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\ \ The underlying paradigm : teleportation gate

) (P =——=m

| O>p ‘\\ Pout

- . . C, = exp1q1 ® §a]
The initial state in mode 1 is given by

|); = / dsi(s)|s)q |s)q s the eigenstate of the quadrature q with eigenvalue s §[s)q = 5[8)q

In mode 2

|0>p Is the eigenstate of the quadrature p with eigenvalue 0

The Cz operation is applied between the two modes, then the quadrature p is measured in the first mode and the value mis
obtained. The action of the teleportation gate is then given by

|Yout)2 = (m"plezél@égW")1|0>p2 = ("”f’*l;ol'cf-u?l(8}(j2 /d's"i”('g)"g)ql‘o)ﬂ

By using

e'01)(s)|s)q1 = €0 (s)|5)q1 as if A|\) = A|[\) then f(A)[A) = F(N)|A)

‘ulf'out>2 - (771"}31 fdsezSQQTj}(s)‘s)qllO)PQ
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\ \ The underlying paradigm : teleportation gate

) (P =——=m

| O>p \\ Pout

C, = exphdy ® G
tout)s = (Mo f dse** 4 (5)[5)q1]0)po

¢ Isthe generator of translationinp €*?4|p), = |p + B)p

wmnzmmf@wﬁmmm

The states of well defined quadratures q and p are linked by the Fourier transform
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\ \ The underlying paradigm : teleportation gate

[ P =—=m

| O>p ‘\\ Pout

A

C: = exp1gr @ o]

, 1
‘wout)Q = \/%

/dsu‘)(s)e‘”m |5) p2

we can bring the exponential function outside the integral by considering that it can be generated by the operator p

, 1
W - ——€
‘ 1 O'U.t)g \/%

|s)p2 = F'|s)q2  Where F is the Fourier Transform [ dsi(s)|s)pe = F|1))

—1pam dsip(s)|s)p2

‘d”out)? — e—zﬁgm};‘l,&)

—1piam

e Is the translation in g, we call e~"P2™ = X (m)

|Vout)o = X (m)F|1)

so the teleportation gate teleports the state from mode 1 to mode 2 and it contingently applies a Fourier
transform plus a displacement of the quadrature g by the value given by the measurement outcome m!
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\ The underlying paradigm : teleportation gate
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a) b)
) D;pD, m  Dgli)) [P y—m
0%, X 10)p x>

Consider now that it is possible to measure the observable D;ﬁDq for some unitary D, = exp(2f(q))

D, Commutes with the Cz so the final state is

[Yout)2 = |x) = X (m) F Dql4))

A

so that we can not only teleport the state but also apply the operation Dq !

|Vout)o = X (m)F|1)

so the teleportation gate teleports the state from mode 1 to mode 2 and it contingently applies a Fourier
transform plus a displacement of the quadrature g by the value given by the measurement outcome m!
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Concatenating elements
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X (m2) FDGX (my) FDg |¢)

Yout)s = X (ma) F DX (my)F Dy|thin) = X (mg) FX (my) Xt (my) D! X (my) F Dyt

X(m)XT(my) =1

X‘L(ml)ﬁ;X(ml) = XT(ml)e;I:p(?,f(é))X(ml) = exp(1f(q+ m1))

—> |Yout)s = X(nzg)FX(Tnl)f);+ml

F‘I.D;—l—mlF - Df—p—l—ml

—

FDg|thin) = X (ma) FX (m1)FFT D! 1 FDyglthin)

”

FiF =1

Cout)s = X (ma) FX (m1)F D", 1 Dyltin)
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Concatenating elements

) DipD, my

10,

X (m2) FDGX (my) FDg |¢)

The result shows that at the second stage we can actively apply an operator that depends on a function of the
quadrature p,i.e. D" 4

To act with the desired transformation on the initial state we need to adapt the measured observable,

. P ’ P f ~ f
in order to apply Dp and not D_er,ml we have to measure D_q_m1

so at each step we have to adapt the new measurement setting according to the previous result.

‘ﬁbout)S = X(mQ)FX(ml )Fﬁf_p+m1 Dq W"in}
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From teleportation gate to cluster states

% mj

|7 T
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03,

%ml

Linear cluster

~ OO0

As the measurements and the Cz gates commute, the circuit on the left side of and the one on the right side are
equivalent, all the Cz gates can operate at the begining between the modes occupied by the states \U) P

With linear cluster we can perform only single mode operation, we need at least grids for general quantum computing
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Continuous Variable Measurement Based-Quantum Computing

1) Build a cluster states

() -
ol
- e

N [v) = Cz[V][0)2N = Heg"’:kwm) — ¢34 Vi|0)EN

g ~

o= S (4343)

(i+3)

2) Define a set of input modes Vin and a set of output modes Vout

3) Encode | ) in Vin

4) Measure each vertex (except the ones belonging to Vout ) in a basis of the
form M,=¢"i@ 5 with f;(q) polynomials of § depending on the unitary

we want to implement

5) The remaining unmeasured qumodes of Vout encode U|qb)
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\ \ CV MBQC - Summary

Continuous Variable Measurement Based-Quantum Computing

1) Build a cluster states Well...not normalized states with infinite energy
2 3, on _ v Ty Collection of N infinitely
TR [Yv) = Cz[V][0); H"fg 0PN = T VI(0)D p-squeezed states
p T el (modes)
2) Define a set of input modes Vin and a set of output modes Vout @
We replace them with a
3) Encode | (’b) in Vin collection of finite squeezed
States

4) Measure each vertex (except the ones belonging to Vout ) in a basis of the
form M,=¢"i@ 5 with f;(q) polynomials of § depending on the unitary

we want to implement
5) The remaining unmeasured qumodes of Vout encode U|¢v>

As in the teleportation this add (unavoidable) noise to the calculation

In order to get any polynomial you need non-Gaussian measurements (not-homodyne)

And not yet faul tolerant here!
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\ \ CV- Photonic QC-state of the art O @ S
@ XANADU

Photonic quantum computing

A proposal for a fault-tolerant optical implementation

Classical control
GKP error Qubit error
(

Multiplexed GBS
state generation,
compute module

Photonic
QPU correction correction

(Inner decoder) Quter decoder)

Bourassa J. E. et al. Blueprint for a Scalable Photonic Fault-
Tolerant Quantum Computer, Quantum 5, 392 (2021)
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\ | \ CV- Photonic QC-state of the art 0@ Su

Photonic quantum computing

A proposal for a fault-tolerant optical implementation

= Deterministic room-temperature generation of
large number of Gaussian entangled states

W. Asavanant et al.

. M. V. Larsen et al.
Science 366, 373 . ’
(2019) Science 366, 369 (201 9)
@ XANADU Classical control
- - Multiplexed GBS
Photonic GKP er_ror Qubit error state generation,
QPU correction correction compute module
Inner decoder Quter decoder
L. S. Madsen et al. ( AL )

Nature 606, 75 (2022)

Bourassa J. E. et al. Blueprint for a Scalable Photonic Fault-
Tolerant Quantum Computer, Quantum 5, 392 (2021)
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Photonic quantum computing

A proposal for a fault-tolerant optical implementation

= Deterministic room-temperature generation of
large number of Gaussian entangled states

= Probabilistic cryogenic generation of non-
Gaussian GKP for error correction

microwaves optics

GKP ¥e Homodyne detectors
[§ |Cat) D
i (d) 4

|Cat)

|Cat)
|Cat)

R R
i
‘1Y

u — d 50:50 Beamsplitter

|Cat) |%ous

g 03
! o1 Classical control o iolored GBS
of — ultiplexe
:,I Photonic GKP error Qubit error slatep eneration
# -02 QPU correction correction 9 ’
e Tl (Inner decoder) | | (Outer decoder) || | S°MPute module
..o S. Konno et al. Science
M. Kudra et al. 383, 6680 (2024) Bourassa J. E. et al. Blueprint for a Scalable Photonic Fault-
PRX QUANTUM

Tolerant Quantum Computer, Quantum 5, 392 (2021)
3, 030301 (2022)
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Photonic quantum computing

A proposal for a fault-tolerant optical implementation

= Deterministic room-temperature generation of
large number of Gaussian entangled states

= Probabilistic cryogenic generation of non-
Gaussian GKP for error correction

optics @ XANADU

microwaves

GKP
1(d)

' F 2
eeee
Ty

LR
R L
R R

M. Kudra et al.
PRX QUANTUM
3, 030301 (2022)

Prob(q)

101010101010101

£2,,=0.62+0.02 dB
A2=0.82+0.02dB
42=0.43£0.02dB

Classical control

Multiplexed GBS
state generation,
compute module

GKP error Qubit error
correction correction

Photonic
(Inner decoder) | | (Outer decoder)

QPU

Bourassa J. E. et al. Blueprint for a Scalable Photonic Fault-
Tolerant Quantum Computer, Quantum 5, 392 (2021)
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Generating CV Custer states
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Parametric process

@e—>0 0
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fiwy = hws + how;
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Degenerate case

Parametric process

fiwy = hws + how;

= ge (B )
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Non-Degenerate case p
Parametric process ' RN
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hwp:hws_l_hwi

H = Sb Ccﬁ’géd;(, —*éSézL)
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Interlude —CV and DV quantum states
In parametric processes
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...or the zoology of quantum states of light Single-photon state

H = ihglasis —atal) N~ ¢  Re{E.}

g < 1
p ox Im{Es
signal \ { }
"‘:‘. X(Z) | :
Pump idler °
hwp = hws + hw; j‘

[4(t)) = [0)s|0)i + A[1)s[1)s
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...or the zoology of quantum states of light Single-photon state

H =hg(asa; — &l&z ) \ /

signal ‘
o 2 ®
o g:“ Y% | e
ump idler Tomographic reconstruction

|
0.2
]
|

|
[0.1
|

1
JI 0

[4(t)) = [0)s|0)i + A[1)s[1)s

Experimental data!
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...or the zoology of quantum states of light Two-mode squeezed

states ~ EPR
; p
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...or the zoology of quantum states of light Squeezed vacuum

H = hg(asa; —ala))

00 00
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End of the Interlude
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Non-Degenerate case p
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Deterministic implementation C vV Clustel" states
in out
. 1
O © 5
O = 1
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By controlling U,
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Light propagates

with different polarizations 1 ;N/ %

with different spatial shapes » ' 2$iF iy

TEMg, TEM,, TEM,, TEM;,

(with different spectral-temporal shapesf’(w%mmﬁ o e '«W t fﬂw){ “’Imlﬂh . Jit® Hl m |

with different colors
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Our experimental approach
Spectro-temporal modes
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CV Cluster states

P .rl””lhtmp ‘
- <\ - (‘ | ,‘(\ . ( il q
0-0—-0—-0 "*'*q”p P I
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w‘l ' r[ \ll...,. q
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Multi-color(mode) parametric process

n”h\h

femtosecond pulsed laser
large spectrum
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Bidimensional layer: optical spectra 8@ s
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Deterministic implementation C vV CIUS ter states

femtosecond pulsed laser
large spectrum
SHG of 800 nm source
RR 80MHz, pulse <100fs

—zthL_mna
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Mode-selective homodyne detection

Any spectral mode, or any superposition of modes
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\ \ Homodyne: pulse shaping L@ Sua
Homodyne is mode-selective: the mode of the local oscillator select the measured mode

.n'”mlhh .Jn'"mh\h




Bidimensional layer: optical spectra 8@ s
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Deterministic implementation C vV CI uster states

© 0 OO0 ﬂ»ﬂﬁ“\mi_’ in

q
06906 T ;
0000 q

out

T lT QOO0
2 v ,ll.,

d Shot noise limit e Shot noise limit
of 0
. — O T N S s o
% = 2k 1 ' 1
§ 1 7 I 1+ & I BRI b 8 Tf
g_ _al ‘i‘ + % = . ': z af d i 1. I
4t || 1 l —4 .
| %89%
5| SE .
i 4 6 8 10 12

. - ; L Number of nodes
Y Cai, J Roslund, G Ferrini, F Arzani, X Xu, C Fabre, N Treps Nature Communications 8, (2017)
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Building block

Large number of involved modes:
merging strategy based on optical spectral shape with the one based on time-bin (pulse based in our case)

Single-pass multimode squeezing
Time-bin modes

AA&AAAA
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Building block

Large number of involved modes:
merging strategy based on optical spectral shape with the one based on time-bin (pulse based in our case)

Single-pass multimode squeezing

Time-bin modes R “ |
..rl’ll

i} A |
‘ ‘ “ ‘ ‘ ‘ ‘ o A .,,,WI,J,I ml.x\\h.....

femtosecond pulsed laser
SHG of 800 nm source
RR 155MHz, pulse <40fs
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Frequency
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~0.4 1

T. Kouadou, F. Sansavini, M. Ansquer, J. Henaff, N. Treps, V. Parigi, Spectrally shaped and pulse- Py O TR e
by pulse multiplexed multimode squeezed states of light, APL Photonics 8, 086113 (2023)
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Characterization : mode-selective and fast homodyne detection

Fast detector 0 - 150 MHz
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Large number of involved modes:

Building block
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Simultaneous generation of 21

squeezed spectral modes at 156 MHz

merging strategy based on optical spectral shape with the one based on time-bin (pulse based in our case)

Single-pass multimode squeezing

L L i,

femtosecond pulsed laser
SHG of 800 nm source
RR 155MHz, pulse <40fs

Frequency

modes

Time-bin modes R
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Mode Sqz (dB) Asqz (dB)
GO /\\ -0.47
i
)
i
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.f" A ’\
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T. Kouadou, F. Sansavini, M. Ansquer, J. Henaff, N. Treps, V. Parigi, Spectrally shaped and pulse-
by pulse multiplexed multimode squeezed states of light, APL Photonics 8, 086113 (2023)
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21 modes with more than 2.5 dB of squeezing

Building block

Large number of involved modes:
merging strategy based on optical spectral shape with the one based on time-bin

SORBONNE
UNIVERSITE

. . Hermite-Gauss | Sqz ASqz Sqz ASqz Flat modes Sqz ASqz
Time-bin modes > o , . |-103| 139 |6 Ik | 073 | 145 | |0 266 | 6.99
PPKTP ' \
‘ ‘ ‘ ‘ ‘ 1 068 | 131 ||7 Y 074 | 127 | |1 243 | 649
2 o062 | 116 ||s AL | 0sa] 116 | |2 232 | 6.83
Aalal, . W e :
femtosecond pulse d laser 3 061 | 127 ||12 il 055 | 115 | |3 201 | 647
4 i\ -0.57 | 1.41 15 -0.60 | 1.36 a0,
SHG of 1560 nm source v Y . 1'1 ‘ll HG ‘
RR 100MHz, pulse <90fs 5 L | -058| 146 | |20 l‘l‘ 1'[ -0.53 | 0.85 LI
N
I 4
Frequency
modes

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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\ \ Towards 3D structures O.@ s
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Three-dimensional structure! i {

T. Kouadou, F. Sansavini, M. Ansquer, J. Henaff, N. Treps, V. Parigi, Spectrally shaped and pulse-
by pulse multiplexed multimode squeezed states of light, APL Photonics 8, 086113 (2023)
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Our strategy

= Deterministic room-temperature generation of large number of Gaussian entangled states

Time-bin modes
0 3 ? y

O.o 'T?Oo !‘)TQOO ' P 4 3 2 1
T % Terl ‘ & : : : :
| R o .
P ‘<§ Jﬁ ? 00'! ?OI ? éo Jo—o. ,:I”"M\u.m... ...... ,:iﬂmm\u .............. ..tl”l“mhu.“.‘.. ...... ,d”"m'\\u.m..... ______ ,.,Ilﬂl nh'u ,,,,,,,,
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Modes of the field
harmonic oscillator (CV)



\ \ Spectral and time multiplexing D@ S

Our strategy

= Deterministic room-temperature generation of large number of Gaussian entangled states

Time-bin modes
sl ol o
o ?T %OI ?OT %"I fo— 2 ts ty ts ts m

O %%@??L%éorj}i o ! L m > ¢
iRz aninam
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Modes of the field
harmonic oscillator (CV)
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You need a BS




\ \ single-photon subtraction O @ S

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

:l’l””“\hl ......... ...nl/f“h\\h .........

Wo=0.93(1 Wo=-0.11(2) We=0.90(1)

HGo HG:2

_M\ W

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

excess kurtosis
S
_ % Zs:l ‘L.;l‘ «
xS e 3
(g ZS:I "lS)

square cluster

@f -1ph

(\ ——
O .

Ko=0 Gaussian

Kex<O0 non-Gaussian

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

conversion - ‘ ::I - &L p&¢
pa,dd _ )\2&Tp3& _ dTpsd
S Tr{\2atp.al  Triatp.a)
Ht
Ul(t) = Emp(—%) ~ 1 — Aasa, — ala))

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

N/

Signal :Q

@ ,4'

input state p

Pump

mode %

Parametric down
conversion b i
AL DA

, PPy

Weonverted

output state

"W‘lllllll;v

You want the pump shape to control the mode to which the photon is added

H = //dwsdw?; J(ws, w;)a (ws )b (w;) + h.c.

J(wsv w%’) — O‘f(ws + wi)gb(wsa wi) — Z mhl(WS)gl(wi)

ENS

@ s

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

SORBONNE
UNIVERSITE



Reverse engineering in wave-guides D@ S

LKB

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 !

Peter Namdar, Patric F. Folge,
P Namdar et al In preparation Sorbonne University Paderborn Uiversity
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\ Reverse engineering in wave-guides D@ Su

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 II

(a) Metallic waveguide geometry

P Namdar et al, in preparation

Results

11

1520 1560 1600
Signal wavelength (nm)

(a) Pump mode: HGO

Idler wavelength (nm)

-
o
N
o

1520 1560
Signal wavelength (nm)

(b) Pump mode: HG1 (¢) Pump mode: HG2

Signal wavelength (nm)
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L @ Q sz

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

P Namdar et al, in preparation

Results

11

16 JSA|, K =1.065
=

2

/
/
/

4 o

REEEE

Amplitude (a.u.)

1440 1470 1500 1530 1560 1590 1620 1650 1680

Signal wavelength (nm)

(a) Obtained signal mode with pump: HGO

NEEE

Amplitude (a.u.)

1440 1470 1500 1530 1560 1590 1620 1650 1680

Signal wavelength (nm)

(c) Obtained signal mode with pump: HG2

1520 1560 1600
Signal wavelength (nm)

(b) Pump mode: HG1

RIS

Amplitude (a.u.)

/ |

/ \/

/ \[ \
_/ V N
1440 1470 1500 1530 1560 1590 1620 1650 1680

Signal wavelength (nm)

(b) Obtained signal mode with pump: HG1

585 &

JEEEsES

b
A T
] L e —
1440 1470 1500 1530 1560 1590 1620 1650 1680
Idler wavelength (nm)

Amplitude (a.u.)

(d) Obtained idler mode. Obtained with HGO-

mode as pump. Representative for all pump-
modes

1520 1560 1600
Signal wavelength (nm)

(c) Pump mode: HG2




Q SORBONNE
. S DUNIVERSITE

\ Reverse engineering in wave-guides

LKB

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 iy e

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)

g
g

]
H

Idler wavelength (nm)
§

Substrate

1520 1560 1600 1640
Signal wavelength (nm)

(¢) Pump mode: HG2

(b) Thin-film waveguide geometry

P Namdar et al, in preparation
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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 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, in preparation
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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 o5
Width / D 883 nm
Height / h 774 nm

Etching angle / ¢ 75.2°
Layer width / h - g | 788 nm

Idler wavelength (nm})
w
o

w
=
w

Material LN .

Pump width 7 mm 520 1560 1600 w0 1560 1600
Pump mode HG 0/1/2 Signal wavelength (nm) Signal wavelength (nm)
Type II (a) Pump mode: HGO (b) Pump mode: HG1

530

ur
N
w

Idler wavelength (nm)

Substrate

1520 1560 1600
Signal wavelength (nm)

(b) Thin-film waveguide geometry

P Namdar et al, in preparation
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\ Thank you! 0@ gen
rc

R. Zambrini S. Maniscalco F. Grosshans C. Silberhorn
M. C Soriano, N. Y. Joly F. Centrone B. Brecht
G. L. Giorgi, J. Nokkala, P. Stornati P. F. Folge

J Garcia Beni  J. Piilo U. Chabaud
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Non- Photonic quantum computing

linear
optics

Continuous Variable cluster states for
measurement-based protocols

Continuous
variables

Reservoir Computing,
Variational Quantum algorithms

Complex
networks
shapes

CV quantum communication networks

Multiparty quantum protocols and routing

Simulating and probing complex
quantum structure

Simulating quantum environment Thank yOu.’

Probing non-Gaussian features
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