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Polarization-Entanglement: The Principle
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HWP: Half-Wave Plate
QWP: Quarter- Wave Plate
P: Polarizer
DM: Dichroic Mirror
dPBS:  Dual-Wavelength Polarizing Beam Splitter
dM: Dual-Wavelength Mirror
PPKTP: Periodically Poled KTP Crystal

dPBS

dHWP



HOM Effect: Quantum Interference

Shows Quantum Correlation

Resulting Coincidence Measurement
average

min

C
o

in
ci

d
en

t 
P

h
o

to
n

 P
ai

rs

Delay B/W         &

PBS

0

3

Indistinguishable -> Visibility: 100 %

D

A

A

D



Quantum Interference by Quantum Entanglement/Correlation

Idler 
Photon 
Pol.

Signal 
Photon 
Pol.

4

Classical  →

Classical  →

SPCM – Single Photon Counting Module



Experimental Setup

QWP/ 
HWP

Components:

- Polarizers

- Half-Wave Plates

- Polarizing Beam Splitter (PBS)

- Periodically Poled KTP Crystals 
(PPKTP) 

- Filters

- Single Mode Fibers (SMF)

- Single Photon Counting Module (SPCM)

- Coincidence Counter
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Graphical Verification

Idler: 0 degrees

Idler: 45 degrees

Idler: 90 degrees

Idler: 135 degrees

Idler HWP Angle:

Visibilities:

0 degrees: 99.974%  ± 1.3e-04%

45 degrees: 99.974% ± 2.8e-04%

90 degrees: 99.974% ± 1.2e-04%

135 degrees: 99.974% ± 3.1e-04%

V =
C      - Cmax

C      + Cmax
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min
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Visual Verification



Mathematical Verification

- John Stewart(J.S.) Bell
- Contradicts Hidden Variable 

Theorem by EPR

- Mathematically contradicts the 
hidden variables theory (Bell’s 
Inequality)
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- CHSH Inequality
- A way to test Bell’s inequality

- If S ≤ 2 → Classical

- Theoretical Maxium
- 2√2 or 2.828

- 2.8177 ± 0.0032

Therefore we have shown three separate methods to verify polarization QE.

S = E(a,b) - E(a,b’) + E(a’,b) + E(a’,b’)

N(a,b) + N(a ,b ) - N(a,b ) - N(a ,b)⊥⊥⊥⊥

N(a,b) + N(a ,b ) + N(a,b ) + N(a ,b)⊥⊥⊥⊥

E(a,b)=

4(ε + δ)  ≥ √2 - 1

For small finite δ, 
ε cannot be arbitrarily small

P(a,b) = ∫dλρ(λ)A(a,λ)B(b,λ)

Very Close
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