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Non-Guassian elements in the network
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\ \ Multimode spectral structure
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V. Roman-Rodriguez, D. Fainsin, G. L. Zanin, N. Treps, E. Diamanti, and V. Parigi Physical Review Research 6, 043113 (2024)




\ \ Multimode spectral structure
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They should be in the

range of the pulse
shaper of the LO!
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V. Roman-Rodriguez, B. Brecht, K. Srinivasan, C. Silberhorn, N. Treps, E. Diamanti, V. Parigi, New J. Phys. 23 043012 (2021)

V. Roman-Rodriguez, D. Fainsin, G. L. Zanin, N. Treps, E. Diamanti, and V. Parigi Physical Review Research 6, 043113 (2024)
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Mode-selective photon addition

(parametric amplification)

N/

Spectralftime -selective operations Signal s Q.

input state p

Pump
mode @ %
Mode-selective photon subtraction Parametric down
(Sum-frequency generation) conversion FT °“tpl;t state
WWsignal A~ ~
hwpnmp . X a’@pa’Q
HGo Input HC[,Output hconverted
& Photon subtraction & G. Roeland et al New J. Phys. 24 043031 (2022)
HG, HG;
'y o *
) —~— = »
HG, */ HG>

iy = iy

Y.-S. Ra, et al. Nature Physics 16, 144 (2020).
See also Quantum Pulse Gate (C. Silberhorn)

* Non-Gaussian statistics via linear and non-linear BS and heralding
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Mode-selective photon addition
(parametric amplification)
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Pump

mode %

Mode-selective photon subtraction Parametric down
(Sum-frequency generation) conversion FT °Utpl;t state
WWsignal N N
hwpump X a@pa’(p
HGo Input HG()Output hconverted
‘/} Photon subtraction ¢\> G. Roeland et al New J. Phys. 24 043031 (2022)
HG; Z HG;

HG) Engineering of non-linear optical

{: HG‘ -/ processes (waveguides)
collaboration Paderborn University

C. Silberhorn

Y.-S. Ra, et al. Nature Physics 16, 144 (2020).
See also Quantum Pulse Gate (C. Silberhorn)

* Non-Gaussian statistics via linear and non-linear BS and heralding
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You need a BS
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You need a BS




\ \ Mode-selective single-photon subtraction O @ S

You need a mode-selective BS

Sum frequency generation

You want the gate shape to control the mode from which the photon is subtracted

v //dwsdwupT(wmMUD)&(MS)(ET(“UP) +h.c.,

Gate
T(wsa wup) — Odg(wlm - w8)¢(w87 w“P) (2 n )‘n)Q

Transfer function

K=-=r"-
- Z VA (ws)ng (wup) DAL

To get a pure state the process should be single-mode in the sense of Schmidt decomposition

Y.-S. Ra, et al. Nature Physics 16, 144 (2020).
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You need a mode-selective BS
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Y.-S. Ra, et al. Nature Physics 16, 144 (2020);
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You need a mode-selective BS

excess kurtosis
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Y.-S. Ra, et al. Nature Physics 16, 144 (2020);
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You need a parametric process

Signal 'Q.

input state p

Pump

Parametric down
output state
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G. Roeland et al New J. Phys. 24 043031 (2022), P Namdar et al, in preparation
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\ \ Mode-selective single-photon addition

You need a mode selective parametric process
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You want the pump shape to control the mode to which the photon is added
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Task: get the operations at telecom wavelength via diffusive or thin film waveguides

(a) Metallic waveguide geometry (b) Thin-film waveguide geometry

1. Precise modelling of the process
2. Run Evolutionary algorithm to get waveguide parameters. Fitness function=
get K as close to 1 as possible !

P. Namdar, P. Folge, C. E. Lopetegui, S.
Babel, B. Brecht, C. Silberhorn, V. Parigi
Spectro-temporally tailored Non-Gaussian
Quantum Operations in Thin-Film
Waveguides, arXiv:2508.04578

Peter Namdar, Patrick F. Folge,
Sorbonne University Paderborn Uiversity
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\ \ Reverse engineering in wave-guides

LKB
Task: get the operations at telecom wavelength via diffusive or thin film waveguides
Ideal case

Single-photon Subtraction Single-photon Addition

Transfer function Joint spectral amplitude
T(ws, wup) = ag(wup — ws)P(Ws, wup) T (ws, wi) = ar(ws + w;i)d(ws, wﬂ
Aup r// :,/ ----- /,Lup _ I,,’ :, ~~~~~ Al . \\I \\1 ..... 4 /’{l - \‘l \\\‘ [

Ag Ag A ' A

No need to select the heralding mode (up or idler ); the gate or pump mode are transferred into the signal

P. Namdar, et al. Spectro-temporally tailored Non-Gaussian Quantum Operations in Thin-Film Waveguides, arXiv:2508.04578
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Task: get the operations at telecom wavelength via diffusive or thin film waveguides

Single-Photon Addition

Results

Parameter Value
Length 7 mm
Width 2.8 pm
Height 2.3 pm
Crystal type pp:KTP
Pump width 7.5 nm
Pump mode HG 0/1/2
Type II

(a) Metallic waveguide geometry
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N
o

Signal wavelength (nm)

(b) Pump mode: HG1

11

1560 1600
Signal wavelength (nm)

(a) Pump mode: HGO

Signal wavelength (nm)

(¢) Pump mode: HG2

P. Namdar, et al. Spectro-temporally tailored Non-Gaussian Quantum Operations in Thin-Film Waveguides, arXiv:2508.04578
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LKB

Task: get the operations at telecom wavelength via diffusive or thin film waveguides

Single-Photon Addition

Parameter

Value

Length

7 mm

Width

2.8 pm

Height

2.3 pm

Crystal type

pp:KTP

Pump width

7.5 nm

Pump mode

HG 0/1/2

Type

IT

(a) Metallic waveguide geometry

Results
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(c) Obtained signal mode with pump: HG2 (d) Obtained idler mode. Obtained with HGO-
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(b) Pump mode: HG1

mode as pump. Representative for all pump-
modes
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P. Namdar, et al. Spectro-temporally tailored Non-Gaussian Quantum Operations in Thin-Film Waveguides, arXiv:2508.04578
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\ Reverse engineering in wave-guides
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Task: get the operations at telecom wavelength via diffusive or thin film waveguides

Results

Single-Photon Addition

Parameter Value - SAl, K= 1.157
Length 7 mm _ ”

Width / D 1274 nm £ Ere

Height / h 570 nm § ;5’,' 1560

Etching angle / ¢ 53.6° % glm

Layer width / h - g | 600 nm
Material LN o r

Pump mode HG 0/1/2 Signal wavelength (nm)
Type 11 (a) Pump mode: HGO (b) Pump mode: HG1

5
3

1480 1640

1520 1560 1600
Signal wavelength (nm)

Idler wavelength (nm)

Substrate

1520 1560 1600 1640
Signal wavelength (nm)

(¢) Pump mode: HG2

(b) Thin-film waveguide geometry

P. Namdar, et al. Spectro-temporally tailored Non-Gaussian Quantum Operations in Thin-Film Waveguides, arXiv:2508.04578
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\ Reverse engineering in wave-guides
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Task: get the operations at telecom wavelength via diffusive or thin film waveguides

Results

Single-Photon Subtraction

Parameter Value E
Length 2.0 mm %
Width 2.5 pm %
Height 1.8 pm 2
Material KTP 8
Pump width 11.5 nm g
Pump mode HG 0/1/2 é
Ty_pg 7 - i 9 1510 1560 1610 1510 1560 1610 1660

Signal wavelength (nm) Signal wavelength (nm)

(a) Pump mode: HGO (b) Pump mode: HG1

v
w
o

Up-converted wavelength (nm)

1510 1560 1610
Signal wavelength (nm)

(¢) Pump mode: HG2

(a) Metallic waveguide geometry

P. Namdar, et al. Spectro-temporally tailored Non-Gaussian Quantum Operations in Thin-Film Waveguides, arXiv:2508.04578
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\ Reverse engineering in wave-guides

LKB

Task: get the operations at telecom wavelength via diffusive or thin film waveguides

Results

Single-Photon Subtraction

Parameter Value

Length 7 mm E s B

Width / D 883 nm = =

Height / h 774 nm . S ~
Etching angle / ¢ 75.2° § §

Layer width / h-g | 788 nm Zas 3

Material LN - ) N

Pump width 7 mm - 1520 1560 1600 1520 1560 1600
Pump mode HG 0/1/‘2 Signal wavelength (nm) Signal wavelength (nm)

Type I (a) Pump mode: HGO (b) Pump mode: HG1

530

ur
N
w

Idler wavelength (nm)

Substrate

Thin-f s s 1520 1560 1600
(b) Thin-film waveguide geometry Signal wavelength (nm)

P. Namdar, et al. Spectro-temporally tailored Non-Gaussian Quantum Operations in Thin-Film Waveguides, arXiv:2508.04578
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A reservoir, for local and distributed
processes
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Reservoir Computing,
Variational Quantum algorithms
Collaboration J. Nokkala, R. Mar'tl'|'1ez-Peﬁa, G L.‘ Giorgi, V Parigi, M. C
.. Soriano, R. Zambrini, Communications Physics volume 4,
Roberta Zambrini

Article number: 53 (2021)

7

J Henaff, M Ansquer, MC Soriano, R Zambrini, N Treps, V
Parigi arXiv:2401.14073 (2024), Optics Lett. Optics Letters
49, 2097 (2024)

J Garcia-Beni, | Paparelle, V Parigi, GL Giorgi, MC Soriano, R
9.?:}“*?:1?:'1,“.1‘ IFIS @ e Zambrini, EP) Quantum Technology 12 (1), 1-14 (2025)

I. Paparelle, J. Henaff, J. Garcia-Beni, E. Gillet, G. L. Giorgi, M.

C Soriano, R. Zambrini, V. Parigi arXiv arXiv:2506.07279

(2025)

P. Stornati et al Variational quantum simulation
using non-Gaussian continuous-variable
systems, accepted in Phys. Rev. Research 6,
043212 (2024)
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\ \ Reservoir Computing via Quantum states O @ S

Multimode Gaussian resources

NV :
TS
=== +
Continuous Variable measurements
Johannes Nokkala

! BChENcE IFIS @ v
MARIA
csIc

RC universal = when it can approximate any so-called fading memory  reservoir space

function (continuous function of a finite number of past inputs)
Xx = I'(Xk—1,8k)

a
)
w .
D'K,Ig _ h(xk)-_. inputs
b should correspond \l
fncti
to a target function function of the features space

RC Universal in the case of Gaussian harmonic oscillators

required non-linearity-> tuned via encoding and output function

J. Nokkala, R. Martinez-Pefa, G. L. Giorgi, V. Parigi, M. C Soriano, R. Zambrini, Gaussian states of continuous-variable
quantum systems provide universal and versatile reservoir computing Communications Physics volume 4, 53 (2021)
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~ X
/\'\;/ N % 2 Multimode Gaussian resources

2 @(ﬁ = +
o 4aQV[pN\. 22 Continuous Variable measurements
RS Zw& § Johannes Nokkala

? & vem
quantum harmonic oscillators | F| S g

X = T(Xk—1,Sk)
O — h(xk)a

© p
. e’ Nih
S‘ﬁ‘ q
. arg(cr) q w

coherent states squeezed states thermal states
J. Nokkala, R. Martinez-Pefa, G. L. Giorgi, V. Parigi, M. C Soriano, R. Zambrini, Gaussian states of continuous-variable
quantum systems provide universal and versatile reservoir computing Communications Physics volume 4, 53 (2021)




LKB

\ \ Reservoir Computing via Quantum states D@ S

Y o . :
/\\; £ E§Z7_ Multimode Gaussian resources
%/"\ . e +
s R, QZQ; Continuous Variable measurements
e \//@,%7&@& § Johannes Nokkala
S
? @ e
quantum harmonic oscillators IFIS csic
. Capacity squeezed states
100F
D
sof coherent states B 7e
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|2
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echo state network (ESN) thermal states
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\ \ Reservoir Computing
LKB

i) letting the quantum reservoir evolve in
time -Hamiltonian or master equation
evolution- (reservoir layer)

The protocol is then
repeated for the following

S * h * 0 . .
input in the sequence
i) encoding the external (iii) measuring a set of observables to
input into the quantum approximate a target task (readout layer
substrate (input layer); —here linear regression is realized).

-State reset
-parametrized quantum circuit gates
-controlled driving into the Hamiltonian
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ii) letting the quantum reservoir evolve

Jorge Garcia-Beni

i) encoding the external (iif) measuring
enlgl(%.litﬂg_} {s$1,89,. .. S, ...} -at each k-th time step, quantum
. R 2 Lo teleportation of the quantum reservoir
Pl—11 - Pk state

-The input dependent quadrature is
Readout measured -> input dependent gate acts on
measurement the teleported (and new reservoir) state

LR B N N N ] -

=
=
N
=
1 u

o

Semmrememsssseenn

-Measurement via BS with vacuum to extract
information

J Garcia-Beni, | Paparelle, V Parigi, GL Giorgi, MC Soriano, R Zambrini, Quantum machine learning via continuous-
variable cluster states and teleportation arXiv:2411.06907, accepted in EPJ Quantum Technology.
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ii) letting the quantum reservoir evolve

Jorge Garcia-Beni

i) encoding the external (iif) measuring
Input
encgding*{slfw ~) A N
D T s p'(s) = p+ st

I-
a5

S
——
V2]
Ernl
T

>

N

5 Readout
;measurement

wQTP)""""T'

()
-~

3
FE R B R R

. .2
|wQTP> x e 7 |waux>

J Garcia-Beni, | Paparelle, V Parigi, GL Giorgi, MC Soriano, R Zambrini, Quantum machine learning via continuous-
variable cluster states and teleportation arXiv:2411.06907, accepted in EPJ Quantum Technology.
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enlég’&li;g-»{sl.s«g ...... Shv - }
ﬁk—; S = s Pk
= :—Z P (sk) A -
10)57 ) B
R e e a e  ae  a  a r_I
Input mode-dependent parameters
N-mode ¥ n tuned according to the task
reservoir rEEEa, Pk Fmmn
) i L (1) i , Val AN
' L 4 ‘q.___‘ - — A. . . - .
e p;(sk) = Pi + (qusk + Bi) T
[ i 1 1
R L@ o - . -
Pk—1 |‘I’c1> et M PE- (Z — ]_, 2, N N)
O * O *
0 0 e« O O o Observables
O O (@) O .
© e © N N(N+1)/2
1 (N) 1 N) 1 J .o — l ‘
U _" |~___" z,jzl =1
Readout

Linear regression to approach the target function
N(N+1)/2 (k)
Yk = Wo + ) ;3 w0,

optimized

J Garcia-Beni, | Paparelle, V Parigi, GL Giorgi, MC Soriano, R Zambrini, Quantum machine learning via continuous-
variable cluster states and teleportation arXiv:2411.06907, accepted in EPJ Quantum Technology.
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\ \ Measurement based CV Reservoir Computing £k @ S

Tasks

a)
751-'\ /\ / \ /\ / \ / \ / \ /\ / Temporal XOR
= | | | | . (100% accuracy)

=== Prediction

[oe . § 4 ' i’ i | A Real it requires non-linearity and memory,
Q kot ¥ X F % £ _ 2 modes reservoir
" 0 - » v- e o4 o-e-4 & $  (v-w-d
1 ) 10 15 20 25 30
Time step

1071 | {' T : T NARMA -d
i ¥ i
ca| ] * * * 1 It requires both high
% 1072 + f memory and nonlinearity
z. | Ml NARMA3 ? T
107 mmmN NARMAS *
ey NARMA7 + *

6 8 0 12 14 16 18
N
d

_(d _ _ _
y,E, ) = gt + B Z Yk—i + YUk—1Uk—d + O
i=1
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LO SPECTRAL PUMP SPECTRAL

SHAPING N SHAPING
L A A %
g

Py |7

Experimental memory control in continuous variable
optical quantum reservoir computing

Iris Paparelle,] Johan Henaff,! Jorge Garcia-Beni,? Emilie Gillet,! Gian Luc
Giorgi,> Miguel C. Soriano,” Roberta Zambrini,” and Valentina Parigi1=

[ aboratoire Kastler Brossel, Sorbonne Université, ENS-Université PSL, [ nd tail‘orU1 - taiI;rpﬂ
CNRS, Collége de France, 4 place Jussieu, 75252 Paris, France Hpo(s, 405U =1 [ Hipo(2e 405 U ] [ Hpy (A, 400U ]
Ynstituto de Fisica Interdisciplinar y Sistemas Complejos (IFISC), UIB—CSIC
UIB Campus, Palma de Mallorca, E-07122, Spain
(Dated: June 10, 2025)

k]
" of squeezed modes Entangled network 1 Entangled network 2

o = h(x), O o< o | 0'® = Su" o (H(plsi, 0*7)) Su
Vi = WTO(k) +b

#{(620)

PUMP SPECTRAL
SHAPING 9
A & - y . 8 mo® ™
ol o
i N~
K, I+
\ €)
\J ’
e EOM \
FEMTO )
PULSED s )
LASER =
‘/> LO SPECTRAL
SHAPING

A S LY
Ny —7 8, 4 QUADRATURE CHOICE

‘ MEASUREMENT BASIS CHOICE
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Experimental memory control in continuous variable —— Target  —-- Predicted (

optical quantum reservoir computing 2 \/\/\W
—
, > 01
Iris Paparelle,] Johan Henaff,! Jorge Garcia-Beni,? Emilie Gillet,! Gian Luc 2 | | |

Giorgi,> Miguel C. Soriano,” Roberta Zambrini,> and Valentina Parigil' 0 50 100 150
[ aboratoire Kastler Brossel, Sorbonne Université, ENS-Université PSL, ~ 1
CNRS, Collége de France, 4 place Jussieu, 75252 Paris, France ~ 01
Ynstituto de Fisica Interdisciplinar y Sistemas Complejos (IFISC), UIB—CSIC -14— ; : :
UIB Campus, Palma de Mallorca, E-07122, Spain 0 50 100 150

Experimental prediction
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Experimental memory control in continuous variable
optical quantum reservoir computing

Iris Paparelle,] Johan Henaff,! Jorge Garcia-Beni,? Emilie Gillet,! Gian Luca
Giorgi,> Miguel C. Soriano,” Roberta Zambrini,” and Valentina Parigi1=
[ aboratoire Kastler Brossel, Sorbonne Université, ENS-Université PSL,

CNRS, Collége de France, 4 place Jussieu, 75252 Paris, France

Ynstituto de Fisica Interdisciplinar y Sistemas Complejos (IFISC), UIB—CSIC
UIB Campus, Palma de Mallorca, E-07122, Spain
(Dated: June 10, 2025)

PUMP SPECTRAL
SHAPING

~ (€]

Reservoir expres i\\ity Vi

Rank

e "
.A.&/j B‘ {\@l S'{’N MO(,

FEMTO
PULSED

LASER >

f LO SPECTRAL
SHAPING

S R

MEASUREMENT BASIS CHOICE

QUADRATURE CHOICE
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