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1. Quantum Networks = QC&QC

2. Quantum Communication Networks

3. Quantum Computer Networks



1. Trusted-node Quantum Key Distribution(QKD) network
➢ Quantum enhanced security but not absolutely secure

2. Quantum Repeater Network
➢ Absolutely secure QKD network with multiparty connections

3. Quantum Computer Network
➢ Quantum data can be exchanged

< 100km < 100km 

Classical

Quantum

QuantumQuantum

Quantum
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Development Steps toward Quantum Networks
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National Projects toward Quantum Networks

Nanotech
phase

Device
phase

System
phase

10～30 year
Basic research Applied research

Protocol
phase

Service
phase

Quantum
Communication 

Networks

Quantum 
Computer 
Networks

+

Q. sensor

QR

QR

QR QR

user

Q. repeater

Q. storage

Long 
distance

GlobalQKD
Agency

Program

Project

https://qurep.ynu.ac.jp

Q. computer

photon

Short 
distance

Agency

Program

Project

https://moonshot.ynu.ac.jp

QC＆QC



Quantum Communication

Networks

Agency

Project

https://qurep.ynu.ac.jp/
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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

Global QKD Network Program
JPMI00316 

4 Companies 3 National Institutes 4 Universities
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Nanotechnology

All-optical QR

Quantum dot

Quantum Repeater Project
https://qurep.ynu.ac.jp/

SNSPDWavelength-multiplex QR

Memory-based QR

Coordinator

Diamond

JPMI00316 
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Error CorrectionBell Measurement

Principle of Quantum Repeaters

Alice BobNode
(Q. Memories)

QR ＝ Quantum Error Correction System

Entanglement Generation

η

η

η

η

Long entanglement

η
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Three schemes for Quantum Repeaters

QuTech YNUDLCZ

Sensitive to phase, frequency, lossE
nt
a
ng

le
m
e
nt

Single-photon interference

Photon Beam splitter

Q. memories

ProbablisticB
e
ll
m
ea
su
re
m
en
t

Beam splitter

Single-photon interference

Insensitive to
phase, frequency, loss

emission absorption

Emission-absorption

photon

Deterministic to be scalable

Complete Bell state measurement

Quantum
memories

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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p

1Å

Carbon Nuclear spin: Memory Electron spin: Interface

Photon: Communication

NV Center

A Color Center in Diamond



11

ee

13C13C 13C 13C

Performance of Diamond chip in YNU scheme
Emission & absorption ⇒ Insensitive to phase, freq. & loss balance
Geometric qubit under a zero magnetic field⇒ Robust to noise

Entangled Emission Q. Teleportation transfer

Physical Review Letters, 114, 053603 (2015)Communications Physics, 4, 264 (2021) 

|A2

|+1 |-1

|s -|s +

electron

photon

|A2

|+1 |-1

|s -|s +

electron

photon

98%, 10Kcps 94%

Complete Bell Measurement

90%
Appl. Phys. Lett. 120, 194002 (2022)

83%
Communications Physics 5, 102 (2022)

Error Correction

Nature Communications, 7, 11668 (2016)

Holonomic Q. Gate

99.97%

Initialize & Readout

99.7%
Appl. Phys. Lett. 120, 194002 (2022)

Entanglement
13C13C
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Challenges for Enhanced Photon Emission
0G (1mm) 1G (100mm) 2G (10mm)

Extremely pure

99.99999999%

isotope pure

99.998%

10nm

5G (10nm)

Nanobeam Ion Implantation

& Laser Annealing

Photon-bus coupled
Integrated Q. Memory

Diamond

Diamond

Antenna

1mm

Diamond

Cross-bar MW antenna

100mm

4G (100nm)

f100nm

Diamond

Photonic Crystal

Emission Enhance

x 1000

Diamond PhC

1mm

Diamond SIL

NV 1Å
10mm

3G (1mm)

Diamond

Solid Immersion Lens

Emission Increase

x 50

Antenna for
arbitrary

microwave
polarization
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Challenges for Remote Entanglement

NV

Diamond Diamond

Optical fiber 10 kmNode A
Node B

Emission Absorptionphoton

We succeeded in transmitting a photon entangled with an NV over 10 km

JPMI00316 

|A2

|+1 |-1

|s -|s +
|A2

|+1 |-1

|s -|s +

Objective module Trichroic module Wavelength conversion
module520nm

637nm

700nm

15cm
Herald

1550nm

10km

Diamond

1082nm

10cm 4cm

Filter module

6cm

SNSPD module



Quantum Computer

Networks

Agency

Program

Project

https://moonshot.ynu.ac.jp
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JPMJMS2062
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Super-
conducting

qubit
(short distance)

FTQC

Net QC

Moonshot Goal 6

【Network Project】

Photon Source & Detector

Quantum Memory

Quantum Interface

Quantum Network

JPMJMS2062
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Quantum Network Project

Project Manager Hideo Kosaka
(Director of Quantum Information Research Center)

➢ Fumihiro Inoue

➢ Yoshihiro Shimazu

➢ Hirotaka Terai

➢ Kunihiro Inomata

➢ Ryo Sasaki

Piezo-MW ResonatorOpto-Mech. ResonatorDiamond Q. Memory

➢ Kazuki Koshino

➢ Satoshi Fujii

10 PIs: All-Japan Nanotechnology Researchers
from 4 Universities and 5 National Institutes

➢ Hiromitsu Kato
Toshiharu Makino

➢ Tokuyuki Teraji

➢ Shinobu Onoda

➢ Hideo Kosaka

➢ Masahiro Nomura

➢ Toshihiko Baba

➢ Satoshi Iwamoto

➢ Nobuyuki Yoshikawa

➢ Hideo Kosaka

https://moonshot.ynu.ac.jpJPMJMS2062



17

Why we need Quantum Interface?
Quantum Computer

Microwave line (10mK)

Optical fiber link (RT) Flexible ~1000 links

Superconducting
～1K qubits

a logical qubit

Bias circuit
for

freq. tuning

Optical fiber

Dilution refrigerator
（10mK）

One optical link from one logical qubit

Q. memory
control circuit

Quantum
interface
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What is Quantum Interface?

Quantum frequency 
converter between 
microwaves (~10 GHz) 
& lightwaves (~500 THz)

Conventional EOM/AOM 
require strong pump
induce noise

High-Q EO/AO cavities
to reduce pump

Opto-Mechanical Crystal 
in nano-structure
to further reduce pump

EO Modulator AO Modulator

Strong pump induce noise

Microwave

Light

Microwave

Light

𝒄†𝒃𝒂

EO cavity
Yale

Heterodyne
detection

6mm
LN bulk

JILA 
Carrier freq.
w0~1MHz

0.5mm
SiN membrane

AO cavity

Opto-Mechanical Crystal（OMC）

1mm

Microwave
photon

Optical
photon

Mechanical / Optical wave
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M. Mirhosseini, Nature 2020

AlN/Si
O. Painter

(Caltech/AWS)LN/Si

SC
qbitRO

res.

Jiang, q-ph 2022A. Vainsencher, APL 2016

AlN LN
A. Cleland
(Chicago)

A. Naeini
(Stanford)

S. Honl, NatCom 2022

GaP
T. Kippenberg

P. Seidler
(EPFL & IBM)

GaAs
S. Groblacher
(Delft/QphoX)

M. Forsch, NatPhys 2020 R. Stockill, NatCom 2022

GaP LN/Si

M. Weaver, q-ph 2022

LN

Si

Arrangoiz-Arriola
PRX 2018 Jiang, NatCom 2020

Conventional Opto-Mechanical Crystal

Homo-structure
(AlN, LN, GaP) to
hetero-structure (Si)

Issues are …

Low efficiency < 10-4

with pump noise

Low carrier freq.
< 5GHz
⇒ thermal noise
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Advantage of high carrier frequncy

ノ
イ
ズ
光
子
数

Carrier frequency w0 （GHz）

T
h

e
rm

a
l 

n
o

is
e

Error>0.01%/hC

High frequency >5GHz is highly preferred
for achieving low thermal noise

5 GHz

10mK 50mK

12 GHz

Larger scale
integration

30mK

8 GHz

High temperature
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Diamond Opto-Mechanical Crystal 

Optical Q = 176,000 @ 1,529 nm
Mechanical Q = 4,100 @ 5.5 GHz @RT

Loncar
(Harvard)

B. J. M. Hausmann et al. Nano Lett. (2013)
M. J. Burek et al., Optica 3, 1404 (2016)

Silicon
Photonic 

Integrated 
Circuit

D. Englund
(MIT)

Optical Q = 14,000 @ 637 nm (NV)

Diamond

Optical Q ~ 10,000 @ 1,544 nm
Mechanical Q = 22,000 @ 9.2 GHz @4K

A. Sipahigil et al., Science (2016) triangle
G. Joe et al., CLEO (2021) rectangle

Optical mode Mechanical mode

Optical Q = 42,000 @ 1,542 nm
Mechanical Q = 118 @ 5.9 GHz @RT

S. Naeini
(Stanford)

J. Cady et al., Quantum 
Science and Technology 
4, 024009 (2019).

Hanson/Groblacher
(QuTech/QphoX)

NV-, SiV, GeV

SiV

NV-

SnV

NV-

Triangle cross-section nanobeam

Rectangular cross-section nanobeam
(Quasi-isotropic undercut etching)

Rectangular cross-section nanobeam (etched down method)

APS meeting (2023)

Rectangular
(undercut)

737 nm

Ulara small optical(1550nm) and
mechanical(5GHz) mode volume

Wan et al., Nature(2020)

S. Mouradian et al., APL, 
111, 021103 (2017)

Rectangular (undercut)

NV- ensesmble

S. Krastanov, PRL (2021)
T. Neuman, npjQI (2021)
H. Raniwala, Arxiv(2022)

Loncar
(Harvard)

Theoretical

Advantages are …

High freq. >5GHz
⇒ Low thermal noise

A color center
mediate conversion
⇒ High efficiency

w/o pump noise

In addition …
High sound velocity
High thermal conduc
Low thermal elasticity
Low dielectric loss

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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Diamond OMC with a Color Center
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Quantum Interface = Quantum Media Converter

Quantum interface
converts excitation
between quantum media

Optical photon cannot be
be directly converted into
superconducting qubit

Not only electron but also
exciton(color center), spin
and phonon(mecha wave)

have to be used

Electron

Optical

Photon

Super-
conducting

qubit

Spin

Phonon
(Mechanical wave)

Exciton
(Color center)

Magnon

Atom

Ion
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Diamond OMC with a Color Center

A Color Center bridges
Macro & Micro Quanta 

Microwave + Mechanical
+ Optical Resonators

    Enhancement of
conversion efficiency

Opto-Mechanical cavity

Macroscopic quantum Microscopic quantum

Color
Center Optical wave

Photon
qubit

SC
qubit

Bridge

Optical
photon

Microwave
photon

+

-

CC

Micro
wave

Mecha
wave

Microwave
resonator

1mm

Mechanical / Optical wave
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Performance of Element Components

Optical Fiber

500mm
NbTiN/Si 100nm nano wire

Microwave Resonator

Q = 8,000 @ 5GHz,15 mK
(Measured)

Optical Waveguide
Spot-size converter

Coupling Loss < 1dB
(Designed)

Diamond Optical Resonator

Qopt=10,000 (FP ~ 4,000), Qmech=1M
(Designed)

1mm

W:320nm, t:170nm, hole:~100nm

Nanobeam Ion Implantation
& Laser Annealing

Ishida et. al., 15p-A501-2, Oubutsu 2023S

Q = 20,000 @ 5GHz,5 K
(Measured)

100mm

NV

M. Yamamoto et. al, arXiv.2307.10271 (2023)

AlN/Diamond

Diamond Mecha Resonator

DBR DBR

Color
Center Optical wave

Photon
qubit

Supercon.
qubit

Micro
wave

Mecha
wave

Transmon Qubit

Hiromitsu Kato

Satoshi Iwamoto

Masahiro Nomura

Toshiharu Makino
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Estimation of Entanglement Rate

H. Kurokawa, M. Yamamoto, Y. Sekiguchi, and H. Kosaka, Phys. Rev. Applied 18, 064039 (2022).

Memory-based conv. ~ 20kHz

MemoryMemory

Swap

Conversion Efficiency

100kHz

10kHz

1kHz

500kHz

20%

Entanglement
Generation rate

between 
SC qubits

Direct conversion

Memory-based conversion

Direct conversion ~ 0.5MHz

Swap

B. Kim, H. Kurokawa, H. Kosaka, and M. Nomura, arXiv:2305.08306 (2023).

Simulation of
conversion efficiency for NV0

25%
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Coherent Orbital Control of a Color Center

IV V

Require 3 orders of magnitude smaller power than spin control by B fields
M. Yamamoto, H. Kurokawa, S. Fujii, T. Makino, H. Kato, and H. Kosaka, , arXiv.2307.10271 (2023).

H. Kurokawa, K. Wakamatsu, S. Nakazato, T. Makino, H. Kato, Y. Sekiguchi, and H. Kosaka, arXiv:2307.07198 (2023).

Rabi oscillation

Ramsey interference

@5.5K

High B field
High strain

required

We have succeeded in
coherent orbital control by

NV0 (B=0)NV- (B=0)

Two charge states

Mechanical

wave

Phonon
(sideband)

Photon

MW
(resonant)

Photon

E fields of

Microwave
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Quantum Network Project

Superconducting Qubit

Optical Circuit

Microwave Circuit

Diamond OMC
Hiromitsu Kato

Shinobu Onoda
Tokuyuki Taraji Toshihiko Baba

Nobuyuki Yoshikawa

Yoshihiro ShimizuFumihiro Inoue

Satoshi Iwamoto

Masahiro Nomura

Shigeto Miki

Hirotaka Terai

Hideo Kosaka

Kazuki Koshino

Satoshi Fujii

Toshiharu Makino

Diamond Photonic Crystal

Diamond Phononic Crystal

Optical Circuit
Diamond
Growth

Diamond Nano Fabrication

Diamond
Implantation

Diamond SAW

Microwave
Circuit

SFQ Circuit
Theory SC Qubit

Design&Meas

SNSPD

3D Integ.

JPMJMS2062

9 PIs



Associate PM IP Strategy

Quantum Information Research Center  

Associate

Professor

Yuki Yamanashi

Professor

Toshihiko Baba Nobuyuki Yoshikawa

Professor

Visiting 

Professor

Visiting 
Associate 
Professor

Katsuaki Tanabe

Visiting 

Professor

Satoshi Iwamoto Hiromitsu Kato

Visiting

Professor

Masahiro Nomura

Visiting

Professor

Toshiharu Makino

Visiting
Associate
Professor

Shinobu Onoda

Visiting
Associate
Professor

Kazuki Koshino

Associate

Professor

Yoshihiro Shimazu

Associate

Professor

Fumihiro Inoue

Associate

Professor

Christopher Ayala

Center Director

PM

Hideo Kosaka

National InstitutesJapanese Universities

Shinichiro Fujii Kinya Kumazawa

Intellectual 

Property 

Producer

Yasumasa Kawasaki

Management

Advisory Board Members

Visiting 

Professor

Visiting 

Professor

Fedor Jelezko

Jonathan Finley

Visiting 

Professor

Kai Mueller

International Members

Christoph Becher

Visiting 

Professor

Annelies Volders

Adjunct 

Teaching 

Staff

Visiting

Professor

Tokuyuki Teraji

International Industry-Academy-

Government

Visiting 

Professor

Collaboration

Coordinator

PR PR

Visiting

Professor

Assistant 

Professor

Yuhei Sekiguchi Akira KamimakiHodaka Kurokawa

Assistant

Professor

Assistant 

Professor

Visiting 

Researcher

Associate 

Professor

Worldwide Nanotech
Researchers from 6 Univs

& 5 National Institutes

Company

Visiting 

Professor

Mamiko Kujiraoka

Yu Mimura

Visiting
Associate
Professor

Shigehito Miki Ryo SasakiHirotaka Terai
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Summary
We are developing diamond-based

Q. sensor

QR

QR

QR QR

user

Q. repeater

Q. storage

Q. computer

photon

Short 
distance

Long 
distance

GlobalQKD
Agency

Program

Project

Agency

Program

Project

https://moonshot.ynu.ac.jp https://qurep.ynu.ac.jp

QC＆QC

Quantum Repeater
for

Quantum Communication Networks

Quantum Interface
for

Quantum Computer Networks

toward
Quantum Networking
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