon for LGB was not given.

It is now well known that the reason why
a Bessel beam undergoes self-healing is in
fact that they are the continuous superposi-
tion of two conical wavefields. This is, the
the Bessel beam can be unfolded into outgo-
ing and incoming wavefields [7, 6].

We demonstrate in this work that LGB
with OAM can also be unfolded as Bessel
beams do. Their wavefield components have
conical features, see Fig.1, and such conical
wavefields allow for a concise and physical
explanation of the observed property of self-
healing. We have obtained the closed ana-
lytical solutions that allow to explain this be-
havior and fully characterize the self-healing
process. Our result also demonstrates that
LGB have unknown and unexplored proper-

ties and that in some cases it is possible to
fall into apparent inconsistencies but after a
rigorous analysis we conclude that they are
due to the paraxial approximation.

Figure 1: Wavefronts that on supersposition
create the Laguerre-Gauss beams, case for
OAM index m = 0.
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The Talbot effect, also referred to as 

self-imaging, is of the phenomena mani-

fested by a periodic repetition of planar 

field distributions in certain types of wave 

fields. This phenomenon has been demon-

strated in areas such as acoustics, electron 

microscopy, plasmonics, x-ray, and atomic 

waves. In optics, long ago, it was proved 

that this phenomenon is a consequence of 

the diffraction with Talbot length ex-

pressed as 
2

T
dz


 . Here d and λ are the 

period of the structure and the wavelength 

of the incident light, respectively. 

 

In fact,  Talbot effect has been observed 

in many different types of apertures. Here 

we explored this effect using the superpo-

sition of Q-plane waves. This superposi-

tion results in an optical lattice. To control 

the Talbot effect we interfere two optical 

lattices with different modulus of the wave 

vectors and with different topological 

charge. 

 

Following [1], the superposition of two 

Q-plane waves of different spatial frequen-

cies can be described as: 

 

2 2

1

1 1
0

exp(i )exp[i2 ( cos( ) sin( ))]}. (1)

( , )

{exp( )exp[ 2 ( cos(n ) sin(n ))]

n

Q

n
n

x n y n

f x y

c i i x y

   

   




   



     

where r  and  are the radius and angle in cy-

lindrical coordinates, respectively.

2
ii Tk   is the spatial frequency, 

( )ni ip n   , where i =1,2 and 2 Q  

. p is an integer number and represents the 

topological charge. The idea is to see the 

interferences along z-direction. Using the 

Fresnel diffraction theory, it is not difficult 

to show that the Talbot length is, 
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Figure 1. Experimental images showing the 

Talbot Effect. 3Q  ; 1 1p  ; 2 2;p 

514nm  ;(a)-(f) 1

1 1mm  and 
1

2 1,5 ;mm   (a), 65z  ; (b) 95z  mm; (c)

109z  mm;  (d) 137z  mm ; (e) 159z 

mm; (f) 189z  mm. 

 

where m is an integer number and is the 

wavelength. 

 

Equation (2) shows that the Talbot 

length does not depend on the topological 

charge and it is inversely proportional to 

the difference of the squares of the spatial 

frequencies.  

 

Figure 1 shows an optical lattice with 

the Talbot Length of 42
T

z mm . It is im-

portant to notice that the topological 

charge change the optical lattice but not 

the Talbot Length.    
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Extreme-ultraviolet vortices may be 

exploited to steer the magnetic properties 

of nanoparticles, increase the resolution in 

microscopy, gain insight into local 

symmetry and chirality of a material, and 

might even be used to increase the 

bandwidth in long-distance space 

communications. However, in contrast to 

generation of vortex beams in the infrared 

and visible spectral regions, production of 

intense, extreme-ultraviolet and X-ray 

optical vortices still remains a challenge.  

Here [1], we demonstrate two methods to 

produce intense femtosecond XUV vortex 

beams at a free-electron laser (FEL). One 

relies on the recently discovered 

mechanism that harmonics emitted by 

electrons in spiral motion carry OAM, 

while the other uses a spiral zone plate that 

simultaneously generates an optical vortex 

and focuses the beam (which is required 

for a number of applications). The latter 

method allows us to generate a micron-size 

optical vortex with a peak intensity 

approaching , paving the way 

to nonlinear optical experiments with 

vortex beams at short wavelengths. 

 

The top panel of Fig. 1 shows the ring-like 

intensity distribution (characteristic of an 

optical vortex) of the 2nd harmonic 

emission (wavelength of 15.6 nm) 

produced by the FERMI FEL. In the 

bottom panel the ring-like mode was made 

to interfere with a "standard" Gaussian 

beam, producing a spiral intensity pattern, 

confirming the vortex nature of the beam 

shown in the top panel.  

 
 

Figure 1: Generation of an XUV OAM beam 

at the FERMI FEL at the 2nd harmonic. Top: 

intensity, bottom: spiral pattern due to  

interference with a Gaussian beam. 

 

The results we present constitute the first 

experimental demonstration of FEL vortex 

beams in the XUV and have the potential 

to open new research directions in the field 

of light-matter interactions at short 

wavelengths under extreme conditions. 
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Optical vortices are currently one of the 

most intensively studied topics in optics. 

These light beams, which carry orbital 

angular momentum (OAM), have been 

successfully utilized in the visible and 

infrared in a wide variety of applications. 

Moving to shorter wavelengths may open 

up completely new research directions in 

the areas of optical physics and material 

characterization. Here [1], we report on the 

generation of extreme-ultraviolet optical 

vortices with femtosecond duration 

carrying a controllable amount of OAM. 

From a basic physics viewpoint, our results 

help to resolve key questions such as the 

conservation of angular momentum in 

highly nonlinear light–matter interactions, 

and the disentanglement and independent 

control of the intrinsic and extrinsic 

components of the photon’s angular 

momentum at short-wavelengths. The 

methods developed here will allow testing 

some of the recently proposed concepts 

such as OAM-induced dichroism, 

magnetic switching in organic molecules 

and violation of dipolar selection rules in 

atoms.  
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Figure 1: Single-shot images for different 

harmonic orders acquired using a CCD, in 

identical generating conditions. Each mode 

is labeled by its topological charge l. The 

number of photons incident on the CCD 

(after a metallic filter) for h16 was around 

7x10
6
. 
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     In general, a paraxial light beam can be 

decomposed in a complete set of helical 

modes (for example Laguerre-Gauss 

modes), which are eigenstates of the orbital 

angular momentum of light (OAM). Thus, 

a full characterization of the beam can be 

achieved by reconstructing both the OAM 

power spectrum and the radial profile of 

amplitude and phase of the single helical 

modes.  

      Here we propose, and experimentally 

validate [1], a simple technique based on 

the analysis of interference patterns 

obtained superimposing the unknown 

structured light beam with a known 

reference field (such as a Gaussian beam) 

that allows the full reconstruction of a 

structured light field. The analysis consists 

into recording the interference pattern and 

performing, at different radial positions, 

Fourier transform with respect to the 

azimuthal variable. The result gives some 

complex functions of the radial coordinate. 

Integration of the absolute square along the 

latter returns the full OAM power spectrum.   

      Moreover, the radial structure of the 

Fourier transform allows the reconstruction 

of radial amplitude and phase of the helical 

modes that are contained in the OAM 

spectrum. 

      The remarkable feature of this 

technique is that all the information of the 

light field is contained in a few images (at 

most four). This, together with the minimal 

equipment required, makes this new 

approach a valid tool for structured light 

characterization experiments [2]. 

 

  
     

 
Figure 1: Characterization of a beam 

obtained displacing a q-plate with respect to 

an input plane wave. Panels a)-f) show the 

theoretical and experimental OAM 

distributions obtained from interference 

patterns as the ones shown in panels g)-i). 

Panels j) and k) are, respectively, the 

experimentally reconstructed amplitude 

and phase of an OAM eigenmode (red dots) 

compared with a Hypergeometric- 

Gaussian beam (red lines). 
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Since the discovery of the Greenberger-
Horne-Zeilinger argument in 1989, the so-
called GHZ states have been investigated
heavily on the experimental and theoret-
ical side. These states play an essen-
tial role in the classification of entangle-
ment, communication-complexity problems,
quantum-error-correction schemes for quan-
tum computation, as well as enabling novel
experimental tests of quantum mechanics
(QM) versus local-realistic (LR) theories.
While most of these efforts focused onto
two-dimensional systems (qubits), our work
presented here focuses on three-dimensional
systems. For example, in the case of the 2-
dimensional contradiction between QM and
LR theories, there are several properties of
the measurements which have been consid-
ered essential. Remarkably, however, it has
not yet been possible to transfer all these
properties into the higher-dimensional case.

The experimental creation of GHZ states
is a challenging task. Recently, the creation
of a 10-photon GHZ state in two-dimensions
(using the polarization degree of freedom)
has been demonstrated. While the creation
of two-dimensional N-partite GHZ states is
a technically demanding task, the underly-
ing physical principle is known. However,
for three-dimensional systems the situation
is quite different. While it seems to be a sim-
ple step to go from two to three dimensional
systems, an experimental approach was just
recently proposed by a computer algorithm,
called MELVIN.

In this talk we present the actual exper-
imental realization of the proposed three-
dimensional GHZ state with three photons.
As a physical carrier of the quantum in-

formation we employ the orbital-angular-
momentum of light. It turns out that
the transformations and resources for this
degree-of-freedom available in the lab are
sufficient to create such higher-dimensional
GHZ states. The experimentally achieved
fidelity of 75.2% ± 2.9% with an ideal
three-dimensional GHZ state verifies with
three standard deviations that we indeed
created such a genuinely high-dimensional
multi-photon state. In addition, we elabo-
rate a three-dimensional multi-setting "all-
or-nothing" test of local-realism that can be
implemented with our entangled state.

Figure 1: a) Experimental Scheme how to
generate a three-dimensional GHZ state in
the OAM degree-of-freedom. b) Experimen-
tally measured density matrix. Note that
only colored bars have actually been mea-
sured.
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The transfer of momentum arising from 

light-matter interactions is the core 

mechanism behind optical manipulation 

and control of micro- and nanoparticles. 

Field-enhancing structures such as 

ultrathin optical fibers transform coupled 

light resulting to strong and tightly-

confined evanescent fields carrying bulk of 

the propagating power with steep intensity 

gradients. In addition, higher-order modes 

of such fields can also carry complex 

polarization patterns and other unique 

properties making ultrathin optical fibers a 

promising tool for high-precision optical 

manipulation and control experiments 

involving atoms, molecules, and micro- 

and nanoparticles. 

 

Considering light confined in a quasi-

circularly polarized fundamental mode 

propagating in a water-clad ultrathin 

optical fiber, the effects of the spin and 

orbital components of the optical angular 

momentum on dielectric microspheres 

immersed in water was investigated. Such 

light beams carry linear momentum along 

the propagation direction and spin and 

orbital angular momentum along the axial 

and azimuthal components of the Poynting 

vector which result to net translational 

force and rotational torque on polystyrene 

microspheres trapped near the ultrathin 

fiber surface [1,2]. It was analytically and 

numerically shown before by Fam et al. [1] 

that a significant orbital component arises 

when the fiber radius is within an 

intermediate range with respect to the 

propagating wavelength. The smaller core-

cladding refractive index ratio result to a 

smaller magnitude of force compared to a 

higher expected magnitude for vacuum- or 

air-clad ultrathin fibers. 

 

This work demonstrates the propulsion 

and rotation of individual polystyrene 

microspheres immersed in water and 

trapped near the surface of a 2-μm 
ultrathin optical fibre guiding two 
counter-propagating quasi-circularly 
polarized fundamental modes of fiber-
coupled laser light with a wavelength of 
1064nm. Optical manipulation and 
control of the particle’s translational 
motion is done by adjusting the power 
of each beam whereas the phase and 
direction difference of the circular 
polarizations are used to control the 
particle’s rotational motion. 
Measurements of the translational and 
rotational motion from microsphere 
trajectories were obtained from video 
recordings as well as quadrant position 
detector readings. The effects of the 
first-group of higher-order ultrathin 
fibre modes were also briefly 
investigated. 
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We present our investigations of spatially-
variable polarization of light in three dimen-
sions. We investigated the patterns of polar-
ization when two optical beams, one a gaus-
sian and another carrying an optical vortex,
both in opposite states of circular polariza-
tion, formed an angle relative to each other.
It has been predicted that in this situation,
depending on the topological charge of the
component beams, the polarization ellipse
describes either Möbius strips or twisted rib-
bons along a closed path that encloses the
central singular line [1].

When the angle between the two beams
is increased, a polarization fringe pattern ap-
pears, but it contains a fork dislocation due
to the optical vortex in one of the component
beams. In the transverse plane, the polariza-
tion ellipse rotates along a circular path. The
z-component of the field also oscillates with
the fringes, with the net effect being a rota-
tion of the polarization ellipse about the axis
of the path [2]. Depending on the topologi-
cal charge of the vortex, the polarization el-
lipse exhibits either Mobius strips or twisted
ribbons when following a closed path that
encloses the central singular line [1].

We measured this phenomenon with the
crossing of paraxial light beams. They were
prepared with a Mach-Zehnder-type inter-
ferometer that used a spatial light modula-
tor to encode the spatial modes. The sec-
ond beam splitter of the interferometer was
used to control the relative angle between the
two beams. The light was analyzed with a
wire-grid polarizer and digital camera. Al-
though the a polarizer cannot isolate the z-
component of the field, recently we devel-
oped a method of extracting the polarization
ellipse for this situation, using only polariza-
tion projections [3]. Figure 1 shows the re-
sults one of the cases when two beams form

an angle of 1.9 arcmin relative to the normal
to the observation plane. The results con-
firm the predictions and agree with the mod-
elings.

This work was funded by NSF grant PHY-
1506321.

Figure 1: (a) Projection of the measured pat-
tern with a vertical polarizer. A circle de-
notes the path. (b) Modeling of the semi-
major axis of the polarization ellipse predict-
ing 5-1/2 Möbius strip; (c) and (d) show re-
spective 3-d and 2d projections of the semi-
major axis extracted from the data. Color
coding denotes the orientation of the axis rel-
ative to the center of the circle.
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The study of the optical response of 

high refractive index nano-particles has 

revealed that these resonant structures are 

capable of controlling different degrees of 

freedom of light fields with unprecedented 

versatility [1]. The ability of these particles 

to control the intensity, phase and 

polarization of light has unveiled a 

plethora of new physical effects. To 

mention a few, these particles have 

allowed controlling the directionality of 

optical antennas in an unprecedented 

manner, they have shown promise in 

enhancing chiro-optical spectroscopic 

techniques [2] and they have led to a 

generalized Brewster’s condition to 

achieve full polarization of light. 

In this talk, we unveil a two new 

phenomena that to the best of our 

knowledge were not reported up to date; 

the natural generation of an optical vortex 

in the back scattering of Silicon 

nanospheres and the emergence of a 

Möbius strip structure in the main axis of 

the polarization ellipse around lines where 

the scattered light is circularly polarized. 

Firstly, based on singular optics 

arguments [3], we deduce the emergence 

of the vortex for a high index nano-particle 

Illuminated by circularly polarized light at 

the first Kerker condition. Using the 

recently developed helicity and angular 

momentum conservation framework, we 

prove that the modulus of the topological 

charge of the vortex has to be equal to 2. 

Lastly, we verify our predictions through 

analytic and numerical calculations (Figure 

1a). 

Secondly, we analize the emergence of 

polarization singularities (C lines and L 

surfaces) in the scattering of optical 

resonators excited by linearly polarized 

light. We demonstrate both analythically 

and numerically that high refractive index 

spherical resonators present such 

topologically protected features and 

calculating the polarization structure of 

light around the generated C lines, we 

unveil a Möbius strip structure in the main 

axis of the polarization ellipse when 

calculated on a closed path around the C 

line (Figure 1b). 

 

 
 

Figure 1: a) Poynting vector streamlines 

for the scattering of an all-dielectric 

scattererer illuminated by circularly 

polarized light when excited at the first 

Kerker condition of anomalous scattering. 

b) C lines around the Si nanoparticle. 

Green and red lines are the left and right 

handed C lines respectively. The inset is a 

zoom of Möbius strip polarization 

structure around one particular C line. 
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Light beams, carrying both orbital and

spin angular momentum (OAM ans SAM)

are not distorted when propagating in

isotropic media, such as gases, plasma, liq-

uid solutions and fused materials. Non-

linear optical mixing of these beams can

lead to conversion between spin and or-

bital angular momenta (SAM and OAM)

of the fundamental and signal photons.

Three classical problems of nonlinear op-

tics were studied analytically and numeri-

cally, namely the second harmonic gener-

ation (SHG), the sum-frequency generation

(SFG) and the third harmonic generation

(THG) in isotropic chiral medium.

Second harmonic generation can be real-

ized even in centrosymmetric media in the

case if they exhibit strong spatial nonlocal-

ity. We analytically demonstrate that only

heterogeneously polarized superposition of

LG pulses generates the signal at doubled

frequency [1]. For this reason, the photons

involved in nonlinear mixing must have op-

posite spins, which cancel each other, while

the OAM of the fundamental beam is fully

converted converted to SAM of the signal

one.

The effective SFG can be achieved even

via the local quadratic response of the

medium [2]. We consider collinear geom-

etry of beam interaction, in which the free-

propagating wave can be still generated in

the bulk of the medium due to diffraction di-

vergence of the beam. In such case, even the

homogeneously polarized Gaussian funda-

mental beams produce the nonlinear signal.

The SAM of two photons of these beams

is fully transferred to a photon at the sum-

frequency, however, it is redistributed be-

tween both spin and orbital AM of the signal

beam (fig. 1).

Third harmonic generation is also effec-

tive in isotropic medium with local cubic re-

sponse. The only restriction is that the fun-

damental beam must not be circularly po-

larized. Then, three photons with different

spins are mixed and generate a photon of the

signal beam. In this process the SAM-OAM

conversion does not happen and the spin and

orbital parts of AM of the fundamental pho-

tons are fully transferred to corresponding

parts of the signal photon.

Figure 1: The dependency of average OAM

(a) and SAM (b) of the photon at the sum-

frequency on the average SAM of the pho-

tons of the fundamental beams.

For any type of the fundamental beams

total AM of photons is conserved in each

considered nonlinear process. However, in

some processes it can be converted from spin

part to orbital and backwards. Moreover, one

needs to use heterogeneously polarized light

beams, because in certain processes only the

photons with opposite spins can interact.
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The helicity of light is of great interest
in both fundamental research and in appli-
cations such as dichroism spectroscopy. Its
time-harmonic formulation is directly pro-
portional to the density of optical chirality.
Recently, both an helicity optical theorem
(HOT) [1] and a chirality conservation law
(CCL) [2] have been formulated for arbitrary
scatterers taking into account an underlying
continuity equation of this quantity [3]. We
summarize these two equivalent fundamen-
tal laws and analyze their potential applica-
tions.

Extinction measurements are a standard
tool for the analysis of optical properties of
individual scatterers or material distributions
(Fig. 1). Such setups are described by the
extinction of energy as the sum of scatter-
ing and absorption processes. Employing
the HOT and CCL, we extract consequences
in the study of the extinction of helicity [1].
The latter quantity consists of one part re-
lated to the chirality of the scattered field and
a term associated with the conversion of chi-
rality [2].

Figure 1: Extinction setup based on incident,
scattered and the field of their interference.

We illustrate the formalisms with non-
Rayleigh dipolar scatterers, arbitrary current
densities, plane waves and illuminating com-
plex light. The far- and near-field response
of nanoparticles (specially those with mag-
netodielectric properties that attract recent
research [4]) are studied, as well as the use
of 3D polarized light such as Bessel beams.

Our analysis paves the way for figures
of merit based on the extinction of chiral-
ity established by both the HOT and the
CCL. They span from a generalized g-factor
of dichroism measurements to a chiral ana-
logue of the Purcell factor. This framework
for the description of chiral optical fields
can be employed in numerical simulations as
well as in experimental studies.
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Historically, neutron scattering instru-
ments such as Small Angle Neutrons Scat-
tering (SANS), reflectometers, and spin-
echo have been successful in using the
unique properties of neutron-waves in order
to probe the structure of matter. An impor-
tant property for these techniques is the neu-
tron’s intrinsic spin of h̄/2. This allows for
spin-polarized neutron beams; a process that
can be accomplished via a variety of differ-
ent means; Bragg scattering, spin-dependent
absorption, and multilayer films.

It has recently been shown that the or-
bital angular momentum (OAM) of a neu-
tron wavepacket can be manipulated and
controlled [1]. This was accomplished us-
ing simple, macroscopic spiral-phase-plates
(SPPs) and resolved using a neutron inter-
ferometer. That work opens up the possibil-
ity for studying other previously unexplored
neutron couplings. One of these is a spin-
orbit coupling [2] that entangles the neu-
tron’s spin with that of its OAM state cre-
ating in effect a spin vortex. The proposed

JOACHIM NSOFINI et al. PHYSICAL REVIEW A 94, 013605 (2016)

FIG. 3. Concurrence (on the left) of the spin-orbit state for the filtered η = 0,1,2 subspaces, and the probability (on the right) of the given
η = 0,1,2 subspaces. The vertical line at rc/σ⊥ = 1.82 corresponds to the point of maximum concurrence for the η = 0 subspace.

With the 0.7 T surface field of NdFeB magnets, this gradient
corresponds to an inner quadrupole gap of around 1 mm. In
such an experimental setup, the concurrence [Eq. (14)] of the
η = 0,1,2 filtered states is 1, 0.77, and 0.55, respectively, and
the traced concurrence [Eq. (13)] is 0.97.

The successful preparation of the entangled state could
be verified by using a Ramsey Fringe experiment [33]. For
the experiment we require a polarized neutron beam, two
quadrupole magnets and a solenoid between them (see Fig. 5).
The first quadrupole creates the spin-orbit state. The solenoid
provides a uniform magnetic field along the spin quantization
axis and introduces a phase shift β in the spin degree of
freedom. The corresponding operator is Uz(β) = cos(β/2)1 +
i sin(β/2)σ̂z. The second quadrupole can be rotated by angle
θ and can act as an inverse operator of the first quadrupole:

UQ2(θ ) = cos

(
πr

2rc

)
1 + i sin

(
πr

2rc

)
[e−iθ l+σ̂+ + eiθ l−σ̂−].

(18)

With the setup shown in Fig. 5, when the input state is |0,0, ↑〉,
the state at the exit (global phase excluded) is

|�R〉 = UQ2(θ )Uz(β)UQ |0,0, ↑〉

=
[

cos

(
πr

rc

)
cos

(
β − θ

2

)
−i sin

(
β − θ

2

)]
|0,0, ↑〉

− i sin

(
πr

rc

)
cos

(
β − θ

2

)
eiφ |0,0, ↓〉 . (19)

FIG. 4. Concurrence of the spin-orbit state obtained by tracing the
radial subspace. The vertical line at rc/σ⊥ = 1.82 corresponds to the
point of maximum mixed state concurrence of 0.97. The concurrence
does not go to 1 because the traced state is not pure.

The integrated intensities at the output are

I↑(β,θ ) =
∫ ∞

0
dr

∫ 2π

0
dφ r |〈↑ |�R〉 |2

= 1 − πσ⊥
rc

F

(
πσ⊥
rc

)
cos2

(
β − θ

2

)
, (20)

I↓(β,θ ) =
∫ ∞

0
dr

∫ 2π

0
dφ r|〈↓ |�R〉 |2

= πσ⊥
rc

F

(
πσ⊥
rc

)
cos2

(
β − θ

2

)
, (21)

FIG. 5. The top figure is the setup for the spin-orbit Ramsey
fringe experiment. The arrows on the magnets depict the quadrupole
geometry. The bottom figure is the integrated intensity at the output for
the spin-up and spin-down neutrons as a function of spin precession
β inside the solenoid. The rotation of the second quadrupole is set
to θ = π . An identical plot can be obtained when β = π and the
quadrupole rotation is varied. This variation of the intensity is an
indication of the correlations between the spin and OAM. The phase
induced by the spin rotation can be compensated by the rotation of
the quadrupole.

013605-4

Figure 1: A proposed Ramsey scheme for
creating and measuring spin-orbit neutron
states using quadrupole magnets.

spin-obit coupling is generated by passing a
well-collimated neutron beam through a gra-
dient magnetic field such as those provided
by a quadrupole magnet. This method is
analogous to those used in optics to gener-
ate OAM based on Pancharatnam-Berry geo-
metrical phases [3], and for generating OAM
with electrons through a type of Wien fil-
ter [4]. We will discuss a means of cou-
pling the neutron’s spin and OAM to prepare
an entangled spin-orbit state of the neutron
wavepacket. This spin-orbit state could in
principle be used for quantum metrology ap-
plications, such as probing chiral and helical
materials.
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It is well known that the standard
Laguerre-Gaussian beams (LGB) as well as
the standard Hermite-Gauss beams (HGB)
are structurally stable maintaining their
shape on propagation. A variant of these
beams are the so called elegant Hermite-
Gauss beams (eHGB) and elegant Laguerre-
Gauss beams (eLGB) [1, 2].

The referred elegance is associated to
the symmetry between the argument of the
Gaussian envelope and that of the Hermite
and Laguerre functions respectively. This
symmetry makes the Gaussian envelope of
the eLGB narrower than that of the standard
LGB. As a result the eHGB and eLGB are
not any longer structurally stable on propa-
gation. These elegant beams can be relevant
for communications as it has been shown for
the case of eLGB that have robust propaga-
tion properties in turbulent media [3].

Not long ago it has been shown that the
multiringed LGB with Orbital Angular Mo-
mentum (OAM) have the property of self-
healing [4]. Nevertheless, a proper expla-
nation on physical grounds of such phe-
nomenon for LGB beams remains to be
given.

We show in this work that eLGB with
OAM belong to the families of structured
wavefields, although they are not structurally
stable during propagation. Moreover, in the
far field they evolve into a ring shaped beam
what is known as Hollow Gaussian Beam
[5], see Fig.1. Using this fact we demon-
strate that they must be similar to Bessel
beams, whose spatial spectrum also lies
on a ring, having the self-healing property
and that this can be explained by traveling
waves (that we call elegant Hankel-Laguerre
waves, eLHW). The continuous superposi-
tion of the two kinds of these waves con-
form the propagated eLGB. In a similar way

as for Hankel waves, associated to Bessel
beams [6, 7], we show that the geometry of
the wavefronts of the eLHW is quasiconical.

Figure 1: Whole propagation of an eLGB
with radial index n = 30 and azimuthal or
OAM index m = 1.
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Scattering light through a random 

media turns it into a speckle field. If, in the 

recent past, speckles were considered to be 

avoided, nowadays they have been 

considered an excellent light source for 

different applications. Although they 

emerge from a random interference, the 

optical information, scrambled by the 

random medium, is not lost. Additionally, 

the suppression and control of multiple 

light scattering events offer the possibility 

of optical focusing and imaging through 

thin or even heavily scattering medium. 

All these features contribute to new optical 

microscopy techniques. In this paper, 

based on self-reconstruction [1] using 

structured field, we show that is possible to 

image each layer independently one of the 

other. This allows for a simple and direct 

technique for imaging through scattering 

layers. 

 

Recently, a study showed that a speckle 

pattern can also be reconstructed after 

being obstructed by an obstacle [1]. An 

object is placed on the path of the speckles 

and, after the reconfiguration length l, the 

signature of the object is completely 

washed out. The speckle pattern becomes 

homogeneous. In fact, if an opaque square 

was placed in the speckles path, after l its 

signature completely disappears. An 

interesting point thought is that, we can 

align as many objects as we want along the 

beam axis and separated by a distance  l, 

and after l  from each object, a 

homogeneous speckle pattern will be 

observed.   

 

Now, if instead to worry about to erase 

the signature of the objects, we would 

focus to see the images of the objects. To 

do that, we aligned along of the speckle 

filed three opaque objects: circle, triangle, 

and square. The three objects were aligned 

distancing from each other of  l. The plane 

of the first object, a dark circle, was 

projected by the imaging system into the 

CCD camera at position z = 0, 

consequently a dark circle was observed, 

as shown Figure 1. Interesting enough, 

when the CCD camera was moved of z = l, 

the second object, a dark triangle, is clearly 

observed without any signature of the first 

one. Similarly, we see a square, without 

any signature of the circle or triangle, if the 

detector is moved now by 2l from the 

initial position. Blurry images can be 

observed between the planes above 

mentioned. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Intensity patterns measured by 

the CCD camera along different 

longitudinal positions shown on the top of 

the figures. The reconfiguration length was 

of l = 8cm  
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In the field of microfluidics, fluid flow
generation is an essential component. There-
fore, rotational movements can be applied to
generate a directed fluid flow and to pump
liquids through microchannels. In recent
years, the integration of optics and photonics
into microfluidic devices, which is known
as optofluidics, has been established as a
versatile technology for the production of
high-precision sensors and actuators. For
instance, orbital angular momentum can be
used for the rotation of multiple micropar-
ticles by ring-shaped vortex beams and the
generation of fluid flow. Previous studies in-
vestigated the optimization of these beams
and the rotation behavior as well as the hy-
drodynamic interactions of transparent parti-
cles.

In this study, a micropump based on the
rotation of reflective particles by the transfer
of orbital angular momentum is developed.
Different approaches are investigated to en-
able stable rotation with high-order optical
vortices despite strong repulsive forces act-
ing on the reflective particles. As a result
of the study, high rotational speeds can be
achieved. By embedding the particles into
a micropump (Fig. ), a directed fluid flow
is demonstrated experimentally. Thus, this
pump is applicable for microfluidic systems.

Figure 1: Rotation of reflective microparti-
cles by vortex beam for directed fluid flow
generation.



Polarization Correlation Singularities in Vector Speckle Field 
Vijay Kumar

1
, Bruno Piccirillo

2
, S. G. Reddy

3
, R. P. Singh

1
 

1
Physical Research Laboratory, Ahmedabad, Gujarat-380009, India 

2
Dipartimento di Fisica, Universiá di Napoli Federico II, Complesso Universitario di Monte 

Sant’Angelo, 80126 Napoli, Italy 
3
University of Electro-Communications, Chofugaoka, Chofu, Tokyo 1828585, Japan 

vijaykumarsop@gmail.com 

 

The correlation is a powerful tool to 

recover the information after the optical 

diffusion. Vector speckle field or 

polarization speckles is the field wherein 

local polarization is randomly varying. 

Here we are constructing a polarization 

related correlation function for the vector 

speckle field, formed due to the scattering 

of the vector beam.  

Let us consider a superposition of 

orthogonal linearly polarized Gaussian and 

vortex beams,  

 ⃗    ( ̂     | |  ̂ ) 
 

  

           (1) 

 

Here,   is the vortex charge. This 

superposition forms a special class of 

vector beam known as Poincaré beam [1]. 

If we scattered these vector beams using 

random media such as ground glass, will 

introduce spatially varying random 

phase        . The scattered far-field is a 

vector speckle field (  ⃗    , given by the 

Fourier transform, 

 ⃗         ( ⃗           ) 

              ⃗            ⃗          .            (2) 

One can define a polarization related 

complex correlation function (   ) for the 

vector speckle field [2], 

             

      〈       
       {            

         }〉   (3) 

where,                                  
gives the local phase difference between 

the     - polarized components of the 

vector speckle fields and 〈 〉  represents 

the ensemble average. This correlation 

function contains singularity as shown in 

Fig. (1).   

 
 

Figure 1: (a) Experimental setup for the 

realization of Polarization correlation 

singularities. Correlation singularities of 

vortex charge      (b),      (c). Here 

colors represent phase and amplitude by its 

saturation [2].   

 

In conclusion, the experimental realization 

of amplitude and phase of the polarization 

correlation singularities is demonstrated as 

an application of Poincaré beam. The main 

advantage of this formalism is the 

simplicity and the use of the 

phase          , which contains all the 

necessary correlated information.   
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In this work we investigate 

experimentally and numerically the 

patterns obtained from the superposition of 

two co-propagating beams with helical 

wavefronts generated by integer and 

fractional spiral phase plates using an 

experimental set-up based on a Michelson 

interferometer. 

 

  For the superposition of two beams 

with helical wavefronts carrying integer 

values of orbital angular momentum we 

obtain bright and dark ring lattices [1]. 

These patterns can be rotated, the angle of 
rotation depending linearly on the optical 

path difference between the two arms of 

the interferometer.  For the interference of 

two beams generated by the fractional 

spiral phase plate we obtain light 

configurations presenting off – axis phase 

singularities [2] and with a more complex 

dependence of the phase difference 

between them.  

 

We compare the experimental 

interference patterns with the ones 

calculated numerically using the 

diffraction integral and we analyze the 

possibility to use this experimental set-up 

for sensing applications.    
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In the paraxial regime, the spatial shape
Ψ of an arbitrary light beam can be decom-
posed as Ψ(x,y) = ∑mCmϕm(x,y), where
Cm =

∫
dxdyΨ(x,y)ϕ∗(x,y), ϕm is the ba-

sis and the array {Cm} is the set of com-
plex numbers that uniquely describe Ψ. One
such a basis is the set of Laguerre-Gauss
modes, where modes are labeled by two in-
dexes (l, p). The decomposition of Ψ into
LG beams is the so-called spiral spectrum.

There is great interest in devising robust
and efficient ways to measure Cm [1]. For in-
stance, one can project the beam of interest
Ψ into the set ϕm by impinging the beam into
an spatial light modulator where the shapes
of ϕm are written, and measuring the output
power with a single-pixel detector. This pro-
cedure provides the value of |Cm|2. However
Cm is in general a complex number, so one
needs to determine the real and imaginary
parts of Cm.

Here we put forward and demonstrate a
simple scheme to measure the full spiral
spectrum. The idea is to generate a com-
bined state of polarization and spatial shape
of the form Θ = Ψ(x,y)ĥ+ϕm(x,y)v̂, where
ĥ and v̂ designate horizontal and vertical po-
larizations, respectively. Notice the formal
similarity of this classical state with a quan-
tum two-photon state, where the degree of
entanglement depends on the orthogonality
between Ψ and ϕm.

The scheme is implemented experimen-
tally by embedding the signal of interest Ψ

with horizontal polarization and generating
with an SLM the signal ϕm with the orthog-
onal polarization [2]. The real part of Cm

is obtained by projecting the signal Θ into
the diagonal and anti-diagonal polarizations
states and substracting the intensitities mea-
sured. The imaginary part is obtained by
similarly projecting into right-handed and

left-handed circular polarizations.
In Fig. 1(a) we show the spiral spec-

trum of the engineered light beam Ψ(x,y)∼
ϕl=3(x,y)+ exp(iφ)ϕl=−3(x,y) when is pro-
jected into elements of the basis with p = 0.
In (b) and (c) we consider projection into
states ϕl=±3(x,y)exp(iδ ) (δ from 0 to 2π)
to demonstrate that our scheme measure the
full spectrum (real and imaginary parts).

Figure 1: Full spiral spectrum of an engi-
neered light beam.
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We show that not only chiral but also 
non-chiral subwavelength single structures 
can produce circular dichroism when 
excited with non-paraxial vortex beams. It 
is shown that the chirality of the sample is 
induced by the angular momentum of light. 

 
The simple measurement of the 

differential absorption between left (LCP) 
and right circular polarized (RCP) light, 
known as circular dichroism (CD), is a 
standard technique to know the 3-
dimensional shape of any element at the 
nano and molecular scale. It is usually 
assumed that the only requirement to have 
non-zero CD is that the analyzed element 
must be chiral, i.e. elements whose mirror 
image cannot be superimposed with 
themselves. We will show examples where 
the analyzed element although being non-
chiral, because the whole system is 
geometrically chiral shows CD. In order to 
do that, we use an internal degree of 
freedom of light: the angular momentum. 
The chirality arises from the light beam. 
The reason is that, in general, Laguerre-
Gaussian beams with the same optical 
charge but opposite polarization are not 
mirror images of each other. In fact, l = 0 is 
the only exception. 

 
In particular, we will present 

experimental results of CD through circular 
nano-apertures. Keeping the definition of 
CD, we have compared not only Gaussian 
beams but also optical vortices with optical 
charge, l, equal to +1 and -1. 
 

(1) 𝐶𝐷ℓ % = &ℓ
'(&ℓ

)

&ℓ
'*&ℓ

) ∙ 100 
 

Although the Gaussian beam, l =0, does 
not present CD as expected, both optical 
vortices present CD. In fact, we will prove 
that: 

(2) 𝐶𝐷ℓ = −𝐶𝐷(ℓ 
 

We will show that the main actor is the 
total angular momentum of the light [1]. 

 
As expected, due to the fact that the 

circular nano-aperture is mirror symmetric 
and the incidence is normal, the CD is null 
for an incident Gaussian beam, l = 0. 
However, when vortex beams with l = −1, 1 
are used the situation is very different. We 
obtain a considerable value for the CD, 
even though the incidence is normal and the 
nano-aperture is still mirror symmetric. 
 

	
Figure 1: CD (%) for three different phase 
singularities l for circular nano-apertures as 
a function of the diameter. 
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Combining Orbital Angular Momentum
(OAM) and Spin Angular Momentum
(SAM) as two degrees of freedom for mod-
ulating structured photons in high dimen-
sional Quantum Key Distribution (QKD) can
enhance data transmission rate and security
in communication systems [2]. High speed
and high-frequency modulation of the beams
encoded by OAM-SAM can provide their
commercial applications in the compatible
communication networks. Integrated opti-
cal devices are good miniaturized choices to
manipulate the signals via electro-optical ef-
fects. Although integrated optically control
of the optical signals with different OAM
values are demonstrated [1], but non of them
are performed for guided states.

This paper proposes a numerically
verified integrated high-frequency electro-
optical modulator for manipulation of
guided modes encoded in OAM-SAM
states. The |+1〉|H〉 state is assumed to
be as the input of such modulator, and
eight mutually unbiased bases ones (|ψ〉i
and |φ〉 j) for 4 dimensional QKD with
structured photons encoded on two OAM
(|l =−1〉 and |l = 1〉) and SAM (|H〉 and
|V 〉) states are generated. As displayed in
Fig. 1, the modulator is designed as an
electro-optically active Y-cut Lithium Nio-
bate (LN) on insulator (Silica) photonic wire
configuration to exploit the electro-optical
effects for manipulating the polarization
and phase of SAM-OAM encoded optical
states. The designed modulator operates as
a switch by applying appropriate external
electric field to the gold electrodes of its two
successive parts: phase shifter (via V1 volt-
age) and polarization converter with domain
inverted structure (via V2 and V3 voltages).
The switching operation of the proposed

modulator is summarized in Table 1. In
addition to QKD, the generated SAM-OAM
encoded optical states can also be used in
classical and quantum high-dimensional
telecommunication networks.

pola
ri
za

tio
n c

onvert
er

xz

y

V1

V3

L
01

LiNbO3

SiO2

Au

V2

p
h
ase s

h
if
te

r

L
01

Figure 1: Schematic representation of the
proposed modulator.

Table 1: Switching operation of the pro-
posed modulator generating 4D QKD states
state |ψ〉1 |ψ〉2 |ψ〉3 |ψ〉4 |φ〉1 |φ〉2 |φ〉3 |φ〉4
V1 off on off on on on on on
V2 off off on on off on off on
V3 off off on on on off on off
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Interfacing of ultrathin optical fibers and
cold atoms has recently gained interest for
the study of quantum systems [1]. These
fibers feature a strong evanescent field at
their waist, tightly-confined light over long
distances, and allow for interactions between
guided-light and atoms in their vicinity [2].
Such fibers are ideal for exploring nonlinear
optical effects that usually require very high
laser powers [3].

Most of the studies involving ultrathin op-
tical fibers have focussed on the fundamen-
tal guided mode. Here, we exploit the first
set of higher order modes (HOM) of an ul-
trathin optical fiber, namely TE01, TM01 and
HE21 modes (Fig.1), as they can lead to
fiber-based atom traps with tunable geome-
tries and increased control over the position
of the trapping sites. In particular, combina-
tions of the even and odd HE21 modes could
be used to transfer orbital angular momen-
tum (OAM) to ensembles of atoms surround-
ing the fiber. We are currently studying ways
to transfer and store OAM to the motional
state of the atoms[4].

The main challenge is to selectively ex-
cite these modes while limiting the cross-
talk with the neighboring TE01 and TM01
modes of the fiber which do not carry OAM.
We have addressed the issue by studying the
influence of the input polarization on the
modal excitation at the nanofiber-cold atoms
interface via absorption data and compari-
son with the observed output profile. We
have also calculated the ideal parameters re-
quired to drive a quadrupole allowed transi-
tion, and thus achieve OAM transfer to the
atomic state, using guided-light in an ultra-
thin optical fiber.

Figure 1: First four true-modes of the ultra-
thin optical fiber used in our experiment. An
out-of-phase combination of HE21 modes in
their even and odd configuration allows fiber
guided-light to carry OAM.
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The use of polarized light for biomedical 

diagnostics has already a long history. 

Among all optical techniques Mueller 

polarimetry provides the most complete 

description of the interaction of polarized 

light with any type of sample in the 

absence of non-linear effects. Our prior 

studies showed the enhancement of 

contrast on tissue polarimetric images 

between cancerous and healthy zones [1, 

2]. Lu-Chipman polar decomposition is 

commonly used to extract the diagnostic 

information from 16 elements of Mueller 

matrix Apart from conventional product 

decomposition of Mueller matrices the 

phenomenological theory of anisotropic 

scattering fluctuating medium based on 

differential Mueller matrix formalism [3] 

was explored for the definition of new 

optical biomarkers for the contrast 

enhancement. 

The results of experimental, theoretical and 

numerical studies of anisotropic scattering 

media (tissue phantoms and human tissues) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

with our custom-built Mueller polarimetric 

microscope and Monte Carlo algorithm 

will be presented. The added value of 

using polarimetric parameters linked to 

spin angular momentum of light (circular 

depolarization) for the diagnostics of tissue 

will be also discussed. 
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Complex light fields, structured in the 

phase and polarization degrees of freedom, 

have attracted considerable attention within 

the last years [1] In particular, light fields, 

entangled or non-separable in its spatial and 

polarization degrees of freedom, had 

contributed to cutting-edge research at both 

the classical and quantum levels [2-4].  

 
Figure 1: Top: Sketch of spatially varying degree of 

classical entanglement in free space. Bottom: 

Measured degree of entanglement E as a function of 

propagation distance z – red dots: superposition of 

vector modes, black triangles: pure vector beam, 

dotted line: simulation. (𝑘𝑥 , 𝑘𝑦 , 𝑘𝑧): wave vector, 𝛽: 

phase shift. 

 

It is known that entanglement is a 

property which stays unchanged under 

unitary transformation such as propagation 

in free space. By engineering propagation 

dependent polarization fields [5], we show 

theoretically and experimentally that under 

certain conditions this constrain can be 

removed. In particular we demonstrate the 

realization of a non-unitary evolution of 

classical entanglement in free space [6]. We 

experimentally generated classically 

entangled vector vortex beams, non-

separable in polarization and orbital angular 

momentum, to produce a light field in 

which the degree of classical entanglement 

oscillates continuously upon propagation in 

free space (see Fig. 1, top).  To quantify this 

oscillation, we evaluated the degree of 

entanglement of the generated vector field 

as a function of the propagation in free 

space (see Fig. 1, bottom). Furthermore, 

phase adjustment allows transporting the 

maximum degree of entanglement across 

chosen distances, similar to particle 

transport by tractor beams. At the receiver 

end, our approach facilitates the alternation 

of the degree of entanglement on demand 

which may pave the way to future 

developments in classical as well as 

quantum research fields. 
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     In 1909, J. Poynting predicted that 

circularly-polarized light beam has angular 

momentum, and rotate objects [1]. After 30 

years, R. Beth experimentally 

demonstrated the rotation of objects by 

circularly-polarized light beam [2]. At that 

time, they used heated filaments as light 

source. Optical force exerted by that kind 

of light source were too small, so they 

need to employ vacuum chamber to 

confirm that small optical force 

experimentally. Thanks to the invention of 

laser, scientists could revolve micro-sized 

particles with circular polarization [3, 4]. 

After few years, rotation by optical vortex 

were also demonstrated [5, 6]. In 2010, 

linearly-polarized Gaussian light beam 

rotated plasmonic nano-propeller [7]． 

 

     What will happen when we employ 

evanescent illumination? In this research, 

we discuss torque exerted on plasmonic 

nano-propeller with calculation using finite 

elementary method. The rotary drive is 

caused by optical radiation force. In this 

point of view, rotary driving force will 

increase as scattering cross section of 

particles become larger. 

 

     Metallic nano-particle has large 

scattering cross section in the condition of 

LSPR (localized surface plasmon 

resonance). For example, gold nano-

propeller of diameter 37 [nm] has a 

resonance peak at excitation wavelength of 

660 nm. Let the amplitude of the incident 

electric field,  [V/m], 

and wave vector 

 [/nm]. Then we can obtain the 

expression of evanescent wave as 

. In this case, -

direction torque is  [J].  

 

     This is about 100 times larger than  -

direction torque with wavelength of 488 

[nm] excitation, which is  [J]. 

The torque of  [J] is larger than 

the energy of Brownian motion at 300 

[K],  [J]. 
 

 

Figure 1: Mapping of Calculated Radiation 

Pressure on the Nano-propeller in 

Evanescent Wave (decay direction: +z, 

propagation direction: +y, polarization 

direction: +x) 
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We investigate the diffraction of optical 

vortex beams with superimposed phase 

and polarization singularities. Vortex 

beams with non-zero topological charge 

(TC) and the azimuthal polarization 

are generated using the distributed 

feedback organic laser. In order to generate 

optical vortices, the Bragg reflector has 

been designed in the form of a multi-armed 

Archimedean spiral. The diffraction 

patterns for azimuthally polarized vortices 

are different from those for linearly 

polarized vortices, they both allow to 

quantify the absolute value of TC of the 

vortex and its handedness. Fig. 1 shows 

numerical simulations of the Fraunhofer 

diffraction of the of Laguerre-Gaussian 

(LG) beam with topological charge  

with linear (Fig. 1a), 

   

 

and azimuthal (Fig. 1b), 

 

 

polarization. 

To determine the topological charge of 

the linearly/azimuthally polarized vortex 

beam, one needs to calculate the number of 

bright/dark regions, which is equal to the 

absolute value of TC plus one, . On 

Fig. 1c we show the experimentally 

obtained diffraction patterns for the vortex 

beam with TC  emitted from our 

vortex laser. There is a good agreement 

between the numerically and experimental 

obtained diffraction patterns.  

 

 

 

 

  
Fig. 1 a)               b)               c)   

We also found that the use of the triangular 

aperture is a more reliable method of 

identifying and quantifying optical vortices 

than the double-slit aperture. This is 

confirmed by numerical simulations for the 

double-slit (Fig. 2) and triangular (Fig. 3) 

apertures for a vortex with TC . In 

the case of the double-slit aperture and the 

polarization component parallel to the slits 

there is a shift between the upper and 

lower parts of the interference fringes by 

the period of the fringes multiplied by TC. 

This method works quite well when the 

slits are symmetrically positioned with 

respect to the center of the vortex beam 

and when the distance between the slits 

and their length are properly selected (Fig. 

2a). If these conditions are not satisfied 

one can run into misleading conclusion 

regarding the value of TC, as it is shown 

on Figs 2b, c, d, e, where misalignments 

are introduced. The situation is much 

different for the triangular aperture where, 

even if there is a misalignment of the 

aperture with respect to the vortex beam, 

one can still properly read out information 

about TC of the vortex. 

 
 

       ideal                  

Fig. 2   
       ideal      

  

 

    

Fig. 3                                                         

 

LG
(2)

 beam with TC width and 

central position . Parameter of 

the double-slit aperture:    (separation 

between the slits),  (length of the slits). 



Parameters of the triangular aperture: 

  (length of the edges). 
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Manipulating the optical vortex array is 

a meaningful yet challenging task. Here, 

by combining the optical Fourier transform 

(OFT) and second harmonic generation 

(SHG), we demonstrate a simple 

experiment to generate and manipulate 

optical vortices. In our scheme, a single 

spatial light modulator (SLM) is addressed 

to prepare one- or two-dimensional optical 

vortex arrays embedded in the 1064nm 

fundamental light. After placing the 

periodically poled lithium niobate (PPLN) 

crystal in the Fourier plane, serving as an 

optical frequency doubler, we perform the 

multiplication of the spatial frequency of 

the input vortex array, and thus, realizing 

the self- and cross-convolution between 

each constituent vortex. As a result, we 

succeed in generating a larger number of 

generated optical vortices in the image 

plane of OFT, e.g. with an output 3 3
array instead of the input 2 2 array. 

Additionally, the topological charges of 

vortices in the output array can be 

controlled precisely and neatly. The 

experimental results agree well with the 

numerical simulations. It is worth noting 

that our scheme could also act as a bridge 

between two OAM-based optical 

communication networks that employ 

different wavelengths. Besides, our method 

may find potential applications in optical 

trapping and optical imaging. 
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We numerically demonstrate the 

generation of beams presenting helical 

wavefronts carrying orbital angular 

momentum (OAM) m=±1 in an optical 

integrated circuit [1]. The generation of 

this class of beams is based on the coherent 

superposition of the first excited modes 

present in a waveguide with a rectangular 

cross section when the phase delay 
between them is ±π/2.   

 

We used the beam propagation method 

(BPM) in order to simulate the propagating 

fields in the optical circuit and to fine tune 

the geometrical parameters necessary to 

obtain beams with helical wavefronts 

presenting either transverse electric (TE) 

or transverse magnetic (TM) polarizations 

at the output of the optical circuit  

 

Figure 1 illustrates the field amplitude 

at the output of the optical circuit for a 

beam with an OAM m=-1 and TM 

polarization. 

 

 
 

Figure 1: Field amplitude at the output of 

the optical integrated circuit; TM 
polarization with OAM m=-1. 
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The velocity of light in vacuum is known
according to relativity to be constant. How-
ever, recent studies have shown that spatial
structuring of light can lead to a deviation
from this constant. For instance a Bessel
beam, which has a constant and non-zero
transverse wavevector, will have a longer
transit time over a fixed distance than a non-
structured (plane-wave) beam [1]. More
complex structuring of the beam phase, for
instance adding an azimuthal phase gradient
inducing orbital angular momentum (OAM),
a slowdown of the propagation speed of light
has also been observed [2]. We will show
that the true effect of adding OAM to the
beam does not always lead to a slow down
of the photon and depends specifically on the
intensity distribution of the photon.

lens ray

L

OAM ray α

Figure 1: Ray tracing for beams carrying or-
bital angular momentum compared to a fo-
cussed plane wave.

We provide a simple ray-tracing descrip-
tion of how orbital angular momentum
affects the propagation delay of photons.
This simple theoretical prediction clearly
indicates that, in the case of a focused beam,
adding OAM while fixing the intensity
distribution will reduce the photon delay
i.e. speed the photon up. This result is

not in contradiction with previous results
where the photon spatial profile was allowed
to vary in radius as OAM was added to
the beam [3]. The aim of this study is to
investigate the intrinsic OAM delay, rather
than the overall effect which is in part due
to reshaping of the beam. The reduction in
delay (speed up of the photon) due to OAM
can be understood within the framework
of ray optics and is related to the fact that
the longest path for a ray is given by paths
that invert an image through a telescope.
Beams with OAM will rotate an image by
an certain angle that is always less than
180◦ and hence, light rays will propagate
along shorter paths. We present a series of
measurements based on a Hong-Ou-Mandel
interferometer with which we verify our
predictions and measure the OAM-induced
speed-up of single photons.
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correlated quantum channels
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Orbital angular momentum (OAM) states
of photons enable quantum communication
within a larger Hilbert space; thus, leading
to a higher information capacity and bet-
ter security in quantum cryptography. How-
ever, the media through which these photons
pass can introduce distortions to their spa-
tial modes. In free-space channels, this dis-
tortion is caused by turbulence, which de-
grades the performance of free-space quan-
tum communication system. In optical fibre,
imperfections cause modal coupling, which
also adversely affect the quantum communi-
cation process. For quantum key distribution
protocols that are based on quantum entan-
glement, these distortions often lead to a loss
in quantum entanglement.

Entanglement
sourceDetection

Turbulent
atmosphere

Entanglement
source Turbulent

atmosphere

Detection

Turbulent
atmosphere

Detection
(a)

(b)

Figure 1: The two entangled photons prop-
agate through (a) different regions of turbu-
lence, and (b) the same turbulent medium.

Usually it is assumed that the different en-
tangled photons pass through different un-
correlated channels. In Figure 1(a), such
a scenario is shown for the case of two
entangled photons propagating through dif-
ferent uncorrelated regions of turbulent at-
mosphere. However, in certain situations,
the protocol may call for multiple entangled
photons to be sent through the same chan-
nel. This is for instance the case in a re-
cently proposed method to implement high-
dimensional quantum teleportation [1]. Such
a scenario is shown in Figure 1(b) where two
entangled photons propagating through the

same region of turbulent atmosphere. Since
the medium that is seen by the different pho-
tons is the same, it gives rise to correlations
in the effect of the medium on the photons,
analogous to the quantum correlation that is
seen in the Hong-Ou-Mandel effect.

Here, we investigate the effect of these
correlations on the evolution of a bipartite
OAM entangled photonic state when both
photons propagate through the same chan-
nel. We’ll focus on the case where the chan-
nel involves free-space propagation through
a turbulent atmosphere. For this purpose, we
use an infinitesimal propagation approach
[2], which is a multiple phase screen analy-
sis that is valid for all scintillation conditions
and not only under weak scintillation.

What we find is that, while the propaga-
tion of photons through different turbulent
channels causes the entanglement to become
zero at a finite propagation distance, the en-
tanglement for photons propagating through
the same turbulent channel approaches zero
asymptotically. This is true for qubits [3], as
well as higher dimensional states.
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It was demonstrated that neutron beams 

can carry orbital angular momentum 

(OAM), similar to beams of photons, 

atoms, and electrons. Recently we 

described a method for preparing neutron 

spin-orbit states where orbital angular 

momentum is induced via spin-orbit 

coupling. This is analogous to the use of q-

plates for photons and Wien filters for 

electrons. It is important to recognize that 

the underlying principles of OAM 

manipulation in these different systems are 

related and that this allows for common 

preparation methods. 

To enhance the expected signal of the 

neutron spin-orbit states, we have devised 

a parallel multiplexing technique that can 

produce a beam consisting of a lattice of 

coupled spin and angular momenta states. 

Our protocols are based on standard 

quantum information processing (QIP) 

pulse sequencing methods originally 

developed for applications in nuclear 

magnetic resonance. 

Being based on a general model we can 

demonstrate the power of these protocols 

on photon beams, where we produce a 

lattice of polarization-orbit states. This can 

be achieved because there is an 

isomorphism between the Bloch sphere 

representing the spin states of fermions and 

that of the Poincare sphere representing the 

polarization states of light. 

This technique provides a tool for 

diverse investigations, as polarization-orbit 

states have found applications in high 

resolution optical imaging, ultra-secure 

communication, and optical metrology. It 

may be possible to create a lattice of ring- 

shaped optical atomic traps, and one can 

also envisage arrays of tubular optical 

atomic traps.  

Furthermore, this method is particularly 

useful for particle beams where the beam 

is generally an incoherent mixture of 

coherent wavepackets. Spin-orbit and orbit 

states may be generated where the OAM 

axis is specified along the coherent 

wavepacket rather than the beam axis. This 

opens the door for studies of chiral and 

topological materials via particle beams. 

 

 
 

Figure 1: a) The simulated (top) and the 

observed (bottom) intensities of the 

polarization entangled optical vortex lattice 

beams, post-selected on the particular 

circular polarization. b) The phase profile 

of the beam obtained via an interferometric 

measurement where we post selected on 

the polarization which carries the OAM. 

We also induced a linear gradient inside 

the interferometer in order to obtain the 

well-known fork pattern. 
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It is well known that photonic orbital an-
gular momentum (OAM) can be employed
to increase channel capacity and security
of quantum communication. On the down-
side, quantum entanglement between pho-
ton pairs, which is required for many quan-
tum protocols, is fragile with respect to
wavefront disturbances along the transmis-
sion path. In this contribution, we explore
the robustness of biphoton entangled states
upon transmission across a circular obstruc-
tion, for different spatial modes where OAM
is inscribed in.

In particular, we focus on two widely
studied sets of modes: Laguerre-Gaussian
(LG) and Bessel-Gaussian (BG). Whereas
LG modes are commonly used in experi-
mental and theoretical studies of OAM en-
tanglement, BG modes are famous in clas-
sical optics due to their self healing abil-
ity. In a recent experiment [1] it was shown
that self healing makes OAM entanglement
in the BG basis more robust against distur-
bances caused by an obstruction. However, a
systematic analysis of how the transmission
of OAM entanglement through obstructed
paths is affected by properties of obstacles,
as well as by the mode spatial structure, was
missing.

We demonstrate that crosstalk between
different OAM modes, which is the main
cause of OAM entanglement degradation, is
always weaker for BG modes than for LG
modes. Using numerical Fourier optics sim-
ulations, we quantify how the size of the
obstacle and its displacement with respect
to the optical axis affect the strength of the
crosstalk.

From an analysis of the crosstalk we
present an interpretation of the behavior of
the entanglement of the diffracted state un-
der an increase of the obstacle’s displace-

Figure 1: Top: Intensity distributions (lin-
ear colour code) of the OAM entangled state
past the obstruction, for LG (left) and BG
(right) modes, respectively. Bottom: Con-
currence C of the maximally entangled qubit
state with l = ±1 downstream the obstruc-
tion, for different obstacle displacement d
(in units of the obstacle’s radius a), for both,
LG and BG modes.

ment with respect to the propagation axis.
The entanglement transmission characteris-
tics are illustrated in Fig. 1.

Furthermore, we establish the relationship
between the entanglement of LG modes, on
one hand, and the ratio between obstacle size
and phase-correlation length (introduced in
[2]), on the other.
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Circularly polarized optical vortices
are known to possess spin and angu-
lar momenta dependent on the degree
of circular polarization and topological
charge[1]. In this study, a circularly po-
larized white light is generaged by using
a computer generated hologram (CGH)
and the interaction between the gener-
ated optical vortex and a matter is in-
vesigated.

The time average of optical Lorentz
force per unit volume is expressed by

F =
ωε0
2

[χrIm (E ×B∗)

+χiRe (E ×B∗)] , (1)

where E, B, ω, ε0, χr and χi are electric
field vector, magnetic flux density vec-
tor, the angular frequency of a monochro-
matic light, permittivity of vacuum, the
real part and the imaginary part of the
electric susceptibility of an irradiation
target material, respectively. The sec-
ond term means the force by momen-
tum transfer from light to matter because
χi becomes finite value by light absorp-
tion and Re (E ×B∗) is proportional to
Poynting vector. The electric field of a
monochromatic optical vortex beam with
arbitrary polarization state is expressed
by

E(r, φ, z) =JAℓ (r, z) exp (iℓφ)

· exp (−iωt) , (2)

where J , ℓ, and Aℓ are a Jones vec-
tor, topoligical charge and the complex
amplitude of incident light, respectively.
By using Eq. (2), B is calculated by
Faraday-Maxwell equation, and the rota-

(a) (b)

Figure 1: CGH pattern. (a)Partial SEM
image. (b)Principal axis pattern of struc-
tural birefringence.

tional force is extracted from Eq. (1) as

F φ =
ε0χi

4

[(
ℓ
A2

ℓ

r
− σ

2

∂A2
ℓ

∂r

)
eφ

]
, (3)

where σ = 2Im(J∗
xJy) is the degree of

polarization. As shown in Eq. (3), the
direction of rotational force is not depen-
dent on the frecuency of incident light.
Therefore, the rotational force can be in-
duced by whie light with common rota-
tion axis.

In this study, in order to generate
a white light optical vortex with circu-
lar polarization, a CGH with structural
birefringence was fabricated by electron
beam lithography (Fig. 1). The CGH
exhibits a beam splitting property, in
which arbitrary polarized light is split
to a trasparent light and two diffracted
beams with mutually opposite handed-
ness. By extracting a diffracted beam, a
circularly polarized whight light optical
vortex beam was obtained.
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In order to use angular momentum radio
in different radio communication scenarios,
it is desirable to design systems that make
full use of the physical properties of the EM
angular momentum observable.

Starting from first principles, we have
been able to show that angular momentum
density beams can be shaped and focused
precisely in the same way that conventional
linear momentum density (Poynting vector)
beams can. This make it possible to use stan-
dard antenna engineering techniques, de-
veloped over many decades, to generate,
shape and focus angular momentum beams
that have properties that can be adapted to
a many different communication scenarios,
significantly simplifying the design of an-
gular momentum radio communication sys-
tems.

We also explain the difference between
OAM radio and MIMO radio communica-
tion systems and show how the two methods
can be combined into a super-MIMO tech-
nique.

x y

z

d

x y

z

d

Figure 1: Distribution of the linear momentum den-
sity/Poynting vector (top) and the angular momentum
density (bottom) emitted by a short, electric (Hertz)
dipole d located at the origin.
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Nonlocality is a key feature of many phys-
ical systems since it prevents a catastrophic
collapse and a symmetry-breaking azimuthal
instability of intense wave beams in a bulk
self-focusing nonlinear media. This opens
up an intriguing perspective for stabiliza-
tion of complex topological structures such
as vortex rings and vortex ring-on-line com-
plexes.

Vortex rings are topological structures
with a closed-loop core, which play a crucial
role in the decay of superflow and in quan-
tum turbulence in condensed matter physics.
It was revealed in Ref. [1], that in self-
saturating optical nonlinear media as a ra-
dially perturbed soliton propagates, vortex
loops occur in the form of rings perpendicu-
lar to the propagation direction. This sponta-
neous vortex nucleation is a consequence of
the nonlinear phase accumulation between
the soliton’s peak and its tail. Optical vor-
tex rings (in contrast to vortex rings in fluids)
are static in time and appear when nonlinear
phase of the self-trapped light beam breaks
the wave front into a sequence of optical vor-
tex loops around the perturbed fundamental
soliton (m= 0). In this work we demonstrate
that vortex rings can be generated in nonlo-
cal nonlinear media.

A vortex line is the singular wave beam
with ringlike intensity distribution, with the
dark hole at the center where the phase
dislocation takes place: a phase circula-
tion around the axis of propagation is equal
to 2πm. In contrast to fundamental soli-
ton (m = 0), in a self-focusing nonlinear
media the spinning solitons usually possess
a strong azimuthal modulational instability.
However nonlocality of the nonlinear re-

sponse can suppress or completely eliminate
the symmetry-breaking azimuthal instability
[2, 3]. This opens up a perspective for stabi-
lization also vortex soliton states with com-
plex structure such as Hopfions. A Hopfion
(or Hopf soliton) is a topological soliton with
two independent winding numbers: the first,
S, characterizes a horizontal circular vortex
embedded into a three-dimensional soliton;
and the second, m, corresponds to vorticity
around the axis, perpendicular to this circle.
Hopf solitons appear in many fields, includ-
ing field theory, optics, ferromagnets, and
semi- and superconductors. Multicharged
(m > 1, S > 1) vortex structures have been
demonstrated [4] to be unstable in optical
media. In this work we demonstrate that ra-
dially perturbed vortex line soliton (m ≥ 1)
gains additional single-charged (S = 1) vor-
tex rings. These vortex complexes represent
the first examples of optical analog of Hop-
fions: vortex ring-on-line.
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We study the effects of atmospheric tur-
bulence on photon pairs entangled in high-
dimensional Laguerre-Gaussian basis gen-
erated by spontaneous parametric down-
conversion. One of the photons propagates
through turbulence, while the other is left
undisturbed. The atmospheric turbulence is
simulated by a single phase screen based
on the Kolmogorov theory of turbulence[1].
The output after turbulence is projected into
a three-dimensional (qutrit) basis composed
of specific Laguerre-Gaussian modes. Full
state tomography is performed to determine
the density matrix for each output quantum
state. These density matrices are used to de-
termine the amount of entanglement, quan-
tified in terms of the negativity, as a func-
tion of the scintillation strength. We have
found that the entanglement decay for larger
orbital angular momentum (OAM) values is
slightly slower than when smaller OAM val-
ues are used. However comparing our results
to those that were previously obtained for the
qubits [2] we see that the overall entangle-
ment decays much faster for qutrits. There-
fore the benefit of using high dimensional
states (better security and higher information
capacity) may be offset by a poorer perfor-
mance in turbulence. This would play an
important role in the design of a free-space
QKD system.
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Most optical fields propagating through
free space are not described by simple
closed-form expressions. Instead, they are
modeled through numerical evaluation of
propagation integrals. For some paraxial
beams, this numerical burden can be alle-
viated by expressing the field in terms of a
discrete basis, such as the Hermite-Gauss or
Laguerre-Gauss modes, which are simple to
propagate and might posses properties sim-
ilar to those of the original field (e. g. or-
bital angular momentum). These bases are
composed of a polynomial, which gives the
nodal/phase structure, times a Gaussian, lim-
iting the spatial extent. The polynomial fac-
tors widen each element roughly proportion-
ally to the square root of their order, so that
the basis elements have very different width.

Here, we propose using a different ap-
proach: we build new bases by letting the
Gaussian be the argument of the polyno-
mials [1]. That is, instead of polynomials
times a Gaussian, we consider polynomials
of Gaussians [u = exp(−r2) ∈ [0,1]], multi-
plied by a simple vortex factor r|m| exp(imφ)
to provide the azimuthal structure. Perhaps
the main feature of the new bases is that
all their elements have essentially equal ef-
fective width [Fig. 1(a)], which leads to a
(roughly) truncation-independent transverse
scaling parameter for fitting a well-localized
beam. This is shown in Fig. 1(b) for the par-
ticular case of a circular simple vortex of the
form reiφ circ(r). Furthermore, because they
are combinations of Gaussians and simple
vortices, the paraxial propagation of the el-
ements is given in closed form.

These bases can be extended to the non-
paraxial regime (scalar and vector) [2],
where the elements are confined in direction
space. They are given in terms of simple
vortices (multipoles l = |m|) with their focus
shifted to a complex point (r → r− inqẑ).
This allows a simple expression as well as

(b)

(c) (d)

Figure 1: (a) Radial dependence of the new
paraxial basis, (b) minimum truncation error
as a function of scaling parameter a for or-
ders 1 (lighter) through 18 (darker). (c-d)
Transverse intensity for two orthogonal spin
elements with same vorticity m.

the inclusion of the parameter q which con-
trols the directionality of the elements. This
parameter can be used to find the optimal fit
of a given field and to study the transition
from nonparaxial to paraxial fields. When
using elements with definite helicity, this ba-
sis clearly shows the effect of nonparaxial
spin-orbit coupling, as shown in Figs. 1(c)
and (d): the radial profile depends on the rel-
ative sign between helicity and m.
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The last few years have witnessed the 

prediction and subsequent creation of 

electron vortex waves in electron 

microscopes [1,2]. These electron 

waves represent the first matter vortex 

beam states bearing close similarities to 

but also crucial differences from 

optical vortex beams [3]. There is 

currently a growing activity and 

interest in electron vortex waves, but 

work is just beginning on other matter 

vortex waves: atoms, positrons, 

neutrons and neutrinos are among those 

currently being considered.  Vortex 

beam research is now inter-disciplinary 

with their possible utility  now 

contemplated in various areas, 

including biolophysics and nuclear and 

particle physics. The issues here are: 

how successful is current work, what 

are the practical limitations i.e. the 

feasibility of experimental work in the 

respective type of matter waves; what 

new physics is expected in each 

category and what new applications are 

envisaged? There appears to be much 

scope for wide ranging variations in the 

scales and parameters as well as the 

physical principles involved in the 

vortex generation. 

This talk will first discuss the general 

concepts underlying particle beam 

generation and the experimental 

evidence for quantum diffraction of 

particles.  It then surveys the hierarchy 

of particles in nature, including the 

fundamental particles as well as 

composites such as neutral atoms, and 

small and large molecules which can 

be created in beam form and which can 

be subject to quantum diffraction.  

Fundamental vortex properties, namely 

linear and orbital angular momentum 

contents, spin and associated 

electromagnetic fields as well as 

mechanical and vortex multipolar 

interactions are discussed. Several 

features involving spin and orbital 

angular momentum exchange with 

matter are highlighted. 
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Quantum weak measurements, 
wavepacket shifts and optical vortices are 
universal wave phenomena, which 
originate from fine interference of multiple 
plane waves. These effects have attracted 
considerable attention in both classical and 
quantum wave systems. Here we report on 
a phenomenon that brings together all the 
above topics in a simple one-dimensional 
scalar wave system [1]. We consider 
inelastic scattering of Gaussian wave 
packets with parameters close to a zero of 
the complex scattering coefficient (Fig. 1). 
We demonstrate that the scattered wave 
packets experience anomalously large time 

and frequency shifts in such near-zero 
scattering. These shifts reveal close 
analogies with the Goos–Hänchen beam 
shifts and quantum weak measurements of 
the momentum in a vortex wavefunction. 
We verify our general theory by an optical 
experiment using the near-zero 
transmission (near-critical coupling) of 
Gaussian pulses propagating through a 
nano-fibre with a side-coupled toroidal 
micro-resonator. The measurements de-
monstrate the amplification of the time 
delays from the typical inverse-resonator-
linewidth scale to the pulse-duration scale. 
 

 

 
Figure 1: Time and frequency shifts of an optical pulse interacting with a 
waveguide-coupled resonator. 
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In the classical world, information can be 
perfectly copied without any fundamental 
limitation. However, this is not the case in 
the quantum world due to the no-cloning 
theorem [1], a fundamental limitation of 
nature. The no-cloning theorem turns out to 
be necessary for quantum information to be 
consistent with many fundamental 
principles such as the no-signaling theorem 
and the uncertainty principle. Although 
perfect cloned copies of an unknown 
quantum system cannot be achieved, one 
may ask how good cloned copies are 
fundamentally allowed to be produced. 
Hence, quantum cloning machines may 
generate copies with some maximal fidelity, 
where the fidelity of the clone is defined as 
the overlap of the initial state that is to be 
cloned with the cloned copy. An expression 
for the optimal cloning fidelity of the 1 → 2 
Universal Quantum Cloning Machine 
(UQCM) is given by F=1/2+1/(1+d) [2], 
where d is the dimension of the Hilbert 
space of the quantum states. Orbital Angular 
Momentum (OAM) states of single photons, 
associated with twisted wavefronts, can 
serve as a physical realization of d-
dimensional quantum states, referred to as 
qudits. 
 

 
 
Figure 1: The average cloning fidelities are 
plotted along with amplitude probability 
matrices from which the fidelity values are 
extracted from. The shaded area 
corresponds to cloning fidelities not 
accessible by any optimal UQCM. 
 

We use the symmetrization method to 
realize a universal optimal quantum cloning 
machine for high-dimensional OAM states 
[3]. Increasing the dimensionality of the 
input quantum states results in a decrease of 
the cloning fidelity. Interestingly, this 
behaviour can serve as an intuitive 
explanation of the superiority of high-
dimensional quantum cryptography. In our 
experiment, we measure the cloning fidelity 
of the cloning machine for different input 
states belonging to the logical OAM basis 
of various dimensions, d ∈ {2, 3, 4, 5, 6, 7}. 
We find very good agreement of the 
experimentally evaluated cloning fidelities 
to the theoretical predictions of the high-
dimensional 1 → 2 UQCM (see Fig. 1).  
 
In conclusion, we have performed optimal 
quantum cloning of OAM qudits, using the 
symmetrization method. High dimensional 
quantum cloning has great fundamental 
importance in quantum information, 
quantum cryptography and quantum 
communication protocols. 
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Liquid crystals are well-known for their 

exquisite sensitivity to external fields and 

their ability to tailor the amplitude, phase 

and polarization of light fields. The 

interplay between the topological features 

of liquid crystals and that of 

electromagnetic fields offers a playground 

for exploring various aspects of optical 

phenomena driven by the spin-orbit 

interaction of light. Here we report on 

highly reflective spin-orbit geometric 

phase optical elements based on a helicity 

preserving circular Bragg-reflection 

phenomenon [1,2]. 

We show that Berry phase associated 

with the circular Bragg reflection 

phenomenon in chiral anisotropic optical 

media (see Figure 1, left part) brings a 

novel paradigm to achieve wavelength-

independent, pure spin-orbit topological 

shaping of light, from two- and three-

dimensional “Bragg-Berry” mirrors (i) in 

the reflection mode, (ii) without need for 

any birefringent retardation requirement. 

This is illustrated by the experimental 

realization of Bragg-Berry mirrors 

enabling the broadband generation of 

optical vortices upon reflection for both 

diffractive and non-diffractive light fields 

using spatially patterned chiral liquid 

crystal films (see Figure 1, right part).  

 

 
 

Figure 1: Left: illustration of the circular 

Bragg reflection main optical 

characteristics (helicity preservation, 

flipped spin angular momentum). Right: 

patterned chiral Bragg liquid crystal 

reflector acting as broadband optical 

vortex generator. 

 

We also show that appropriate modulation 

of the chiral features of the liquid crystal 

supramolecular ordering allow the 

generation of vortex beams over the full 

visible spectrum (see Figure 2). This 

robust polychromatic behavior is also 

associated with a large acceptance angle, 

which supports further realization of spin-

orbit devices with enhanced optical 

characteristics. 

 

 
 

Figure 2: Broadband optical vortex 

generation from an azimuthally patterned 

Bragg-Berry mirror. Top: spectrally 

dispersed reflected vortex supercontinuum 

radiation. Bottom:  far-field reflected 

vortex beams for 7 spectral bands. 

 

Finally, we will also discuss how 

superposition of vortex beams can also be 

prepared from such Bragg-Berry mirrors.  
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Hong-Ou-Mandel effect is a paradigmatic example 

of quantum interference between two photons 

entering a beam splitter [1][2]. When the time delay 

between the photons is set to zero they become 

completely indistinguishable and destructive 

quantum interference takes place, leading to a null 

probability of observing coincidence counts at the 

two output ports of the beam splitter. As well as 

being an intriguing topic for fundamental research 

(especially when multiple particle states are 

involved), this kind of interference lies nowadays at 

the basis of several quantum optics techniques and 

quantum information protocols. 

 

A light beam can show a complex structure in 

terms of phase or polarization distribution along the 

beam profile. One example is given by the so called 

vector vortex beams which show an azimuthally 

varying polarization pattern surrounding an optical 

vortex [3]. One famous example of such beams is 

represented by radial and azimuthal polarized ones. 

These beams have interesting applications in a large 

variety of fields ranging from microscopy to 

quantum information.  

 

Here we combine these two concepts by 

experimentally observing tunable quantum 

interference between two photons in structured light 

modes. More in detail we observe and control the 

photon bunching for two photons in radial and 

azimuthal polarization state respectively. The central 

device of the experiment is a q-plate [4] whose 

parameters can be easily tuned to control the 

strength of interference as well as the phase in the 

final two photon state. This scheme can be easily 

applied also to higher order vector beams and 

provides a new tool for fundamental research and 

quantum technologies based on structured light. 
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Quantum Key Distribution (QKD) provides
an efficient means to exchange information
in an unconditionally secure way [1]. Tra-
ditional QKD is based on binary signal for-
mats in which the information efficiency is
limited to 1 bit/photon. Contrariwise, high-
dimensional (HD) quantum states are suit-
able for longer transmission distance and
higher secret key rate transmission, being
more robust to noise level and allowing an
higher channel capacity [2].

HD quantum states can be created by us-
ing different degrees of freedom, i.e. space,
time, frequency and phase. In addition to
that, a light wave is characterized by its or-
bital angular momentum (OAM) which cor-
responds to its helical wavefront. Here, we
report the realization of a HD-QKD proto-
col based on the combination of OAM and
polarization states. We combine the polar-
ization states |L〉, |R〉, |D〉, |A〉 (L, left; R,
right; D, diagonal; A, anti-diagonal) with
OAM modes `1 = +6 and `2 = +7 creating
two 4-dimensional mutually unbiased bases
(MUBs) [3].

Alice, the transmitter, by using a FPGA
randomly prepares one of the quantum states
of the two MUBs. We utilize liquid crystal
devices known as q-plates, which coherently
couple optical spin angular momentum to
OAM. The quantum states are sent through
a 1.2km of OAM-maintaining fibre. At the
fibre’s output Bob, the receiver, divides the
even from the odd OAM modes by using a
mode-sorter interferometer. After the sort-
ing process, the OAM states are reconverted
to Gaussian mode by using symmetrical q-
plates in order to project the quantum states
into the correct bases. By combining OAM
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Figure 1: Experimental setup of the HD-
QKD experiment.

modes with polarization state of light, HD
quantum states can be generated and sent
through a OAM-fiber link.
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Bessel beams, cylindrically symmetric so-
lutions of the Helmholtz equation, carry
orbital angular momentum [1]. Optical
Bessel beams and more recently electron
Bessel beams have been created in ex-
periments, showing similar characteristics;
a density distribution described by Bessel
functions and diffraction-free propagation.
Using concepts from classical field theory,
such as Noether’s theorem and the energy-
momentum tensor, we compare relativistic
electron Bessel beams [2] with their optical
counterparts. In principle, we could apply
this to any field described in the Standard
Model.

Formally, electrons are massive fermions
described by the Dirac equation, whereas
photons are massless spin-1 bosons de-
scribed by Maxwell’s equations. The simi-
larities between optical and electron Bessel
beams arise because photons, having zero
mass, can only occupy two polarization
states. This allows for a Dirac-like formu-
lation of Maxwell’s equations [3].

Several different representations of the
Dirac equation exist, each favouring spe-
cific operators and corresponding eigen-
states. Using the Riemann-Silberstein for-
malism we find parallels between the rep-
resentations of the Dirac equation and the
polarization states of the optical field; lin-
early or circularly polarized [4], or a helicity
eigenstate [5]. This allows us to qualitatively
identify the spin and mass effects of either
the electrons or photons qualitatively.

The results show how various angular
momentum-carrying beams can be unified in
the formal framework of classical relativistic
field theory which can be extended to other
physical systems, and other separable beam
families such as Mathieu or Weber beams.

Figure 1: Top: The plane waves making up
a Bessel beam lie on a cone making an an-
gle θ with the propagation axis. Bottom: A
Bessel beam is an helicity eigenstate if all
plane waves are polarized the same (blue),
if the beam is circularly polarized the plane
waves are all polarized differently (red).
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     Optical singularities appearing at the 

center of vector vortex beams are unstable, 

since their topological charge is higher than 

the lowest value permitted by Maxwell’s 

equations.  

      Inspired by conceptually similar 

phenomena occurring in the polarization 

pattern characterizing the skylight, we show 

how perturbations that break the symmetry 

of radially symmetric vector beams lead to 

the formation of a pair of fundamental and 

stable singularities, i.e. points of circular 

polarization.  

      Using a liquid crystal device, called q-

plate,  we prepare a superposition of a radial 

(or azimuthal) vector beam and a uniformly 

linearly polarized Gaussian beam. Control 

of the optical retardation of the q-plate 

allows us to vary the relative amplitudes of 

the two fields. This leads to the formation 

of pairs of these singular points and to 

controlling of their spatial separation.  

      We complete this study by applying the 

same analysis to vector vortex beams with 

higher topological charges, and by 

investigating the features that arise when 

increasing the intensity of the Gaussian 

term. We carry this analysis on both 

Hypergeometric-Gaussian and Laguerre-

Gaussian modes. In the case of the 

Hypergeometric-Gaussian modes the 

singularities present a peculiar behaviour in 

the near field that strongly resembles a 

topological phase transition. 

      Our results can find application in the 

context of singularimetry, where weak 

fields are measured by considering them as 

perturbations of unstable optical beams. 

 

 

 
 

Figure 1: Top: schematics of the realization 

of singular beams using q-plates with 

different optical retardations 𝛿. Bottom: 

examples of splitting of higher order 

singularities under the effect of a 

perturbation. 

 

References 

 [1] A. D'Errico, M. Maffei, B. Piccirillo, 

C. de Lisio, F. Cardano, L. Marrucci, 

Topological features of vector vortex 

beams perturbed with uniformly polarized 

light- Scientific Reports 7, 

Article number: 40195 (2017) 

 

 

mailto:ph.o.ton@momentum.us


Coupling of light spin with plasmon orbital angular
momentum investigated by ultrafast pump-probe

measurements

T. Eul1, G. Spektor2, D. Kilbane1,3, A.K. Mahro1, M. Hartelt1, E. Prinz1,
B. Frank4, S. Ristok4, L. Gal2, P. Kahl5, D. Podbiel5, S. Mathias1,6,

H. Giessen4, F.-J. Meyer zu Heringdorf5, M. Aeschlimann1, M. Orenstein2

1Department of Physics and Research Center OPTIMAS,
University of Kaiserslautern, Germany

2Department of Electrical Engineering, Technion-Israel Institute of Technology,
32000 Haifa, Israel

3School of Physics, University College Dublin, Belfield, Dublin 4, Ireland
44th Physics Institute and Stuttgart Center of Photonics Engineering (SCoPE),

University of Stuttgart, Germany
5Faculty of Physics and Center for Nanointegration Duisburg-Essen (CENIDE),

University of Duisburg-Essen, Germany
6I. Physikalisches Institut, Georg-August-Universität Göttingen, Germany

teul@rhrk.uni-kl.de

The ability of light to carry spin angular
momentum (SAM), as well as optical angu-
lar momentum (OAM) offers a wide range
of interaction mechanisms in physics. Us-
ing both physical properties, it was shown
recently by means of time-resolved photoe-
mission microscopy (TR-PEEM), that it is
possible to observe interactions of light car-
rying SAM with surface plasmon polariton
vortices carrying OAM[1]. By measuring
the subfemtosecond angular velocity of the
vortices the OAM magnitude of light could
be directly accessed.

To further analyse the underlying physics
of the observed interaction, different plas-
monic vortex generators (PVG) consisting
of m segments of an archimedes spiral were
engraved in a gold surface. Here we show
the influence on the vortex generation for
different polarization states in our ultrafast
pump-probe setup. Depending on the helic-
ity of the generating light field σpump = ±1,
the probing light field σprobe = ∓1 and the
order of the spiral m, one can directly ob-
serve the signature of the angular momen-
tum ` of the photoemitted vortex pattern with
`= (m+σpump)−σprobe.

Figure 1: Plasmonic vortex generation
investigated with TR-PEEM. Experimen-
tal TR-PEEM snapshot from a plasmonic-
vortex generator with m = 10 segments upon
right-handed circularly polarized light illu-
mination. The snapshot illustrates the revo-
lution stage of a plasmonic vortex at a pump-
probe time delay ∆t = 55fs between the fs
pump and probe pulse.
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The coupling between the polarization 

state of light and its spatial degrees of 

freedom (i.e., the spin-orbit optical 

interaction) is a rich and powerful tool to 

engineer the properties of light. A 

prototypical example is the generation of 

optical vortex beams that carry on-axis 

optical phase singularity. Many options 

based on optical spin-orbit coupling have 

been developed to generate vortex beams, 

the most popular being based on the use of 

inhomogeneous and anisotropic materials. 

Practical implementations have been 

realized using either artificial or natural 

birefringent materials, both options being 

nowadays available commercially. 

 However, such spin-orbit photonic 

devices are usually designed to operate at a 

given wavelength, which prevents the use 

of polychromatic light fields. Solutions 

have been proposed, which come at the 

expense of technologically demanding 

three-dimensional structuring of space-

variant birefringent media [1]. Here we 

propose an alternative approach that 

consists in achieving broadband 

topological shaping of light by 

independent optimal spin-orbit processing 

for a finite set of spectral bands. 

The proposed approach is based on the 

development of integrated spin-orbit 

optical couplers made of spontaneously 

formed liquid crystal topological defects 

under quasi-static electric fields. In 

practice, this is achieved by using 

patterned electrodes enabling the 

generation of arrays of spin-orbit micro-

optical elements [2]. The initial approach 

has been optimized and now allows full 

control of the orbital angular momentum 

content of a polychromatic light field. 

Experiments are made using a 

supercontinuum laser source and recent 

demonstrations will be discussed. One 

example is illustrated in Figure 1 that 

shows spectrally distributed broadband 

optical vortex generation. 

 

 
 

Figure 1: Illustration of the topological 

shaping of a supercontinuum light field 

owing to individual control of a discrete 

set of spectral bands. (a) Spectrum-to-

space redistribution of an incident 

polychromatic field. (b) Visualization of 

the micro-array of liquid crystal 

topological defects between crossed linear 

polarizers. (c) Generated spectrally 

distributed vortex beams. 

 

These results allow considering the 

elaboration of optical devices to modulate 

in an agile manner the spectral dependence 

of the orbital angular momentum content 

of broadband light sources. 
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Fully-structured light, where intensity,
phase and polarisation are spatially varying
[1], has received a great deal of interest in
recent times in view of potential applica-
tions in optical communications, nanoscale
optical imaging and micro-particle manipu-
lation. With respect to scalar vortex beams
(single Laguerre-Gaussian modes), beam
fragmentation of such vector beams propa-
gating in self-focusing nonlinear media can
be suppressed [2] thus leading to extended
durations of light-atom interaction.

Enhancement of the nonlinear response
and further control can be obtained by us-
ing an optical cavity. Vector fields inside
a nonlinear cavity have been shown to ex-
hibit pattern formation (see left panel of Fig.
1) under the action of a linearly polarised
plane wave input [3]. Bright spatial cav-
ity solitons (CSs) have been demonstrated
experimentally in Vertical-Cavity Surface-
Emitting Lasers (VCSELs) [4] where the po-
larization of the CS’s can be controlled by
that of the injection, with potential applica-
tion in polarisation multiplexing when using
CSs as pixels.

Here we investigate the effect of using
light carrying orbital angular momentum
(OAM), and in particular fully-structured
light, as the input field. We numerically
study this using two coupled equations:

∂EL,R

∂ t
=−(1+ iθL,R)EL,R + i∇2EL,R +

PL,R +
2i
3

(
|EL,R|2 +2 |E2,1|2

)
EL,R (1)

where EL,R are the circularly polarised fields
inside the cavity, θL,R are the cavity detun-
ings, ∇2 is the transverse Laplacian operator
and PL,R are the input beams carrying spa-
tially varying intensity and phase. By choos-
ing the OAM of P1 and P2 to be the same
or different we can choose a pump with ei-
ther homogeneous or inhomogeneous polar-

isation (i.e. fully-structured).
When the components of the pump have

OAM we observe intensity peaks forming on
a ring (Fig. 1, middle & right). At differ-
ence with the plane wave case each peak has
a different phase and, if the pump has a net
OAM, the peaks are seen to rotate. When
the pump is fully structured (Fig. 1, right)
more peaks are formed and there is no rota-
tion. We study the effect of the interplay be-
tween the OAM and polarisation of the input
beams for design, control and application of
the output optical beam.

Figure 1: Simulations of Eq. (1). Left:
Hexagonal pattern structure in the plane
wave case. Middle: Ring pattern with two
circularly polarised inputs of equal OAM.
Right: Ring pattern with two circularly po-
larised inputs of equal but opposite OAM.
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In order to probe the orbitals of atoms,
molecules and crystals with electrons, one
might want to postselect for final elec-
tron energy and orbital angular momentum
(OAM) states after interaction with the spec-
imen. If the incident electron has no or-
bital angular momentum, for example, post-
selection for final electrons with an energy
loss and orbital angular momentum change
matched to a particular atomic transition
could reveal the shape of the core electron
state involved in that transition. Currently,
postselection for final energy states of elec-
trons is routine at a wide range of energies.
However, quantitative, non-interferometric
postselection for final orbital angular mo-
mentum states is difficult.

We propose to use a Stern-Gerlach-like ef-
fect for electron orbital angular momentum
measurement [1]. A spatially varying, cylin-
drically symmetric magnetic field forms an
orbital angular momentum-dependent mag-
netic lens for electrons, where the longitu-
dinal focal length of the lens is linear with
incident orbital angular momentum. One
can understand this effect in terms of the
coupling of the magnetic dipole moment
of an electron orbital angular momentum
state with a magnetic field. A longitudinal
magnetic field that decreases or increases in
strength away from the optic axis forms an
attractive or repulsive potential that depends
on the strength of the dipole moment. Figure
1 illustrates a lens with this property.

For a standard round magnetic lens in an
electron microscope, this effect is expected

Figure 1: Ray diagrams for a lens (blue disk)
with a strongly OAM-dependent focal length
f m as given in (9). (red) rays for m = +1
electrons; (green) rays for m = 0 electrons;
(blue) rays for m = -1 electrons.

to be very small. Further exploration will be
necessary to design a lens field to maximize
the effect. If large enough, the effect could
be employed in an orbital angular momen-
tum spectrometer that magnifies electron or-
bital angular momentum states in proportion
to their OAM. Or, one might place an aper-
ture in the back focal plane for a single or-
bital angular momentum state to selectively
pass that state into an energy spectrometer.

If successfully built and combined with
already-existing energy spectrometers, such
an electron orbital angular momentum spec-
trometer could allow new insights into the
orbital states of atoms and materials.
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The set of fibre modes carrying orbital 

angular momentum (OAM) is a possible 

basis for mode division multiplexing. 

Fibres supporting OAM modes have been 

fabricated [1], and used for optical 

communication [2]. Here we demonstrate 

Raman amplification on OAM modes.  

 

We demonstrate Raman amplification 

of 8 different OAM modes with L=±5 and 

L=±7, where L is the topological charge, 

and each mode has either a positive or a 

negative circular polarization, denoted σ+ 

or σ-, respectively. The experimental setup 

is sketched in Fig. 1 a). A tunable CW 

laser is launched into an air-core OAM 

fibre, [1], using a spatial light modulator 

(SLM) and a quarter-wave plate, thus 

exciting a single OAM mode with a purity 

of at least 18 dB, measured using time of 

flight. The fibre is backwards pumped, 

using a 1455 nm unpolarised CW laser, 

which is offset coupled. Thus the pump is 

coupled to a superposition of modes. The 

signal is separated from the pump using a 

dichroic mirror and a long pass filter, and 

the signal power is measured. 

 

Raman gain depends mainly on the 

relative wavelengths, and intensity overlap 

of the signal and pump [3]. Since all the 

guided modes in the air-core fibre have 

nearly identical intensity distributions, the 

intensity overlap between any two modes 

is large. We measured a peak on-off gain 

of 1.7 dB at 1555 nm (Fig. 1 c), for the 

L=+5 σ- mode. Additionally we found that 

the |L|=5 modes on average across the C-

band has a 0.1 dB larger gain than the 

|L|=7 modes. No consistent dependence of 

either polarization or L was observed. The 

gain was mainly limited by the available 

pump power, and the propagation loss in 

the fibre, which was measured to 6 dB/km 

for the pump, and 1 dB/km for the signal. 
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Fig. 1 a) Schematic of the experimental setup. b) Average gain from 1550 nm to 1560 nm 

as a function of pump power. The dashed line shows the theoretical gain. c) Gain as a 

function of wavelength with a pump power of 1.9 W, and a signal power of 0 dBm. 
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       The generation of two photon fields, 

to date, has been implemented using a fully 

coherent pump beam through a process of 

spontaneous parametric down conversion 

(SPDC). Of recent, there have been 

numerous studies based on the temporal 

and spatial coherence properties of the 

twin beam state [1]. This is due to its 

probable applications in the field of 

quantum information processing and 

communication. 

 

      It has been shown that the spatial-

spectral and spatial-temporal properties of 

the entangled photons are affected by 

crystal and pump beam parameters. 

Recently, spatial and spectral coherence of 

high intensity twin beam were studied by 

measuring intensity auto- and cross-

correlation function for the near-field and 

far-field configurations [1]. Theoretically 

studies infer that the spatial coherence 

properties of the pump field is entirely 

transferred to the spatial coherence 

properties of the down-converted two-

photon field [2]. Furthermore, studies 

show that the entanglement of a spatial 

two-qubit state is affected by the spatial 

coherence properties of the two photon 

field [3]. 

      Here, we present the spatial coherence 

properties of the entangled-photon pairs 

produced by SPDC. The photon pairs are 

experimentally investigated in the 

polarisation degree of freedom by taking 

into consideration the partial spatial 

coherence of the pump beam as illustrated 

by the scheme in Fig. 1. For spatial 

correlation in SPDC, coincidence counts 

are recorded as a function of the detectors. 

It has been shown that partially spatially 

coherent beams are less affected by 

atmospheric turbulence. Hence, entangled 

photon fields produced by a partially 

coherent pump beam are a significant 

means to prepare two-qubit states for 

quantum communication. 

 

Figure 1: Schematic setup used to study 

the influence of the pump spatial 

coherence on the polarisation-entangled 

photons. 
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    The implementation of spatially structured 
optical field have resulted in wide array of 
scientific and technological advances [1,2]. Real 
world deployment of many optical metrology and 
communication systems will involved propagation 
through atmospheric turbulence [4]. Hence, an 
understanding of the propagation of spatially 
structured optical fields in free-space is important. 
The time-dependent and random variations in 
temperature and pressure of the atmosphere result 
in a change in the optical density of the atmosphere 
[5]. Current models for free-space transmission of 
optical fields are built on models developed for 
astronomical measurements, which generally 
assumed an input optical field with a flat wavefront 
[6]. These theories have been extended for use with 
spatially structured optical fields. However, these 
theories do not adequately predict the results 
acquired by free-space ranging experiments in 
urban environments [7]. 

This abstract presents a technique for modelling the 
expected modal degradation of a high-order spatial 
structured modes that carry orbital angular 
momentum through simulated point-to-point link 
atmospheric turbulence similar that experienced in 
an urban environment. This modelling confirms 
topological instability is a concern for point-to-
point links. Vortex instability has been documented 
as a concern in the generation of beams that carry 
OAM, where a high order vortex breaks in the 

presence of weak non-cylindrically symmetric 
aberration, a high-order vortex of index  will, upon 
propagation, break up to give  individual vortices. 
Such a breakup in high order modes has not 
commonly been considered in the modelling of 
line-of-sight point-to-point links. A numerical 
modelling techniques is discussed, where the 
propagation is segmented into 150 short 10m 
propagation regions to simulate the effects of 
micro-scale atmospheric circulation effects. The 
accumulative affect of all short regions is designed 
to simulate a 1.5km free-space channel in an urban 
environment. The numerical model further 
considers the effective change in aperture as the 
optical mode increase in beam waist as it 
propagates over the link. 
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Figure 1. (a) A pure  mode is generated at the transmitter, and propagated over a simulated free-space transmission 
channel of 1.5km, accumulative turbulence is approximately . The vortex position of the 3 split  vortices are tracked 
after each 10m propagation length and plotted sequentially. (b) A cross sectional image of the accumulative aberration 
over the 1.5km link. (c) A cross sectional image of the phase profile of the received optical field, where each of the  
vortices are highlighted with an overlaid white circle.  
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The process of decoherence is not only
of paramount importance to understand the
emergence of the classical world from the
microscopic domain of quantum mechanics,
but it also constitutes the fundamental obsta-
cle for the design of reliable quantum tech-
nologies. The Loschmidt echo has been used
extensively to explore decoherence dynam-
ics for critical environments [1], where it
has been shown that in the weak coupling
regime, the decoherence rate is greatly en-
hanced.

The Loschmidt echo is intimately related
to the information flowing out from and oc-
casionally back into the system. This, in turn
determines the non-Markovianity of the re-
duced dynamics. P. Haikka et al. show that
the non-Markovianity measure of Breuer et
al. can be used to pinpoint the critical value
of the tranverse field [2].

Bi-Heng et al. reported an all-optical
experiment which allows one to drive the
open system from the Markovian to the non-
Markovian regime, to control the informa-
tion flow between the system and the en-
vironment, and to determine the degree of
non-Markovianity by measurements on the
open system [3]. As same as Bi-Heng et al.,
in our experiment the open quantum system
is also provided by the polarization degree
of freedom of photons coupled to the fre-
quency degree of freedom representing the
environment. However, we use spatial light
modulator (SLM) and gratings to control the
frequency of photons. Because, we need to
modulate both the probability amplitude and
phase of frequency. The details of hologram
used in our experiment can be seen in Fig. 1.

In our work, we first give an exact demon-
stration about the reasonable of simulating
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Figure 1: Experimental result. The
Loschmidt echo flow induced by the cou-
pling of a central spin to the transverse Ising
model consisting of N = 4000 spins for three
different values of the transverse field. We
choose J = 1 and δ = 0.1. (a) is the result of
λ ∗ = 0.01 without phase. For (b) (c) and (d),
λ ∗ is equal to 0.01, 0.9 and 1.8.

Loschmidt Echo with a photonic system.
Then, SLM and gratings are used to achieve
the complex environment needed in simulat-
ing Loschmidt Echo. Fig. 1 is our experi-
mental result. we can see that the experimen-
tal data and theoretical simulation fit pretty
well.
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Here we describe a promising method 

for measuring and sorting orbital angular 

momentum (OAM) components of free 

electron wavefunctions [1]. Our proposed 

device is an electrostatic implementation 

of an optical OAM mode sorter developed 

for light optics [2]. Simple electrodes 

imprint the phase required to transform 

electron OAM modes into plane wave 

states. 

A great variety of methods have 

recently been devised to produce phase 

vortices in electron wavefunctions such 

that each electron carries quantized OAM. 

Free electrons with OAM show great 

promise for probing chirality and 

magnetism at the nanoscale [3-5] by 

exchanging quantized OAM between the 

electron and the specimen. This process 

depends exquisitely on the relative size, 

alignment, and spatial coherence of an 

electron vortex probe and the system. To 

achieve this, several groups have devoted a 

great amount of effort developing ways to 

prepare electron OAM states with great 

precision, efficiency, and controllability. 

Yet despite the success of these efforts to 

produce high current, finely-focused, clean 

electron probes with prescribed OAM, 

experimental searches for a robust OAM-

exchanging interaction are inconclusive. 

One major reason for this is an inability to 

measure the OAM distribution of scattered 

electrons. That is, to ensure that electron 

OAM has been exchanged with a system, 

one must also measure the OAM 

distribution of the incoherently scattered 

electrons. 

To solve this problem, we propose an 

electron OAM sorter analogous to optical 

OAM mode sorters developed for light 

communications [2]. An optical OAM 

sorter consists of two custom elements – a 

phase unwrapper and phase corrector – and 

two lenses. Interestingly, the phase 

imprinted upon an electron wave as it 

propagates past a charged needle is exactly 

equivalent to the phase required for the 

unwrapper element.  Furthermore, the field 

around alternating charged electrodes can 

be used to flatten or correct the phase of 

the unwrapped electron wavefunction. The 

electrostatic elements can be used with 

conventional electron lenses to provide the 

same orbital mode-sorting capability 

demonstrated for optical beams.  
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Figure 1 – Schematic of an electron OAM 

mode sorter based on electrostatic 

elements. A charged needle serves as a 

phase unwrapper element (U, phase 

distribution at right). Alternating strip lines 

serve as a phase flattener or corrector 

element (C, phase shown at right). 

Different OAM modes, shown in different 

colours at top, are sorted into different 

linear momentum states at bottom.  
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Polarization is the fundamental property 
of light that has been attracting great 
attention in various practical applications 
from space to modern biology and 
medicine. When the polarized light 
interacts with the matter its state of 
polarization is changed. The state of 
polarization of linearly, elliptically or 
circularly polarized light (“simple” light) 
has long been used to characterize material 
surfaces, thin films and transparent media. 
In fact, the structure of light can be more 
“complex”, i.e. the light beams can be 
radially or azimuthally polarized and carry 
orbital angular momentum. The light with 
orbital momentum, Laguerre-Gaussian 
(LG) beams, plays an emerging role in both 
classical and quantum science, and offers 
fascinating opportunities for exploring new 
fundamental ideas, as well as for being used 
as a tool for practical applications.  

We investigate (i) how the spin-orbit 
interaction leads to the mutual influence of 
the polarization and the trajectories of 
twisted photons propagating in turbid 
tissue-like scattering media, and (ii) how 
sensitive are the vector light beams to subtle 
alterations in the scattering medium. Thus, 
an overall aim is to investigate the potential 
applicability of LG laser beams for non-
invasive tissue diagnosis (optical biopsy). 

The results of propagation of LG laser 
beams in the scattering medium obtained by 
using specially developed Monte Carlo 
model are presented in comparison with the 
results of experimental studies (Fig.1). 

 
(a) 

 
(b) 

  
(c) 

Figure 1: (a) Schematic presentation of the 
experimental system used to the studies of 
LG beams propagation through the turbid 
tissue-like scattering medium. (b) The 
results of Monte Carlo modeling of LG 
beam (l = +3, σ = −1) transmitted through 
the scattering medium (g = 0.9, μs = 100 
mm−1). (c) – The experimental results of 
LG10 propagation through scattering 
medium.  
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The red blood cell (RBC) aggregation is 
an intrinsic property of blood influencing 
significantly the blood microcirculation 
with a great potential in clinical 
applications. The ultimate understanding of 
the fundamental mechanism of the cells 
adhesion is essential for further proper 
applications. Presently there are two 
hypotheses of the ‘cross-bridges’ and 
‘depletion layer’ to describe the cells 
interaction while either is still to be 
experimentally proven. Current study is 
aiming to obtain the experimental evidence 
toward the cells interaction mechanism. 
Optical tweezers were used to measure the 
RBC adhesion forces and energies, as 
presented in Figure 1-a.  

The cells interaction was examined in 
different solutions, including plasma, serum 
and model solutions with dextran or 
proteins, and nanoparticles. The 
experimental results show that the cells 
adhesion forces get stronger as they are 
separated in all solutions except dextran. 
The adhesion energy is found to be 
increasing few times, while in dextran the 
adhesion force decreases as the cells are 
separated and corresponding adhesion 
energy is constant. The obtained results are 
clarifying the mechanism of the RBC 
adhesion, confirming the ‘cross-bridge’ 
migration model to describe properly the 
cells interaction. 

In addition, the aggregation of RBCs 
were measured in presence of nanoparticles 
(NPs) of titanium dioxide (TiO2), zinc oxide 
(ZnO) and nano-diamonds. To avoid the 
lysis of cell the concentration of NPs was 
chosen in a range of 0.1%. Optical 
microscopy was used as a reference 
modality to assess alteration of aggregation 
at the cell ensemble level. We have found 
that nano-diamonds and TiO2 (RODI) NPs 
increase significantly (about twice) the 

aggregation of RBCs in comparison to the 
normal cells aggregation. 

 
(a) 

  
(b) 

Figure 1: (a) – Schematic presentation of 
the two-channeled optical tweezers setup 
for measuring RBCs interaction (a). The 
laser beams from two Nd:YAG lasers are 
merged with polarizing beam splitter cube, 
and expanded with beam expander to 
achieve the most efficient optical trapping. 
Optical traps were formed with a water-
immersion objective (×100, NA = 1.00). (b) 
– An example of RBCs aggregation without 
(left), and with the presence of ZnO NPs 
(right).  
 
The understanding of NPs interaction with 
blood is essential for various applications in 
pharmacy and biomedicine. The optical 
tweezers approach shows a high potential 
for fast quantitative evaluation of RBCs 
aggregation in various conditions with and 
without presence of NPs. We anticipate that 
the presented approach will find the niche 
in design and testing of new NPs and nano-
materials for biomedical applications. 
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That light can behave as a wave or a par-
ticle is a fundamental concept of modern
physics. At the single photon level, the dis-
tinguishability of photon paths can be used
as a tuning parameter to control whether
photons behave as wave or particles [1]. A
classic example is the quantum version of
Young’s double slit experiment, where the
polarization of the field traversing each slit
is controlled in order to cause or prevent in-
terference. In the language of quantum me-
chanics, the photon either goes through both
slits at once (wave-like), or through one at
the time (particle-like). However, the pho-
ton path need not to be a physical one. The
photon paths can also be viewed as quantum
states that can be made to interfere through
a given projection measurement on the pho-
ton. To illustrate this concept, we introduce a
new twist on the double slit experiment, re-
placing the physical path (slit) with an ab-
stract one: an orbital angular momentum
state (OAM). We prepared two photons, hy-
brid entangled in the OAM (our ‘path’) and
polarization (our marker) – this is in essence
a vector a vector vortex mode. We show
that polarization projection of one the en-
tangled photons, leads to OAM interference
which manifests itself as fringes along the
azimuthal direction, so long as the projection
is not on an eigenstate of polarization (see
Fig. 1(a)). Additionally, we show that the
visibility of the interference produced can be
tuned by controlling the rotation angle of the
polarization projector as shown in Fig. 1(b).
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Figure 1: (a) Coincidence measurement for
quantum eraser ON (black dots) and eraser
OFF (red squares), as a function of the az-
imuthal angle (θ ) in degrees. (b) Azimuthal
fringe visibility as a function of the eraser
state, parametrized by the angle α in de-
grees.
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Of the many areas that have been invigo-
rated by the rising interest in spatial modes
of light, quantum communication is one that
has certainly seen significant development.
The theoretically infinite dimensions asso-
ciated with the spatial degree of freedom
does indeed offer the ability to pack more
information into single photon, allowing for
higher bit-rate quantum communication [1].
This is especially true in the world of quan-
tum key distribution, where the increased di-
mensionality correlates with increased secu-
rity. Despite the promise of increased infor-
mation capacity, the detection of these high-
dimensional spaces suffer from the lack of
efficient detectors. It has become common
practice to detect spatial modes of light us-
ing holographic filters, encoded in some in-
stances on spatial light modulators. Such
an approach, or any filter-based detection, is
plagued by losses which, in a key distribu-
tion setup, translate in inefficient key gen-
eration and lower achievable key rates. A
deterministic approach, using refractive op-
tics, has been demonstrated to sort the spa-
tial modes according to their orbital angu-
lar momentum (OAM) content. However,
the above deterministic method is not ap-
plicable to vector vortex modes. Currently,
only filter-based detection schemes for vec-
tor vortex modes have been demonstrated.
These use geometric optics (q-plates) which,
do not allow one to detect, simultaneously,
all degenerate modes within a given sub-
space. Here, we present a deterministic
scheme to sort all degenerate vector vor-
tex modes within a given orbital angular
momentum subspace. The technique uses
a Mach-Zehnder interferometer to sort the

vector modes according to their intra-modal
phase, followed by OAM modes sorters. The
result is a lossless mapping of vector modes
to position in real space.
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Figure 1: Sorting of vector modes as a
function of the degree of non-separability,
parametrized by the angle γ1.
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Efficient optical generation of Continuous 
Variable (CV) entangled modes endowed 
with Orbital Angular Momentum (OAM), 
is becoming more and more challenging 
for many quantum protocols due to the 
increased information-carrying capacity. 
We demonstrate an innovative method 
capable of generating a bipartite CV state 
carrying OAM in which the two 
subsystems share non-classical 
correlations. 

Our entanglement source is a triply 
resonant type- II Optical Parametric 
Oscillator (OPO) working below threshold. 
Such a device generates an entangled 
bipartite state consisting of collinear 
crossed polarized thermal states, with the 
same frequency. Once the bipartite 
entangled state is generated, entanglement 
previously encoded onto polarization 
acquires the OAM d.o.f. by means of a 
sequence of optical transformations that 
make the two entangled subsystems 
distinguishable by both polarization and 
OAM. These transformations are carried 
out by wave plates and a liquid crystal 
based optical device, the q-plate (qP), that 
plays a central role in such conversion 
because it transforms the two entangled 
TEM00 crossed polarized modes, produced 
by the OPO, into entangled helical beams 
carrying OAM  m=± . 

Figure 1: Experimental scheme constituted 
by quarter wave plates (QWP), half wave 
plates (HWP)  and a qP, for OAM 
entangled modes generation. 

Thermal states produced by OPO are a 
subclass of Gaussian states,  i.e. states with 
a Gaussian Wigner distribution in optical 
phase space. This feature makes Gaussian 
states privileged since their quantum state 
can be completely characterized by their 
covariance matrix (CM). 

Once the state is generated and provided 
with OAM its CM is reconstructed by 
directly homodyining the state in the OAM 
Hilbert space. This is possible thanks to a 
reconfigurable single Homodyne Detection 
(HD) scheme in which Local Oscillator 
(LO) swaps among the different OAM 
assuring the mode matching between the 
signal under scrutiny and the LO reference 
beam. After reconstructing the CM, we 
have witnessed the presence of 
entanglement between the vortex modes by 
applying suitable entanglement criteria to 
its elements. 
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The angular spectrum is a powerful
tool to evaluate the radiation diagram of a
dipole’s far field emission. In addition, it can
as well be used to determine the evanescent-
wave coupling from dipole sources to nearby
guided modes [1]. In this work we unify
various phenomena for dipole directionality.
We derive the condition under which any
transverse angular component (p-polarized)
can be arbitrarily canceled out (eq. 1):

[(ẑ× k̂)× k̂] ·p− (ẑ× k̂) ·m
c
= 0, (1)

where p = (px, py, pz) is the electric dipole
moment, m is the magnetic one, k̂ = k

k =
k

ω
√

µε
with k being the spectral component

we want to make zero. An analogous condi-

tion can be found for the s-polarized spec-
trum. This condition accounts for spin-
direction locking for circularly polarized
electric dipoles [2] and, for linear dipoles
having p = (0,0, pz) and m = (0,my,0), it
reduces to a generalization of Kerker’s con-
dition for Huygens’ antennas, which are well
known for their directional radiation dia-
gram. It can as well be applied for any in-
termediate combination of p and m. In fig-
ure 1 the Poynting vector of these two direc-
tional emitters over a waveguiding structure
is plotted. We will show how this condition,
analytically derived from the dipoles’ angu-
lar spectra, is satisfied for directionality of
evanescent-wave coupling.
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Figure 1: Power flow induced by (a) a circularly polarized electric dipole and (b) a Huygen’s
antenna in close proximity to an interface of a material with ε = −1.5+ 0.2i and µ = 1,
calculated by integration of the angular spectra of the dipole field.
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We present a novel approach to 
waveguiding light, based on geometric 
Pancharatnam-Berry phases and 
polarization states transformations. At 
variance with all the other cases up-to-now 
investigated, such mechanism does not rely 
on variations of the refractive index or, 
more generally, of the dielectric 
permittivity. We here demonstrate, in fact, 
the possibility for transverse trapping based 
on vectorial effects: the guided propagation 
of light can be achieved, in essence, by 
means of spin-orbit interactions between 
wave propagation and polarization states of 
light. 

 
Specifically, we envisage an extended 

continuous medium supporting beam 
propagation over several Rayleigh 
distances, consisting of a uniaxial 
birefringent material whose optic axis is 
modulated in three-dimensions, i.e. both in 
the transverse plane xy and in the 
longitudinal coordinate z along the 
propagation direction. 

 
The longitudinal modulation of the axis 

orientation q(z) must be periodical to allow 
for a finite accumulation of the geometric 
phase along z. Besides, to achieve light 
confinement, the transverse modulation of 
the optic axis q(x,y) must define the 
waveguide cross-section, since the phase 
retardation needs to be larger on the beam 
axis than in the outer regions (Figure 1, c) 
[1]. 
 

 
 
Figure 1: a, Orientation θ of the optic axis 
u and ordinary/extraordinary (o/e) fields. b, 
Geometric phase difference between two 
oppositely handed circularly polarized 
plane waves propagating in two 
transversely homogeneous media whose 
optic axes differ for a π/4 rotation. c, sketch 
of a continuously modulated Berry-phase 
waveguide. d, Polarization evolution of an 
input circular plane wave along the 
structure. Star and triangle show the 
geometric phase evolution of two points in 
the transverse plane (x1, y1, z) and (x2, y2, z) 
located so that θ2– θ1= π/4. 

Source: Ref. [1] 
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The four-qubit states
∣∣χ i j

〉
, exhibiting

genuinely multi-partite entanglement have
been shown to have many interesting proper-
ties and have been suggested for novel appli-
cations in quantum information processing.
In this work we propose a simple quantum
circuit and its corresponding optical embod-
iment with which to prepare photon pairs in
the

∣∣χ i j
〉

states.

Our approach uses hyper-entangled pho-
ton pairs, produced by the type-I sponta-
neous parametric down-conversion (SPDC)
process in two contiguous nonlinear crys-
tals [1], together with a set of simple linear-
optical transformations which is illustrated
in the figure 2. Our photon pairs are maxi-
mally hyper-entangled in both their polarisa-
tion and orbital angular momentum (OAM).
After one of these daughter photons passes
through our optical setup, we obtain photon
pairs in the hyper-entangled state

∣∣χ00
〉
, and

the
∣∣χ i j

〉
states can be achieved by further

simple transformations. A more complete
account of this work may be found at [2]

Figure 1: The optical alignment to cre-
ate hyper-entangled photon pair by coherent
sequential spontaneous parametric down-
conversion. The crystals are aligned such
that their optical axes are perpendicular to
each other.
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Mode Division Multiplexing (MDM) has
been mooted as a potential solution to even-
tually cope the increasing demand on band-
width capacity of current communication
systems. In particular, spatial modes of
light endowed with Orbital Angular Mo-
mentum (OAM) have gained special inter-
est due to their easiness of generation and
detection[1]. The orthogonality nature of
OAM modes has being widely exploited in
MDM [2]. Despite the several achievements
in MDM using OAM modes, its true capac-
ity is still controversial[3]. Additionally, in
long haul optical links, perturbations, as at-
mospheric turbulence, causes degradation of
the modes, the spreading of power to neigh-
boring modes and ultimately the mixing of
information. In our contribution we will give
an overview of our current work on MDM
and some of the novel ideas we are imple-
menting in an attempt to overcome some of
the current limitations.

Indeed, OAM modes represents only a
subset of spatial modes, while in general
all transverse spatial modes require two de-
grees of freedom for a full description. In
the case of Laguerre-Gaussian (LG`

p) modes,
these are represented by an azimuthal (`) and
a radial (p) index, the former responsible
for the OAM [see Fig. 1 (a) and (b)]. Re-
markably, beams with the same mode index
M2 = 2p + |`|+ 1 propagates in an identi-
cal manner. Hence, we can use both degrees
of freedom to efficiently increase the num-
ber of information channels. This was re-
cently demonstrated in a proof-of-principle
experiment, where we used over 100 modes
encoded on a spatial light modulator to trans-
mit information [4].

We are also exploring diversity, a well-
known technique to mitigate the effects of
turbulence. Here, multiple dependent data

Figure 1: Transverse spatial modes require
two degrees of freedom for a full description
for example HGnm (a ) and LG`

p (b) modes.
(c) Hybrid systems can be exploited to im-
prove the bandwidth capacity.

streams, from separate emitters, are trans-
mitted simultaneously along separate paths,
experiencing different perturbations. A sin-
gle detector recombines all the signals in a
redundant way, producing an enhancement
of the Signal to Noise Radio (SNR). This
idea can be taken to the next level by us-
ing spatial modes with completely differ-
ent shapes, for example LG and Hermite-
Gaussian modes [see Fig. 1 (c)], which can
travel along the same path. Enhancement of
the SNR in this case will come from the dif-
ference in shape.
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The cylindrical vector beams are known for their

non-separability in polarization and spatial mode as

well as for spatially varying polarization states [1]. If

the vectorial singularity coincides with optical phase

singularity, then the beams are called vector vortex

beams. These beams have ability to produce tighter

focal spots and stronger longitudinal field gradients

[2]. Recently, The speckles with spatially varying po-

larization i.e. polarization speckles, are getting a lot

of attention in biomedical optics especially for distin-

guishing different types of skin cancers [4].

In this work, we generate a special class of vec-

tor vortex beams, Poincaré beams using polarization

sensitive spatial light modulator (SLM). We incident

the diagonally polarized light, having equal com-

ponents of horizontal and vertical polarizations, on

SLM displaying on-axis phase hologram correspond-

ing to the optical vortices. The SLM converts the

vertically polarized Gaussian beam into optical vor-

tex beam in the central order and the horizontally po-

larized Gaussian beam will be unaffected by SLM.

The output is the superposition of Gaussian and vor-

tex beams with orthogonal polarizations that forms a

vector vortex beam. This is the vector vortex beam in

the linear polarization basis that contains two oppo-

site C-singular points in its polarization profile. This

beam can be converted to the vector vortex beam in

circular polarization basis using a quarter wave plate

(QWP) and it is an isolated C-singular point. The

presence of polarization singularity has been con-

firmed using Stokes polarimetry.

After verifying the presence of a star pattern in the

polarization profile of vector vortex beam using the

polarimetry, we scatter these beams through a rough

surface, the ground glass plate (GGP). This leads to

the formation of speckles that have random polariza-

tion profile i.e. spatially varying random polariza-

tion. We have experimentally verified the presence

of random polarization profile and measured the cor-

relation in Stokes parameters for different indices of

the Poincaré beam. Here we measure the widths of

scalar as well as vector speckles using the Stokes cor-

relation. It has been suggested that the width of auto-

correlation function of Stokes parameter S0 gives the

scalar speckle size and the width of a function given

by the sum of auto-correlation functions of remain-

ing three Stokes parameters gives the size of vector

speckles [6].

Cs =< S0S0 > (1)

Cp =< S1S1 >+< S2S2 >+< S3S3 > (2)

where Cp,Cs are the correlation function of polariza-

tion and scalar speckles, (S0,S1,S2,S3) are Stokes pa-

rameters. Figure 1 shows the correlation lengths cor-
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Figure 1: The variation of correlation lengths for the

Stokes parameters (left) and the vector speckle size

(right) with the index of Poincaré beam.

responding to the Stokes parameters corresponding

to different indices l=1-3. It is clear from the figure

that the correlation length for S0 is independent of

index and the correlation lengths for the remaining

three Stokes parameters decreases with the index. It

is very interesting to see that the scalar speckle size

is independent of index which is in contrast to the

behaviour of speckles generated by the scalar vortex

beams whose size decreases with the increase in or-

der as discussed in ref.[5]. However size of polariza-

tion speckle is decreasing with the increase in index.

This may find applications in imaging and commu-

nications as one can control the correlation in polar-

ization by keeping the intensity correlation remains

same.
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We introduce a particularly compact dig-
ital micromirror device (DMD) based setup
suitable to generate arbitrary vector beams at
various wavelengths.

Light fields shaped in their transverse
phase and amplitude are of interest in a wide
variety of applications, such as microscopy,
optical trapping and communication. The
additional control of polarisation gives ac-
cess to longitudinal fields when strongly fo-
cussed. Various methods have been de-
veloped to generate arbitrary vectorial light
fields, including [1, 2, 3].

Our device uses a Wollaston prism to
split a beam into two orthogonal polarisation
components. Two multiplexed holograms
displayed on a DMD provide both the com-
plex field shaping of each component and
their recombination. This allows a compact
set-up based on less than five optical com-
ponents after the prism, none of which are
birefringent, allowing broadband operation
with simple dispersion compensation. Fur-
thermore, since the two polarisation com-
ponents have almost identical optical path
lengths, the device is suitable for beams with
a small coherence length.

Here we present the design of our device
and evaluate its performance by measuring
the fidelity of various generated vector vor-
tex beams, an example of which is shown in
figure 1.

References

[1] C. Maurer, A. Jesacher, S. Fürhapter, S.
Bernet and M. Ritsch-Marte, "Tailor-
ing of arbitrary optical vector beams",
New Journal of Physics, 9 (2007).

Figure 1: Measured polarisation structure of
a radially polarised beam generated by our
setup.

[2] F. Kenny, D. Lara, O. G. Rodríguez-
Herrera and C. Dainty, "Complete po-
larization and phase control for focus-
shaping in high-NA microscopy", Op-
tics Express, 20, 14015-14029, (2012).

[3] K. J. Mitchell, S. Turtaev, M. J. Pad-
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We demonstrate the use of an atomic
vapour to visualise 3D light structures, and
in turn the use of 3D light structures to shape
the local atomic population distributions.

Light that carries OAM, and more gen-
erally structured light, is often analysed in
terms of its 2D beam profile. On propa-
gation interesting 3D structures can be re-
alised, including optical vortex knots, bottle
beams and 3D lattices. We have developed
a method to reconstruct the full 3D structure
by measuring light scattered from an atomic
vapour [1].

The structured light in [1], however, also
affects the electronic levels of the atoms in
the vapour. Atoms are pumped between
electronic levels at rates dependent on the
local light intensity, generating 3D popu-
lation structures. We use structured laser
beams shaped by a spatial light modulator
to deplete a specific electronic level in ru-
bidium 85. More specifically, we pump
atoms out of an upper ground state via exci-
tation of a short-lived excited state and sub-
sequent spontaneous decay into the lower
ground state. In dark regions of the beam,
atoms remain in the upper ground state and
we can probe this remaining population with
an unshaped laser at a different frequency.
We then tomographically reconstruct the 3D
population pattern from the fluorescence of
this probe laser [2]. Bright regions of the
structured light beam coincide with sup-
pressed fluorescence from the probe laser,
as the upper ground state is depleted. The
retrieved 3D fluorescence patterns are there-
fore complementary to each other as shown
in Fig. 1.

Here we demonstrate the 3D structuring
of atomic populations by measurement of
3D fluorescence distributions. We establish

a link between fluorescence rates and popu-
lations using a spatially resolved rate equa-
tion model.

Figure 1: 3D reconstructions of fluorescence
from a) a focussed structured light field with
an ’optical ferris wheel’ profile and b) the
corresponding focussed probe laser. The
boxes correspond to a physical volume of ap-
proximately 1x1x7 cm3. The insets show the
reconstructed cross-sections at various prop-
agation distances from the focus.
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Compared to classical encryption meth-
ods, which rely on the complexity of math-
ematics for security, quantum cryptography
via quantum key distribution (QKD), such
as the first protocol by Charles Bennett and
Gilles Brassard in 1984 [1], promises se-
cure communication based on the proper-
ties of quantum mechanics. The recent work
on realizing a high-dimensional BB84 proto-
col with structured photons across an intra-
city link is discussed, here [2]. Quantum
states of light resulting from an arbitrary
coherent superposition of different polariza-
tions and spatial modes, e.g. orbital angular
momentum (OAM) modes, are called struc-
tured photons. Structured photons allow for
higher-dimensional states to be implemented
in QKD protocol [3, 4]. The two mutually
unbiased bases (MUBs) implemented in this
protocol are consist of vector vortex beams
with ±2 units of OAM.

The experiment was performed between
two campus building roof tops 300 m apart
at the University of Ottawa. Alice, on the
sender side, generates non-degenerate sin-
gle photon pairs via spontaneous paramet-
ric downcoversion. She prepares the signal
photon (850 nm) in one of the states from
one of the MUBs with a sequence of wave-
plates and a q-plate [5]. Then she sends the
encoded photon with its corresponding idler
photon (775 nm) across the link to Bob at
the receiver. Bob separates the photon pairs,
projects the signal photon onto one of the

states from one of the two MUBs, and then
couples the photons to single mode fibers
connected to detectors. The idler photon acts
as a heralding trigger for the signal to record
coinicidence rates, and as a ‘target’ to help
correct for beam wandering to due turbu-
lence.

A comparison of sent and measured pho-
ton states led to a quantum bit error rate of
11%, which is below the security threshold
of 18% in dimension 4, yielding a secret key
rate of 0.65 bits per sifted photon. Simi-
lar measurements with 2-dimensional struc-
tured states resulted in 0.43 bits per sifted
photon from a 5% error rate. These results
are promising for the development of future
free-space intra-city quantum networks.
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The discovery of novel topological objects
is an intriguing task for scientists in several
different research areas. It has been pre-
viously shown that optical vortices, that is,
zero lines of complex amplitude in a propa-
gating light field, can be shaped in the form
of knots and links [1]. In this talk we present
a novel type of volume filling configura-
tion of polarization singularities, that has the
form of a knotted hopfion embedded in a
tightly focused eletromagnetic field [2].

It is known that non-paraxial electromag-
netic waves can show three-dimensional pat-
terns of polarization singularities, but knot-
ted configurations have not previously been
created, given that the design of holograms
in vector optical fields is very challenging.
We found that certain dark fields naturally
manifest continuously knotted polarization
structures, as illustrated in figure 1. A sub-
wavelength knot is embedded in any trans-
verse component of the beam, with the re-
sult of a surprising topological structure that
looks like a hopfion.

So far, optical knots have just been cre-
ated experimentally in paraxial light, where
a computer-controlled hologram determined
the complex amplitude of the beam [1]. The
design of holograms for non-paraxial fields
is not well understood yet, but we propose
experiments for the realisation of knotted
hopfions in tightly focused beams [3]. The
subwavelength hopfion should yield optical
knots suitable for embedding knotted defect
structures in liquid crystals, photopolymers
and Bose-Einstein condensates [4], where
similar topologies have been investigated.
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In the view of a quantum information task,
EPR steering can be regarded as the distri-
bution of entanglement from an untrusted
party, whereas entangled states need both
parties to trust each other, and Bell non-
locality is presented on the premise that
they distrust each other. EPR steering has
been identified as a resource for one-sided
device-independent quantum key distribu-
tion (QKD) [1].

In order to give a unified picture to con-
nect quantum steering with generic quantum
information task, such as quantum compu-
tation and quantum communication (for ex-
ample QKD), Che-Ming Li et al. present a
theoretical framework about quantum steer-
ing for single-system steering [2]. Based
on a generic classical description of state
preparation and transition, a condition is de-
rived for SS steering, which not only en-
able unambiguously ruling out of generic
classical means of mimicking steering, but
also can prevent QKD using qudits from
cloning-based individual attacks and coher-
ent attacks. The steering condition also can
be applied in quantum computation to serve
as an efficient criterion for the evaluation of
quantum logic gates of arbitrary size.

In this work, we use OAM of photons
to produce high-dimensional quantum states
with high fidelity. On the basis of this tech-
nique, we experimentally validate single-
system steering, observing quantum effects
beyond classical limits. At the same time,
we study the application of single-system
steering in quantum communication, and re-
alize the information of each photon safely
carrying 2.82 qubit information. The ex-
perimental results show that the proposed

Figure 1: (a) (i) and (iii) are the theoretically
calculated intensity profiles of the modes for
qutrit and qusix quantum states. (ii) and
(iv) are the experimentally produced inten-
sity profiles. (b) Experimental result of the
single system steering.(c) Error-bound for
security.(d) The Shannon mutual informa-
tion I(A : B), the secret key rate rmin and the
maximum information of a photon are plot-
ted as a function of the dimension. The value
of the secret key rate rmin is 1.44 ± 0.04,
2.06 ± 0.05 and 2.82 ± 0.07 for dimension
3, 6 and 12.

scheme can be widely used in quantum in-
formation tasks.
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Optical forces in the near field display 

interesting and often unintuitive effects. 

Many such forces have been theoretically 

predicted but their measurement is 

challenging. We present the use of the 

Lateral Molecular Force Microscope 

(LMFM) to measure near field optical 

forces through the mechanical deflection of 

a highly compliant cantilever. In particular, 

we show the measurements of forces 

associated with the spin momentum of light. 

 

The LMFM is a probe microscope that uses 

a vertically oriented cantilever (Fig. 1) 

which detects the lateral movement of the 

cantilever tip using an optical method 

[1][2]. The cantilever is highly compliant in 

one direction with femtonewton force 

sensitivity. It can be oriented in any 

direction in the sample plane allowing to 

isolate any individual optical force 

component. 

 

We find that the response of the cantilever 

to light in the evanescent field is strongly 

dependent on the polarization state of the 

light and the cantilever orientation as well 

as its shape. Changes in the evanescent field 

due to the incident polarization state and the 

sample properties can therefore be 

measured by recording the deflection of the 

cantilever tip.  

In the situation of total internal reflection of 

circularly polarized light, we have 

measured a force transverse to the 

propagation direction of the evanescent 

wave and shown that it is dependent on the 

spin handedness of the light [3]. We also 

show that this fN scale force is associated 

with the theoretically predicted transverse 

spin momentum [4]. In conclusion, the 

results presented show how the LMFM 
provides a unique experimental tool to test 
and uncover new near-field optical effects. 
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Figure1: The cantilever is deflected 

by the spin and canonical momentum 

of the circularly polarised evanescent 

field 
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We present two experimental schemes

aimed at easing the simulation and charac-

terization of quantum channels. The con-

stant need for higher data transmission rates

in fibre communications systems has ignited

a new research field focused in employing

the high-order spatial modes of optical fi-

bres as new optical channels. More specif-

ically, guided modes that posses orbital an-

gular momentum (OAM). This is the spatial

counterpart of the nowadays mature use of

spectral multiplexing to enhance communi-

cation bit rates.

In the first scheme, we are able to simulate

a real communication quantum channel by

generating coherent and non-coherent corre-

lations between two degrees of freedom in

a single photon. We make use of the polar-

ization and OAM modes of a single photon.

The tuning of the correlations is analogous

to the tuning of the purity (first-order coher-

ence) of each of the photons forming part of

a two-photon state. Therefore, well-known

tools such as the Clauser-Horne-Shimony-

Holt (CHSH) Bell-like inequality can be

used to characterize entanglement between

degrees of freedom [1], as can be seen in the

results shown in Fig. 1.

In the second scheme we demonstrate a

simple projective measurement based on the

quantum eraser concept, that can be used to

characterize the disturbances of any commu-

nication channel. Here we exploit the ad-

vantages of redefining the which-path infor-

mation in terms of spatial modes, replacing

physical paths with abstract paths of OAM

modes. Remarkably, vector modes are the

natural modes of optical fibres and are non-

separable spin-orbit coupled states, equiva-

lent to the description of two independently
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Figure 1: Values of the parameter S in a

CHSH inequality, varying the purity of the

quantum state as a function of the angle re-

lation between measurement projections.

marked physical paths. We explore the ef-

fects of fibre perturbations by probing a step-

index optical fibre [2].

The results presented here can be useful

for analysing and characterizing multiplex-

ing technology based on the use of high-

order spatial modes of optical fibre commu-

nications, since we can simulate and probe

quantum channels with different transmis-

sion properties.
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Single photons with orbital angular mo-
mentum (OAM) have attracted substantial
attention from researchers. A single pho-
ton can carry infinite OAM values theoreti-
cally. Thus, OAM photon states have been
widely used in quantum information and
fundamental quantum mechanics. Although
there have been many methods for sort-
ing quantum states with different OAM val-
ues, the nondestructive and efficient sorter
of high-dimensional OAM remains a funda-
mental challenge. Here, we propose a scal-
able OAM sorter which can categorize dif-
ferent OAM states simultaneously (Ref. [2]
proposed a similar scheme), meanwhile, pre-
serving both OAM and spin angular momen-
tum. Fundamental elements of the sorter
are composed of symmetric multiport beam
splitters (BSs) and Dove prisms with cascad-
ing structure, which in principle can be flex-
ibly and effectively combined to sort arbi-
trarily high-dimensional OAM photons. The
scalable structures proposed here greatly re-
duce the number of BSs required for sorting
high-dimensional OAM states. In view of
the nondestructive and extensible features,
the sorters can be used as fundamental de-
vices not only for high-dimensional quan-
tum information processing, but also for tra-
ditional optics.

It can be proven that the numbers of
BSs necessary for different structures sat-
isfy dN = O(N2 − N) (for a classical N-
dimensional UT [1]), dPCS

N <O((q+ p/q)N)
and dT DCS

N < O((p/q+ q/p)N) [3]. If the
factors in the PMCS are all primes, then
dPMCS

N < O((pk + 4/3)N). The cascading
structures greatly reduce the number of BSs.
For example, when N = 30, dN = 870, while
dPCS

N = 150,dPMCS
N = 80 and dT DCS

N = 50.

Figure 1: Cascading structure of the OAM
sorter for (p · q)-dimensional OAM states
[3]. (a) Parallel cascading structure with one
Sp and p Sq. (b) Parallel multi-cascading
structure (PMCS). The number of Spi of the
i-th cascading is p1 · p2 · · · pi−1, where i > 1
and p1 > p2 > · · · pk. (c) Time-delay cascad-
ing structure (TDCS) with only one Sp and
one Sq, where p > q. T Dk: time delay of
Port-k.
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The phase manipulation of OAM is com-
monly accomplished by the Dove prism
(DP). The DP rotating with an angle α at
its longitudinal axis will introduce an OAM-
dependent phase ei2lα to the OAM state |l⟩,
where l is the order of the OAM mode. By
utilizing this property, the Mach-Zehnder in-
terferometer (MZI) with a DP in each arm
can sort OAM photons [3]. In order to
overcome the stable problem of the origi-
nal MZI, the modified Sagnac interferome-
ters have been introduced [1]. But the in-
terferometer will also introduce an OAM-
dependent global phase. For example, for
an input state |l⟩+ | − l⟩, the output state
becomes i(|l⟩− |− l⟩), which is orthogonal
to the input one, if α = π/4. Additionally,
the DP rotates the linear polarization into el-
liptical polarization and decreases the visi-
bility of the interferometer [2]. For hyper-
entangled states, the shortcoming also de-
creases the purity of the states.

We implement a passive phase manipu-
lation module (PMM) to sort OAM pho-
tons. The main component in the modi-
fied Sagnac interferometer is a sandwich-
like structure with a DP stuck in the middle
of two HWPs, as shown in Fig. 1(a). In
direction a, the rotating angle of the DP is
α , the angle between the fast axis of these
two HWPs and the horizontal axis are θ1 =
θ2 = α/2 (Fig. 1(b)). Then, for the in-
put state ∑l(|H⟩+ |V ⟩)|l⟩, the output state
becomes ∑l

√
t//t⊥ei∆φ(|H⟩+ e−i4lα |V ⟩)|l⟩,

where t//(⊥) is the transmission coefficient
of the DP for the polarized light that paral-
lel (perpendicular) to the normal of the base
nDP , and ∆φ is the relative phase shift be-
tween the two polarization components at-
tributed to the total internal reflection in-
ner the DP. The PMM compensates the
polarization-dependent effect of the DP well
and introduces an OAM-dependent phase

Figure 1: (a) The schematic diagram of the
sandwich-like structure in the Sagnac loop.
(b) The rotating angles of the DP and the
HWPs. (c) The schematic setup of the PMM.

e−i4lα to the photon only if the controlled
qubit is |V ⟩. Thus, the PMM is a high-
dimensional C-phase gate.

The PMM is a 2-dimensional controlled-
NOT gate when 4α = π . The output state
becomes ∑l(|H⟩∓ |V ⟩)|l⟩. Thus, the PMM
is also an OAM sorter. The sorting fidelity
of the PMM and the purity of the output
photon state are high even when α = π/4.
Although the DP with α = π/4 decreases the
fidelity by about only several percents in a
classical single-path Sagnac interferometer,
the error is intolerant in quantum cryptogra-
phy. For a BB84 protocol quantum key dis-
tribution (QKD), the upper bound of tolerant
bit error of the whole system is about 11%.
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Radiation due to the acceleration of 

charged particles is a well-known 

phenomenon in physics. Synchrotron 

radiation is an example of this, arising 

from an electron following a curved path. 

Such radiative models typically take the 

electron as a classical point charge in order 

to calculate its emission spectrum, while to 

a good approximation ignoring the wave-

like behavior of the particle. 

 

We demonstrate the construction of an 

angularly accelerating electron matter 

wave that possesses no radiation, and also 

analyze the EM field surrounding such a 

matter wave in regimes where a classical 

description does not fully suffice. To do 

this, we created a customized nano-

fabricated SiN diffraction grating [1], 

manufactured such that an electron Bessel 

beam with a tunable angular acceleration is 

produced at the first diffraction order. This 

beam is chosen due to its non-linear 

propagation behavior, as has been 

demonstrated for the optical case [2], and 

is a characteristic that is due solely to the 

wave nature of the electron. 

 

The electromagnetic field surrounding 

our beam was analyzed theoretically using 

a semi-classical approach. We predict a 

solenoidal magnetic field could arise in the 

center of the beam for the simplest non-

accelerating case (pictured in Figure 1). 

We also deduced that for this simple non-

accelerating case that no radiation should 

be emitted from our beam. 

 

For the angularly accelerating case, we 

rely on a continuum argument based on the 

behaviour of the EM field at a large 

distance from our beam. From this we 

 
Figure 1: Electric (blue) and magnetic 

(red) field lines plotted with the electron 

probability intensity (grayscale) for a non-

accelerating electron Bessel beam. 

 

deduce that our accelerating beam does not 

radiate. We also report indirect 

measurements of this lack of radiation, 

confirming our hypothesis that we have 

indeed created a non-radiating accelerating 

electron beam. 
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Electron vortex beams constitute the first
class of matter vortex beams which are cur-
rently routinely produced in the laboratory.
Due to the limited spatial coherence of ex-
perimentally available electron sources, the
electron vortex beams being created and
studied so far have been mostly generated
using a suitable plane wave mode conver-
tor of a finite radius at the back-focal plane
of an electron microscope lens. So these
electron vortex beams, like most beams used
in conventional electron microscopy, are, by
definition, bandwidth limited. This distin-
guishes electron vortex beams from opti-
cal vortex beams which are characterized by
much longer spatial and temporal coherence
lengths. Here we put forward a complete
natural quantum basis set (normal modes)
for any such bandwidth limited vortex beams
and apply this to generate pure electron vor-
tex beams which are characterized not only
by the topological charge l but also by the ra-
dial quantum number p [?], in analogy with
the prominent roles Laguerre-Gaussian (LG)
normal modes (also characterized by quan-
tum number pairs, l and p) have played in
optical vortex beam research [?].

The normal modes we put forward are
truncated Bessel beams (TBBs) defined in
the aperture plane, or the Fourier Transform
of the transverse structure of the TBB (to be
referred to as FT-TBBs) in the focal plane
of a lens. The characteristics of the TBBs
and FT-TBBs modes are described analyti-
cally, including the quantized orbital angu-
lar momentum (in terms of the topological
charge l and the radial index p > 0). We
present the experimental realization of such
beams using computer-generated holograms
and the mode analysis is carried out using
astigmatic transformation optics. The exper-
imental results of the FT-TBB beams and

their mode transformation show close anal-
ogy with the LG beams and the astigmatic
mode transformation resembles that between
LG and Hermite-Gaussian beams, but with
some subtle differences.

The set of complete orthonormal modes
we have put forward offers an alternative ba-
sis for the quantum description any band-
width limited electron waves when com-
pared to the standard methods based on the
plane wave sets as electron beam instru-
ments are usually axial symmetric. Our
modes are eigenfunctions of the axial or-
bital angular momentum operator, so they
can provide a complete description of the
two-dimensional transverse distribution of
the wave function of any electron vortex
beams. We expect these modes to play a
fundamental role in electron vortex beams in
a similar manner which LG wavefunctions
play in the study of optical vortex beams. In
particular, we show that the higher p vor-
tex modes and their superposition allow us
to study the control and manipulation of the
radial structure of electron vortex beams, a
hitherto neglected topic in electron vortex
beam research, with implications for appli-
cations in super-resolution imaging.
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Caustics in light naturally form as the en-
velope of a family of rays. They mark
the discontinuous change of the number of
crossing rays in each point of space, often
accompanied by a remarkable increase of the
field intensity in close vicinity to the caustic.

The individual geometric structures of
caustics are described by the catastrophe the-
ory and are hierarchically categorized into
fold, cusp, swallowtail, butterfly, and fur-
ther higher-order umbilic catastrophes. One
possibility to map catastrophes as caustics in
light is via the catastrophe diffraction inte-
gral [1]. This approach facilitated the real-
ization of transverse invariant and acceler-
ating Airy beams, form-invariant and auto-
focusing Pearcey beams, and swallowtail
beams that dynamically transform to cusp
and butterfly caustics [2]. This ray-based de-
scription of several upon propagation trans-
verse invariant beams is far reaching and
was shown to explain also many aspects of
Hermite-, Laguerre-, and Hermite-Laguerre-
Gaussian beams [3].

In our contribution, we demonstrate a new
and generalized class of caustic beams that
are created as eigenfunctions of the opera-
tor L̂+ qM̂n, where L̂ is the orbital angular
momentum operator and M̂ is the linear mo-
mentum operator, taken to the power of a
positive integer n. The eigenstates depend
on the real number q and possess a quan-
tized orbital angular momentum (OAM) l.
We exemplary present a sub-class for n = 1
that forms structured light fields capable to
interpolate between Bessel beams and dis-
crete lattices in light, which we call Bessel-
lattice beams. Examples of these beams that
propagate with unchanged transverse inten-
sity are shown in Fig. 1. An inner regular
lattice is surrounded by concentric intensity

(a) (b)

(c) (d)

y

x

Figure 1: Bessel-lattice beams: (a) q =
10, l = 0, (b) q = 10, l = 10, (c) q = 10, l =
15. Ray picture of (a) is presented in (b).
Caustics are indicated in green.

rings (a). The corresponding rays are pre-
sented in (b), clearly showing the caustic. In-
creasing q and l, this beam becomes elliptic,
the lattice structures vanishes, and the outer
rings carry OAM (c, d). Following this ap-
proach, we will show higher-order (n > 1)
non-diffracting caustics in light.
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In the past few years, twisted light, or light with orbital angular momentum (OAM) has captured interest for its 
diverse array of applications.  It can be used to drive micromachines and in biophotonics.  In quantum information 
science, OAM states can be entangled, which leads to surprising demonstrations of quantum mechanics and 
potentially new computational possibilities. OAM-enabled communications, of all the applications, has received the 
majority of the attention due to the potential increase in fiber optic bandwidth that would be realized in a move from 
a single photon channel to a classical or quantum mechanical-vast parameter space per photon provided by the 
integer OAM states. 
 

Generation and delivery of OAM in optical fiber is an important goal for realizing OAM-enabled communications. 
To date, specialty fiber has been used to carry OAM.  We have developed new methods for generating OAM light in 
commercially available polarization maintaining optical fiber.  Specifically, we demonstrated generation of tunable 
OAM by launching and phase-controlling two higher order modes [1, 2].  Figure 1 shows an example of generation 
of OAM with l = +/-1 and l = +/- 2. In addition, we have studied and shown a new method for quantitative 
measurement of light’s OAM and extensions of the technique [3].  Finally, we have determined a method to control 
independently, both the OAM and the spatial beam profile [4].  
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(a) (b) 
Figure 1.  (a)   Tunable OAM from +/- 1, by varying the phase of the two higher order modes that add up 
coherently to produce OAM.   We have plotted average OAM per photon vs. the change in relative phase [1].  (b).   
Tunable OAM from +/- 2 by varying phase of the two higher order modes that add up coherently to produce 
OAM.  Note here that at an OAM of 1, we are looking at the case of imbalanced addition of l = +2 and -2.   This is 
also the case at zero OAM [2]. 
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