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Background Introduction

Development history of nonlinear optics

1877: DC Kerr effect ((3)E(0)2Ẽ())

1883: Pockels (linear electro-optic; EO) effect ((2)E(0)Ẽ())

1960: The demonstration of the first laser device (Ruby laser)

1961: The first observation of the second-harmonic generation

(SHG) by frequency-doubling the Ruby laser (694.2 nm)

with a quartz crystal, two-photon absorption (TPA)

1962: Sum frequency generation (SFG), third-harmonic generation (THG), 

optical rectification (OR), concept of quasi-phase matching (QPM) technique

1962: Stimulated Raman scattering (SRS)

1963: Difference frequency generation (DFG)

Phys. Rev. Lett., 7, 118 (1961)

Ruby laser
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1964: Stimulated Brillouin scattering, self-focusing, saturable absorption

1965: Optical parametric generation and oscillation (OPG and OPO)

1967: Self-phase modulation 

1970: Doppler-free two-photon absorption spectroscopy

1971: Coherent Raman spectroscopy

1976: Inverse Raman spectroscopy, Raman gain spectroscopy, laser polarization 

spectroscopy

1975: Optical bistability

1980’s: No noticeable new effects or novel phenomena were discovered. 

Continuous advanced on applying existing nonlinear-optic techniques to  

ultra-high resolution spectroscopy, ultra-fast lasers, photorefractive effects,   

wavelength conversions, optical soliton, quantum optics, etc.

1995: Maturity of Quasi-phase matching (QPM) technique (periodically poled 

QPM crystals; PP-QPM crystals)

1995- : Applications in light speed controlling, surface plasmon polaritons, etc.
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Background Introduction

Light is an Electro-Magnetic (EM) wave 

The polarization



Random polarized light Plane Polarized Light

Circular 

Polarization

Elliptical 

Polarization

http://www.brocku.ca/earthsciences/people/gfinn/optical/polariz1.gif

• Polarization of EM waves
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o

“natural” or 

“resonant” frequency 

of charge on spring


light frequency

v = c/nv=c v=c

absorb & re-emit with 

same phase delay

atom

• “Charge on spring” description of electrons ‘bound’ to atoms in materials
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Interaction of EM waves with dielectric media

Background Introduction

• Linear:

• Nondispersive:           has an instantaneous response 

to an impulse of 

• Homogeneous:           is independent of the position 

upon the excitation of 

• Isotropic:          is in parallel with 
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The electric susceptibility, and thus the permitivity (r)

and the refractive index n(r) are position-dependent

-- Inhomogeneous only media

Interaction of EM waves with dielectric media
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The polarization density vector now depends on electric

field components that are not parallel to it.

, where is the susceptibility tensor element.

In tensor form,

-- Anisotropic only media

Interaction of EM waves with dielectric media
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-- Anisotropic only media

Interaction of EM waves with dielectric media
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Anisotropic media
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Birefringence materials
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c-axis (z): optic axis (OA)
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Index ellipse in k space



has a finite response time upon the input of

From a linear system point of view, if     is the impulse response 

of the polarization density due to an impulse electric field excitation 

E(t)=(t), the polarization density due to an arbitrary excitation E(t)          

is then the convolution

)(to





 ')'()'()( dttEtttP o 

E(t) P(t))(t

t0 t0

)(to

to

)(o

-- Dispersive only media
Interaction of EM waves with dielectric media
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The polarization density function is a nonlinear function of E:

Using the relation                       and the vector identity                                             

, we can obtain the wave equation 

for a nonlinear media

-- Nonlinear only media

Free-space wave equation
Driving force (source) term

Interaction of EM waves with dielectric media
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In linear optics                                        In nonlinear optics
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Frequency mixing
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rectification

Second harmonic generation

Sum frequency Difference frequency

χ(2)
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Second harmonic generation (SHG)
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Sum frequency generation (SFG)
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Difference frequency generation (DFG)

2nd order nonlinear wavelength conversion processes

(2) 非線性介質
1

2

3

1=2+3

(2) 非線性介質
1

2

3

1=2+3

Optical parametric oscillator (OPO)
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☆ Frequency conversion essential I:  nonlinear material with

reasonable large nonlinearity
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Only a tightly focused pulsed laser can achieve such a value!
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…..Microwave, THz, IR UV, x-ray…..

700nm 400nm

Second harmonic generation (SHG): ω3=ω1+ ω1= 2ω1

Sum frequency generation (SFG): ω3=ω1+ ω2

Difference frequency generation (DFG): ω2=ω1- ω3

ω- ω+

λ+                       λ-

visible

☆ Frequency conversion essential II:  energy conservation

ω3=ω1+ ω2  or λ3
-1 = λ1

-1 + λ2
-1

Brief principles of Nonlinear Optics



☆ Frequency conversion essential III:  momentum conservation or

Phase matching

Δk= k1 + k2 – k3 = 0    or n1ω1+ n2ω2 = n3ω3 (if collinearly)

Brief principles of Nonlinear Optics
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Disadvantages of conventional Birefrigence phasematching

1. Poynting vector walk-off

2. Critical phasematching angle
e.g.  =1m, L=1cm, =45o => =0.6mrad=0.02o

3. Low accessible nonlinear coefficient
e.g. LiNbO3 d31=dzxx=4.7pm/V (ooe)

cp. d33=dzzz=27pm/V   (eee)
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Quasi-phasematching (QPM)
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Advantages:

(1) Noncritical phase-matching with engineerable QPM 

gratings → full usage of the wide spectral application 

range (PPLN: 0.4-4.5μm)

(2) No walk-off problem

(3) Access of the best nonlinear coefficient, d33

k3

k1 k2
Critical phase-matching: θ

Quasi-phase-matching:

k3

k1 k2 +

kΛ

Quasi-phasematching (QPM)

Brief principles of Nonlinear Optics



Brief principles of Nonlinear Optics

Quasi-phase-matching (QPM) technology



Periodically Poled Lithium Niobate (PPLN)

HV

GND

O-ring



LiNbO3

400~>4000 nm

17.6 pm/V

21 kV/mm

0.5 mm

1200 oC

700 MW/cm2

KTP

350~4500 nm

9.5 pm/V

2 kV/mm

1 mm

936 oC

1~10 GW/cm2

transparency

deff for QPM

coercive field

common thickness

Tc

damage threshold

QPM Materials: LiNbO3 and KTP

Brief principles of Nonlinear Optics

2 2 2sin ( / 2)SHG eff pumpd I L c kx  



Interesting nonlinear-optical devices

Green laser pointer



PPLN SFG

3
2

E-O PPLN

¼   plate

Nd:YVO4
Cavity 

mirror

PR 

@1064nm

PR 

@1300nm

1064nm

1342nm

593 nm

Interesting nonlinear-optical devices

Yellow-orange lasers



Spectral narrowed

976 nm input

SHG 488 nm output

MgO:PPLN 

waveguide

Interesting nonlinear-optical devices

Blue waveguide laser



473-nm blue 

laser head

beam 

expander

LCOS    

display engine

Photo projection

473-nm blue 

laser head

beam 

expander

LCOS    

display engine

Photo projection

Laser display using 

intracavity SHG technology

Interesting nonlinear-optical devices



共 焦 顯 微 術 (confocal
microscopy)果蠅(Drosophila)
腦結構造影掃瞄

30 

m

Interesting nonlinear-optical devices

Blue laser bio-image
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Interesting nonlinear-optical phenomena

Why the sky is blue in the daytime?

午時

夕時

Rayleigh scattering
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Applications

Spectroscopy

Remote sensing

Photoacoustic cell

Direct absorption

Turbulence sensing

Gas monitoring

IR Laser

Communications



Applications

Visible Laser
Biomedicine

RGB Display

Biosensing

Microscopy

Optical Storage

Fluorescence



SHG SFG OPA/OPO

皮膚病治療
青光眼治療光動力診治

齲齒去除
血細胞計數螢光激發

雷射共焦顯微術

心肌血運重建術

血管修復術

眼科

腫瘤攝影

SHG SFG OPA/OPO

皮膚病治療
青光眼治療光動力診治

齲齒去除
血細胞計數螢光激發

雷射共焦顯微術

心肌血運重建術

血管修復術

眼科

腫瘤攝影

Biomedicine

Applications



Applications



Thank You for Your Kind Attention

中央大學非線性積體雷射光學實驗室
Nonlinear Integrated Laser Photonics (NILP) Laboratory

National Central University


