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Introduction

The binary base of {0, 1} posseses the minimal number of elements to represent information. From classical treat-

ment a minimal amount of information called Bit which take values of 0 or 1. From quantum treatment we are

able to superposed those elements in the so called Qubit which take values from 0 to 1. A qubit can be described

by |ψ〉 = α |0〉+ β |1〉, where α and β are complex numbers that obey |α|2 + |β|2 = 1.

There are systems that need coupled qubits to be represented. If those coupled-qubit cannot can be written as

tensor product of the original qubits we have separable systems, otherwise we have entangled systems.

In non-linear optics there is a process known as Spontaneus Parametric Down Conversion (SPDC). The process

uses photons of pump wavelength λp to generate another pair of photons, where by convention the signal one has

wavelength λs and the idler one has wavelength λi. The conversion obeys the conservation of energy ωp = ωs + ωi

and the conservation of momentum kp = ks + ki, and the resulting generation is correlation between the emission

modes allowing to identify and measure an entangled state of the two particles system.

These entanglement sources are the most spread way to create entangled particles in quantum optics because

they are very customizable. In particular, I will show which kind of source I use and the results of geometrical

optimizations to obtain a particular state of high quality.

There are two topics to follow in my thesis: Quantum maps in free-space optics (or bulk) and their influence in

the entanglement of photon particles, and quantum walks dynamics in integrated photonics.

Even in a ”‘secure”’ but real communication channel there are some losses of information. In that case it is

possible to associate a combination of simple particular maps to describe the entire noise process. Imagine now that

the communication uses a quantum channel, then, under some assumptions it is possible to apply reverse maps to

recover your lost entangled information.

Finally, up to now, a lot of experiments in integrated photonics use polarization-entangled photons as resource,

but if we add the frequency of the photons as an extra degree of freedom, the robustness of the new states makes

possible to improve the quality of the results and also think to a novel family of experiments.

Source of Entangled Photons

For all the programmed experiments of my PhD I will use a basic element, a particular source of entangled photons.

Here, a continues laser of 405nm pump in a non-linear crystal of PPKTP compound [1]. If the pump polarization

is aligned with the ordinary axis of the crystal, a type-II SPDC will take place, creating two photons of orthogonal

polarization, and the periodicity of the crystal non-linearity produces more efficient conversion than in a normal

birefringent crystal, obeying the quasi-phase-matching condition:

kp(λp, T ) = ks(λs, T ) + ki(λi, T ) +
2π

Λ(T )
(1)

Where k represents a wavevector, T the temperature and Λ the crystal poling. Each emissions of signal and

idler photons, are initially symmetrically separated by their own emission cones. I use the collinear generation

regime, where these cones intersect each other in only one little region, parallel to the pump laser. By pumping

with horizontal polarization |H〉p is possible to obtain a horizontal one |H〉s and a vertical one |V 〉s.
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Consider now that the crystal is heated with a partially isolated oven and putted in the center of a triangular

Sagnac interferometer, open and closed by a single polarization beam splitter PBS. Just before go into the interfer-

ometer (input of the PBS) I control the pump polarization to send light to a single or both sides of the crystal. This

structure allows to make SPDC in two directions, and after that, separate the different modes by their characteristic

polarizations. Finally, at the PBS outputs we will get the following state

|ψ〉p = α |H〉s |V 〉i + β |V 〉s |H〉i (2)

The entanglement feature comes from the indistinguishability between both generations in the crystal, and can

be tested by an interference between signal and idler modes in a optical beam splitter BS.

Non-Degeneracy: Polarization-Frequency Entanglement

A degenerate SPDC regime generate two photons of equal frequency by the relation ωs = ωi =
ωp

2 . On the other

hand, I plan to obtain a non-degenerate regime, where both photons have different frequencies. If the signal photon

increase (decreases) its wavelength, the idler one decreases (increases) its own, and the spectral range of generation

depends on the temperature, where its dependence is almost linear around the degeneracy temperature.

If the source can make non-degeneracy in both generations, then, we can associate each frequencies to each

coupling mode (signal or idler).

|ψ〉p = α |H〉s |fH〉s |V 〉i |fV 〉i + β |V 〉s |fV 〉s |H〉i |fH〉i = α |H〉fs |V 〉fi + β |V 〉fs |H〉fi (3)

The interesting feature of this kind of states is its robustness against experimental environmental changes, where

is normal to find polarization-dependent noises, but unusual to find frequency-dependence noise.

Past Projects

Improving the Generation of the Source

During the first year of work I could improved quality of the Sagnac polarization entanglement source. I present here

a comparison table with the characteristic mean values of the generation, before and after the structural changes.

Pumping at 2, 5[mW ] Concurrence [%] Fidelity [%] Single. C. [ 1s ] Coin. C.[ 1s ] Spec. Band [nm]

Old Source 96,5 95 46900 4600 5

New Source 98 98,5 337500 61500 0,5

Open Systems and Non-Markovian Dynamics

In an interaction between a open system and its environment, the information can be transport in a memoryless

process obeying a Markovian dynamics. If the system itself or the system-environment interactions are correlated,

this may cause memory effects generating a non-Markovian dynamics.
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My experiment measured the information in a photon system under two consecutive interactions with an

environment, where the environment was simulated by using liquid crystals (LC). The LCs applied local operations

in a specific statistical distribution, which represents the system-environment correlations. The measured system

was coupled to another photon as ancilla, and their entanglement allowed to extrapolate the information flow, going

from the system to the environment in the first interaction and coming back in the second one.

The experiment have proved the existence of two kinds of non-Markovian dynamics, namely:Strong Non-

Markovianity (SNM), where the complete evolution of the system cannot be decomposed in a sequence of Completely

Positive Maps (CPM) neither Positive Maps (PM), and Weak Non-Markovianity (WNM), where the complete evo-

lution of the system can be decomposed at least in a sequence of PM. Thus, I conclude that only SNM can be

measured using the back-flow of information, while WNM needs another test based on the eigenvalues of the

evolution operator.

Future Projects

Amendable Channels

In the theory of information there exist some maps known as Entanglement Breaking Maps (EBMn) of order n,

which applied n-times destroy the entanglement between a sample system and an ancilla [3].

In optics an EBMn can be made using local operations of an Amplitude Damping Channel (ADC) and a half-

wave plate HWP in a system photon. If we apply the HWP after the ADC our map will be called Ψs, and if we

apply the ADC after the HWP our map will be called Φs.

Then, for a Ψs ◦Ψs(ρs,a), Φs ◦Φs(ρs,a) and Φs ◦Φs ◦Ψs ◦Ψs(ρs,a) maps we will expect an erase of the original

entanglement by the change in the coherence of the system respect to the ancilla.

The experiment tries to recover the lost entanglement by two amendable techniques. The first is the so called

Cut & Paste Map structure Φs ◦Ψs ◦Φs ◦Ψs(ρs,a), and the second is the Filtered Map structure Ψs ◦Θs ◦Ψs(ρs,a).

This last filter Map Θs is made of two consecutive HWPs [4].

The measurement consists of an angle rotation of the HWPs for different values of the damping parameter

in the ADCs. Then, by measuring complete tomographies of the bipartite state, we extract the concurrence as a

degree of entanglement.

Detection of Quantum Channel Capacity

There is a novel proposed method to detect lower bounds to the Quantum Channel Capacity (Q) of noisy quantum

communication channels. The proposal [5] establishes that Q is limited by

Q > QDetectable = S

(
ε

(
I

d

))
−H(~p) (4)

Where S(ρ) = −Tr[ρlog2(ρ)] is the Von Neumann Entropy, H(x) = −xlog2(x) − (1 − x)log2(1 − x) is the

Shannon Entropy, ε(ρ) =
∑
j AjρA

†
j is the channel operator. Finally pi represents the probability vector for each

possible measurement of the state, in other words

pi = 〈Φi| (Ia ⊗ εs)(|Ψρ〉 〈Ψρ|) |Φi〉 (5)
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The method establishes that H must be minimized according to an optimization of some parameters, charac-

terizing a base decomposition of the measurements. These measurements are nothing more than σx ⊗ σx, σy ⊗ σy
and σz ⊗ σz, which determines a considerable reduction in the number of measurements compared with a normal

tomography.

The idea is to prove what the theoretical results say about the different kind of maps, extracting the minimal

bound of Q from them. I pretend to test the method in ADCs, Phase Damping Channels (PDC), Depolarizing

Channels (DC) and also Erasure Channels (EC).

Superdiffusion of bosons and fermions in a randomly diluted quantum walk

The principal aim is to study three different kinds of spatial light diffusions in integrated Quantum Walks

(IQW).

In a network of Mach-Zehnder (MZ) interferometers, where each step is considered as an integrated QW,

transmitted input photons choose sequentially which output to take.

The length differences between each arm of the MZs can be seen as phase differences. If for any step the phases

in the different MZs are always zero (ordered QW ), the light wave energy transport will be geometrically diffused.

If for any step the phases present a statistical but static disorder, we will see an absence of spatial diffusion and

transmission giving an Anderson Localization effect [6].

Now, If the phases disorder in the material evolves (i.e. changing upon propagation), localization might breaks

and a new type of diffusive behavior can settle in, where the transport rate might be even higher than the classical

ballistic ordered regime. We will call it spatial superdiffusion.

The geometrical localization depends on the statistics and symmetry of the light wave-function. Normal light

obeys the boson statistics, but entangled photons with an antisymmetric wavefunction allow to investigate also

fermion statistics. Even in view of this kinds of experiments, I plan to use the new source of polarization-frequency

entangled photons.

Integrated Interferometric Arrays

The source of polarization-frequency entanglement is an new tool to test not only diffusion phenomena, but also

implement novel control protocols in integrated arrays, given the permanency in the quality of states. If one takes

in account the high brilliance of the generation, it is also possible to study noisy processes without the risk of great

signal losses.

Generalized non-Markovianity

Finally, and coming back to the first topics, I plan to prove experimentally a new model that connects the quantum

non-Markovianity with its classical counterpart by generalizing the criterion based on the information flow.

The theoretical proposal use an extended form of the trace distance [7]. The technique proves orthogonality of

optimal states that show maximal information backflow, and establishes a local and universal representation of the

measure.
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