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Multimode quantum optics

Optical frequency comb + quantum optics 

Femtosecond mode-locked  laser -> Huge number of modes (~ 106 frequencies)

time frequency
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Optical frequency comb + quantum optics 

time frequency

~!p = ~!s + ~!i
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Optical frequency comb + quantum optics 

Synchronously pumped OPO
Pump : 200fs

80Mhz rep rate
400nm

~!p = ~!s + ~!i

~!p = ~!s + ~!i~!p = ~!s + ~!i,

Complex entanglement structure
(quadratures entanglement)
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Multimode quantum optics
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Characterization 1: pulse shaping
Characterization  :    mode-selective homodyne detection
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Characterization 2: multi-pixel 
Characterization  :    multi-mode homodyne detection

Shaping in Local oscillator

Multimode Quantum Resource
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Diode array

Multi-Pixel Homodyne Detection
Frequency-resolved detection
Simultaneous Detection

Microlens
array



Characterization: covariance matrix
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Eigenmodes

• Independent Squeezers
• Unique temporal / spectral pulse 

shapes
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J. Roslund, R. Medeiros, S. Jiang, 
C. Fabre and N. Treps, 
Nature Photonics 8, 109–112 (2014)
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Multimode quantum Gaussian resource

𝑎⃗/01 = 𝑉3𝑆𝑈𝑎⃗

squeezing
basis change

if 𝑎 collection of vacuum states

𝑎⃗/01 = 𝑉3𝑆𝑎⃗
Supermodes

Ulin

in out

Cluster states

…

Current setup
At least 40 Hermite-Gauss modes 

with quantum properties are generated
But

We can address them only up to ~ 16..

It is a detection problem: bandwidth of 
the local oscillator not large enough

Work in progress on coherent 
broadening of the laser spectrum



Experimental control of the parameters

𝑎⃗/01 = 𝑉3𝑆𝑎⃗=𝑂8/91𝛥;<𝐺𝑎⃗ = 𝑂8/91𝛥;<𝑈>𝛥8?@𝑎⃗
G=UCΔEFG parametric process, ΔEFG squeezing (basis of supermodes), UC basis change to pixels 
ΔHI phase of  LO components
𝑂8/91 final basis change given by the post-processing



Direct measurement based QC 

System is solved to perform the proper evolution
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G. Ferrini et al, New J Phys 15, 093015 (2013)
G. Ferrini et al., PRA 94, 062332 (2016)

tunable
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“Non Gaussian” states

Photon subtraction



Mode-selective single-photon subtractor

1 2 3

Nature Photon. 8, 109 (2014)

|↵1,↵2, . . .i

A. Eckstein, B. Brecht, and C. Silberhorn, Opt Express 19, 13770 (2011).
V. A. Averchenko, V. Thiel, and N. Treps, Phys Rev A 89, 063808 (2014).

Sum Frequency Generation

/ (↵1â1 + ↵2â2 + . . .)| si

Signal

Gate



Mode-selective single-photon subtractor
Sum Frequency Generation

1 2 3

Nature Photon. 8, 109 (2014)

Signal

A. Eckstein, B. Brecht, and C. Silberhorn, Opt Express 19, 13770 (2011).
V. A. Averchenko, V. Thiel, and N. Treps, Phys Rev A 89, 063808 (2014).



Mode-selective single-photon subtractor

1 2 3

Nature Photon. 8, 109 (2014)
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Mode-selective single-photon subtractor
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Quantum Process Tomography

Gate
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Gate Pulse shape: 
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Quantum Process Tomography
Reconstruction using Maximum Likelihood Estimation
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Quantum Process Tomography

1.2 mode 1.24 mode 1.36 mode

Gate

Re[χ]

Im[χ]

Subtraction mode

Number of modes



Quantum Process Tomography

Gate

BiBO
2.5 mm

lens
f=190 mm

type-I
phase matching

SFG

Gate Pulse shape: 
Tune the single-photon subtractors.

lens
f=190 mm

2.5˚ Intensity Probe (Signal)

Probe basis: Hermite Gauss modes

or

or



Quantum Process Tomography
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Quantum Process Tomography
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Quantum Process Tomography

+  +  i

1.08 mode 1.09 mode

1 2 3

Nature Photon. 8, 109 (2014)
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Simulation of quantum complex networks

in this talk, complex network = not regular lattice

International Journal of Oncology,10.3892/ijo.2013.2114

small world network

random network scale-free network

S. Fortunato Physiscs Report 486

Community structureswikipedia



Simulation of quantum complex networks

Bosonic networks

§ Fundamental reasons:  
understanding the interplay between their complex structure and their quantum properties  

§ Open systems:  environment described by complex quantum networks

§ Energy transfer in quantum complex structures,  ex: light harvesting 

G. D. Paparo & M. A. Martin-Delgado, Scientific Reports 2 , 444 (2012)

J. Nokkala, F. Galve, R. Zambrini, S. Maniscalco and J. Piilo, Scientific Reports  6, 26861 (2016)

M. Walschaers, F. Schlawin, T. Wellens, and A. Buchleitner, Annu. Rev. Condens. Matter Phys. 2016. 7:223–48
M.  Faccin, P. Migdał, T. H. Johnson, V. Bergholm, and J. D. Biamonte, Phys. Rev. X 4, 041012 (2014).

G. Bianconi and C. Rahmede Phys. Rev. E 93, 032315 (2016)

§ Quantum networks: at the base of quantum information protocols. 
Futures quantum technologies :  quantum complex networks,   
ex: quantum communication in a complex www

Why?



Multimode quantum Gaussian resource
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Simulation of complex quantum networks
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Multimode quantum Gaussian resource

Find the Bloch-Messiah decomposition 
of its evolution and experimentally 

implement V and S  

𝑎⃗/01 = 𝑉3𝑆𝑎⃗
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Probing a structured environment

𝐻K = −𝑘𝑞O𝑞P

𝑘

𝐻O = (𝑝O& + 𝜔O&𝑞O&)/2,

𝐻V =
𝒑>𝒑
2 + 𝒒>𝑨𝒒

+1 system/probe connected to one node

Evolution given by  𝐻V+𝐻O+ 𝐻K Measure the state of the probe
and recover the structure 

Simulation of complex structured environment

J. Nokkala, F. Galve, R. Zambrini, S. Maniscalco and J. Piilo, Scientific Reports  6, 26861 (2016)



Evolution given by  𝐻V+𝐻O+ 𝐻K Measure the state of the probe 
and recover the structure 

J. Nokkala, F. Galve, R. Zambrini, S. Maniscalco and J. Piilo, Scientific Reports  6, 26861 (2016)

spectral density of environmental coupling

Probing a structured environment



𝐻V =
𝒑>𝒑
2 + 𝒒>𝑨𝒒

Simulation of complex structured environment

J. Nokkala, F. Galve, R. Zambrini, S. Maniscalco and J. Piilo, Scientific Reports  6, 26861 (2016)

𝐻V =
𝑷>𝑷
2

+ 𝑸>𝑫𝑸

ΩP = 2𝑫PP
�

eigenmodes

Probing a structured environment



𝐻V =
𝒑>𝒑
2 + 𝒒>𝑨𝒒

Simulation of complex structured environment

J. Nokkala, F. Arzani, F Galve, R.Zambrini , S Maniscalco,  Jyrki Piilo, C. Fabre, N. Treps, V. Parigi, in preparation

𝐻V =
𝑷>𝑷
2

+ 𝑸>𝑫𝑸 eigenmodes
super

Probing a structured environment
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Probing a structured environment



𝐻V =
𝒑>𝒑
2 + 𝒒>𝑨𝒒

Simulation of complex structured environment

𝐻V =
𝑷>𝑷
2

+ 𝑸>𝑫𝑸

𝑘

𝐻K = −𝑘𝑞O𝑞P

𝐻K = −𝑘𝑞O𝑲P ⋅ 𝑸

+1 system/probe connected to one node

one supplementary
supermode

J. Nokkala, F. Arzani, F Galve, R.Zambrini , S Maniscalco,  Jyrki Piilo, C. Fabre, N. Treps, V. Parigi, in preparation

Probing a structured environment



Simulation of complex structured environment
+1 system/probe connected to one node

= S
time evolution of the system + the network
= symplectic matrix acting on the quadratures

J. Nokkala, F. Arzani, F Galve, R.Zambrini , S Maniscalco,  Jyrki Piilo, C. Fabre, N. Treps, V. Parigi, in preparation
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squeezing
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Simulation of complex structured environment
+1 system/probe connected to one node

= S
time evolution of the system + the network
= symplectic matrix acting on the quadratures

J. Nokkala, F. Arzani, F Galve, R.Zambrini , S Maniscalco,  Jyrki Piilo, C. Fabre, N. Treps, V. Parigi, in preparation

Bloch-Messiah decomposition
S= V K when possible

rotation=
basis change

squeezing

Implement experimentally 
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network structure
encoded in the rotation V

energy parameters 
encoded in the squeezing  K

Probing a structured environment



Towards larger complex networks ? 

• Number of modes :16 at the moment but they are only limited by the measurement 
procedure -> they could be around 40 if we increase the spectral bandwidth of LO

• Exploring new experimental setup -> “big-states”  10^5 modes

dual-rail  cluster: 
entanglement  structure 
in the pulses (time) basis
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dual-rail  cluster: 
entanglement  structure 
in the pulses (time) basis

the multimode structure
in the frequency domain is 

maintained . 
Community structures

S.Yokoyama, R. Ukai, S. C. Armstrong, C. Sornphiphatphong, T. Kaji, S. Suzuki, J. Yoshikawa, H. Yonezawa, N. C. 
Menicucci & A. Furusawa Nature Photonics 7, 982–986 (2013); APL Photonics 1, 060801 (2016)
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in out
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C S. Hamilton, R. Kruse, L. Sansoni, S. Barkhofen, C. Silberhorn, I. Jex , arXiv:1612.01199
R. N. Alexander, N. C. Gabay, P. P. Rohde, and N. C. Menicucci,
Phys. Rev. Lett. 118, 110503 (2017)

Connection with boson sampling problems



Thank you!








