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Concepts 

Classical bit:  Two well defined states 0 or 1. 
 
Quantum bit (qubit): Superposition of states and fundamental unit of  
                                 quantum information 
     
                                 
                                Spans a 2d-Hilbert space. 
 



Why photons? 

Weak interaction 
with enviroment 

High-speed and low transmission 
 (flying qubits) 

Good control with standar 
optical elements 



Why Higher dimensions? 

 Higher information density coding 
 Higher security in communication protocols 
 Greater resilience to imperfections 
 Possibility to study more complex systems 

 



Orbital Angular Momentum (OAM) 

The orbital angular momentum of light (OAM) provides a promising approach 
 for the implementation of multidimensional states (qudits) for quantum 
 information purposes. 

Waves with azimuthal phase dependence 
proportional to 𝒆𝒊𝒍𝝓  carries a well defined  
amount of OAM lћ per photon. 
 

Circular polarized 
photons carries ±ћ 
of spin angular 
momentum  

l ϵ Z 



Under paraxial approximations SAM and 
OAM are well defined and have been 
observed separately, so we will always refer 
to this one. 

Solutions for this equation are “Laguerre-Gauss” modes. 

The intensity profile of LG 
beams is characterized by a 
null intensity in the center 
when 𝒍 ≠ 𝟎 due to a phase 
singularity. 
The “p” parameter indicates 
the number of nodes for the 
electromagnetic field along 
the radial direction. 



Q-plate 

The q-plate is a liquid crystal cell that acts 
as a birefringent phase plate whose optical 
axis orientation angle is not uniform, but 
changes from point to point in the 
transverse plane. The optical axis 
orientation is given by 𝜶 𝒓,𝝋 = 𝒒𝝋 + 𝜶𝟎 



Project 

By considering a type-II spontaneous parametric down conversion 
(SPDC) source, we are able of generate the following state: 



A) Entanglement in vector vortex beams 

Light beams having a vectorial field structure or polarization that varies 
over the transverse profile and a central singularity are known as vector-
vortex (VV) beams and exhibit specific properties, such as focusing into 
"light needles“ or rotation invariance, with applications ranging from 
microscopy and light trapping to communication and metrology. 

A VV beam of order "m" is defined in the two dimensional 
Hilbert space spanned by          hhhhh. 

After the q-plates the emerging state will be: 

which corresponds to a pair of entangled vector-vortex 
beams of orders 𝑚1 and 𝑚2. 

 



1) Study the Hybrid entangled 
entanglement in the photonic 
system. 

2) Characterize the 
intrasystem entanglement 
and the intersystem 
entanglement. 

3) Perform a non-locality test 
to prove that intersystem 
entanglement between 
entangled subsystems can be 
used as a resource in 
quantum protocols.  

Representation of entangled 
vector vortex beams and their 
underlying hybrid entangled 
entanglement structure  

TO DO… 



B) Geometry of GHZ-states 

Greenberger-Horne-Zeilinger (GHZ) states and their 
mixtures exhibit fascinating properties and are an example of 
genuine multipartite entanglement.  

The goal of this part of my project is to unmask different entanglement 
features based on their particular local geometrical connectedness for 

GHZ-states and mixtures. 

D. Greenberger, M. Horne, and A. Zeilinger,  Going beyond bells theorem, in Bells Theorem, Quantum Theory and Conceptions of the 
Universe (M. Kafatos, ed.), vol. 37 of Fundamental Theories of Physics, pp. 69{72, Springer Netherlands,1989. 



In particular, a specific GHZ-state in a complete orthonormal basis 
has a "twin" GHZ-state for which equally mixing leads to full 

separability in opposition to any other basis-state 

To detect the separability properties we will exploit the HMGH-
framework which provide us a set of nonlinear witnesses for detecting 
k-separability. The criterion turns out to be optimal for GHZ-states 
when k = 2. 

The detection of any four Pauli operators needs in general 16 
independent measurements, however, this criterion needs only 144 
measurements. In strong contrast, a full quantum state tomography 

needs 1296 measurements!!! 

M. Huber, F. Mintert, A. Gabriel, and B. C. Hiesmayr,  Detection of high-dimensional genuine multipartite entanglement of mixed states, 
Phys. Rev. Lett., vol. 104, p. 210501, May 2010. 



1) By applying specific local transformations to a 𝐺𝐻𝑍𝑠𝑒𝑒𝑑 
using half wave plates (HWP) and quarter wave plates (QWP) 
we obtain any other GHZ state of a complete set of four-
qubits GHZ states. 
 
2) Evaluation of the HMGH criterion 𝐼2 for different GHZ-
states. 
 
3) Study entanglement properties of mixtures of GHZ-states. 
 
 

TO DO… 



C) Alignment free quantum teleportation 

Photonic free-space quantum communication has been demonstrated 
for very high distances. Standard quantum protocols such as 
entanglement swapping, quantum teleportation, quantum cryptography 
and so on, where the encoding is based on the polarization of the 
involved photons, require a "shared reference frame" (SRF). 

The basis that will be employed to write the logical qubits (and solve 
the SRF problem) is defined as the hybrid single-photon state 
between polarization and OAM as follows: 

4 
Photons!! 



For a given physical rotation of any angle  with respect to the axis of 
beam's propagation, the eigenstates of circular polarization and 
OAM acquire equivalent phase factors: 

Hence by considering the hybrid-photon (combination of polarization 
and OAM) the phase factors cancel each other and the final state 
remains immune to all possible reference misalignments. 

TO DO… 

1)   Implement a second SPDC source 
2) Synchronize the generation (and detection) of photons  
       for both sources 
3) Perform a “regular” teleportation protocol 
4) Include the OAM component and generate a rotational 
      system in order to perform the alignment-free protocol  



Further steps 
At this point we will count with two SPDC sources, so multiphoton 
experiments with hybrid-coding will be possible. 
Other experiments such as entanglement swapping, dense coding, 
quantum complementarity, multiphoton interference and so on 
could be implemented. Following the concept underlying the 
working principle of rotational invariant qubits, 
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