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Under zero magnetic field at relatively high temperature (10K)

Long coherence time>0.1s, fast operation>400MHz→high fidelity>99.97%
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Kosaka Moonshot Project

Superconducting-optical Hybrid Quantum Computer

Copyright; RIKEN Center for Quantum Computing
https://rqc.riken.jp/photolibrary/

Optical Quantum Router

Wide bandwidth ~1 THz

Superconducting Qubit

Fast operation ~1 GHz

Quantum Interface
(Quantum Transducer)

JPMJMS2062
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9 PIs

Tim Taminiau

Toshiharu MakinoSatoshi Fujii

Kazumasa Narumi

107 members

Tokuyuki Teraji

Super-pure
diamond

Hiromitsu Kato

Super-productive
Nano-fabrication

Shinobu Onoda

Super-precision
Color center

13 members

2 members

27 members

Diamond

Satoshi Iwamoto

Photonic crystal cavity

Masahiro Nomura

Phononic crystal cavity

Toshihiko Baba

Silicon
photonics

6 members

17 members

6 members

Optics

Hideo Kosaka
32 members

Hirotaka TeraiYoshihiro Shimazu

Fumihiro Inoue Katsuya Kikuchi

3D Integration

Quantum
memory

Quantum
transducer

Yuhei Sekiguchi

Hodaka Kurokawa

JPMJMS2062

Kosaka Moonshot Project

Nobuyuki Yoshikawa

Microwave
circuit

Kazuki Koshino

Theory
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Fujitsu “Fugaku”

Super Computer
JPMJMS2062

理研HP: www.riken.jp/pr/news/2021/20210309_2/index.html

Super Quantum Computer

IBM社HP: newsroom.ibm.com/2023-05-21-IBM-
Launches-100-Million-Partnership-with-Global-
Universities-to-Develop-Novel-Technologies-Towards-a-
100,000-Qubit-Quantum-Centric-Supercomputer

Microwave cables in cryogenic temperatures

Wallraff ETH
P. Magnard et al., Phys. Rev. Lett. 125, 260502 (2020).

Motivation

Optical

connection

Dilution fridge～10mK） Dilution fridge（～10mK）

Copyright; RIKEN Center
for Quantum Computing

https://rqc.riken.jp/
photolibrary/
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Microwave-to-optical
quantum transducer

~1 mm

Flexible, high-speed optical connectivity

Replaced by fiber optics at room temperature
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Modulator to Quantum Transducer

Quantum frequency converter from a microwave photon (∼10GHz) to a visible photon (∼500THz)

AO modulator

Microwave

Light
Gooch&Housego社
HPより引用
https://gandh.com/pr
oducts/acoustooptics/
modulators

EO modulator

Microwave

Light

iXlbue社HPより引用
https://www.ixblue.com/photon
ics-space/intensity-modulators/

~10cmConventional modulator
 W-class pump light

Bulk resonator
mW-class pump light

Nano cavity
W class pump light

Color center nanocavity
pW-class pump light

Bulk EO resonator
ISTA

Heterodyne
detection

6mm
LN bulk

JILA 
Carrier freq.

0~1MHz
0.5mm

SiN membrane

Bulk AO resonator

A. Rueda et al., npj Quantum 
Information, 5, 108 (2019).

A. P. Higginbotham et al., 
Nature Physics 14, 1038 (2018)

1m
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Noise Photon Reduction
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Conversion efficiency (%)

Mirhosseini & Painter, Nature 588, 599 (2020)
Sahu & Fink, Nat. Commun. 13, 1276 (2022)
Brubaker & Regal, Phys. Rev. X 12, 021062 (2022)
Jiang & Naeini, Nature Physics 19, 1423 (2023)
Weaver, Groblacher & Stockill, Nat. Nano. 19, 166 (2024)
Zhao & Mirhosseini, arXiv:2406.02704 (2024)

Painter (Caltech/AWS)
Rep. 100 Hz

Groblacher (QphoX)
Rep. 100 kHz

Naeini (Stanford)
Rep. 170 kHz

OM

AlN/Si

LN/Si

LN/Si

OM: Opto-Mechanical transducer
EOM: Electro-Opto-Mechanical transducer
EO: Electro-Optic transducer

EOM
Mirhosseini (Caltech)
Rep. 89 kHz

Si

SiN

Regal (NIST)
Rep. 1 kHz

Fink (ISTA)
Rep. 10 Hz

EO
LN

Efficiency~50%
Noise <0.01
Rep. Rate~1MHz

1 photon level NV0

Microwave
（phonon）

~10GHz

Scattered light
~500THz

Pump light
~500THz

Double resonant sum frequency

generation by three-level system

Trends in Quantum Transducer

Current top data
Conversion efficiency 50%
Noise photon 0.3 (F = 80%）
Rep. Rate (∝1/√pump) 170 kHz

with Color center
Diamond



9

Development Status of Elemental Components

~500m

Superconducting
microwave resonator

NbTiN Nanowire on Si

High Z & 
freq. tuning > 5%

Hirotaka Terai

Superconducting
qubit

Si substrate

Optical waveguideOMC

MW cavity

NV

Superconducting-optical quantum interface

3 x 0.5 mm

Optical fiber

SiN optical waveguide

Silicon photonics
optical circuit

Toshihiko Baba

1m

Optical photon

Spot-size conversion

Optical fiber

Diamond color center
nano cavity

1m

Shinobu Onoda

Diamond color center
opto-mechanical crystal

Single
color center

Satoshi Iwamoto Masahiro Nomura

MW photon

Core elements for superconducting – optical quantum interface
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Candidates of color centers

Spectral diffusion of color centers
in a photonic nano structure

FWHM = 4.8 GHz

NV-

SiV-

FWHM = 400 MHz

FWHM ~ 4 GHz ?

NV0

FWHM = 170 MHz

SnV-

1/30 of NV1/10 of NV

NV- HOM interference

Fidelity:85%
(Two nodes)

SnV- HOM interference

Fidelity:90%
(Single node)
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Proof-of-principle demonstration of quantum conversion

V

V
Sn

SnV

Pump
light

619nm

Microwave
1.8GHz Microwave

 7.5GHz

Microwave-to-photon conversion in diamond
opto-mechanical crystal (OMC) with a SnV center

Microwave-assisted optical transition
via phonons resonant to diamond OMC

SiN waveguide

3μm

SnV

Diamond
opto-mechanical

crystal (OMC)

Split gate
DC+MW

Optical transition frequency

shifts with DC E-field

+4

+4

0

Electrostatic coupling (field-enhanced piezoelectric effect) 

The frequency splits

with DC + Microwave

Phonon
~10GHz
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Chip Integration

3D chiplet integration process
(Indium BEOL wiring)

Mounting accuracy

Alignment accuracy by
prober after P&P ~100 nm

10-core

optical fiber array

Evaluation Jig

30x30mm

光回路

シリコン Conversion light

Ground
Si

SiN optical

waveguide

Laser light

MW

On-chip superconducting

microwave resonator

3 x 0.5mm

Microwave-optical
quantum transducer chip

0.5 x 0.2mm

Split gate Si SiN

15 x 7m SiN

Optical waveduide

m

Diamond color center nano resonator

Transfer

Printing

color center spectral diffusion

5GHz 0.2GHz
NV- SnV

Reduced to 1/30

NV - optical resonator - optical waveguide - optical fiber

Optical fiber coupling

Cavity
resonance

NV 
ZPL

Optical fiber coupling
Free space coupling



13

Issues and Measures

Plan B

Silicon OMC

1m

Frequency control of

optical resonator
Frequency control of

MW resonator

Magnetic field
applied by S.C. coil

Gas adsorption
applied by gas line

Frequency matching

Frequency control of

color center

Electric field
applied by split gate

SnV

MW resonator

Microwave

λ/4 可変高Lk 共振器

Piezo coupling method: ~1 MHz (AlN 30nm, Lk~500)
Electrostatic coupling: ~0.4 MHz/100V @Si

Coupling of microwave to mechanical mode (phonon)

OMC Optical waveguide

~2THz (~3nm)

~7GHz

~300MHz

Plan C

Microwave reso.

LN bulk EO

Q>500 @ 11 GHz

LiNbO3 optical reso.
Q>108@1550 nm

Pump power - conversion efficiency

5mm

𝟐𝟐%@𝟐𝟎mW

Compatibility of opto-mechanical resonators

Plan A

Diamond OMC

Phononic crystal Photonic crystal
Qm=30,000                     Qp=6,200

波数（/a）波数（/a）

周
波
数
（G

H
z）

13GHz

周
波
数
（T

H
z）

470THz

(637nm)
Bandgap

Asymmetric mode

Symmetric mode

Symmetric mode having higher Q and piezoelectric 
coupling is available with elliptical holes.
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Simulation of Conversion Efficiency

T1=5s

(Q=300,000)

MW resonator Mechanical reso. NV0 center Optical reso.

Optical waveguide

MW waveguide

Relaxation
rate Phonon

𝜸𝟏𝟎 =33 kHz
𝜿𝒎

=0.5 MHz
𝜿𝒎𝒘

=0.5 MHz
𝜿𝒐𝒑𝒕=50 GHz

𝓚𝒎𝒘=2 MHz
Coupling rate

𝒈𝒎−𝒆𝟏

= 1 MHz

𝒈𝒎𝒘−𝒎

=1 MHz

Total Bandwidth 1MHz

Qmw = 20,000
(int)

Qm = 20,000
(int)

Qopt = 10,000
(int)

𝒃𝒎(10GHz)ෝ𝒂𝒎𝒘(10GHz)

ො𝒄𝒐𝒑𝒕(500THz)

NV
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Photon
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Pump light reduced to
~100 photons with NV0

Pump power
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Efficiency 40%

Pump power 50pW
~100 photons / 1s

𝑬𝒅
𝒐𝒑𝒕

=
Κ𝒐𝒑𝒕𝒈𝒎−𝒆𝟏𝒈𝒆𝟐−𝒐𝒑𝒕

𝟐𝒈𝒎𝒘−𝒎𝒈𝒆𝟏𝟐
𝜅m𝑤

e

Conversion efficiency

𝜼 =
𝜿𝒆𝒙

𝒊𝒏

𝜿𝒕𝒐𝒕
𝒊𝒏

𝟒𝑪𝟏𝑪𝟐𝑪𝟑𝑪𝟒
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𝜿𝒆𝒙
𝒐𝒖𝒕

𝜿𝒕𝒐𝒕
𝒐𝒖𝒕

Critical condition 𝟏 + 𝑪𝟏 + 𝑪𝟐 𝟏 + 𝑪𝟒 = 𝑪𝟑 𝟏 + 𝑪𝟏

𝑯𝟎 = 𝝎𝒎𝒘𝒂†𝒂 + 𝝎𝒎𝒃†𝒃 + 𝝎𝒆𝟏𝒆𝟏
†𝒆𝟏 + 𝝎𝒆𝟐𝒆𝟐
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𝑯𝒊𝒏𝒕 = 𝒈𝒎𝒘−𝒎 𝒂†𝒃 + 𝒃†𝒂 + 𝒈𝒎−𝒆𝟏 𝒃†𝒆𝟏 + 𝒆𝟏
†𝒃 +  𝒈𝒆𝟐−𝒐𝒑𝒕(𝒆𝟐

†𝒄 + 𝒄†𝒆𝟐) + 𝑎𝑜𝑝𝑡 𝒈𝒆𝟏𝟐(𝒆𝟐
†𝒆𝟏𝒄 + 𝒄†𝒆𝟏

†𝒆𝟐)

           + 𝓚𝒎𝒘 𝒂†𝒂𝒘𝒈 + 𝒂𝒘𝒈
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