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➢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)
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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)



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)









Boson Sampling
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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 in a 13-mode device

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).





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)   

Boson Sampling in a 7 and 9-mode device



Boson Sampling in a 13-mode device

Input: (6,7,8) Output: 286 different 
possible no-bunching 

configurations

91 different fabrication phases

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)   



Boson Sampling in a 13-mode device

Input: (6,7,8) Output: 286 different 
possible no-bunching 

configurations

91 different fabrication phases

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)   

IS BOSON SAMPLING CORRECT ?!?



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)   



Validation of Boson Sampling 

New proposals: - Stringent and efficient assessment of Boson-Sampling devices 
                           M. Tichy, K. Mayer, A. Buchleitner, K. Mølmer, PRL 113, 020502 (2014)  
        - Photon clouding with ordered quantum walk                      
       J. Carolan, et al., arxiv:1311.2913                                 



Quantum certification via Fourier Transform

Unitary transformation

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

 Fraction of  forbidden non-cyclic output states



  
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, arXiv:1508.0078



Quantum certification of Boson Sampling 

Quantum suppression of  a large number of  output states  
with 4- and 8- mode optical circuits: the experimental results demonstrate 

genuine quantum interference between the injected photons

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 





Integrated quantum simulations...next steps



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. Com. 4, 1606 
(2013)

Boson Sampling 
On chip Integrated tritter Sc. Reports 2,  

862 (2012)

3d interferometry

Integrated waveplates
Nat. Com. 5, 2549 

(2014)Nat. Phot. 8, 614 
(2014)

Nat. Phot. 7, 545 (2013)

Validation 

Science Advances 1, 
e1400255 (2015).


