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Introduction — Quantum information



Beam Us Up!
Teleportation doesn't work 
for humans yet — but it 
works over long distances! 

Star Trek

Ref.: X. M. Jin, et al, Nature Photonics 4, 376 (2010).

Free-space implementation of quantum 
teleportation over 16 km.

Introduction — Quantum information
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What is the ultrashort pulse?

~10-6 s

~10-9 s

~10-12 s
~10-15 s

Introduction — fs laser pulses



Timescales

1 minute
10 fs light 

pulse Age of universe

Time (seconds)

Computer 
clock cycle

Camera 
flash

Age of 
pyramids

One 
month

Human existence

10-15 10-12 10-9 10-6 10-3 100 103 106 109 1012 1015 1018

1 femtosecond 1 picosecond

a pulse : 1 minute ~  1 minute : age of universe

Introduction — fs laser pulses



1 / 1 min

1 / 0.5 min

1 / 1 sec

Idea from 石訓全

Introduction — fs laser pulses

Which one is true?



Ultrafast camera!!

Introduction — fs laser pulses



The possibility for nuclear fusion!

Short pulse = intense peak power

100 mJ, 100 fs = 1 TW

1018 W/cm2 @ φ = 10 μm (1010 V/cm)
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Introduction — fs laser pulses

USA National Ignition Facility
@192 laser beams 

Institute of Laser Engineering
Osaka University



Introduction — fs laser pulses

USA National Ignition Facility

Output power ~ 300 TW
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Down conversion principle

Second-order susceptibility – the first nonlinear optical effect
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The polarization of a material can be written as 
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In a centrosymmetric (inverse sym.) crystal dijk =0 no SHG

In non-centrosymmetric (no inverse-sym.) crystal dijk ≠0 SHG



Second-order susceptibility
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The momentum conservation
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After propagation over a distance l in the medium,  

( ) 0k2kk 12 =−=Δ l l The two contributions add constructively

( ) 0k2kk 12 ≠−=Δ l l The two interfere destructively

If it satisfies above conditions, the intensity of SHG can be calculated by

Dephasing must be overcome for SHG!!
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Down conversion principle



Second-order susceptibility
Phase matching condition
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Get maximum signal of SHG

If λ=1 μm and n2ω-nω～0.01 lc ~ 100 μm

(n2ω-nω) 0,  lc ∞,  I(2ω) ∞

In normally dispersive materials the index of refraction increases with ω. This makes it impossible
to satisfy phase matching when both the ω and 2ω beams are of the same type. 

For birefringent crystal, ne
ω≠no

ω Can satisfy the phase matching condition

Index-of-refraction dispersion data on KH2PO4

Down conversion principle



Second-order susceptibility

Birefringent crystal

Positive birefringence (ne>no): Quartz

Negative birefringence (ne<no): Calcite
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Calculate the phase-matching angle θ between the 
propagation direction and the optical axis

For negative birefringent crystal, the 
polarization should be 

( )
( ) ( )θθ

θ
ωωω

ωω

ωωω
ωω

2

2

2    :II Type

2 //   :I Type

eoe

eoo

nnn

nnn

=+⇒⊥

=+⇒

EE

EE

Bandwidth of SHG

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
∂
∂

−
∂
∂±

=
ω

ω

ω

ω
ω

ω λλπ
λλ

2

2

2 2
1

2
39.1 eo nn

l
d Limit by crystal thickness [30μm KDP(KH2PO4) @ 6fs]

Down conversion principle



Second-order susceptibility

Ex. BBO (β-Barium Borate, BaB2O4)
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The energy & momentum conservation in frequency mixing 
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Down conversion principle

BBO 

Pump, ωp(400 nm)

Signal, ωs (800 nm)

Idler, ωi (800 nm)

Spontaneous Parametric Down-Conversion (SPDC)
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Beamlike photon-pair generation
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Polarization Entangled photon pair

H. P. Lo, A. Yabushita, C. W. Luo, P. C. Chen, 
T. Kobayashi, PRA 83, 022313 (2011)



Beamlike photon-pair generation

e-ray

o-ray

Type II
BBO crystal

Pump beam
λ= 400nm

P 1

P 2

detector 1

detector 2

H state

V state

θ

θ= 0 o

θ=5o

θ=10o

Entangled photons generation



Beamlike photon-pair generation

Generation rate ~ 1500 s-1

EPR-Bell states



Beamlike photon-pair generation

Generation rate ~ 32,000 s-1
H

H

V

V



Beamlike photon-pair generation
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Beamlike photon-pair generation

Hong-Ou-Mandel(HOM) dip interference measurement for light path adjustment
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Beamlike photon-pair generation

The coincidence count rate of the 
photon pairs RC can be calculated as
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Ref.: R. W. Boyd, PRA 77, 021801(R) (2008).



Beamlike photon-pair generation

Two-photon interference of beamlike photon pairs
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Beamlike photon-pair generation

Polarization entanglement of beamlike photon pairs
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where

Ref.:  W. K. Wootters, PRL 80, 2245 (1998).

The coincidence count rate of the photon pairs

The concurrence was 
calculated to be 0.9±0.05



In this study, we proved the new  idea can 
generate the beamlike photon for the two-
photon interference and polarization 
entanglement.

The concurrence of the pair was calculated 
to be 0.90 ± 0.05, which defines the degree of 
entanglement of the generated photon pairs.

This confirms that the generated beamlike 
photon pair is highly entangled in its 
polarization.

Summary
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