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Outline 

• Quantum Optics in Phase Space 
• Quantum Noise Squeezing (SQZ)
• Machine-Learning enhanced Quantum State Tomography

• Applications with SQZ:
• Optical Cat states
• Quantum Photonic Chips
• Error-Correction Code: GKP states
• Quantum Random Number Generator 
• Gravitational Wave Detectors



density matrix

Can We See Quantum ?
an Introduction to Quantum State Tomography
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from	Wiki

(Computed) Tomography, CT 
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Quantum State Tomography

Wavefunction Reconstruction

Define Likelihood as:
L ⌘ pf11 pf22 pf33 pf44 . . .

<latexit sha1_base64="5aVjOY97LP28fomZaQafb41bSHo="></latexit>

The goal of maximum likelihood estimation (MLE) is 
to find the optimal way to fit distribution to the data. 



Phase space
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wave-nature



Coherent states

with	Popo	Yang

Popo	Yang,	Ivan	F.	Valtierra,	Andrei	B.	Klimov,	Shin-Tza	Wu,	RKL,		Luis	L.	Sanchez-Soto,	and	Gerd	Leuchs,	
Physica	Scripta	for	the	New	Focus	issue:	Quantum	Optics	and	Beyond	-	in	honour	of	Wolfgang	Schleich.

wave-nature

|ɑ>



Quantum Simple Harmonic Oscillator (SHO)

<latexit sha1_base64="NUH2uhhO/zhnNBDwuoB1wtMA6L0="></latexit>

N̂ |ni = n|ni, (1)

â|ni =
p
n|n� 1i, (2)

â†|ni =
p
n+ 1|n+ 1i, (3)

En = ~!(n+
1

2
). (4)• Energy quantization

• Equally spacing in energy difference
• Zero-point energy ≠ 0

• Energy Quantization 
• Zero-Point EnergyEn = ~! (n+ 1

2 )

<latexit sha1_base64="k6DKVWJ0NtjdeyM4X7RXob29VM0=">AAACDXicbVDLSsNAFJ34rPUVdelmsBUqSkmKoC6EogguK9gHNCFMppN26GQSZiZCCfkBN/6KGxeKuHXvzr9x2mahrQcuHM65l3vv8WNGpbKsb2NhcWl5ZbWwVlzf2NzaNnd2WzJKBCZNHLFIdHwkCaOcNBVVjHRiQVDoM9L2h9djv/1AhKQRv1ejmLgh6nMaUIyUljyzXL7xOLyEzsBHwolC0kfOSYUfO4FAOLWztJYdlT2zZFWtCeA8sXNSAjkanvnl9CKchIQrzJCUXduKlZsioShmJCs6iSQxwkPUJ11NOQqJdNPJNxk81EoPBpHQxRWcqL8nUhRKOQp93RkiNZCz3lj8z+smKjh3U8rjRBGOp4uChEEVwXE0sEcFwYqNNEFYUH0rxAOkc1A6wKIOwZ59eZ60alX7tHpxVyvVr/I4CmAfHIAKsMEZqINb0ABNgMEjeAav4M14Ml6Md+Nj2rpg5DN74A+Mzx+mfJoP</latexit>
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Vacuum State: |0>

|0>

with Zero Mean

Gaussian wave-package

with	Yi-Ru	Chen,	Chien-Ming		Wu wave-nature
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 (x) = < x|0 >= C exp[�x2/�x2]

 ̃(p) = < p|0 >= C exp[��x2 p2]

<latexit sha1_base64="o9MQIJ46f22FQkG4y+Cmj9U3Mto="></latexit>

E0 = ~!/2

<latexit sha1_base64="su/ro0niIlFiVmB+x1H+GIU7knk=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM9gKrmpSBHUhFEVwWcE+oAlhMp20Q2cyYWYilFDwV9y4UMSt3+HOv3HaZqGtBy4czrmXe+8JE0aVdpxvq7C0vLK6VlwvbWxube/Yu3stJVKJSRMLJmQnRIowGpOmppqRTiIJ4iEj7XB4M/Hbj0QqKuIHPUqIz1E/phHFSBspsA8qt4EDr6A3CJH0BCd9dFqrBHbZqTpTwEXi5qQMcjQC+8vrCZxyEmvMkFJd10m0nyGpKWZkXPJSRRKEh6hPuobGiBPlZ9Pzx/DYKD0YCWkq1nCq/p7IEFdqxEPTyZEeqHlvIv7ndVMdXfgZjZNUkxjPFkUpg1rASRawRyXBmo0MQVhScyvEAyQR1iaxkgnBnX95kbRqVfesenlfK9ev8ziK4BAcgRPggnNQB3egAZoAgww8g1fwZj1ZL9a79TFrLVj5zD74A+vzB2nkk98=</latexit>

Vacuum State: |0>
time-sequence histogram

Uncertainty-Relation

Zero-Point Energy

with Zero Mean

Gaussian wave-package

�x2
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�p2
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• Planck constant: 𝓱
• Discrete Energy levels: 
• Quantum states：| 𝚿 >
• Wave-function
• Probability distribution
• Wave-Particle Duality
• Uncertainty Relation
• Vacuum fluctuation 

<latexit sha1_base64="4CAQ62JxO8OGS79GHvL5MqMCm48=">AAACIXicbVDLSsNAFJ34tr6iLt0MFsFVSUrRLou6cKlgq5DEMpnetEMnD2ZuxBL6K278FTcuFOlO/BmnNQtfBwYO59x7594TZlJodJx3a25+YXFpeWW1sra+sbllb+90dJorDm2eylTdhEyDFAm0UaCEm0wBi0MJ1+HwdOpf34HSIk2ucJRBELN+IiLBGRqpazd9r+KfgURG72/r1EcRg6alkk2VPlA/UowX/iBk6rY+Lhrjih907apTc2agf4lbkiopcdG1J34v5XkMCXLJtPZcJ8OgYAoFl2BG5hoyxoesD56hCTOLBMXswjE9MEqPRqkyL0E6U793FCzWehSHpjJmONC/van4n+flGDWDQiRZjpDwr4+iXFJM6TQu2hMKOMqRIYwrYXalfMBMHGhCrZgQ3N8n/yWdes09qjUu69XWSRnHCtkj++SQuOSYtMg5uSBtwskDeSIv5NV6tJ6tN2vyVTpnlT275Aesj0+vRqIF</latexit>

�x2 ⇥�p2 � ~2
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circleWave-function
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• Quantum Optics in Phase Space 
• Quantum Noise Squeezing (SQZ)
• Machine-Learning enhanced Quantum State Tomography

• Applications with SQZ:
• Optical Cat states
• Quantum Photonic Chips
• Error-Correction Code: GKP states
• Quantum Random Number Generator 
• Gravitational Wave Detectors



Squeezed States
Coherent to Squeezed states

Courtesy: 
Roman Schnabel (2017).

by	Popo	Yang

✓

✓

|𝛏>
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Squeezed Vacuum State: |𝛏>

with Zero Mean

Gaussian wave-package

time

histogram
time-sequence

|𝛏>
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with	Yi-Ru	Chen,	Chien-Ming		Wu
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Non-classical 
states

Vacuum is NOT empty !

wave-nature

�x2
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time-sequence
histogram

BHD signal
Φ

Phase Sapce

LO phase

Squeezed States

only Even Number  
of photons

|𝛏>
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Optical Parametric Oscillator, OPO
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1064 nm, 2W,   
BW < 1 kHz

Fig.

70mm

50m

Squeezed  signal

1st Squeezer  
@ Taiwan

Exp.	Reconstruction

Yi-Ru	Chen	et	al.,		arXiv:	2111.08285	(2021).
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1. SHG : PPLN+Mg 1mm*3mm*10mm Bulk, 
from HC Photonics (Taiwan company) 
Conversancy efficiency~ 78 % (at 224mW 
1064 nm input)  

2. OPO: PPKTP  1mm*5mm*10.5

Cavity



• Bias the output signal with Local Oscillator (LO), which is a strong Classical field. 
• Clearance ( >30 dB): away from the dark noises 
• CMRR ( >80 dB): Common-Mode Rejection Ratio (the balanced)   
• Phase of quadrature is referred to LO

Balanced Homodyne Detector, BHD

|0> or |𝜉>

|α> *exp(i Φ)

Local Oscillator (LO)
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Date:	June	26th,	2018

vacuum

anti-squeezed

dark noise

squeezed vacuum noise 

Squeezing angle, Φ
Φ-10 dB Squeezed vacuum  

at 3MHz 

+20 dB Anti-Squeezed  
at 3MHz 

by	Chien-Ming	Wu

10dB = 10-fold 
20dB = 100-fold  
noise reduction



Chien-Ming Wu, et al., “Detection of 10 dB vacuum noise squeezing at 1064 nm by balanced homodyne detectors with 
a common mode rejection ratio more than 80 dB,” Conference on Lasers and Electro-Optics (CLEO), JTu2A.38 (2019).

-10dB Squeezed vacuum  
between 1-5 MHz 

vacuum noise

anti-squeezed

squeezed vacuum noise

by	Chien-Ming	Wu	(吳建明博士)



Outline 

• Quantum Optics in Phase Space 
• Quantum Noise Squeezing (SQZ)
• Machine-Learning enhanced Quantum State Tomography

• Applications with SQZ:
• Optical Cat states
• Quantum Photonic Chips
• Error-Correction Code: GKP states
• Quantum Random Number Generator 
• Gravitational Wave Detectors
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Quantum State Tomography

|0i

<latexit sha1_base64="R+s2DRKaWYtM3RUvKBnE9SZmlkU=">AAAB83icbVDLSgNBEOyNrxhfUY9eBhPBU9gNgnoLevEYwTwgG8LspDcZMju7zMwKIeY3vHhQxKs/482/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YhK81g+mHGC3YgOJA85o8ZKfvnJJb6iciCw3CuW3Io7B1klXkZKkKHeK375/ZilEUrDBNW647mJ6U6oMpwJnBb8VGNC2YgOsGOppBHq7mR+85ScWaVPwljZkobM1d8TExppPY4C2xlRM9TL3kz8z+ukJrzqTrhMUoOSLRaFqSAmJrMASJ8rZEaMLaFMcXsrYUOqKDM2poINwVt+eZU0qxXvonJ9Xy3VbrI48nACp3AOHlxCDe6gDg1gkMAzvMKbkzovzrvzsWjNOdnMMfyB8/kDy7OQ5Q==</latexit>

|↵i
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time	sequence	data:	
Exp.	data	from	Oscilloscope with	Max.	Likelihood	estimation

Wigner	function Density	matrix	in		number	basis



Φ

X

P xθ
xθ

Φ

One Single Scan !

H.-Y.	Hsieh,	et	al.,	Phys.	Rev.	Lett.	128,	073604	(2022).

Quantum State Tomography

Wavefunction 
Reconstruction



Local Oscillator
θ

|ψ⟩out

SignalQuantum 
Device|ψ⟩in

Reconstruction Algorithms 

Probability distribution 
Pr(q, θ) 

< 1s to 
reconstruct

few minutes 
to reconstruct

Max. Likelihood Estimation, MLE

Machine Learning (SQ Learner), CNN

Machine Learning (SQ Learner) vs MLE

Wigner	functionDensity	matrix	in		number	basis
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Pattern Recognition & Machine Learning

by	Hsieh-Yi	HsiehConvolution	Neural	Network(CNN)



27

Fidelity:
F (⇢,�) ⌘ [Tr{

pp
⇢,�

p
⇢}]2

<latexit sha1_base64="yuQZ6WBSg9BAAhci6yv97hNvcT8="></latexit>

8	-14	dB	
Squeezing

2K	Data	Points

Machine Learning (SQ Learner) vs MLE

in less than one Second  
Real-Time Reconstruction 

at Least several Hours to 
reconstruct wavefunction

Hsieh-Yi	Hsieh,	Yi-Ru	Chen,	et	al.,		
Phys.	Rev.	Lett.	128,	073604	(2022).
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• Monitor the purity of a quantum state in real-time, and reveal the dynamics. 
• The purity of a normalized quantum state is a scalar defined as:

Applications of real-time tomography in squeezed state:

 γ =1 for pure squeezed state

degrees of squeezing/anti-squeezing 

only Even Number  
of photons

ExpExp

Wigner	function

Density	matrix	in		number	basis

Hsieh-Yi	Hsieh,	Yi-Ru	Chen,	et	al.,	Phys.	Rev.	Lett.	128,	073604	(2022).



Cavity Parameter Value Units
Fundamental field Wavelength 1064 nm
Pump field wavelength(SHG) 532 nm
Input/output coupler 1064 nm reflectivity 0.83 ± 0.01
Input/output coupler 532 nm reflectivity 0.73 ± 0.012
Total intra-cavity loss for 1064 nm 0.0041
Finesse at 1064 nm 33.4
Finesse at 532 nm 19.8
Optical Path Length 0.285 m
Free spectral range 1.052 GHz
Linewidth at  1064 nm 31.5 MHz
Linewidth at  532 nm 53 MHz
Threshold Power 120 mW
Escape efficiency (estimated) 0.976

Estimation:  

16.2 dB Squeezing 

by	
Yi-Ru	Chen	

Chien-Ming	Wu



Degradation: Loss and Phase noise 

H.-Y.	Hsieh,	et	al.,	Phys.	Rev.	Lett.	128,	073604	(2022).

OPO|0>

<latexit sha1_base64="eT1sNavKGpELDv60kq2Rmq5AnLA=">AAACCXicbVC7TsMwFHV4lvIKMLJYtEhMVVIhYKxgYSwSfUhtiRz3prXqOMF2kKooKwu/wsIAQqz8ARt/g5t2gJYjXenonHvte48fc6a043xbS8srq2vrhY3i5tb2zq69t99UUSIpNGjEI9n2iQLOBDQ00xzasQQS+hxa/uhq4rceQCoWiVs9jqEXkoFgAaNEG8mzcdrNH0kHEkBkuNyVw+guVfeZl+phVs48u+RUnBx4kbgzUkIz1D37q9uPaBKC0JQTpTquE+teSqRmlENW7CYKYkJHZAAdQwUJQfXSfIkMHxulj4NImhIa5+rviZSESo1D33SGRA/VvDcR//M6iQ4ueikTcaJB0OlHQcKxjvAkFtxnEqjmY0MIlczsiumQSEK1Ca9oQnDnT14kzWrFPauc3lRLtctZHAV0iI7QCXLROaqha1RHDUTRI3pGr+jNerJerHfrY9q6ZM1mDtAfWJ8/l5ua6A==</latexit>
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⇢sq

Loss: L  
Phase noise: 𝜃



Can We See Quantum ? 

Yes !

accelerated with 
Machine Learning !

in Real-Time !



Phase space: Wigner Flow (Current)

O.	Steuernagel,	D.	Kakofengitis,	and	G.	Ritter,	Phys.	Rev.	Lett.	110,	030401	(2013).



Wigner Flow (Current)
Simulation Exp.	Reconstruction

Yi-Ru	Chen	et	al.,		arXiv:	2111.08285	(2021).



Damped SHO

https://www.acs.psu.edu/drussell/Demos/phase-diagram/phase-diagram.html

wave-nature



Push-and-Pull:

Damping	Flow Diffusive	Flow

Diffusive Current due to the 
Wave Nature! Yi-Ru	Chen	et	al.,		arXiv:	2111.08285	(2021).
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OPO: effective time (via Pump)
<latexit sha1_base64="uVE+C9Lhm6CXi4VtkAtUZfgC5H4="></latexit>
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Exp. Idea Environment damping diffusion-	
(subtract)

= = +

Yi-Ru	Chen	et	al.,		arXiv:	2111.08285	(2021).

Pump

High

Low



Exp. Idea Environment damping diffusion-	
(subtract)

= = +

Yi-Ru	Chen	et	al.,		arXiv:	2111.08285	(2021).

High

Low

Pump



Outline 

• Quantum Optics in Phase Space 
• Quantum Noise Squeezing (SQZ)
• Machine-Learning enhanced Quantum State Tomography

• Applications with SQZ:
• Optical Cat states
• Quantum Photonic Chips
• Error-Correction Code: GKP states
• Quantum Random Number Generator 
• Gravitational Wave Detectors



Vacuum is NOT empty !

LIGO-G140147-v1	

�p2
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Circle

�x2
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wave-nature

Ellipse

• Quantum Fluctuation 

Quantum Noise Squeezing

particle-nature

wave-nature



Sensitivity Curves: 



10dB is optimal !!



43

Radiation pressure

Shot noise

Freq. (In-)Dependent SQZ: FIS/FDS 
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FDS

KAGRA  
Filter Cavity 
(KFC) Team First Exp. 

on FDS, 

Freq.-Dep. 
Squeezing, 
at 100 Hz



Thanks for your attentions ^.^ 

http://mx.nthu.edu.tw/~rklee

mailto:rklee@ee.nthu.edu.tw

