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Development Steps toward Quantum Internet

0. Trusted-node QKD network Classical node protection

1. Quantum Repeater network Classical data exchange

2. Quantum Computer network Quantum data exchange

3. Quantum Internet Quantum Web application

Classical ClassicalClassical

Quantum

Classical

Classical

QuantumQuantum

Quantum
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Quantum Internet Alliance

https://quantuminternetalliance.org/
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Error type Method 1G 2G 3G

Loss error

Heralded
entanglement

QEC with
logical qubits

Operation error

Heralded
purification

QEC with
logical qubits

Generations of Quantum Network

Quantum
Internet

Not very useful
(Almost done?)

Maybe useful
(Just started)

Scientific Reports 6, 20463 (2016)

https://www.nature.com/srep
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QNOS_Workshop_Final_Report

2025

Phase １

Phase 3

Phase 2

「アメリカ　旗」の画像検索結果

Development Roadmap of Q. Network in US

3G

1G

2G

At least 3 years earlier than in Japan

https://www.google.co.jp/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&ved=&url=https://ja.wikipedia.org/wiki/%E3%82%A2%E3%83%A1%E3%83%AA%E3%82%AB%E5%90%88%E8%A1%86%E5%9B%BD%E3%81%AE%E5%9B%BD%E6%97%97&psig=AOvVaw0MzGJcY8OlRj1EqlByrRqX&ust=1555411273309796
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arXiv:2307.15696v1 arXiv:2307.08619v1

Boston-Area Quantum Network (BARQNET)

50km

Long Island Quantum Repeater Network (LIQuIDNET)

New York

DC Quantum Network (DC-Qnet)
arXiv:2310.01316    

Ion

Neutral Atom

Diamond

「アメリカ　旗」の画像検索結果

Development of Q. Network

1G

3G?
2G?

https://www.google.co.jp/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&ved=&url=https://ja.wikipedia.org/wiki/%E3%82%A2%E3%83%A1%E3%83%AA%E3%82%AB%E5%90%88%E8%A1%86%E5%9B%BD%E3%81%AE%E5%9B%BD%E6%97%97&psig=AOvVaw0MzGJcY8OlRj1EqlByrRqX&ust=1555411273309796
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2020: First Demonstration of

Break-Even Advantage of QR

Mikhail Lukin
Marko Loncar

(Harvard)

M. Pompili et.al. , Science 372, 259–264 (2021)

Ronald Hanson
(QuTech / TU Delft)

「ronald hanson」の画像検索結果

2021: First Demonstration of

Three-Node QR

Development of Diamond-based Quantum Repeater 1G

https://www.google.co.jp/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=2ahUKEwiV682LqO7lAhWHA4gKHYRvDqcQjRx6BAgBEAQ&url=https%3A%2F%2Fqutech.nl%2Fperson%2Fronald-hanson%2F&psig=AOvVaw1y2Rka9nt8CYfpuCRgSd7r&ust=1573979072889939
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Three Types of Diamond QR

Efficient entanglement generation
Requires phase synchronization

Photon Interference

「ronald hanson」の画像検索結果

Photon
Beamsplitter

Q. memories

Emission-Absorption

No need for phase synchronization
Inefficient entanglement generation

Emisstion Absorption

Photon Scattering

Photonic

crystal

1G

https://www.google.co.jp/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=2ahUKEwiV682LqO7lAhWHA4gKHYRvDqcQjRx6BAgBEAQ&url=https%3A%2F%2Fqutech.nl%2Fperson%2Fronald-hanson%2F&psig=AOvVaw1y2Rka9nt8CYfpuCRgSd7r&ust=1573979072889939
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Field Demonstration of a Diamond Quantum Network
「アメリカ　旗」の画像検索結果

2023

2024
Science Advances, 10, 44 (2024)

Metropolitan-scale heralded entanglement

Boston metropolitan-area
entanglement distribution

Nature 629, 573 (2024)

Mikhail Lukin
Marko Loncar

(Harvard)

Ronald Hanson
(QuTech /
 TU Delft)

Between two diamond SiVs
over 35 km （field demonstration） 0.0002Hz

Between two diamond NVs
over 25 km （field demonstration） 0.48Hz

1G

https://www.google.co.jp/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&ved=&url=https://ja.wikipedia.org/wiki/%E3%82%A2%E3%83%A1%E3%83%AA%E3%82%AB%E5%90%88%E8%A1%86%E5%9B%BD%E3%81%AE%E5%9B%BD%E6%97%97&psig=AOvVaw0MzGJcY8OlRj1EqlByrRqX&ust=1555411273309796
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2. Trusted nodes
A) Highly reliable key management server technologies
B) Highly distributed technologies

1. Quantum crypto link
A) High-performance quantum cryptography 
B) Photon detection

1.A

Environmental resistance BB84

1.A

High-speed BB84

1.A
CVQKD

1.A
Twin-Field QKD

3. Quantum repeater
A) Quantum memory optical link
B) Quantum repeater elementary
     technologies

4. Network operation
A) Network control and management

MIC: Priority ICT Technologies - Global QKD Network
JPMI00316 

4 Companies 3 National Institutes 4 Universities
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Nanotechnology

All-optical QR

Quantum dot

Subject III: Quantum Repeater Project

SNSPDWavelength-multiplex QR

Memory-based QR

Coordinator

Diamond

JPMI00316 
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Device improvement

Development Steps for Diamond-QR Device

Photonic CrystalDiamond bulk Diamond SIL Integration

https://rqc.riken.jp/
photolibrary/

2mm

Front access
(semi-sphare)

Side access

(1D-PhC)

Front access

(2D-PhC)

10mm

X-wired

Back access
(parabolic)

5mm

1 kHz

1 mHz

1 Hz

1 MHz

1 GHz

2D array

Superconducting

qubits

+

Quantum

transducer
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e

QM QM

86%

Quantum Error Correction

Quantum Gate
99.97%

Initialization & Readout

99.7%

Bell State Meas.
90%

Quantum State Storage
98%

Quantum
State Transfer

Entangled Emission
98%

Proof-of-principle Demonstration of Diamond QR

Quantum Process Tomography

of Quantum State Transfer

1G

Fidelity of 
QR Process:

87% on average
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NV

Optical fiber 10 kmNode A
Node B

Emission from NV Absorption into NV

10-km in-lab demonstration of Diamond-QR

Quantum Repeater Modules
Objective module Dichroic module Wavelength converter

Excite
520nm ZPL 637nm

PSB～700nm

15cm

1550nm

10km
Pump

1082nm

4cm 4cm

Filter module

6cm

Single-photon detector SNSPD

1550nm

Node A

Node B

Diamond

photon

photon
photon To Node C

1G

Diamond Diamond
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~1minNeutral Atom

Ion

Silicon

Photon

Super
conducting

qubit

99.99%

F
id

e
li

ty 99.9%

99%

90%

1kHz 1MHz 1GHz

Clock speed

1THz

Solid
Gas

Wide bandwidth

Fast operation

Quantum Computer Network 3G
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Conversion efficiency (%)

BW100 Hz

BW 100 kHz

BW 170 kHzSi-OMC

AlN/Si

LN/Si

LN/Si

Mirhosseini & Painter, Nature 588, 599 (2020)
Jiang & Naeini, Nature Physics 19, 1423 (2023)
Weaver, Groblacher & Stockill, Nat. Nano. 19, 166 (2024)
Zhao & Mirhosseini, Nature Nano. 20, 602 (2025)

Quantum Transducers for Interconnecting SC & Photonic qubits

Si

Conventional best
Efficiency ~ 2%
S/N ratio ~ 1
Bandwidth ~90kHz

Diamond-OMC

「ronald hanson」の画像検索結果

M. Lukin & M. Loncar
(Harvard)

D. Englund
(MIT)

S. Naeini & J. Vuckvic
(Stanford)

R. Hanson & T. Taminiau
(TU Delft - QuTech) A. B. Jayich

(UCSB)

Key players

https://www.google.co.jp/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=2ahUKEwiV682LqO7lAhWHA4gKHYRvDqcQjRx6BAgBEAQ&url=https%3A%2F%2Fqutech.nl%2Fperson%2Fronald-hanson%2F&psig=AOvVaw1y2Rka9nt8CYfpuCRgSd7r&ust=1573979072889939
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Diamon-based Microwave-to-Optical Quantum Transducer

Superconducting
qubit

Optical waveguide

MW
resonator

NV

Optical fiber

1mm Single
color center

OMC

EO

NV0

pW      nW     mW     mW       W

1/10,000

EO: Electro-Optic resonator
OMC: Opto-Mechanical crystal

Diamond-based
Opto-Mechanical Crystal

Kosaka project
(JPMJMS2062)
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Q. Transducer

Superconducting
Q. Computer Ion Q. Computer

Optical Q. computer

Towards Quantum Computer Network
「アメリカ　旗」の画像検索結果

3G?

Diamond Q. Transducer

https://www.google.co.jp/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&ved=&url=https://ja.wikipedia.org/wiki/%E3%82%A2%E3%83%A1%E3%83%AA%E3%82%AB%E5%90%88%E8%A1%86%E5%9B%BD%E3%81%AE%E5%9B%BD%E6%97%97&psig=AOvVaw0MzGJcY8OlRj1EqlByrRqX&ust=1555411273309796
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Quantum Computer Network Test Bed
「アメリカ　旗」の画像検索結果

3G?

Quantum Network

Superconducting Q. Computer Optical Q. computer

https://www.google.co.jp/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&ved=&url=https://ja.wikipedia.org/wiki/%E3%82%A2%E3%83%A1%E3%83%AA%E3%82%AB%E5%90%88%E8%A1%86%E5%9B%BD%E3%81%AE%E5%9B%BD%E6%97%97&psig=AOvVaw0MzGJcY8OlRj1EqlByrRqX&ust=1555411273309796
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Superconducting

Ion Neutral atom

Global Collaboration Toward Quantum Data Centers 3G?
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Quantum Networking Unit

3G?
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⚫ We successfully demonstrated the proof-of-principle 

of a diamond-based quantum repeater.

⚫ We successfully achieved modularization of the 

diamond quantum repeater.

⚫ By using quantum computers as quantum routers with

quantum transducers, we can realize the quantum

internet.

Summary
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