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Development steps toward Quantum Internet

1. Trusted node QKD system
» Quantum enhanced security but not absolutely secure

< 100km < 100km
' o '

2. Quantum repeater—based QKD system
» Absolutely secure quantum network
» Long-distance & multiparty connections

() @— 2
e ° 4o
Quantum .

Classical
data

3. Quantum computer network
» Require quantum interface at end nodes

((C))) )@
©0 ﬂo 0(“‘;:)0‘
7

Quantum Interface

Quantum
data
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Quantum Quantum
Computer -4  Repeater
Project N etwo I‘kS Netwo I‘kS Project
QUI\I 1 Q. computer @‘MEEP
https://moonshot.ynu.ac.jp https: //qurep ynu.ac.jp
Program Program
(p MQOE‘I,\O] MS H OT ' Q. sensor GQ“NET
Agency & y Agency
@GMEXT - : )
== Cabinet Office @ M I C
Short nE Long
distance -~ Qstorage distance
/MOONSHOT GQuNET
Nanotech Protocol Service
phase phase phase

10~30 year
Basic research Applied research
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= Development Roadmap for
Superconductor Quantum Computer

Development Roadmap | swee™® IBM Quantum

Quantum algorithm and application modules

Maching lsarning | Natural science | Optimizatian

Quantum

| —T TR . = “
AP PO PSP Inter module connection 0' Communication
¥, m beyond 1K qubits I 0. \ beyond 10K qubits
t9




& MOONSHOT Moonshot Quantum Computer Program

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

P 2040 | Demonstration of distributed NISQ computer & Net QC
Calculation of useful tasks under quantum error correction

2030 Development of NISQ computers of a certain scale &
Effectiveness demonstration of quantum error correction

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 correction code and
technology between photons and quantum bit and gate platforms. quantum algorithms, development
quantum memory, development of of measurement and control

quantum repeater and quantum software, development of error
communication system, building correction system
testbed. Stage gate
« Phot & det Identify suitable & * Quantum error correction
oton source & detector feasible physical system. theory
; 1 fQuantum memory ; )
QUI\I Quantum interface technology Bl | Trapped || Photonic || Semi- || Neutral : Mlddlgware,comp|lgr
A Quantum repeater (short distance) ions qubits ||conductor|| atoms + Algorithms, applications
+ Quantum communication system qudiis * Error correction system
* Testbed as a possible candidate
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o h(Director of Quantum Information Research Center)
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Quantum Interface Project

‘!”‘l’a PM Hideo Kosaka
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Quantum interface

Blind Q. computing

Q. computer

Optical photon

Q. media conv.

Q. media conv.

Q. storage e Microwave photon

Opto-Mechanical/Crystal
Phononic

W‘5~ eystal - Quantum ! Optical
‘ Jl ;’; , I

Memory photonic M fiber

Supercon.

i ‘\I Wl' i

Microwave Acoustic crystal Optical
photon phonon photon
Optical fiber

DT Optomechanical crystal

Al

Microwave

photon 1 0

Elastic wave Quantum memory Photon




"MOONSHO

RESEARCH & DEVELOPMENT PROGRAM

Quantum Computer

Dilution refrigerator
(10mK)

One link from one logical qubit could be enough

Optical fiber (RT)

Scalable!

TTTTTTTTTITITITY

*

ITITTTTITITTTTITITTTTH

F

Logical qubit
integrated circuit;
1K~10K qubits 3

1150111 g
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o
Tennee <

- e
AT IALE =

'''''
sessasl - Eiesses
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Q. memory
control circuit

Quantum
interface

l1as circuit
for
freq. tuning
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Opto-Mechanical CrystaliQi QuINT

Conversion between EM field (unwave) - EM field (Optical)

~5 GHz ~500 THz
with 5-orders different Frequency & Spatial-mode

EO modulator AO modulator

Electro-Optic modulator Acousto-Optic modulator
Fast but low extinction ratio High extinction ratio but slow

High power optical pumps are needed
> | Carrier frequency

S EO or AO resonator s 0~ 1MHz
ﬂ'-:'r:::k ‘ SiN membrane (JILA)

Heterodyne
detection
(Yale)

Opto-Mechanical Crystal (OMC) + Color Center (CC

High-efficiency, High-bandwidth, High-repetition, High-fidelity & On-demand

12




aconisbisell Principle = Quantum MediaiConverSIGHeN |

Optical

Photon -
Excnon
(Color center

A

” Electron ’
P
Mechanical wav

Super

conducting

Spin

qubit

13




aoiEl  Mechanism of OMC=QIN

Vibration

Macroscopic quantum bridges Microscopic quantum
macro & micro

Spatial mode [l Patial mode B o quency mode
matching ERS conversion

- Lattice ,(Molecule
“ooion g juriczolel Bl
photon 1€20
Superconducting Microwave resonator T Mechanical resonator Optical resonator
E
q e

Qubit
Transducer ~
Electro-Mechanical coupling Opto-Mechanical coupling _gs—lfe 1990200 THz

oy :Eﬂ U
w¢ oy~5 GHz
g_

Microwave Mechanical Optical Dipoles with
resonator resonator resonator 5-orders different
frequency

Piezo

Microwave photon

CC@ NN Optical photon

H. Kurokawa, M. Yamamoto, Y. Sekiguchi & H. Kosaka, arXiv:2202.07888, Phys. Rev. Appl. in press (2022).

QulN'T

antun INTerfaces

14


https://arxiv.org/abs/2202.07888

/MOONSHO Conventional OMC=Q1

Homogeneous structure = Heterogeneous structure

Chicago Stanford W® - 4 Caltech
(Clelan%) m ) (Naeini) L|Nb03 LN/Si (Painter)

7 o ”
Phonon waveguide St mechanica h

CL |\ 2020

2022

0. Painter 2020 )

EPFL & IBM Delft

(Kippenberg & P. Seidler

(Gro[?)(l_:‘allfcth er) m -

S. Groblacher 2020 S. Groblacher 2021

T. J. Kippenberg & P. Seidler 2022 )

(Groblacher) m Qphoxm

S. Groblacher 2022)

QuiN'T

Quantum INTe

15
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Diamond Opto-MechanicaliGCrystal

QuiINT

Heterogeneous structure with Piezo is required for QI

M. J. Burek et al.,
Optica 3, 1404 (2016).

Harvard, Caltech
= (Loncar, Painter, Lukin)
/ "

> R Yo

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

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

Stanford
(Naeini)

ETITITIIX
(1528800t insssntstinitel

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

Harvard
(Loncar)

G. Joe et al., CLEO (2021)

Diamond waveguide taper
10 pm. i

t:mnmm:mnlr' )

Mechanical mode

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

MIT :
1 (Englund) SIV’ GeV Wan et.al., Nature(2020)

Silicon
Photonic
Integrated '
Circuit

EIEEE
mmm.ﬁ:lﬁi Mouradian et.at.,APL(2017)

i |

/]

Raniwala et.at., Arxiv(2022)

Optical Q = 14,000 @ 637 nm 16
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Conversion efficiency - Carrier frequency

.p

Piezoelectric Coefficient (C/m?)

Conversion efficiency n

Advantage of diamond OMGEQI

1 .
0.01}
\ (Glehoi](
i roblacher
1E-4 LN/Suoi
rStanof_ord éé'l\{é%'h
1E-6 | (Naeini) Painter)| yatero
e Delft © structure|
1E-8 LGrOblaCher)Chgago i 8 AN
- (Cleland) o LN
[E-10} stl::cT:re o Gap
Groblacher) ) EPFL 41 GaA
Delft gy ~ (Kippenberg) ¥ GaAs
1E-12 & ' L ! LN .
2 4 6 8

Carrier frequency o, (GHz2)

D|amond hetero structure

w
T

N
T

[N
T

o
T

P|ezo electrlce o
3.7
]
1.6
0.1 0.15 . .
GaP GaAs AIN LN

4]

[Eny
(J'l

Sound Velocity (km/s)
=)

10

Sound velocity
oc rigidity c

|18 km/s

coupling

[6)]
T

[ ]
v

Electromechamcal Diamond

9.6

0 L L L L
GaP GaAs AIN LN

Si

Diamond

@
High modulus »
-

ffffffffffff P Y P —

QulN'T

1 INTe

High frequency >5GHz is needed
for low thermal noise

Thermal noise - Carrier frequency

1 ; -
L
o o' 00
(5]
=0w11 s >0.4 /O/T]m
® 1E4 Error
R >0.01%/n,,
'q') 165 4
|'E 1E-6 = n (T=20 mK)
e n(T=50mK)
1E-7 4 4 n(T=100mK) "
3 >5 GHz «> 8 GHz
1E'8 T T ] T ]
0 2 4 6 8 10

Carrier frequency o, (GHz)

Low dissipation
at high frequency

Wavelength match
photon - phonon

Fast velocity »

17
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fonversion efficiency — Band width

AO Memory base|
(membrane)] ®EO \_’EO Atomlco
<G & "~ “3.m ensemble '
: B=24MHz : = .E -
é o
>~ .
9 105 Low b|tralt!ear EO,-
-3 earth ==
EIGE) - Conventional
>
g Ma%on
o1 -10[_, 1 1
100kHz 1MHz 10MHz
Bandwidth B (bitrate R)
500kHz ;

QuiINT

L\ 1Ko @ High photon noise
e o= 10011 T:] High thermal noise
6T eI Keid No photon noise
LG B (a 1] No thermal noise

High fidelity + High rep. rate
= High bitrate

Direct conversion ~ 0.5MHz

— memory-based
——Direct conversio

Entanglement ooz
generation rate

between 10kHz : <2
3 Conversion i e
SC qubits 20% vemor, NN = Memory
1kHz F;—-'} J;-q
o A [ . T
00 025 050 075  1.00 %l £

Conversion Efficiency n

H. Kurokawa, M. Yamamoto, Y. Sekiguchi & H. Kosakai arXiv:2202.07888, Phxs Rev. AEEI' in press ‘2022‘. 18
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S MOONSHO

exyxyaityd Fabrication challenge!forDiamoit oM RO NSE

Quantum INTe

Microwave Mechanical Optical
resonator resonator resonator
) Piezo material
Microwave photon
+
CC -
0 NN \N\NOptical photon
Microwave Microwave resl -
photon AVAVAY) 3 Piezo&CC

OOCEIQO gz

! Mechanical res.l Optical res.
Superconducting Diamond piezo-electric Diamond photonic crystal
microwave resonator mechanical resonator optical resonator

NbTiN/Si Q = 8,000 AIN/Diamond  (Q =10,000 Diamond nanobeam
@ 5GHz,15 mK @ 5GHz,5 K

100nm line width ** o 1pm pitch " ke 250nm pitch, 260nm width, 500nm high

nicy CAIST &L AIST & UToxvo SCAIST

NATIONAL INSTI NATIONAL INSTITUTE OF
ADVANCED INDUSTRIAL SCHE AND THEHNOLOGY LAEST) ADVANCED INDUSTRIAL SESENCE AND TECHNOLOGY (AIST)

ADVANCAD INGUSTRIAL SCIENCE AND TEEHNOLOGY (AIST)

H. Teral T. Makino, H. Kato S. Fujii  T. Makino, H. Kato S. lwamoto T. Makino, H. Kato 19




Quantum Repeater
Networks

ttps://qurep.ynu.ac.jp/
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QuTech / TU Delft Science™s

Multiparty Quantum Repeater Network

Communication qubit

First demonstration
of diamond-based
Quantum Internet?

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

B.Hensen et.al., Nature 526, 682 (2015) 21
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ONVIfel  Global Quantum NetworkiProghain GQuNET

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
Twin-Field QKD

uuuuuuuuuuuuuuuuuuuuuuuuu

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

’ ‘ a. Network operation
mawew—
) Network control and management

YNU &uroko TOSHIBA S wmmsn  oucawn @AIST ”NIC{;
nims/ T

o HOKKAIDO 4 GRKISAY NEC uamamarsy ELECTRIC




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

YNU

Quantum Repeater Project:
SAIST

ADVANCED INDUSTRIAL SCEINCE AND TECHNOLOGY (AIST)

H 5K

THE UNIVERSITY OF TOKYO

NIMS

YOKOHAMA National University

Quantum memory in diamonds
Entangled absorption

W=
, distributor \ ’ Ve = I
....GM“.,,.,,. 4 ommunication ban

Entangled emission

Memory- based
quantum repeater

llllll

9 4
All-optical

quantum repeater

Diamond microfabrication

High-performance - micro resonator
. ; Semiconductor multiphoton
entangled photon source

Quantum dots
Entangled state

Optical fiber

Bell measurement - Q ~ Nodes
Quantum Entanglement /_/ /
memory measurement Multiphoton entangled states
F
Quantum repeater module — -_— —
Quantum vavelength_XPhoton module - ) )
conversionmodule  conversion technology Wavelength-multiplex Superconducting single
_____________ P photon detector
quantum repeater
Wavelength- E . 4B LV Wavelengih- JIL Alice
multiplexed | adust h 4 multiplexed | Ali
oot |ce__|_,
p '\‘f Wavelength-multiplexed quantum repeater device B8 Waseclepats 7 BOb BOb
i -LI—> Carol
aiOL % Carol I ”
l l ' Fiber-base o "t
F u Ru Kn n wavelength-multiplexed Wavelength- . LR

ELECTRIC

dependent

entangled photon source photon delivery
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QIC

QUANTUM REPEATER TECHNOLOGY

5

g D' CZ

Emission-emission Emission-absorption

emission

absorption

beam splitter

Quantum memories
(enable Complete BSM)

ent measurement | ent generation

Probabilistic Deterministic

4 No scalability O BSIEIELIE

On-demand
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Comparison of diamond QR schemes Q1C

QuTech Single-photon interference S22 5 U9 plaien loss
of only a half path

High B-field 2 )

Conventional
Dynamic qubit

W

=

High bitrate with extreme loss

. . d t rel
YNU Single-photon absorption 215 B B
extreme loss

_ Integration Py i
B=0 with SC qubit emission absorption

Geometric spin qubit

3-level system

0) High fidelity without loss limit 25
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Required functions for YNU QR scheme

) Manipulate degenerate qubit
\\ with holonomic quantum gate

\\\\\ Microwave

\ \ _
5-10) B=0

1. Universal quantum gates

2. Entangled emission 3. Quantum teleportation trasfer

W@ =< V\/\/‘gé IR A (© e
ey Gy G

4. Complete Bell measurement g 5. Quantum error correction

*Nature Photonics, 10,507-511(2016) *Communications Physics, 2, 74 (2019)

*Nature Photonics, 11, 309-314 (2017) *Communications Physics, 4, 264 (2021)

*Nature Photonics, 16, 662-666 (2022) *Communications Physics, 5, 102 (2022)

*Nature Communications, 7, 11668 (2016) Physical Review Letters, 114, 053603 (2015)

*Nature Communications, 9, 3227 (2018) Physical Review Applied, 12, 051001 (2019) 26
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1. Entanglement generation
3. Bell state measurement

Entangled absorption

4 |A)

o) photon
O ANND>

+-o—- | —O-I-1

\_ electron

\

L
o

/

Fidelity ~ 100%

QIC

Quantum
teleportation
into carbon
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We have succeeded to exclusive transfer and store a quantum state
from an optical photon to a selected carbon quantum memory

“"\.;b LN

uegg

Collaboration

o//

Joerg Wrachtrup
(U. Stuttgart) —— Nature Photonics, 10, 507(2016) Communications Physics 2, 74 (2019) 28




Performances of YNU QR device

(Single NV{c]5KB=0)

Functions Status
+4~ri®RUniversal guantum gateRil[=NVAN() 99.97%
W  Gate speed (e) 180 MHz
fidelity (e & p) 98%
i Photon generation rate (ZPL) 10 Kcps
-f;‘:;'.'.afé/"y © o 1 fidelity (p—C) 94%
Saent’  Memory time (e / C) 0.1s / 1s
@NC | fidelity (2C) | EIEZ
Single-shot readout fidelity (C) 99.7%
~ -+ [@fQuantum error correctionBiLEIAGErIOR I8 3%
LI Controllable memory number (e+tN+8C) | 10

We succeeded to achieve all the functions required for on-demand QR



Challenge for higher efficiency & multimode
,

High-purity

Y #
diamond : 1 ~ Diamond

Duamond

1mm

Nanobeam single ion D|amond Diamond

implantation photonic crystal micro lens (SIL
Multimode~1Kbits Emit/abs enhance l Emit/abs increase
Optical QRAM x 1000 x 50

Nature Photonics, 16, 662-666 (2022) 30




Entanglement Generation rate (b/s)

5-,4_; L

. Development Roadmap of YNU QR

Optical fiber 10 m

|

Emission

low-noise SNSPD

i N
R, TR —”

Shigehito

o
photon

108 QuTech scheme Miki
10 e
101
10°3 001D/ . o . o
High fidelity without limit
10° 100 x 10002 x 1000
Nl 107, -OP.Y.NU | SLAIST SISNNCP Y ’

m SSPD gPhotonic crystalgMultimode 31



Publications on YNU QR scheme *:nature journals m
[@ Universal quantum gate

@) Complete Bell measurement
(&)

O

B) Quantum error correction |

All under B=0

* Nature Communication 2016
Nature Communications, 7, 11668 (2016)

) d Nature Photonics 2017
Nature Photonics, 11, 309-314 (2017

). d Nature Communications 2018

Nature Communications. 9. 3227 (2018)

Optics Letters 2018
Optics Letters, 43, 2380-2383 (2018
Physical Review Applied 2019

Physical Review Applied, 12, 051001 (2019)

) d Nature Photonics 2022
Nature Photonics, 16, 662-666 (2022)

o Communications Physics 2021

Communications Physics, 4, 264 (2021)

Phys. Rev. Lett. 2015
Physical Review Letters, 114, 053603 (2015)

Y d Nature Photonics 2016

Nature Photonics, 10, 507-511 (2016
.4 Communications Physics 2019

Communictions Physics, 2, 74 (2019)

Applied Physics Letters 2022

Appl. Phys. l ett. 120 194002 (2022)

I Communicatons Fhysts 2022

Communications Physics 5, 102 (2022)
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Summary QG

We are developing diamond-based
Quantum Interface device for Quantum Computer Networks
and
Quantum Repeater device for Quantum Repeater Networks
toward Quantum Internet.

QG
Quantum Quantum
Computer -4 Repeater
Project o Networks Networks Project
QLII\N 1 Q. computer BMEEP
https://moonshot.ynu.ac.jp https://qurep.ynu.ac.jp
Program Program
& MOONSHOT gsensr  GQUNET
Agency & X Agency
& Cabinet Office @ M I C
Short - Long

distance Q. storage distance
33
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