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Background : Parametric down conversion 
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1980 : Generation of entangled photons by     
    spontaneous parametric down conversion (SPDC) 

ℏ𝜔p = ℏ𝜔s + ℏ𝜔i 

Energy conservation 

ℏ𝒌p = ℏ𝒌s + ℏ𝒌i 

Momentum conservation 



Quantum correlation (Entanglement) 
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𝑡s 
Fourier 

transform 

ℏ𝜔p = ℏ𝜔s + ℏ𝜔i 

Energy conservation 

Δ𝜔i ∼ Δ𝜔 Δ𝑡i ∼ Δ𝑡p 

𝑡i ≃ 𝑡𝑠 
Simultaneous generation 
of two photons within Δ𝑡 

Δ𝜔p, Δ𝑡p  ：Frequency and time width of pump photon 

Δ𝜔i, Δ𝑡i  ：Frequency and time width of idler photon  

Δ𝜔p 

Δ𝜔 

Δ𝑡p ∼ 1/Δ𝜔p 

Δ𝑡 ∼ 1/Δ𝜔 



Non-local quantum correlation 
time width Δ𝑡 

detection at a 
certain time 

particle nature 

wave nature 

information 
transfer 

state collapse 

nonlocal correlation 4 



Quantum teleportation 
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Two-photon interference 

Unbalanced Michelson interferometer 
Output = LL + SS + LS + SL 

S 
L 

SL LS LL SS 

J. Brendel et al., PRL 66, 1142 (1991) 

High quality 
interference 
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Two-photon interference 

J. Brendel et al., PRL 66, 1142 (1991) 

Unbalanced Michelson interferometer 
Output = LL + SS + LS + SL 
 Coincidence counting eliminates LS and SL 

Interference ! 
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Two-photon interference 

J. Brendel et al., PRL 66, 1142 (1991) 

Unbalanced Michelson interferometer 
Output = LL + SS + LS + SL 
 Coincidence counting eliminates LS and SL 
 Fringe cycle = 𝜆/2 （Two-photon interference） 

0 𝜆 2𝜆 

Δ𝑧 Low 
efficiency 

→ Quantum lithography 
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Sum frequency generation (SFG) 
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ℏ𝜔s + ℏ𝜔i = ℏ𝜔p 

Energy conservation 

ℏ𝒌s + ℏ𝒌i = ℏ𝒌p 

Momentum conservation 

signal 

idler 

SFG = Reverse process of SPDC 
（Coincident two photons → one photon） 



Time-reversal symmetry of quantum mechanics 
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f 𝑈 i
2
= i 𝑈 † f f 𝑈 i = i 𝑈 † f
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f 𝑈 i
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i 𝑈 † f
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Can we replace two photons to classical light? 
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f 𝑈 i
2

 

i 𝑈 † f
2

 

Answer : Yes ! 



Time-reversed system for two-photon interference 

12 

Time-forward 
System 

Time-Reversed 
System 



Can we replace two photons to classical light? 
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S 

L 

LL SS 

SL 
LS 

Unbalanced Michelson interferometer 
Output = LL + SS + LS + SL 
 SFG eliminates LS and SL 
 Fringe cycle = 𝜆/2 （＝Two-photon interference） 



Experimental setup 
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K. Ogawa et al., PRA 88, 063813 (2013) 
(Editor’s Suggestion of PRA) 



Experimental result 
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Wavelength 𝜆 = 780 (nm) 
(a) One-photon interference 
  Fringe cycle = 780 nm , Visibility = 99.1 % 
(a) Two-photon interference 
  Fringe cycle = 390 nm , Visibility = 97.9 % 



Hong-Ou-Mandel (HOM) interference 
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destructive 
interference 

100 % 0 % 

50 % 50 % 

C. K. Hong et al., PRL 59, 18 (1987) 



Hong-Ou-Mandel (HOM) interference 
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C. K. Hong et al., PRL 59, 18 (1987) 

 When MA ≠ MB, coincidence count is possible 
 When MA = MB, destructive interference makes “HOM dip” 

HOM 
dip 



Time-reversed system of HOM interferometer 
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Time-forward 
System 

Time-Reversed 
System 



Experimental setup and results 
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K. Ogawa et al., PRA 91, 013846 (2015) 

HOM 
dip 



Conclusion 
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f 𝑈 i
2
= i 𝑈 † f

2
 

 Time-forward and time-reversed system provide the same 
probability distribution 

 Because of strong intensity, time-reversed system often has 
advantage of easy observation and high quality results 

 Quantum interference of two photons can be reproduced by 
classical pulsed light with time-reversed system 
 

 But… nonlocal correlation is not realized by classical light 


