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General overview

At present there is growing scientific interest in the development of highly inte-
grated photonic circuits [1]. This is motivated both by the ever-present need for
faster and more functional optical writing for information networks and both by
the need to miniaturize nonlinear optics and quantum optics apparatus. One
important and open issue is how to achieve the miniaturization of functional op-
tical circuits in full three-dimensional settings. This, in fact, involves the study
of highly non linear optical phenomena supported by light-matter interaction.
In particular, electro-optic effects play a central role because they connect elec-
trical and optical phenomena, this paving the way to interfaced electronic and
photonic hardware. Electro-optic effects in nature are commonly very weak,
this makes the correct design of materials to use crucial. Photorefractive mate-
rials offer unique possibilities because in these the electro-optic response can be
controlled optically.

In this first year we studied some of the proprieties of photorefractive funnel
waveguides [2], their ability to couple light beams irrespectively of their wave-
length, to act as a tunable beam splitters and as a fast light shutter. In a recent
experiment, a novel configuration of funnel waveguides has been found able to
generate Bessel beams from common Gaussian beams simply by changing the
bias electric field. Since the electro-optic effect can at once have nanosecond
response times and furthermore be susceptible to miniaturization (we have pro-
ven a 30 x 30 microns transverse component with a millimetric propagation
distance), the setup can in principle be miniaturized and integrated into optical
circuits as a tunable light modulator.

We have designed experiments to explore the nature of Bessel beams them-
selves [3]. Because of their non diffracting property, Bessel beams have no
intrinsic measure of longitudinal distance, so we have found how to add an axial
structure by superimposing more Bessel beams generated through a spatial light
modulator (SLM), creating a longitudinal interference pattern. The result is a
beam with all the features of Bessel beams and with localized periodic light
spots along the propagation. These beams are also showing an incredible scat-
tering resilience so they are ideal for microscopy where their structure can add
an axial reference.

In a submitted work we are investigating the nature of single particle entan-
glement. The question is not only if and how it is possible to generate single
particle states that show non local nature, but also how this is linked to re-
versibility of the generation process of entanglement. We have identified that
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for fundamental reasons a single particle seems to provide only a statistical en-
tanglement, underlining that entanglement is not solely related to a single or a
multi particle state. Instead, entanglement appears related to isolated systems
where the number of distinguishable particles changes (increases).

Our present scientific goal is to demonstrate how miniaturized electro-optic
volume integrated circuitry can be harnessed for the generation and control of
non-classical light fields. Non-classical states of light [5] are states that, inte-
racting with macroscopic apparatus, generate effects that cannot be interpreted
by classical physics. Non classical light sources are not easy to build. Com-
mon sources, such as lasers or diodes, give a Poisson distribution of photons
and must be strongly attenuated to reduce the probability of obtaining two or
more photons at a time, the light remains in principle classical and the rate of
emission of single photons is limited. To overcome these limitations an option
is to use photon pairs from a parametric down conversion and use one photon
of the correlated pair as a trigger for its companion. This scheme is commonly
called heralded single photons generation. Key to these schemes is the use of
fast optical shutters. We aim to realize a fast electro-optic shutter that can be
integrated into a miniaturized assembly and prove its validity to achieve single
photon statistics.

We are also in how circuit reconfigurability and re-programmability using
electro holography can be implemented in photonic quantum gates, in fact quan-
tum computing is a growing research field. It studies how computing can take
advantage from quantum phenomena such as superposition or entangled states.
The main claim in quantum computing is not just how to make computations
faster, but mainly how to reframe classical problems in order to take advantage
by the rules of quantum mechanics. It turns out that for some sets of problems,
the total number of operations required is exponentially small compared to the
best classical algorithms. The phenomenon that allows this feature is known
as quantum parallelism. It is theoretically modeled by the Deutsch machine
[6], a quantum gate that allows the comparison of the value of a function f(x)
for two different inputs in only one computational step, a concept that can be

generalized to any function of the type f :
{

0, 1
}⊗n →

{
0, 1

}
[7] .

Detailed aspects of the research project

Through the collaboration with A.J. Agranat and his group at the Applied
Physics Department. of the Hebrew University of Jerusalem, who provides
optical quality nanodisordered crystals, with G.B. Parravicini at the Physics
Dep. of University of Pavia, who performs dielectric spectroscopy analysis on
such systems, and with Istituto Italiano di Tecnologia (IIT) who provide part
of technological instruments, the following topics are and will be engaged:

• Artificial nonlinearity. We have demonstrated how to make funnel shape
index of refraction patterns in photorefractive crystals [4, 8, 9]. Because
of their ability to easily change diffraction with the applied voltage it
is possible to create an artificial nonlinear effect. The idea is to collect
and analyze the light from the funnel waveguide and program how the
funnel reacts to this output by changing the applied voltage, creating a
non linear effect. In a next step, we will exploit the property of funnels
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arrays. In fact, funnels can be grupt into clusters [9] and can be controlled
independently so as to create a fully delocalized in volume nonlinearity.

• Light dots. We also observe that using a complex superposition of Bes-
sel beams we can achive a reconfigurable non-diffracting periodic pattern
along the propagation direction.

For instance is possible to separate the spots more or make them thinner.
The aim is to superimpose Bessels of different wavelength than that of
different radius to have a single spatially localized light spot.

• Single photon generation. We want to demonstrate that miniaturized electro-
optic circuitry in the volume can be used to modulate light at single photon
level. Specifically we wont to regularize a photon flux by interlocking in a
funnel waveguide feedback loop, using a conventional dead time deletion
process. The photon propagates through a funnel waveguide and enters
in a regularized path where experiments can take place. The path ends
in a photon counter that reveals the photon and sends a signal to the
funnel waveguide to shut the light beam. Because of the fast response of
electro-optic effect and of all the involved electronics, the whole loop is so
fast that is highly probable that just one photon at time is located inside
the loop. Such a scheme would have the same features of the heralded
generation scheme without the complications deriving by parametric do-
wn conversion. With the same set up it is also possible to demonstrate
an artificial nonlinearity at single photon level, simply by programming a
behavior of the funnel waveguide.

• Enhanced Deutsch Machine The idea of this proposal is to enhance the
Deutsch paradigm allowing to compute and compare the four possible

outcome of a function f :
{

0, 1
}⊗2 →

{
0, 1

}⊗2
at the same time using

a pair of photons in a Bell state. This could reduce the computational
complexity of all the quantum algorithms that take advantage of Deutsch-
Jozsa machine. This paradigm will be also used to develop a quantum
algorithm for the sorting problem possibly solving it in a more efficient way
[10]. We belive many other algorithms can be improved by our approach.
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