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Integrated quantum photonics

Emission, manipulation, and detection of
photons in the quantum regime

Cavity-coupled quantum emitter

Photon-pair sources

» Design

» Fabrication

» Experiments/theory

» Quantum Information protocols
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I. AlGaAs-waveguide photon-pair source: working principle
Il. Quantum communications: entanglement distribution

lll. Open questions: clock synchronization



I. AlGaAs-waveguide photon-pair source: working principle



AlGaAs platform

v Single emitters/ Parametric sources (SPDC, SFWM)
v" Direct band-gap
v" Strong electro-optics effect

v Possible integration with other material platforms (SOI, superconductors)

Spontaneous Parametric Down Conversion

(SPDC) 1550 nm
Signal: TE
Pump: Bragg TE AT l
1550 nm
Idler: T™M

X (Um)

AlGaAs Bragg reflector waveguides

v’ Strong second order nonlinearity

v" Room temperature
v Telecom wavelength

Energy conservation

Momentum conservation
(Phase-matching)
kp=ki+kS



Typical length: 2mm In?distinguishat'wility.

On chip optical losses : 0.4-0.5 dB/cm
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Broadband biphoton state

Quantum state

) = [f dwldeC(ngwz)&L(wl)dL

Joint Spectral Amplitude (JSA)
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Polarization entanglement

Polarization-entangled state _
- Anticorrelated JSA

- Low birefringence
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Il. Quantum communications: entanglement distribution



Entanglement-based quantum communication networks

Quantum networks enable the transmission of information in the form of qubits between
physically distant nodes

Quantum entanglement - Trusted-node free networks
Interesting topology - Polarization + energy time entangled photons

Metropolitan fibered links(R. Ursin/J. Rarity groups, Vienna/Bristol)
Joshi, S. et al, Science Advances, 6, aba0959 (2020)

Entanglement generation Network configuration Entanglement distribution

10



g
—
(&)}
[0
o

Idler wavelen

— — —
(&3] wn N
N B (o2}
o o o

Exploiting broadband polarization entanglement....

Joint Spectral Intensity
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Signal wavelength (nm)

v Large bandwidth
v' Strong frequency anticorrelations
v’ Polarization entanglement

Without off-chip compensation, directly at the
output

Wy /2

M~

-

4
Idler Il signal
|
|
|
|
i

Y
(low energy) 'i‘ (high energy)
‘I

®(92)

7
r
[
[
[
I
I
L

v

WH,Wy
Energy-matched channel pairs

1.1
'EEEE
) T~
£09 ¢ .
z - i
308 |
P Entanglement bandwidth
T 0.7 ¢
e "\\ 0
c=n Sim. (no cavity effect) \ -26nmatF>95%
@ 06 | sim. (with cavity effect) \ v 0
T  Exp. \ | _60nmatF>85%
0.5 : - : '
0 10 20 30

Detuning to biphoton degeneracy (nm)

11



...to implement a flexible entanglement-distribution network

Collaboration with E. Diamanti (LIP6) and F. Boitier (Nokia Bell-Labs)

Demux / Mux

HPF
ort 1
MO MO input &

‘ Laser 780 nm

port 2
SNSPD s ‘M’

FPBS M4 N2 N4 55 km SME28 Wavelength selective switch
.Variable channel center

‘ 'O. N— w Variable channel width

SNSPD FPBS M4 M2 N4 25 km SMF28

Detection Polarization control

F. Appas et al. npj Quantum Information (2021) 12



Secret key rate sharing between users pairs (BBM92)
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Available bandwidth: 76 ITU 100 GHz channels (36 users pairs simultaneously)

F. Appas et al. npj Quantum Information (2021) 13



Flexible bandwidth allocation
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Optimizing the signal of each link following structural constraints (elastic network)

F. Appas et al. npj Quantum Information (2021)




Quantum network performances

« Secret key sharing between users pairs (BBM92 protocol)

Available bandwidth: 76 ITU 100 GHz channels (36 users pairs simultaneously)
Distances up to 75 km in fibered optical links (including finite key size effects)

 Reconfigurable fully connected multiusers entanglement network

N =14 N =5

AEB EﬁB
D C D

Networks of N users sharing an entangled state with the N-1 remaining users
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Quantum communications testbed in Paris region
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Paris subnetwork MPQ-LIP6

Classical characterization

S
20E = .
| Measured losses: 3 - 3.5 dB (0.2-0.23 dB/km)
Paris L o . |
. L{’ Polarization stability: 0.4% fluctuations over 12 hours
o IP
ITPARNASSE EE "

|— Polarization H |

BERCY // |— Polarization V|
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Paris subnetwork MPQ-LIP6

Quantum characterization:

Polarization
Polarizer Device Long-pass filter controller
o] ¢ 200 o
o 1 .
: ; )
Microscope Microscope
CW laser objective objective 146km § ==

Fiber box
Counting I
775 NM  cmm— electronics Fibered
1550 nm ™ == 'q H PBS

Single photon RIPQ

detectors
Lab

LIP6
Lab
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Paris subnetwork MPQ-LIP6

Quantum characterization:

1. Chromatic dispersion: 20 ps?/km

x10° _ _
| 1 | 1
15+ | 1 350 | |
c | 1 . | 1
£ 5 bins ! | £ 300} 800 blns: |
*g I I I I
2 | ! '
) | 1 1 1
e 1 1 1 I
_8 | 1 ‘I
S 5} : :
At the chip After 3 | |
1
output propagation : :
L | p
Coinc rate/s 41 kHz 26 kHz 080 90 100 49 495 5 505 51 5.15
Temporal bin (162 ps) Temporal bin (162 ps) <104
CAR 110 1.7
Temporal width 800 129600 160-fold widening of the coincidence peak
(ps)
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Paris subnetwork MPQ-LIP6

Quantum characterization:
p = YN

1. Chromatic dispersion: 20 psz/km Re(p) Im(p)

2. Density matrix reconstruction " 1 1
(Quantum tomography) 051 08
04 0.6
-0.5 .. I‘
l“

04

0.2

At the chip output After propagation

Fidelity 97.5% 91.8%
Purity 96.6% 89.7%
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Paris subnetwork MPQ-LIP6

Quantum characterization:
QBER=1-—-F

1. Chromatic dispersion: 20 ps?/km

0.3

2.  Density matrix reconstruction 0.25}

(Quantum tomography) No secure key

3. Simulation of QBER as a function o
of F m 0.15}

Secure key

0.7 0.75 0.8 0.85 0.9 0.95 1
Fidelity

QBER <11% <~ F>89 %
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lll. Open questions: clock synchronization
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Clock synchronization

Next step:

Alice (LIP6) Bob (MPQ)

Synchronization

- Define a time zero

- Maintain the same clock rate on both systems

23



Clock synchronization

Clock synchronization with correlated photons Clock synchronization with a classical reference

Y. Pelet et al, PRA 20, 044006 (2023)

@ Shanghai o © Tustedrelay  © Usar

Backbone Al-pass optical =y Satelite
® comectionnode @ switches L station

Active tracking of the central peak
Y. Chen et al, Nature 589, 214-219 (2021)

Constraints on processing time: Use a dedicated channel for the synchronized clock
signal between Alice and Bob
= limits the SKR (secure key rate)

= Exploiting the Refimeve fiber linking our
lab to Jussieu

24
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Reconfigurable fully connected multiusers entanglement network

Networks of N users sharing an entangled state with the N-1 remaining users

= n° of two-user links needed: N(N - 1)/2

N =14 N =5
A
A B E B
D C D C
Demultiplexing of the generated signal in N(N -1) frequency channels
= WSS

Recombine those channels into optical fibers, one for each user



Entanglement-based quantum key distribution (QKD)

. V
BBM92 protocol 1 (Z basis) A D
)= —(|HV) g+ |[VH) 45
) = 5 ) "
11 ” ]_ (X baSIS) - 13 ”
Bit “0 :—(|DD) B+|AA>AB) Bit “0
50/50 V2 50/50
BS BS TP R
Bit “1”@ ; -« Source > E D Bit “1
Quantum Quantum
channel channel E—D Y
Bob Alice - Bit “0 ﬁ
Bit “1” Bit 1
Key : Measures Key :
010001011110 gubits 010001011110
101011101001 x Eve 101011101001
1110011 ... 1110011 ...

— Entanglement guarantees the security of the key

— No need for trusted source or relay nodes

Bennet, Brassard, Mermin, Phys. Rev. Lett. (1992) 28



Coincidence counts in 30 s

Coincidence counts in 30 s

Reconfigurable fully connected multiusers entanglement network
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