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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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Foundations 
of Quantum Mechanics 

Implementation of Quantum Information 
Trapped ions 

Superconducting 
qubits 

Quantum 
annealers 

Spin qubit 

Cold atoms in 
optical lattices 

Single photons 
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Integrated  
quantum photonics 

Preparation 

Detection 

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



2. Boson sampling  

Outline 

1. Integrated quantum 
circuits 

      

3. Quantum simulation 
  via quantum walk 
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 Integrated quantum photonics 



 
➢ 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  



Femtosecond laser writing  

Circular waveguide 
transverse profile 

Characteristics: 

Propagation of circular 
gaussian modes 

Rapid device prototyping: 
writing speed =4  cm/s  

3-dimensional 
capabilities 

Low 
birefringence 

R. R. Gattass and E. Mazur, Nat. Photon. 2, 219 (2008). 
G. Della Valle, R. Osellame, and P. Laporta, J. Opt. A 11, 013001 (2009). 



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) 

d 

L 



 Tunability of the  
direction coupler transmission 

Periodicity of the  
transmission 
depends from the 
Effective index 
of refraction 

O p t i c a l p o w e r t r a n s f e r      
follows a sinusoidal law with 
the interaction length. 
 
Oscillation period (beating 
period) depends upon the 
coupling coefficient of the two 
guided modes. 
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Integrated beam splitter 

Indistinguishable photons: 
Bosonic coalescence 
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Integrated beam splitter 

Indistinguishable photons: 
Bosonic coalescence 

. 
 G. D. Marshall et al., Opt. Express 17, 12546 (2009). 
L. Sansoni et al. Phys. Rev. Lett. 105, 200503 (2010) 

Hong-Ou-Mandel effect 



Directional coupler  Partially polarizing and logical gate 

Quantum walk and Anderson 
Localization 

L. Sansoni et al., Phys. Rev. Lett. 105, 200503 (2010) A. Crespi et al., Nat. Comm. 2, 566 (2011) 

L. Sansoni et al., Phys. Rev. Lett. 108, 010502 (2012) 
A. Crespi et al., Nat. Photon. 7, 322-328 (2013) 

Tunable waveplate 

L. Corrielli et al., Nat. Comm. 5, 2549 (2014) 

Quantum logical gates 



Reconfigurable interferometer  On chip quantum contextuality 

Programmable simulator 

A. Crespi et al., ACS photonics (in press) 

Integrated source of entangled pairs 
S. Rab, (in preparation) I. Pitsios, et al., Nature Communications (in press) 

F. Flamini, et al. Light: Science & Applications (Nature) 4, e354 (2015) 

Reconfigurable devices 



Integrated tritter On chip quantum maze 

Fast fourier transform 

F. Caruso et al., Nature Communications 7, 11682 (2016) 

Sylvester interferometers 
N. Viggianiello, et al.,  [arXiv:1705.08650]. A. Crespi, et al.,  Nature Communications 7, 10469 (2016) 

N. Spagnolo, et al.,  Nature Communications 4, 1606 (2013) 

3D devices 
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Boson Sampling 
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(QUANTUM ADVANTAGE)

Nature Special Issue on “Quantum software” 
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Nature Special Issue on “Quantum software” 



(QUANTUM ADVANTAGE)

Nature Special Issue on “Quantum software” 











Boson Sampling 



Boson Sampling 





Boson Sampling 

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 

Reck, et al., PRL 73, 58 (1994) 



Boson Sampling: chip 

Reck, et al., PRL 73, 58 (1994) 



Boson sampling experiment....  



Boson sampling: the lab....  



Experimental results with larger chips 

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, Nature Photonics 8, 614 (2014) 





Validation of the  Boson Sampling output 
 

Boson Sampling:  
hard problem with classical 

computer 
 

but may be very hard also to 
validate/certify! 

 
 

We need to develop different 
methodologies to validate/

certify the output 
 

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, Nature Photonics 8, 614 (2014) 

Similar experiment in Bristol: J. Carolan, et al., Nature Photonics 8, 619 (2014)   



Validation of the  Boson Sampling output 

Validation against the uniform 
distribution

 
Boson Sampling:  

hard problem with classical 
computer 

 
but may be very hard also to 

validate/certify! 
 
 

We need to develop different 
methodologies to validate/

certify the output 
 

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, Nature Photonics 8, 614 (2014) 

Similar experiment in Bristol: J. Carolan, et al., Nature Photonics 8, 619 (2014)   

First experiments based 
on Bayesian inference



 
Witness of genuine multi-photon 

interference 
Is it possible to derive a witness able to identify true-many photon interference 

occurring in Boson Sampling ? 



 
Witness of genuine multi-photon 

interference 
Is it possible to derive a witness able to identify true-many photon interference 

occurring in Boson Sampling ? 

Which is the best device to discriminate between distinguishable and 
indistinguishable photons? 



4 modes 
Fast Fourier 
Transform 

8 modes 
Fast Fourier 
Transform 

Implementation of Fast Fourier Transform  
with 3D-integrated photonics 

 
 
Crespi, Osellame, Ramponi, Bentivegna, Flamini, Spagnolo, Viggianiello, Innocenti, Mataloni, and Sciarrino 
“Quantum suppression law in a 3-D photonic chip implementing the Fast Fourier Transform”,  
Nature Communications  7, 10469 (2016). 



  
Scalable approach for the implementation of fast Fourier transform  

using 3-D photonic integrated interferometers 
fabricated  via femtosecond laser writing technique.  

4 modes 
Fast Fourier 
Transform 

8 modes 
Fast Fourier 
Transform 

Implementation of Fast Fourier Transform  
with 3D-integrated photonics 

 
 
Crespi, Osellame, Ramponi, Bentivegna, Flamini, Spagnolo, Viggianiello, Innocenti, Mataloni, and Sciarrino 
Quantum suppression law in a 3-D photonic chip implementing the Fast Fourier Transform,  
Nature Communications  7, 10469 (2016). 



4 modes 
Fast Fourier 
Transform 

8 modes 
Fast Fourier 
Transform 

Implementation of Fast Fourier Transform  
with 3D-integrated photonics 

Injection of cyclic input states 

For n  = 2 and m  = 8 there are 4 
possible (collision-free) cyclic inputs:

(1,0,0,0,1,0,0,0), (0,1,0,0,0,1,0,0), 
(0,0,1,0,0,0,1,0), (0,0,0,1,0,0,0,1) 

 Suppression of all output non-
cyclic output states! 

Quantum suppression law 

 
 
Crespi, Osellame, Ramponi, Bentivegna, Flamini, Spagnolo, Viggianiello, Innocenti, Mataloni, and Sciarrino 
“Quantum suppression law in a 3-D photonic chip implementing the Fast Fourier Transform”,  
Nature Communications  7, 10469 (2016). 



Quantum certification of Boson Sampling  

Quantum suppression of a large number of output states  
with 4- and 8- mode optical circuits. 

n=2 photons over 8 modes Fast Fourier Transform 

16 suppressed states over 28 output states 



Scattershot Boson Sampling 

Generalization of  Boson 
Sampling problem with  

computational complexity 
Corresponds to sampling both from 

the input and the output modes  

Potential huge increase 
of the brightness of the quantum 

hardware  



Experimental scattershot boson sampling 



Experimental scattershot boson sampling 



Reconfigurable MZI 

Generation 

Femtosecond  
laser writing technique 

Integrated tunable circuits 



Thermally-Reconfigurable Quantum Photonic Circuits at Telecom Wavelength by Femtosecond Laser 
Micromachining”, F. Flamini, L. Magrini, A. Syed Rab, N. Spagnolo, V. D'Ambrosio, P. Mataloni, F. 
Sciarrino, T. Zandrini, A. Crespi, R.Ramponi, and R. Osellame, Light: Science & Applications (Nature) 4, 
e354 (2015) 

Reconfigurable MZI 

Integrated tunable circuits 



Next platform… 
hybrid integrated quantum photonics 

arXiv: 1510.06499 



How far is Quantum Supremacy?

Static
Reconfigurable

Reconfigurable chip
Static chip

State-of-the-art
Other research teams

Expected regime of 
quantum supremacy

Science Advances 
(2015)

photons n=3
modes m=13

Scattershot 
Boson sampling

Nature Photonics (2014)

n=3, m=13

Boson sampling

year

Quantum dot 
fiber network

1603.00054
1603.04127

Roma & Milano

Hilbert space
dimension

Light Science & Applications (2015)

n=2, m=2

Reconfigurable chip
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Boson Sampling 
restricted modelS of Quantum Computation 

Restricted models -  
Hard to simulate 

 
Restricted  
models -  

Classically 
computable 

Universal Quantum 
Computation 

Boson sampling 
(free bosons) 

Instantaneous  
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(Commuting gates) 

Non-adaptive 
Measurement Based  
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Quantum simulation of spin systems 

Quantum simulation of vibrionic spectra 

Nature Physics 9, 615 (2015) 

QUANTUM SIMULATION 

arXiv:1603.02669 

QUANTUM METROLOGY 

QUANTUM WALKS 

Quantum enhanced multiparameter estimation 

Scientific Reports 6, 28881 (2016) 

Multiparticle interference in quantum walks 

Nature Photonics 7, 322 (2013) 

Applications of Boson Sampling 



Simulation of quantum transport 

Entanglement generation after a spin chain quench 

I. Pitsios, L. Banchi, A. S. Rab, M. Bentivegna, D. Caprara, A. Crespi, N. Spagnolo, 
S. Bose, P. Mataloni, R. Osellame, F. Sciarrino, arXiv:1603.02669 



SUMMARY

Integrated devices Quantum simulation via quantum walk

Phys. Rev. Lett.
108, 010502 (2012)

Nature Photonics 
7, 322 (2013)

Boson Sampling

Phys. Rev. Lett. 
111, 130503 (2013)

3D-Devices

Nature Com.
4, 1606 (2013)

Boson Sampling
On a chip

Sc. Reports 
6, 28881 (2015)

Interferometry

Integrated 
waveplates

Nature Photonics 
8, 614 (2014)

Nature Photonics 
7, 545 (2013)

Science Advances 
1, e1400255 (2015).

Ordered systems

Fourier matrix

Nature Com. 
7, 10469 (2016)

Quantum transport

Nature Com.  
7, 11862 (2016)

Phys. Rev. Lett.
114, 090201(2015)

Nature Com. 
5, 2549 (2014)

Controlled
phase shifter

Light S&A (Nature) 
4, e354 (2015)

Scattershot 
Boson Sampling

Sc. Reports 
2, 862 (2012)

Science Advances 
1, e1500087 (2015)

Light S&A (Nature) 
5, e16064 (2016)

Nature Com.  
6, 7706 (2015)
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