: Javzy |~7 %55,
\, Kb 3
%Eﬁalxﬁ BUR- AT A TR HHE A
**"CA*D‘)WJ'JEﬁnFﬁJ%“BMD’/:TU*T—?-Jv—

' A—*f/a\y"ﬁ BB URY D L2024 '~ MOONSHOT
f | -)". pe 2024¢3H 27 E RESEARCH & DEVELOPMENT PROGRAM o







| HZER=HT ORMDER é

MOREEIOT

DERETF
\:If/tol—/)-‘/
SXC foh—%y Al BF 7 BFAE—
@AvEa—%) R (AvEa1—%) = SV1

1970~ 1990~ 2012~ 20307 ~ 20357 ~



|l L—22aykBiR6IZE T 4K ILPI

&

MOONSHOT

iﬁ%?ﬂztl ID=BF

EFAVELI—FZFDED
® E?LL:I’(J@?I A

ARG

o [RKTOVIVNEFIVEL—SRETOBEELGEGEAIREIZTIEFRINT—Y

SR L | o fall 73
SAEEFaE1—4

FEN=KEH xBEHN

A EFrY NI—USRF L

IN—RDxI7 \

BEE 1A> || XEF qigk NEE | PEREF || PHEF

cSwT BN || a3 || 2krne $JIPAN" -

LR Syt ey IKEFIhZ B Iﬁl’i AFReha BAFEER

PM PM PM PM PM PM
BERY NO—2 %
o B
MERZ | mEme Q
P ﬁﬁo %tﬁﬂﬂ%‘c
Hanear|| o iS5 =7Ey MEFTES

a= D ME
=75
PM

INFAADR
PM

|

I | | |

#&)\— FOERIRGE. FARDTIEEROER. U570 RAB.
I3 VMR, AHNRR. ERREMRETEE

ROFTIES AT LBFEGRDITIEY 7 PO I PRURITS AT A - &iE)

(W] Ll L] Ll Ll
Il I L Il 11 L

B2, BF/EHR N—F/VIMERRFRA-HENBFRIET—IL AT L -F—XTIF ¥ DXL




- (e
\

! s
b

= "\ ; 7

- = “+ ¢

S. Nagayama H. Ohno T. Sasaki R. Van Meter R. lkuta M. Takeoka
Keio U. Kanazawa U. U. of Tokyo Keio U. Osaka U. Keio U.

Mercari, Inc.

e g
’.

D. Akamatsu K. Niizeki T. Horikiri R. Yamazaki Y Yamaguchi
Yokohama LQUOM Corp. Yokohama Yokohama ICU NICT
National U. National U. National U.

@

R. Sasaki A. Soeda T. Satoh Y. Matsuzaki A. Osada David Elkouss
RIKEN NII Keio U. Chuo U. Osaka U. OIST 6



Rl EFarEa—43ElT



IEFarE1—4&1T o nEFEYME 2 AnREERED Mg@
o [BEFT—4210THEBRME!

. n=3

A 000
@

R 011

R 100

~ R 101
(]
3

OERBAHBRRERZRFOTILVS



IEFarE1—4&1T o nEFEYME 2 AnREERED M&%{)
o [BEFT—4210THEBRME!

i
N
S
|
w

S
[
-

QEIE DR~
REMNEDS

— (@)
(@) —

- CCOESH
AIELEEZROS
=BF7INIAVXL

o
S

.A ._\ . E
- o

— -\ N

— -\ O

011

RN
o
=

.

OEREALRMEZFOTD



| PEFIVEaL—4 (z

108 FEvk:2 =¥1000@DIERD
PG EEZERICEDITHT

=fFr Vb7 —91t !

; =T EF7—4ITHS

10+10EFE V2 =100/ EDE
ORI EFERICEDITHT




g1V —7ELDERRE



| EFALE1—AD Ry T—51E &

MQONSHOT
2030 2050

BFEtHB DR

RUNEREFIR
(1005 qubits) ERE D Hi

AF 05y
100qubitsx1 5 &

HEinE
1000qubitsx1F&

I.I =

B 7R MR D

F~RHEMOEFEHEH#
(HE/—F) D
FYRT—=I{EDRRA

KRA—/I—aAVE1—FEEDHT—T ILEER(EH900km
https://www.r-ccs.riken.jp/fugaku/system/ 12



| EFaAEa—32DrycT—91t ’6

MOONSHOT
2030 2050
BFHABOMS BYREZRTHE
@ (1005 qubits) ERE D Hi
- 4 8l 1A Ir5yT
' | > 100qubitsx1 5 &
iR
B 7t MR % 1000qubitsx1F&
. @ L F~RREORTHEM
[AFOPzIHN BN (RE/—F) D
TIREYITRYNT— MBS E RS . FIRI—2itORRA
= Hif X8 ORI
T Rk — $3aL—
./ N \*’ M R Rl =S A KA A SEEO N —T LR £ 3900km
s E https://www.r-ccs.riken.jp/fugaku/system/ 13



| 2RA AR é

HEB1: 7—FTUFv(ERE)-BETOML
SRFLE T g L
) /@f% i e

RE2 BTRLHH ".I,Eae,:?!%w%umﬁ EES:
Aok T—5 / e ., L RS RT LR
i A

B .
gy Mipipigigmal¥ 7

B4 77— 3>

14

NIEFAVE1—F 1RO RT L HIHIZHFODDLENH S



1 &

WP [

tH IR

MDHY) %

7 (PR %)



COLLEGE PARK, MD — JANUARY 10, 2023

I Networked Quantum
Computers: lonQ Acquires
Assets of Entangled Networks.

IBMAAQCO KR YR T—H{LIZAITT-BPI DI £5K (23458)

« Entangled Networks team joins lonQ to work on next generation networked quantum

computer architectures and full-stack quantum compilers

« Acquisition supports lonQ’s efforts to build large-scale quantum computers by enabling

computation across multiple distributed quantum processors

« lonQ expands investment in Canada, with Entangled Networks team serving as beach-

head for lonQ in Toronto

0 IONQ Cg o Cl)‘:mﬂngled Networks
(o]

O
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o  Quantum Internet Research Group
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e Workshop for Quantum Repeater Networks (WQRN)
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e SIGCOMM
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RFC 9340
Architectural Principles for a Quantum Internet

Abstract

The vision of a quantum internet is to enhance existing Internet technology by enabling
quantum communication between any two points on Earth. To achieve this goal, a quantum
network stack should be built from the ground up to account for the fundamentally new
properties of quantum entanglement. The first quantum entanglement networks have been
realised, but there is no practical proposal for how to organise, utilise, and manage such
networks. In this document, we attempt to lay down the framework and introduce some basic
architectural principles for a quantum internet. This is intended for general guidance and
general interest. It is also intended to provide a foundation for discussion between physicists and
network specialists. This document is a product of the Quantum Internet Research Group (QIRG).

Status of This Memo

This document is not an Internet Standards Track specification; it is published for informational
purposes.
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o IETF: HHIVE1—2RIEICEAT HIFELFEK (TCP/IP, http, etc.)
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e 116th meeting 2023/3/27-31 @#&;E

o Quantum Internet Research Group meeting in IRTF

o Host Speaker Series ((RA+DF B HMiEHBNTS)
“The Future & Roadmap to the Quantum Internet - Testbed Efforts in Japan -~

m Shota Nagayama & Rodney Van Meter
m  more than 10% of participants (top classical network
specialists) of IETF/IRTF joined the session.
o  Quantum Network Lab Tour to Yokohama National Univ.
Horikiri-Pl.
o https://ietf116.jp/tour/

| Host Speaker Series
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The Thursday 30 March Host Speaker Series
talk will focus on Quantum Internet. The

WIDE Project has been working on and
supporting the research and development of
quantum networking/quantum Internet for
more than 15 years. The talk will discuss

that research with particular emphasis on

COHRBTIR, REREAVWLRFEROARELTWVWET.
e IR T AP EMBRROBE THERE LU CRTFHEHZZAVT,
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testbed-related activities in Japan.
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Efficient Dicke state distribution in a network of lossy channels WStat‘;‘Sing'e photon state
IW3) = —=(|100) + |010) + [001))

V3
ol : ZEFHDON (WIKEE/DickelkiEF ) 2 FOVE1—FRIICHE T HEIEHMITHENMET
TE 1A FTiSH%ICHALI=F% (squeezed vacuum for the input state: less effects from losses.)
ofFR EMFEL T HILEERAIICHESR

Direct transmission method Repeater-like method W states in a star network with loss
Polarization states W
1 (i / 7 f |
|W3) = — (|hvv) + |vhv) + |vvh)) W))Xixi a'00>xix,. + blllh*xi 107 -
V3
a>b 10-1

—

2 —

© : S

=1072 —

s = S ——

] -- W2 direct e
N & 10731 -~ W3 direct

g -- W4 direct

..,
S
e

—— W2 repeater
—— W3 repeater

\ / N links /
\ / 10-5{ —— W4 repeater
ﬂ S 0 25 s0 75 100 135 150

ﬂ distance [km]

Comparison repeater-like scheme with the direct method

Generationrate ~TN
. Efficient Dicke-state distribution in a network of lossy

T— t itt f link Generation rate channels. W. Roga, R. lkuta, T. Horikiri, M. Takeoka. 39
power transmittance ot one lin Phys. Rev. A 108, 012612
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606nmM-1550nm entanglement generation

e 1550nm-606nm £ DAL F R A X
HWP1BS DIN—I _____ D/M ..... ° 1550: ;& E,&"ﬁ
el HwPﬁosnmﬂssé)g? ' e 606: Pr:'YSO (ﬁiiﬁ*%%}:Eu ) e
= ' o PrYSO AEYELBERRDIEBEMTIEGRICKRET SR

Sagnac interferometer-type nondegenerate polarization entangled
two-photon source with a Fresnel rhomb.
Aizawa, Niizeki, .., Horikiri, et al. Applied Optics 62 (9) 2273-2277 (2023)

interval
analyzer

Comparison of the Current Study with Previous Studies

Year Reference Photon Wave Length (nm) Fidelity Visibility
2008 [16] 810,1550 - 91%
2009 [14] 810,1550 98.2% -

2013 [15] 810,1550 96.5%7 -

2016 [10] 894,1313 75.3% 70.2%

40
2022 This work 606,1550 94.4% -
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Rekishu Yamazaki, International Christian Univ.
.| Yuya Yamaguchi,NICT
e Ryo Sasaki, RIKEN

Optical Quantum
Network

Our lifetime for now: 50us
store/load quantum efficiency: about 25%

QFC

257 FBRR) 15 F F #(Fock) physical EFiNAEY
system 3 RY et al., Phys. Rev. A 101, 053839 (2020)
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Frequency-multiplexed Hong-Ou-Mandel interference
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| Frequency reference lines at telecom wavelength
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https://doi.org/10.1140/epjd /s10053-023-00712-7 THE EUROPEAN

PHYSICAL JOURNAL D

Regular Article — Molecular Physics and Chemical Physics

Rotation dependence of v/ = 44 excited-state hyperfine
constants obtained via precise measurements
of the hyperfine structures of '?’I, lines near 514 nm

Mayuko Yoshiki, Shogo Matsunaga, Kohei Ikeda, Daisuke Akamatsu, and Feng-Lei Hong®®

Department of Physics, Graduate School of Engineering Science, Yokohama National University, 79-5 Tokiwadai,
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Abstract. Frequency-stabilized lasers are of considerable interest not only for the implementation of time
and length standards but also as tools to study atoms and molecules. The absolute frequencies and hyperfine
structures of the R838)44—0. P(36)44-0, R(37)44-0, P(35)44-0, R(36)44-0, P(34)44-0, and R(58)45-0 lines of
molecular iodine (1°"I) at 514 nm were measured in this study via modulation transfer spectroscopy. The
hyperfine splittings were fitted to a four-term Hamiltonian with an uncertainty of approximately 1 kHz to
obtain high-precision hyperfine constants. The rotation dependence of the excited-state (B state, v’ = 44)
hyperfine constants was determined using the fitted hyperfine constants. Notably, 103 hyperfine transitions
were observed, with an uncertainty of 5.6 kHz (a fractional uncertainty of 9.6 x 10"‘2), thereby providing
new optical frequency references for telecommunication and other applications.

M. Yoshiki, S. Matsunaga, K.lkeda, D. Akamatsu, and F.-L.
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Hong, Eur. Phys. J. D 77, 140 (2023).
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| Quantum Reed-Solomon CodeDFBILICHITH)Y—RERIEIZDINT

Encoder of a [[5,1,3]]S QRScode with 5-dim qudits

Nishio et al. PRA 107, 032620 (2Q@3)5 i@
Quantum multiplexingZFiLNS ZET, X FNEDZHLBHEZFIALT,. oxX7—+

DEEFST . PIZIE RHREFANLEDDEAZHWNSEIL. ROLIBNERF
Tmultiplexed - FEEHTEMTES

— SUM gate Circuit used to encode time-bin qubit on polarization
oS (Quantum Multiplexing)
, |
1Dy ™% [N [05] 222 [, + [H),
Ehe SUM gate (generalized CX gate) is given Quantum multiplexing allows to realize C; X gate using only one CX gate
y: - o
{Timcbin - *9’§7 $, * The time-bin DOFs are splitted into
= R . Photon 1 _ Tim§bin . 0s . oS . . )
Quditd # B1EE qubitk AL THT 3 DA AT T e T Ty e e trough seres of 05
N N = — 4 S - single CX gate is
BN . F—rOMAKIBIZEZ TLES, S applied between the relevant modes
e - os. 08 of photon 1 and photon 2.
7 B . = Photon 2 Timebin : 7&’7. oS . . . .
f5) SR T D qudit®D sum gateZFqubit TRFFIL TS S & [ *  The OSs recombine the time-bin modes into
=805 —R3F Polarization T P a single spatial mode.
BELGR
25
) « X DEREDEEVEBEDHEEDLT
o BUBRIIZELEX 9 B & HEE D Quantum multiplexing
5" o ™ DFAEEP ER) LYE. KIEIERE A AT EE (K]
O et s e e | BT THBIEMTSAL,
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(Evaluation tool of quantum link) MOONSHOT

T LA NEEDEDRRIZED /A X DR AR ZBTORILOREND, JAXD
o HEEAMILIL AT ILAUME JAXDIEL KLY BFETTDHOWerner REEHTETA-HDT
L—rTERESN D, WYX LKA EZERHE,
o  ILAVTILAUNERE IRV IILAVNDREEE

J:d_éqali Algorithm 1 Experiment for estimation of Werner parameter. &
Alice Input:
number of samples N
. estimation precision €,,
o | mg €{0,1} Output:
- failure probability &
estimated Werner parameter w

1: ncount < 0
2: forn=1to N do
3 Prepare two copies of the unknown state pw,. and pw. ¢ w
Bob m, € {0,1} 4: Alice and Bob l‘()‘(‘all)' perform XOR-operation 3?@;@6%& E 1‘?,—’;(:&#'«3’6
e ) - L b : s _ b: ) th‘?fB)e ;\I:/""zp,,.‘, > Each measures their half of py ¢ Werner{%ﬁo)*ﬁiﬁfﬁ%ttiﬁ—d—ég“
FBIORIILOREINFERE pO0IL, ERELLLKE(TRED B w i]t‘(\?d "““’;l el 2 57, choDHEE. EEA—X (Z
PNy - ~ S > —_ . A = ¢ “B = [ 4. N~ A
WernerikKEEZ S HR) [CBEELTHEY . /I ADHFAETTHLID 7 Neount 4 Ncount + 1 e 4 XY LA ERES
ESENERTSEIY (I S P00 + Ncount /N S5T4— (BE88) T . HLLNEREA—
9 w+1- \/-l]}(m -1 77’{ 1) —C o 28|

00 . . . . (Calculate the extreme values around w) xo)ﬁ;‘f—eﬂ\%ﬁﬂ)j)bﬁli F?g
\épuo 10: wp «— 0 + €w . o— M
04 I\\\ 14 W — W — €y Ej—é/\7}_gﬁ(:£ll\—c l\:Ea
Poo i \ (Calculate the cxtl‘mncl)\ulucs around poo) 374_4: U%}{Ehtlﬂéo
oso] 1 \ 12: poop 1‘ (2 = 2wp +wy)
g \ 13: poom %(2 — 2w +w2,)
03s \ (Calculate precision around pgg)
14: € + max(|poo — poop|, [Poo — Poom|)
030 ¢ \ 15: § + (‘X])(—‘.x\"(',).
5§ B R 16: Output 6, w
48
1% - 08 06 04 C E—
w u

ACM SIGMETRICS PER vol. 51, num. 2 (2023)



RuleSet(RS): a program for each node in a path. RS allows each node to do

RuleSet-based Protocol

classical/quantum operations autonomously in a distributed manner.

e AVEaA—ARYNT—Y=1E5
1357 RN AL EE

e =FNWNI5E:
EFFYUORILETRF Y
FILEECHRNEIZG 5T
. SHIZEEIC

—SEFICHEREIELIzIL—ILtEY
MI&BRELIBEERTH &
TIEMEDOEFNICHEKT ST
S—FF KR

EndNode A

Repeater B

1. Collect Path Information

Repeater C  Repeater D

EndNode E

RuleSet A

RuleSet B

RuleSet C

RuleSet D

RuleSet E

e e

QuNet'23: 1st Workshop on Quantum Networks and
Distributed Quantum Computing, pp.25-30 (2023)
IEEE QCE2022. 10.1109/QCE53715.2022.00055 (2022)

IEEE QCE2022. 10.1109/QCE53715.2022.00056 (2022)

2. EndNode E Generates and Distributes RuleSets
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Awarded in IEEE Quantum Week 2022
(background result)
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Kentaro Teramoto, Takaaki Matsuo, Sara Ayman Metwalli, Poramet Pathumsoot,
Takahiko Satoh, Shigeya Suzuki, and Rodney Van Meter

Track: Quantum Networking and Communications
Paper Title: QuISP: a Quantum Internet Simulation Package
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RuleSet-based Recursive Quantum Internetworking
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Open Innovation

WERMEE (7—FTOFv-Fara ) DA —T o1/ R—2ay

o sfc-aqua |/ RuleSetSpec

Code Issues Pull requests ) Actions Projects Wiki

83 RuleSetSpec

main ~ P So

@ chibikuri added explanation for ruleset termination

W img

I rfc-spec
1.0verview.md
2.0.Specifications.md
2.1.ConnectionSetupSpec.md
2.2 RuleSetSpec.md
2.3.RuleSetExecutionSpec.md
2.4 DataStructures.md
3.Examples.md
4 References.md
CHANGELOG.md
Discussions.md
Notes.md

README.md
README.md

Specification

Specification for Connection Setup (Teardown) and RuleSet

Insights

Edit Pins -

Add file -

Settings

Watch 2

https://github.com/sfc-aqua/RuleSetSpec/

4.9 Connection Setup Example in single network
The following diagram shows a full example of connection setup.

v Sequence diagram

MOORSHOT

e Computer networking
itself is a complex
distributed
computation, even in
classical networks.
Quantum computer
networking is more
complex distributed
computation crossing
quantum and classical
computing.

Key components of
distributed computing
is complex state
machine. Any idea to
simplify the state
machine?

—Rule-set based
networking !!
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Background results
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“Anonymous estimation of intensity distribution of magnetic fields"
with quantum sensing network
Hiroto Kasai, Yuki Takeuchi, Yuichiro Matsuzaki, Yasuhiro Tokura. arXiv:2305.14119
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