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Introduction to the PhD project
Quantum information and quantum optics have reached several milestones during the last two

decades. Starting from the 1980s when Feynman and Deutsch1,2 lay the foundations of quantum
computation, in the last years, experimental implementations improved very fast. Among all the
possible schemes, quantum optics, is a very promising one. In fact it has been proved that effi-
cient quantum computation is possible using only simple optical elements, single photon sources and
photo-detectors3. In this field, Spontaneous Parametric DownConversion (SPDC), i.e. the gener-
ation of pairs of entangled photons in a nonlinear crystal pumped by a strong laser, has been the
keystone of single photon generation for several years. Despite the recent advancements using other
approaches4–7, SPDC remains the most used and reliable in the optical community. This tecnique
has found several applications for a very broad band set of optical experiments as for example, Hong-
Ou-Mandel effect8 that allowed to test the degree of distinguishability of two photons by observing
the natural bunching of bosons to the same mode of a beam splitter. Moreover, linear optical ele-
ments, such as beamsplitters and phaseshifters, are the building blocks of complex interferometers.
In fact, they allow to realize any unitary operation in the space of occupation modes of a photonic
network9. Consequently, linear optics arrange itself at the center of many applications in the field
of quantum information and quantum simulation.
Unfortunately, this kind of bulk setups suffer of strong mechanical instability of the apparatus,

which prevent a scaling-up to large size experiments. The need of both stability and scalability
has brought to fabricate a miniaturization of such optical devices. Therefore, a powerful approach
to transfer linear optics elements on an integrated photonic platform is that of using femtosecond
laser micromachining10,11. This tecnique developed in the last two decades, which exploits the
mechanism of non-linear absorption in the medium of focused femtosecond pulses, permits to design
3D structures inside an optical chip12–14. Waveguides are realized inducing a localized change in the
refractive index of the medium. This allow to write complex three-dimensional circuits by translating
the sample along the desired path at constant velocity, moving it perpendicularly respect to the laser
beam (Fig.1). 3D structures can also be realized either polarization sensitive or insensitive, due to
the low birefringence of the borosilicate chip, enabling the use of polarization-encoded qubits and
polarization-entangled photons15,16.
Integrated photonics give us a starting point to implement quantum simulation processes in a very

stable configuration. This could pave the way to investigate larger size experiments, where a higher
number of photons and optical elements are involved.
Recently, it has been suggested that many-particle bosonic interference can be used as a testing

tool for the power of quantum computers and quantum simulators. Despite the constraints needed
to build an universal quantum computer17, bosonic statistic find a new promising application in



2

(a) (b)

FIG. 1: a) Scheme of femtosecond laser writing: directional couplers are written on a borosilicate glass, simply translating a
focused laser beam along the chip. Non-linear absorption of the medium, change permanently the refraction index. Then, we
can choose the desired coupling between waveguides setting properly distance among them and orientation through space. b)
Directional couplers can be realized with arbitrary optical parameters, controlling the phase shifters bending and stretching
the guide in order to increase the relative path and trasmission control has reached tilting waveguides respect to the other of
the desidered angle, exploiting 3D writing capabilities21.

quantum walks18, whose are the quantum analogue of random walks, and in particular on a model
of this context, which is Boson Sampling. This protocol, exploits the injection of indistinguishable
bosons into an optical interferometer described by an unitary transformation that could highlight
computational efficiency of quantum machines in comparison of its classical counterpart. For linear
optics, it translates directly in a generalization of Hong-Ou-Mandel effect of a n-photon state that
interfere into an integrated platform of m modes.
In the next section, I will introduce and describe more accurately, the main targets and possible

directions of my work that deal with these statements.

PhD research line: investigate many-body bosonic
interference

In my PhD project I will focus on studying many-body bosonic intereference, represented by indis-
tinguishable photons with a linear optics setup through optical chips, realized with the femtosecond
laser writing tecnique (Fig.1).

The reaserch line can be outlined in three different areas:

1. Boson sampling: this model19 is devised to challenge classical computation with the simplest
possible quantum computation apparatus. It is based on an interferometer with m modes
described by an unitary evolution U over the Fock space defined over the occupation modes
of the network, where a n-indistiuishable boson state is injected. We define the input state
as |S〉 = |s1 s2 . . . sm〉 = a†s1

1 a†s2
2 · · · a†sm

1 |0〉, where a†si
i is creation operator for the ith mode

applied si times to the vacuumstate. After the evolution in the interferometer, the probability
to obtain a particular output |T 〉 from an input |S〉 is:

|〈T |UST |S〉|2 = |per(UST )|2
s1! · · · sm! t1! · · · tm! (1)
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FIG. 2: (a) Boson sampling: n-fixed photons injeted in a linear unitary intereferometer and sample from output distribution (b)
Scattershot Boson sampling: n-fixed random (and heralded) photons injected in the interferometer. Sampling from input and
output distribution, increasing hardness of classical calculation and increasing exponentially generation rate of events injected
(Ref. [I]).

where UST is the scattering matrix from |S〉 to |T 〉, which is the submatrix of U composed by the
intersections of the columns corresponding to the occupied modes in |S〉 (each one repeated si

times) and the rows corresponding to the occupied modes in |T 〉 (each one repeated ti times), si!
and ti! are the number of repetition of bosons in the same ith mode and per(·) is the permanent
of the matrix. Calculating classically the output distribution of such device is computationally
hard, because computing the permanent lies in the #P complexity class20. Instead, with
the quantum approach, the sampling is performed by injecting indistinguishable photons and
detecting the output states, which will be distributed according to Eq. 1. Increasing the number
of photon n injected, there is a speed-up in computational time for this device in comparison
with its classical counterpart. Therefore, for large size experiment, it could pave the way for a
real proof of the efficiency of quantum computing, the so-called quantum supremacy. Up to now
there are five different groups which had performed experimentally this protocol in a small-size
setup21–24,33.
My PhD project will investigate variations and applications to the original model as the recently
proposed25 and performed experimentally26 Scattershot Boson Sampling (see Fig.2) which differs
from the previous and original one by the typology of input injected. In particular, compared
to the standard approach with fixed input, we inject a random n-photon state by pumping
in cascade k > n crystals of BBO (β-barium borate) with the same pump laser, properly
synchronized, and sample from the joint input-output distribution. We do not have control on
the generation process, but we know shot-by-shot which crystal generated because for each pair,
one photon is injected in the chip and it’s heralded from its counterpart photon of the same
pair. Because of the combinatorial random generation process, given n photon, ε generation
pair efficiency and k different PDC sources, the generation rate Γ increase exponentially from εn

(Boson sampling) to
(

k
n

)
εn (Scttershot Boson Sampling). My operational framework is related

with this model and also with possible alternatives and improvements.

2. Certification of genuine quantum interference: in the race towards future quantum technolo-
gies, it will be necessary to develop protocols to certify genuine quantum interference inside
the device. In a large scale implementation, when n is huge, it will be difficult to test the
indistinguishability of a many-body quantum system. It is therefore of fundamental impor-
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tance to develop protocols to certify the correctness of their operation. Full certification of a
Boson Sampling device could probably not be performed efficiently in-principle, since it would
rely on permanents calculation. Nevertheless a number of partial certification protocols for
boson sampling-like devices have thus been developed27–31 and demonstrated30–33 on photonic
architectures, thus showing the feasibility of validating boson sampling devices in the postclas-
sical regime. My PhD project will focus on finding alternative efficient schemes and to test
experimentally the new proposals.

3. Quantum simulation of many-body systems: this work will focus also on investigating quantum
simulation, studing real phsical systems that deals with many-body interactions. Through
the capabilities of femtosecond laser writing, I will study the phenomena of Anderson
localization34,35 and testing similar quantum regimes with n-particle states that simulate
through photons, bosonic and fermionic statistics15. Moreover, further applications and im-
provements to the efficiency of these system, will be part of my PhD target.

Therefore, my PhD project will be focused on several areas with possible different applications
for quantum technology and quantum simulation. Moreover, these directions could pave the way
for larger size photon experiments and certification that would be significative for future works of
linear optics in quantum information and many-body quantum systems in the framework of quantum
simulation.
My work will be carried out with fundings of QUCHIP project.
web page: http://www.quchip.eu/

School and conferences

1) Winter School: New trends in many-particle quantum transport
Freiburg im Brisgau, 23 Febraury - 06 March 2015
Talk: Multiplexed Boson Sampling with integrated photonics

2) PICQUE Scientific School in Integrated Quantum Photonics applications: from simulation to sensing
Rome, 6-10 July 2015

3) IQIS 2015 - the 8th Italian Quantum Information Science Conference
Monopoli, 10-12 September 2015
Poster: Experimental scattershot boson sampling
Award: best poster in IQIS 2015

4) CoQuS Summer School 2015
Wien, 21 - 25 September 2015
Poster: Experimental scattershot boson sampling

Publications

[I] M. Bentivegna, N. Spagnolo, C. Vitelli, F. Flamini, N. Viggianiello, L. Latmiral, P. Mataloni, D. J. Brod, E.
F. Galvao, A. Crespi, R. Ramponi, R. Osellame and F. Sciarrino. Experimental scattershot boson sampling. Sci.
Adv., 1, e1400255 (2015)

[II] A. Crespi, R. Osellame, R. Ramponi, M. Bentivegna, F. Flamini, N. Spagnolo, N. Viggianiello, L. Innocenti, P.
Mataloni and F. Sciarrino. Suppression law of quantum states in a 3D photonic fast Fourier transform chip



5

[To be published on Nature Communications]

1 R. Feynman, Simulating physics with computers, International Journal of Theoretical Physics 21, 476 (1982).
2 Deutsch, D. Quantum theory, the Church-Turing principle and the universal quantum computer. Proc. R. Soc. Lon. A, 400:97
(1985).

3 E. Knill, R. Laflamme, G. J. Milburn, A scheme for efficient quantum computation with linear optics. Nature, 409:4652
(2001).

4 L. J. Wang, C. K. Hong and S. R. Friberg, Generation of correlated photons via four-wave mixing in optical fibres, Journal
of Optics B: Quantum and Semiclassical Optics, 2001, pp. 346-352.

5 K. Inoue and K. Shimizu, Generation of Quantum-Correlated Photon Pairs in Optical Fiber: Influence of Spontaneous
Raman Scattering, Japanese Journal of Applied Physics, 2004, pp. 8048-8052.

6 A. Javadi, I. Sollner, M. Arcari, S. Lindskov Hansen, L. Midolo, S. Mahmoodian, G Kirsanske, T. Pregnolato, E. H. Lee, J. D.
Song, S. Stobbe and P. Lodahl, Single-photon non-linear optics with a quantum dot in a waveguide, Nature Communications
6, 8655

7 A. Kiraz, M. Atatüre, and A. Imamoğlu, Quantum-dot single-photon sources: Prospects for applications in linear optics
quantum-information processing, Phys. Rev. A 69, 032305 (2004)

8 C. Hong, Z. Ou, L. Mandel, Measurement of subpicosecond time intervals between two photons by interference. Physical
Review Letters, 59, 2044 (1987).

9 M. Reck, A. Zeilinger, H. J. Bernstein, P. Bertani. Experimental realization of any discrete unitary operator. Phys. Rev.Lett.,
73(1):5861 (1994).

10 G. Della Valle, R. Osellame, P. Laporta, Micromachining of photonic devices by femtosecond laser pulses, Journal of Optics
A: Pure and Applied Optics 11 (1), 013001 (2009).

11 G. D. Marshall, A. Politi, J. C. F. Matthews, P. Dekker, M. Ams, M. J. Withford, and J. L. Brien, Laser written waveguide
photonic quantum circuits, Optics Express 17, 12546-12554 (2009).

12 K. M. Davis, K. Miura, N. Sugimoto, and K. Hirao, Writing waveguides in glass with a femtosecond laser, Optics Letters
21, 1729 (1996).

13 A. Szameit, F. Dreisow, T. Pertsch, S. Nolte, and A. Tunnermann, Control of directional evanescent coupling in fs laser
written waveguides, Optics Express 15, 1579 (2007).

14 R. Osellame, S. Taccheo, M. Marangoni, R. Ramponi, and P. Laporta, Femtosecond writing of active optical waveguides with
astigmatically shaped beams, Journal of Optical Society of America B 20, 1559 (2003).

15 L. Sansoni, F. Sciarrino, G. Vallone, P. Mataloni, A. Crespi, R. Ramponi, R. Osellame, Two-Particle Bosonic-Fermionic
QuantumWalk via Integrated Photonics, Phys. Rev. Lett. 108, 010502 (2012).

16 L. Sansoni, F. Sciarrino, G. Vallone, P. Mataloni, A. Crespi, R. Ramponi, R. Osellame, Polarization entangled states
measurement on a chip, Phys. Rev. Lett. 105 (20), 200503 (2010).

17 D. P. DiVincenzo, Two-bit gates are universal for quantum computation. Physical Review A, 51, 1015 (1995).
18 A. M. Childs, R. Cleve, E. Deotto, E. Farhi, S. Gutmann, and D. A. Spielman, Exponential algorithmic speedup by quantum

walk, Proc. 35th ACM Symposium on Theory of Computing, pp. 59–68, 2003, quant-ph/0209131.
19 Aaronson, S. Arkhipov, A. The computation complexity of linear optics. In Proceedings of the 43rd annual ACM symposium

on Theory of computing, San Jose, 2011 (ACM press, New York, 2011), 333-342 (2011).
20 L.G. Valiant the complexity of computing the permament Theo.Comp.Scie 8(1979) 189-201
21 A. Crespi, R. Osellame, R. Ramponi, D. J. Brod, E. F. Galvao, N. Spagnolo, C. Vitelli, E. Maiorino, P. Mataloni, F.

Sciarrino, Experimental boson sampling in arbitrary integrated photonic circuits. Nature Photonics 7, 545 (2013).
22 J. B. Spring, B. J. Metcalf, P. C. Humphreys, W. S. Kolthammer, Xian-Min Jin, M. Barbieri Boson Sampling on a Photonic

Chip Science 339, 798-801 (2013).
23 M. Tillmann, R. Heilmann, S. Nolte, A. Szameit, P. Walther Experimental Boson Sampling Nature Photonics 7, 540 (2013).
24 Broome, M. A. et al. Photonic boson sampling in a tunable circuit Science 339, 794-798 (2013).
25 A. P. Lund, A. Laing, S. Rahimi-Keshari,1 T. Rudolph, J. L. O’Brien, Boson Sampling from Gaussian States

arXiv:1305.4346v3 [quant-ph] 10 Nov 2013
26 M. Bentivegna, N. Spagnolo, C. Vitelli, F. Flamini, N. Viggianiello, L. Latmiral, P. Mataloni, D. J. Brod, E. F. Galvao, A.

Crespi, R. Ramponi, R. Osellame and F. Sciarrino. Experimental scattershot boson sampling. Sci. Adv., 1, e1400255 (2015)
27 Gogolin, C., Kliesch, M., Aolita, L. and Eisert, J. Boson-sampling in the light of sample complexity. ArXiv:1306.3995 (2013).
28 Aaronson, S. and Arkhipov, A. Bosonsampling is far from uniform ArXiv:1309.7460 (2013).
29 Tichy, M. C., Mayer, K., Buchleitner, A. and Molmer, K. Stringent and efficient assessment of Boson-Sampling devices.

Phys. Rev. Lett. 113, 020502 (2014).
30 Spagnolo N., Vitelli C., Bentivegna M., Brod, D.J., Crespi, A., Flamini, F., Giacomini S., Milani, G., Ramponi, R., Mataloni,

P., Osellame, R., Galvao, E.F. and Sciarrino, F. Experimental validation of photonic boson sampling. Nature Photonics, 8
:615–620, (2014).

31 Carolan, J., Meinecke, J.D.A., Shadbolt, P.J., Russell, N.J., Ismail, N., Worhoff, K., Rudolph, T., Thompson, M.G.,
O’Brien, J.L., Matthews, J.C.F., and Laing, A. On the experimental verification of quantum complexity in linear optics.
Nature Photonics, 8 :621–626, (2014).



6

32 A. Crespi, R. Osellame, R. Ramponi, M. Bentivegna, F. Flamini, N. Spagnolo, N. Viggianiello, L. Innocenti, P. Mataloni
and F. Sciarrino. Suppression law of quantum states in a 3D photonic fast Fourier transform chip

33 Carolan, J., Harrold, C., Sparrow, C., Martin-Lopez, E., Russell, N. J., Silverstone, J. W., Shadbolt, P. J., Matsuda, N.,
Oguma, M., Itoh, M., Marshall, G. D., Thompson, M. G., Matthews, J. C. F., Hashimoto, T., O’Brien, J. L. and Laing, A.
Universal Linear Optics. Science. 349 711-716 (2015)

34 Anderson P. W., Absence of Diffusion in Certain Random Lattices, Phys. Rev. 109 -5 , (1958)
35 A. Crespi, R. Osellame, R. Ramponi, V. Giovannetti, R. Fazio, L. Sansoni, F. De Nicola, F. Sciarrino, P. Mataloni, Anderson

localization of entangled photons in an integrated quantum walk, Nature Photonics 7, 322 (2013).


