
  

Integrated quantum photonics

 
        Fabio Sciarrino

 
 Dipartimento di Fisica, 

“Sapienza” Università di Roma

http:\\quantumoptics.phys.uniroma1.it
www.3dquest.eu

Frascati, 27-29 April 2014



  

“Information is physical”
                                     R. Landauer

The processing of information is 
governed by the laws of physics.
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• Challenges: from basic sciences 

                 to emerging quantum technologies
- Fundamental physics: 
 Test of non-locality, quantum contextuality

               Shed light on the boundary between classical and quantum world
 Exploiting quantum parallelism 

•      to simulate quantum many-body systems 

•          - New cryptographic protocols
         - Quantum sensing: imaging,metrology
         - Quantum computing 
            quantum simulation

Quantum information
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Quantum informationPolarization of light

Qubit
Polarization of 
a single photon 

H: horizontal
V: vertical 



  

Quantum informationPolarization encoding of qubit
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 Large physical size
 Low stability
 Difficulty to move forward applications outside laboratory

Integrated photonics:
Bulk optics limitations

Photonic quantum technologies: 
a promising experimental platform for quantum information processing

SETUP: COMPLEX OPTICAL INTERFEROMETERS

Possible solutions? 



  

The main limitations of experiments realized with bulk optics are:

 Large physical size
 Low stability
 Difficulty to move forward applications outside laboratory

Possible solutions? 
 Integrated waveguide 

technology

  Integrated photonics:
Bulk optics limitations



  

Summary

I) Laser writing techniques
First step: beamsplitters

II) Ordered quantum walk

III) Simulation of disordered systems

IV) Boson sampling

  



  

Femtosecond pulse tightly focused in a 
glass

Combination of multiphoton absorption 
and avalanche ionization induces 
permanent and localized refractive index 
increase in transparent materials

Waveguides are fabricated in the bulk of 
the substrate by translation of the sample at 
constant velocity with respect to the laser 
beam, along the desired path.

Laser writing technique for devices able to
transmit polarization qubits

Integrated photonics: 
Femtosecond laser writing 



  

Femtosecond laser writing 

Circular waveguide 
transverse profile

Characteristics:

Propagation of circular 
gaussian modes

Rapid device prototyping:
writing speed =4  cm/s 

3-dimensional 
capabilities

SUITABLE TO SUPPORT ANY POLARIZATION STATE

Low
birefringence



  

L: interaction region

 the coupling of the modes occurs 
also in the curved parts of the two 

waveguides

Integrated beam splitter

L. Sansoni et al. Phys. Rev. Lett. 105, 200503 (2010)
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Integrated beam splitter

Indistinguishable photons:
Bosonic coalescence
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Integrated beam splitter

Indistinguishable photons:
Bosonic coalescence



  

Two-photon entangled state on a beamsplitter...

The symmetry of two particles influences 
the output probability distribution

Polarization 
independent 
integrated

beam splitter

Exploit polarization 
entanglement to  

simulate other particle 
statistics 



  M. Lobino & J.L. O'Brien News &Views Nature (2011)

Polarization entanglement on a chip

L. Sansoni et al. Phys. Rev. Lett. 105, 200503 (2010)



  



  



  

Discrete-time quantum walk

Quantum particles
evolve on a graph, with 

their evolution 
governed by their 

internal quantum coin 
(QC) states

 The walker in the position j is described 
by the quantum state |j> 

The particle shifts up or down depending 
on the internal QC state |U> or |D>

Experimental  platforms

Ion trap Fiber loops Coupled waveguides
A. Schreiber et al., 

Phys. Rev. Lett. 104, 050502 (2010)
Phys. Rev. Lett. 106, 180403 (2011)

Science 336, 55 (2012)

A. Peruzzo,  et al.,
 Science 329, 1500 (2010)

JCF Matthews,  et al.,
 ArXiv:1106.1166 (2011)

F. Zahringer, et al., 
Phys. Rev. Lett. 104, 100503 (2010)

 Quantum walk: extension of the classical random walk:
   a walker on a lattice “jumping” between different sites with given probability

Evolution: step operator



  



  



  



  



  

Two-particles quantum walk: experimental setup

Generation of two-photon entangled 
states with different symmetries

BS array on a chip

Eight output modes:

Measurement of 
coincidences

between modes i and j



  

Two-particles quantum walk: results

L. Sansoni, et al., Phys, Rev, Lett, 108, 010502 (2012)

See also: continuous quantum walk by J. Mathews, et al., Sc.. Reports 3, 1539 (2013)



  

Simulation of disordered systems

R. Fazio
V. Giovannetti



  

Simulation of disordered systems



  

Simulation of disordered systems

POLARIZATION INDEPENDENT

Phase shifting by geometrical deformation



  

Simulation of disordered systems

.... FIRST EXPERIMENTS....

To simulate different types of disorders:

POLARIZATION INDEPENDENT

Phase shifting by geometrical deformation



  

Simulation of static disorder

time

Disorder depends:
- on location
- but NOT on time 

Anderson localization....

64 Beam splitters
64 phase-shifters

Polarization
indiependent

 A. Crespi, R. Osellame, R. Ramponi, V. Giovannetti, R. Fazio, L. Sansoni, F. De Nicola, F. Sciarrino, and P. Mataloni, 
Anderson localization of entangled photons in an integrated quantum walk , Nature Photonics 7, 322 (2013)



  

Simulation of disordered systems:
Single particle quantum walk

E
xp

er
im

en
t

Ordered
system

Disordered
system

Experimentally observed by Silberhorn's group with fiber loops:
 Phys. Rev. Lett. 106, 180403 (2011).

Two-particle quantum walk with disordered systems:
… experiments missing so far... 

Theoretical investigation by Silberberg's group
Y. Lahini, et al., Phys. Rev. Lett. 105, 163905 (2010).



  

Ordered VS Static Quantum Walk:
Experimental results



  

Ordered VS Static Quantum Walk:
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The Boson Sampling
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Boson Sampling on a chip

T. Ralph, News & Views, Nature Photonics 7, 514 (2013)

« Small-scale quantum computers made from an array of interconnected waveguides 
on a glass chip can now perform a task that is considered hard to undertake 

on a large scale by classical means. »



  

Boson Sampling: chip
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Boson Sampling: apparatus

A. Crespi, R. Osellame, R. Ramponi, D. J. Brod, E. F. Galvao, N. Spagnolo, C. Vitelli, E. Maiorino, P. 
Mataloni, F. Sciarrino, Integrated multimode interferometers with arbitrary designs for photonic boson 
sampling, Nature Photonics 7, 545 (2013).



  

Experimental Boson Sampling



  

Validation of Boson Sampling....

Boson Sampling: hard problem with classical computer

   but may be very hard also to validate/certify!!



  

Validation of Boson Sampling....

Boson Sampling: hard problem with classical computer

   but may be very hard also to validate/certify!!

Can we discriminate the Boson Sampling distribution from the 
Uniform Distribution efficiently, hence without requiring an 

exponential number of measurements ?

C. Gogolin, M. Kliesch, L. Aolita, J. Eisert, arXiv:1306.3995 (2013)



  

Distinguishing Boson Sampling from Uniform

Can we efficiently distinguishing the BosonSampling distribution from a 
Uniform distribution by exploiting information on the unitary? 

Validation stage

BosonSampling input 

S. Aaronson and A. Arkhipov, arXiv:1309.7460 (2013)

The algorithm: for each outcome , input

Define
Calculate If BosonSampling

Else UniformSampler
computationally efficient



  

Experimental Results - 1

N. Spagnolo, C. Vitelli, M. Bentivegna, D. J. Brod, A. Crespi, F. Flamini, S. Giacomini, G. Milani, R. 
Ramponi, P. Mataloni, R. Osellame, E. F. Galvao, and F. Sciarrino, arXiv:1311.1622 (2013)

The BosonSampling distribution can be efficiently discriminated from the Uniform 



  

Integrated 
quantum photonics

Preparation

Detection



  

Integrated 
quantum photonics

Preparation

Detection

- Single photon sources
- Manipulation
- Single photon detectors
ON THE SAME CHIP



PICQUE project:
« Photonic Integrated 

Compound Quantum Encoding »

Marie Curie 
Initial Training Network (ITN)

www.picque.eu



  

Summary 

Integrated devices

Polarization
independent

Polarization
dependent

Beam Splitter CNOT

Phys. Rev. Lett.
105, 200503 

(2010)

Nat. Comm.
2, 566 
(2011)

Quantum simulation

Ordered
systems

Disordered
Systems
Phase
Control

Phys. Rev. Lett.
108, 010502 

(2012)

Nat. Phot. 
7, 322 
(2013)

Bosons Sampling
and Birthday Paradox

PRL 
111, 130503

 (2013)

3D devices

Nat. Phot. 7, 
545 (2013)

Nat. Com. 4, 
1606 (2013)

www.3dquest.eu

Boson Sampling
On chip

Integrated tritter
Sc. Reports 2, 

862 (2012)

3d 
interferometry
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