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Akira Furusawa, plenary speaker and self-
described “crazy windsurfer,” talks about the
work his team is doing to build a real
machine of optical quantum computers
based on quantum teleportation technology.
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Conventional qubits = standing wave

Life time (decoherence)
Need a chip, many cables (spatial-domain multiplexing)

1GHz clock frequency
Single core
Need quantum algorithms

Photonic qubits = traveling wave

No life time (measurement within coherence time) With 5G/6G technolo gy
No need a chip, 4 cables (time-domain multiplexing) BEIII@ISFAG a6l < frequency

100 multi-core
Super quantum computer

No need quantum algorithms
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et Fault-tolerant quantum computing Clifford
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Goal

. Optical parametric amplifier
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Quantum computing

Quantum circuit model Qubit
? ? R. P. Feynman (1980)
L 1 . .
L Continuous variable

S. Lloyd and S. L. Braunstein
(1999)

R
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Measurement-based model (one-way quantum computing)

Measurement and ¢ 1 k . bl QUbit
Feedforward uantum 100K-up table
eedforwar Q 1% R. Raussendorf

Large-scale entangled state El and H. J. Briegel (2001)
(Cluster state) DB D P BB D ®=(0)+[1))/ 7
Measurement and

Continuous variable

N. C. Menicucci and
P. van Loock et al. (2006

mEaaE hEn o ("l

Changing measurement bases = changing operation

Feedforward

Sequential teleportation



The age of standing-wave qubit 1s over!!

Traveling wave — Measurement within laser coherence time
No decoherence!!

We can do it forever!!
NO flex.1 - Me asurement nd Feedforward ng)

|
Measurement-based m Ga@@@@es?dTgl;D_ V cluster state!!
One-way quantum cor 11
‘ .......................... _Verification
AN OUt HDDAsciIIGE-:npe i
12 1% ;

10000-wave-ps: : :
Large-scale quantum computing = fixed-size of the setup
Programmable



Ultra-large-scale CV cluster state
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Squeezed light
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Unlimited time-domain multiplexing technology

One-million wave-packet entanglement!!

S. Yokoyama, R. Ukai, S. C. Armstrong, C. Sornphiphatphong, T. Kaji, S. Suzuki, J. Yoshikawa, H. Yonezawa, N. C. Menicucci, and A.
Furusawa, Nature Photonics 7, 982 (2013).

J. Yoshikawa, S. Yokoyama, T. Kaji, C. Sornphiphatphong, Y. Shiozawa, K. Makino, and A. Furusawa, APL Photonics 1, 060801 (2016).



Time-domain multiplexed 2D cluster state Quantum look-up table
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We succeeded in creation of a 2D cluster state of 5 X 5000
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P. van Loock & A. Furusawa, Phys. Rev. A 67, 052315 (2003)
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et Fault-tolerant quantum computing Clifford
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Programmable homodyne measurements
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Nonlinear measurement [5G technology|
| ZOGHZ ASIC

Optical nonlinearity can be created
With elassical nonlinear feedforward
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14, 3817 (2023).

We succeeded 1N Proj ectlon onto a cubic phase state!!
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GKP qubit generation

H. M. Vasconcelos et al., Opt. Lett. 35, 3261 (2010).
— D. J. Weigand & B. M. Terhal, PRA 97, 022341 (2018).
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GKP qubit generation
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. Optical parametric amplifier

(a)
ZnO-doped LiNbO,  Waveguide-top width
" =5
Poling direction l
S“Th ! f
73.5° 18pm 45
LiTaO;

e e
R - e : : :
K | | |
RN \ g /Lk//va/hk/!x
N\ \\
d AN A ‘
= AN A\ / | k-1 |
5 0 %) 2 2 2
Tempor
A A s index
§ k-N k

All-optical quantum computer
with 10THz clock frequency

.........

Universal!

Nees



Applied Physics Letters pubs.aip.org/aip/apl

Over-8-dB squeezed light generation

by a broadband waveguide optical parametric
amplifier toward fault-tolerant ultra-fast
quantum computers ©

Cite as: Appl. Phys. Lett. 122, 234003 (2023); doi: 10.1063/5.0144385 AT %
Submitted: 29 January 2023 - Accepted: 11 May 2023 - o ]
Published Online: 6 June 2023 WA

Takahiro Kashiwazaki," (") Taichi Yamashima,” Koji Enbutsu,’ () Takushi Kazama,' (") Asuka Inoue,’
Kosuke Fukui,” () Mamoru Endo,”” () Takeshi Umeki,' (") and Akira Furusawa”~"’

Above a fault-tolerant threshold!!

. K. Fukui, Phys. Rev. A 107, 052414 (2023)
3.3 dB squeezing

6 THz bandwidth
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PHYSICAL REVIEW RESEARCH 1, 033063 (2019)

CV-Quantum Neural Networks

Continuous-variable quantum neural networks

Nathan Killoran,' Thomas R. Bromley,' Juan Miguel Arrazola,'! Maria Schuld,! Nicolds Ques {11/ il
! Xanadu, Toronto, Ontario, Canada M5G 2C8 VKRS
2Massachusetts Institute of Technology, Department of Mechanical Engineering ~

77 Massachusetts Avenue, Cambridge, Massachusetts 02139, USA

CV-QAOA Yy — f(xlaa:Qv S 737?’1,)

A Quantum Approximate Optimization Algorithm for continuous problems

Guillaume Verdon,'> 2?3 * Juan Miguel Arrazola,* T Kamil Bradler,* and Nathan Killoran*
! Department of Applie iterlo 10, N2L 3G1, Canada

2 Institute for Quantu - erloo o, N2L 3G1, Canada
Real machine Cloud Sisiss

3 Perimeter In ate
*Xanadu, 777 Bay Street, Toronto, Ontario, M5G 155, Canada

100MHz— 10GHz—100GHz Clock |ReR




CV-Quantum Neural Networks
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Toward a multi-core ultra-fast optical guantum S 0k coorpe
processor: 43-GHz bandwidth real-time amplitude 2 0
measurement of 5-dB squeezed light using 5 50~
modularized optical parametric amplifier Al SR S KL .
with 5G technology © ' Frequency (H2)
S e, _Real-time Oscilloscope @6 & o 06

PN T 1 T 1

Super quantum computer'
100GHz clock frequency!
100 Cores!

an U

Optical frequency Af /. Optical
A. Inoue et al., Apple. Phys. Lett. 122, 104001 (2023).

5G technology



. Optical parametric amplifier
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Optical Quantum
Computers

A Route to Practical Continuous Variable
Quantum Information Processing

This book is a current and rare treatment of the theoretical and experimental aspects of one of the most Asavanant
promising approaches to quantum computation—continuous-variable (CV) quantum computation using optical
systems. In addition to its pedagogical value to those new to quantum computing, it is also a practical handbook for
both experimentalists and theorists working in the field. Optical Quantum Computers: A Route to Practical
Continuous Variable Quantum Information Processing summarizes many recent experimental developments Q > o

Furusawa

- b
Researchers, graduate students, and those working in the quantum computing industry and its related fields will find this g 0o
an invaluable resource. ") 9
v5 3
0=
Warit Asavanant, Ph.D., is an Assistant Professor of Applied Physics at The University of Tokyo, Japan. He eared 03 o : 3
his Ph.D. at the Furusawa-Yoshikawa Laboratory with research topics centering the usage of continuous-variable 3 g o) :
optical entanglement in quantum computation. He received an award for his outstanding M.S. thesis from the 0w c , L '
Department of Applied Physics, Graduate School of Engineering, The University of Tokyo. g 2 3 : ‘ -
S - y- . [
Akira Furusawa, Ph.D., is a Professor of Applied Physics at The University of Tokyo and a Deputy Director of = = & -
RIKEN Center for Quantum Computing, Japan. He is a pioneer in quantum teleportation and his research has ensured g. -+
great progress toward the realization of optical quantum computers using quantum teleportation techniques. He is Y o /
the recipient of numerous awards, including the Ryogo Kubo Memorial Award in 2006, the JSPS Prize and Japan 7)) ’ ' a
| Warit. Asavanant

Academy Medal in 2007, the Intemational Quantum Communication Award in 2008, the Toray Science and Technology

Prize in 2014, and the Medal of Honor with Purple Ribbon in 2016. Aki ra Fu rusawa
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