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Sequential teleportation

Quantum computing

Quantum circuit model
Qubit 
R. P. Feynman (1980) 

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

Qubit 
R. Raussendorf  
and H. J. Briegel (2001) 

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

Measurement-based model (one-way quantum computing)

Extremely powerful for flying qubits

Large-scale entangled state 
(Cluster state) 
Measurement and 
Feedforward

Changing measurement bases = changing operation

⊕ = 0 + 1( ) / 2

⊕ = dx  x
−∞

+∞

∫

Quantum look-up table



Quantum computing with flying qubits (photons)
Quantum circuit model 

flying qubits

Large-scale quantum computing = large-scale optical setup 
No flexibility of the setup (only one type of computing)  

photons

Measurement-based model  
One-way quantum computing with time-domain multiplexing

S. Yokoyama et al., Nature Photonics 7, 982 (2013). 
J. Yoshikawa et al., APL Photonics 1, 060801 (2016).

10000-wave-packet CV cluster state (2013), one million (unlimited) (2016) 
Squeezed light

Ultra-large-scale CV cluster state!! 

out

Large-scale quantum computing = fixed-size of the setup 
Programmable 

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

We can do it forever!! 



Time-domain multiplexed 2D cluster state 

Science 366, 373 (2019)

Quantum look-up table
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Large scale!

Universal!
Fault tolerant!

Goal Homodyne measurementOptical parametric amplifier

All-optical quantum computer  
with 10THz clock frequency
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Phase rotation SqueezingShear

θ (deg)　 θ (deg)　 θ (deg)　

W. Asavanant et al., arXiv:2006.537 [quant-ph].

Clifford universality!!
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Cubic phase gate with gate teleportation

cubic phase state QND gate

Input Output

Schrödinger picture

Gate teleportation 

q

Fault tolerant!

ψ

eiγ x̂
3

p = 0

e
i 3qx̂2+3q2x̂+q3( ) eiγ x̂

3

ψ

D. Gottesman et al. PRA 64, 012310 (2001)



Cubic phase gate with gate teleportation

Heisenberg picture
Fault tolerant

cubic phase state QND gate

Input Output

x̂out = x̂inq

e
i 3qx̂2+3q2x̂+q3( )âin âout

p̂out = p̂in + 3γ x̂in
2

p̂CPS − 3γ x̂CPS
2 = 0

âCPS

P. Marek et al. PRA 84, 053802 (2011)

Too complicated !!

D. Gottesman et al. PRA 64, 012310 (2001)

Too low fidelity !!
Quantum information ↔ Classical information 
                           Quantum duty



p̂out = 2 p̂in +
3

2 2
γ x̂in

2⎛
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⎞
⎠⎟
+ p̂CPS − 3γ x̂CPS

2( )+ 32γ x̂sq
2 + 2x̂in x̂sq( )

x̂out =
1

2
x̂in −

1

2
x̂sq

input

squeezed vacuum

outputp-displacement

K. Miyata, H. Ogawa, P. Marek, R. Filip, H. Yonezawa, J. Yoshikawa, and A. Furusawa, PRA 93, 022301 (2016)

Cubic phase gate with gate teleportation

âCPS
âsq
âin âoutD̂

x→θ = arctan3 2γ x

pθ = ′p cosθ + ′x sinθ

2 1+ tan2θ( )pθQuantum noise reduction with nonclassical states of light

cubic phase state

Optical nonlinearity can be created with classical nonlinear feedforward. 
(classical electrical circuit = 100% fidelity)

Nonclassicality can be created with nonclassical ancillary inputs.

High fidelity !!

nonlinear measurement

Universal!



Heisenberg picture
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Cubic phase gate with gate teleportation

âCPS
âsq
âin âoutD̂

x→θ = arctan3 2γ x

pθ = ′p cosθ + ′x sinθ

2 1+ tan2θ( )pθ!50.8� 19�
665%mm�

30m optical delay



�	�

Asymmetric*OPO�

31.3m*
Herrio2*Cell*

3.5$m�

17.4*m*
Herrio2*Cell�

1.5$m�
Cubic*phase*

state*

Delay*lines�

Classical*
channel�

Broadband*
OPO�

Feedforward�

665mm

31.3m delay

17.4m delay

645mm



outUniversal!

106

∞
ψ A

0GKP

Large scale!

Universal!
Fault tolerant!

Goal Homodyne measurementOptical parametric amplifier

All-optical quantum computer  
with 10THz clock frequency
3dB squeezing

1THz bandwidth




