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Development Steps toward Quantum Networks

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

< 100km < 100km
R

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

@
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“ O data
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3. Quantum Computer Network
» Quantum data can be exchanged (((+))) .
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National Projects toward QuantimiNEtWOEKS

QC&OQC [Q1C]
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Quantum Communication
Networks

Project

https://qurep.ynu.ac.jp/
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Ol'lfel Global QKD NetworkiProgramn

JPMI00316 .
1. Quantum crypto link

A) High-performance quantum cryptography
B) Photon detection

Q 2. Trusted nodes
2 A) Highly reliable key management server technologies
B) Highly distributed technologies

1.A
Environmental resistance BB84

1A
High-speed BB84

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

1.A
Twin-Field QKD

’. — 4 Network operation

) Network control and management

4 Companies 3 National Institutes 4 Universities
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Nanotechnology

Y N U I Memory-based QR I ﬁ’ﬂ"’“‘i‘" I AII-optlcaI QR | TOSHIBA

YOKOHAMA Nations! Universiy Diamond Quantum dot

Entangled emission Entangled absorption Semiconductor multiphoton ol
= _ i , _ entangled photon source
— =W <) ’ | > Quantum dots A
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Principle of Quantum REPEALELS

Entanglement Generation

n

Node Bob

(Q. Memories) ‘

Long entanglement

O = O




Three schemes for QuUantUmiREPEaLEnS
urecn | § S o W

Single-photon interference Emission-absorption

emission absorption

photon
Beam splitter (‘1_0_)(‘1

Photon

\. Q. memories./ Insensitive to
Sensitive to phase, frequency, loss phase, frequency, loss

Single-photon interference Complete Bell state measurement

Beam splitter —O—( O ’—O—

Quantum
memories

Bell measurement| Entanglement

Probablistic Deterministic to be scalable
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A Color Center in Diamond

Carbon Nuclear spin: Memory

P

Photon: Communication |

NV Center

Electron spin: Interface
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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

A
18) ,*-;g-—wm A2
! lo*),photo |o7)
Microwave o o
|+1 |-1)

electron =
Nature Communications, 7, 11668 (2016) Communications Physics, 4, 264 (2021) Physical Review Letters, 114, 053603 (2015)

SLIETROMCEIY  |Entangled Emission| [Q. Teleportation transfer]
99.97% 98%, 10Kcps 049

°coo J\/\/\/\/»'Q f\/\/\/\p—) é IS oo
« g Crn

e
Entanglement

Error Correction

Initialize & Readout [Complete Bell Measurement
99.7% 90% 83%

Appl. Phys. Lett. 120, 194002 (2022) Appl. Phys. Lett. 120, 194002 (2022) Communications Physics 5, 102 (2022) 11




Challenges for Enhanced Photon Emission

0G (1mm) 1G (100um)

99.99999999%
isotope pure
99.998%

4 /Dlarhond
i : P 4 100um B N

5G (10nm) 4G (100nm) 3G (1pm)

' Diamond SIL
Antenna for

1
pfm arbitrary
‘ microwave

M ] polarization

Nanobeam lon Implantation D|amond Diamond
& Laser Annealing Photonic Crystal Solid Immersion Lens

Emission Enhance

Emission Increase
x 50

Photon-bus coupled
Integrated Q. Memory

x 1000



Challenges for Remote Entanglement

JPMI00316

2um
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Absorptnon}w

Objective module  Trichroic module Wavelength conversion Filter module
520nm 1082nm module 10km

"\ 1550nm i
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~ 4cm
C E‘""Herald L2
SNSPD module 13




Quantum Computer
Networks
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~ MOONSHO

RESEARCH & DEVELOPMENT PROGRAM

Moonshot Goall6 QuiNT

m [Moonshot Goal candidate]
Realization of fault-tolerant universal quantum computers FTQC

[Network PI‘OjECt] 2040 | Demonstration of distributed NISQ computer & Net QC
Calculation of useful tasks under quantum error correction

Photon Source & Detector 2030 Development of NISQ computers of a certain scale &

Effectiveness demonstration of quantum error correction

Quantum Memory

Network Hardware Software

Development of quantum memory, System design and implementation of Development of low overhead
establishment quantum interface quantum error correction, establishment of quantum error gorrectlon code and
technology between photons and quantum bit and gate platforms. quantum algorithms, development

quantum memory, development of of measurement and control
Qua ntu m Inte I ace quantum repeater and quantum softwar.e, development of error
communication system, building correction system
testbed. //-' Stage gate \\\
Ph 2 d ; idextity siitable & g + Quantum error correction
oton source & detector ' feasible physical system. \ theory
Quantum memory ; )
Quantum interface technology Trapped || Photonic |{ Semi- J Neutral » Middleware, compiler
Qua ntum Network ; | ions qubits ||conductor|| atoms + Algorithms, applications
Quantum communication system i wie * Error correction system

Testbed

as a possible candidate
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Quantum NetworkiProject QuINT
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10 PIs: All- -Japan Nanotechnology Researchers
from 4 Universities and 5 National Institutes
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Dilution refrigerator
(10mK)
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Optical fiber link (RT) WIS\ R OILRITS

Superconducting c(?nt:f;?r; <r) ?L/I ) B
~1K qubits

a Ioglcal qubit
,,,,,,,,,,,,,,, Quantum
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One optical link from one logical qubit
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What is Quantum Interiaces
EO Modulator AO Modulator

Quantum frequency

converter between . _—wlLight o . ._,,vLight
microwaves (~10 GHz)
& lightwaves (~500 THz)

"X '

Microwave ;
\ C'l‘ a Microwave ,

Conventional EOM/AOM
require strong pump
induce noise

$ EO cavity AO cavity

Strong pump'induce noise

1 - X Yale = JILA
ngh Q Eo/ Ao Ca‘"tles Heteroc!yne — 6mm ¢< Erinm Carrier freq.
tO reduce pump detection \'— LNbulk SiN merhbrane) 0o~1MHz

Opto-Mechanical Crystal
in nano-structure Opto-Mechanical Crystal (omc)

to further reduce pump M|cl!‘-owaveA“ - Mechanical é OEtlcaI wave -
photon

Optical
photon 18




Conventional Opto-Mechanicalieiystal

' A. Cleland
. (Chicago)

| cpimeuncaioynl
f00sccccccssnt

|

/ —

I A. Naeini
¢ (Stanford)

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

O. Painter »
g‘ (Caltech/AWS) AIN/Si

Issues are Za// |
(NN : — Arrangoiz-Arriola
A. Vainsencher, APL 2016 PRX 2018 Jiang, NatCom 2020 Jiang, q-ph 2027 M. erhosselnl Nature 2020

Low efficiency <10 L= 9
- - * ippenberg
with pump noise ‘ J S [

R PL

S. Groblacher -
XUV GaAs | GaP LN/Si

.......

Low carrier freq.
< 5GHz
= thermal noise

- b .-‘l | £33
S. Honl, NatCom 2022 M. Forsch, NatPhys 2020 R. Stockill, NatCom 2022 M. Weaver, q-ph 2022
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Advantage of high carrierfrequnecy,

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

1 @ A
A A 2
0.1 e S .

.g 0.01

80.001

E 1E-4 3Error>0.01% /1 Ot - —---Eg -~~~ ~~----- 50mK I:arger sc_ale
= integration
2 1Es

=

1E-6

1E-7

. 5 GHz 8 GHz 12 GHz
0 2 4 6 8 10
Carrier frequency m, (GHz)
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Diamond Opto-MechanicaliCrystal

—~—

- Loncar B. J. M. Hausmann et al. Nano Lett. (2013) L e . .
= . o oncar = A. Sipahigil et al., Science (2016) triangle
Adva ntag es a re Sinln f'?i (Harvard) NV M. J. Burek et al., Optica 3, 1404 (2016) 2 (Harvard) G. Joe et al., CLEO (2021) rectangle

o) Optomechamical crystal with

_ ..-. -' N A '.‘_;.- o o o -_ x - ' Wmmm Diamond m
H Ig h freq ] >5G Hz P gy 7 - ~ {/‘ R((aétangular cross-sedction nanc}:bea)m 10 pm
= - ) uasi-isotropic undercut etching
= Low thermal noise . 5 »- ~ .
' Fotieitittesemmmmetstbtitsttttes (NNNNNNINNNINED - ) k
: ‘ Optical mode Mechanical mode
A Color center ' Optical Q ~ 10,000 @ 1,544 nm

Mechanical Q = 22,000 @ 9.2 GHz @4K

- S. Mouradian et al., APL,

D. Englund B\A\"ASY\"S cr=)Y/ 111, 021103 (2017)
(MIT) 'NV- ensesmble
Van et al., Nature(2020) YT

Rectangular (undercut)

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

mediate conversion
= High efficiency ._ —

. St S Naeini [JETIVA L Cady et al, Quantum
WIO pump noise - (Stanford) 4, 024009 (2019).

Silicon

Photonic
Integrated
Circuit

Theoretical
8 S. Krastanov, PRL (
T. Neuman, npjQI (
B H. Raniwala, Arxiv(

In addition ...

High sound velocity . _;

eam (etched do

High thermal conduc Optical Q = 14,000 @ 637 nm (NV) R
ic » H /Groblach
Low thermal elasticity ﬂe anson/Grobiacher

- - Optical Q = 42,000 @ 1,542 nm | |
Low dielectric loss Mechanical Q = 118 @ 5.9 GHz @RT APS meeting (2029

Rectangular cross-section nanob wn method)
LA TRANAE r e 2 : i
"-}l’i"‘" - I - # ' . -
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Diamond OMC with a'Color

LE-10

QphoX
(Groblacher)

Stanfor

(Groblac

(Naeini)

Delft °

Homo ‘ =
EPEL structure o GaP
Groblach? ° \v GaAs
N .

LN/Si @
AIN/Si
Caltech

Si-based
Hetero ‘\
structure
o g ' 8 AN
(Cleland) ° LN

d

her)
Chicago

(Kippenberq)
1 | L

J

4 6 8 10
Carrier frequency m, (GHz)

Center,
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Quantum Interface = QuantumpMe Ju CORVEIRLET,
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Quantum interface Optical
converts excitation ‘ plica
between quantum media Photon

@ Excnon
(Color center

lon
Optical photon cannot be ﬁ I ’
be directly converted into | :
superconducting qubit Atom /\<::: Electron ” . Spin
Not only electron but alsc K I '»Phonoh
exciton(color center), spin Mag non ) S r_ Mechanical wav
and phonon(mecha wave) - ong ugtl ng
have to be used

qubit
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Diamond OMC with a ColorGCentexr

Macroscopic quantum Bridge Microscopic quantum

Mecha  Color . Photon
waua Optical wave qubit

A Color Center bridges
Macro & Micro Quanta

Microwave + Mechanical

Microwave Optical
! p
+ Optical Resonators photon VVV> photon
resonator Opto-Mechanical cavity
Enha ncement Of . 4"“ v Mechanical / Opti'cal wave
conversion efficiency =+ PEr— "
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Performance of Element CoOmponents

uperoon.Micro #/Mecha| Color . Photon

Transmon Qubit

. Satoshi lwamoto
ToshiharuM AoF0 000 Optical Fiber
\
\

~.
~

Hiromitsu Kato

YNU

VERLHAMS Pl L,

Dlamond Mecha Resonato Diamond Optical Resonator [8]e1dlet:1 RENY{T Lo [

”‘ 7Z£ @ Nanobeam lon Implantation Spot-size converter

&] & Laser Annealing Diamond \ —
QST \

AIN Dlamond

. N\
. I
i 500um ‘ e 100um e
NbTiIN/Si 100nm nano wire H W:320nm, t:170nm, hole:~100nm A
Q = 8,000 @ 5GHz,15 mK Q =20,000 @ 5GHz5K  Qu,=10,000 (Fp ~ 4,000), Quecy=1IM  Coupling Loss < 1dB

(Measured) (Designed)

v YNU a5 AIST

VERDH/NA B U ADVANCD GRS AL SEENCE ANG THEHNGLOGY LAIST!

(Designed)

Al A% UToxvo =AIST
M. Yamamoto et. aI arXiv.2307. 10271 (2023) Ishida et. al., 15p-A501-2, Oubutsu 2023S 25
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: Ty ' 500kH
Complete Bell Meas. : '
90%
100kHz
1
Entanglement
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Generation rate
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SC qubits
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Memory-based conversion
Direct conversion

V\
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/ pump

M-O .
Transducer

o}
4

X SPOROT AR

s
o
5
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Photonic

; _ ¢ time-bin qubit

Simulation of

conversion efficiency for NV°
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=
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025}
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- Mechanical
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\
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H. Kurokawa, M. Yamamoto, Y. Sekiguchi, and H. Kosaka, Phys. Rev. Applied 18, 064039 (2022).

B. Kim, H. Kurokawa, H. Kosaka, and M. Nomura, arXiv:2305.08306 (2023).
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Coherent Orbital Control ofia ColoHCENTEr

Two charge states

NV- (B=0)lINve (B=0)JBll Rabi oscillation

P_h non 1
High B field ‘S'deia“"’

High strain T

-
&S

o N
T T

A

Normalized counts (a.u.)
o o - -
@

required : Ph 6 . 1 87.8 MHz -
0 10 20 30 40
Ph O'tOn Microwave pulse width (ns)
Ramsey interference
MW o B ———
! (resdnant) %1.2 :
We have succeeded in Mechanical E fields of % os |
coherent orbital control by wave Microwave Sl .. |@5.5K
”;7/,.7 {L o m - Free precession time (ns)
: AIN/Diamond

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. Nakazatoi T. Makinoi H. Katoi Y. Sekiﬁuchii and H. Kosakai arXiv:2307.07198 ‘2023‘. 27



Quantum Network Project QuINT

JPMJMS2062 i
Design&Meas| ;. mond Photonic Crystal
YNU & UTokyo

Diamond Nano Fabrication
Diamond Phononic Crystal

&UTOKYO
! jIlHI
¢ | o) AL
Diamond 8asahiro Nomura u_?__l Optical Circuit
: Optical Circuit l"?

Toshihiko Baba
Hirotaka Terai

Microwave Circuit

Diamond

@, Microwave
Implantation

Circuit

=B

] 1 5 * LA
| : ia ~.q 3 y -
[ g | l

MAY[¥] SFQ Circuit
Theory 3p nteg. SC Qubit s
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QIC

We are developing diamond-based

Quantum Interface Quantum Repeater
for for
Quantum Computer Networks Quantum Communication Networks
h:é(s:zonv;govre tOW ar d HO‘O;’:‘;I;C%Q. G{aje Q. Telepon transfer
: . - Vi >ten =0
4 (et ] 2 . )
—lm—>» Initialize & Readoulv Complete Bell Mcasurerr;:\[ rrection
l‘ QC & QC 99.7% 90% 8%

Project
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