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Nonlinear Effects

Second order effects

Second harmonic generation (SHG)

Optical parametric oscillation (OPO)

Optical parametric amplification (OPA).

Pockel's effect.

Electro-optical beam deflection.

Optical rectification.

Third order effects

Third harmonic generation (THG).

Raman effect.

Kerr effect - induced birefringence. 

Four- wave difference frequency mixing (FWM).

Self- diffraction

Self-phase modulation

Stimulated Brillouin scattering  

Higher 0rder effects

High harmonic generation 2

      .....33221  EEEP OOOtot 
Linear +  2nd +     3rd + Higher



3

2nd Order Effects
Two different electric fields E1 , E 2 are superimposed and 

generate the NL polarization P (2) = eo 
(2) E1 E2 

The incident optical field is:

Nonlinear polarization contains the following terms:
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2nd harmonic generation (SHG) 

2nd harmonic generation (SHG) 

Sum freq. generation (SFG)

Difference freq. generation (DFG)

Optical rectification  (OR)
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Second Order Susceptibility

.

In comparison with the 3rd order 
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Frequency Conversion Processes

Several electromagnetic waves of different ‘s can

interact with each other in the material under the condition

of energy conservation.
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Diagram of some NL processes
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• Second harmonic generation (SHG) or frequency doubling:
Generation of light with a doubled frequency (half the wavelength).

• Sum frequency generation (SFG):

Generation of light with a frequency that is the sum of two other 

frequencies (SHG is a special case).

• Difference frequency generation (DFG):

Generation of light with a frequency that is the difference between 

two other frequencies.

• Optical parametric amplification (OPA):

Amplification of a signal input in the presence of a higher-

frequency pump wave, at the same time generating an idler wave.

Frequency Conversion Processes
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• Optical parametric oscillation (OPO):

Generation of a signal and idler wave using a parametric

amplifier in a resonator (with no signal input).

• Optical parametric generation (OPG):

Like parametric oscillation but without a resonator, using

a very high gain instead.

• Optical rectification (OR):

Generation of quasi-static electric fields.

Frequency Conversion Processes, Cont.
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Second Harmonic Generation (SHG)

.


2

)2(



10

SHG

I532 = constant • ( I1064 )
2        

1064 nm   1064 nm 532 nmSecond-order 
non-linear crystal
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Generation of new frequencies via NL polarization in 

matter is more efficient the better the incident light 

waves, and the new generated waves are in suitable 

phase over the interaction length.

Achieved by choosing a suitable orientation of the 

crystal with respect to the light beam and is called 

phase matching

Birefringence in anisotropic materials like crystals 

is used.
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Phase Matching 
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• Since the optical NL media are dispersive, the

fundamental and the harmonic signals have different

propagation speeds inside the media.

• The harmonic signals generated at different points

interfere destructively with each other.



3 1 2    parametric amplification
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 Energy Conservation

 Momentum conservation

 Phase condition
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Efficient parametric conversion requires:

* Appropriate nonlinear medium (birefringence).

* Interacting waves maintain temporal overlap.

* Interacting waves remain phase matched

(k ≈ 0 ).

Birefringence is not a perfect solution, alternative is 

the concept of quasi-phase matching (QPM)
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Spatial Walk-off

Definition: the phenomenon that the intensity distribution of a 

beam in an anisotropic crystal drifts away from the direction 

of the wave vector

For an isotropic medium, the transverse intensity distribution 

propagates along the beam axis as defined by the medium k
vector. In anisotropic crystals it can occur that the intensity 

distribution drifts away from the direction defined by the k vector, 

as illustrated in Fig. 1, where the gray lines indicate wavefronts

and the blue color the region with significant optical intensity.

Figure 1: Spatial walk-off: the intensity 

distribution of a beam in an anisotropic 

crystal propagates in a direction which is 

slightly different to that of the wave vector. 
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Spatial walk-off occurs only for a beam with extraordinary 

polarization, propagating at some angle θ against the 

optical axes, so that the refractive index ne and the phase 

velocity become dependent on that angle.

The walk-off angle can then be calculated from:

The –ve sign indicates that the walk-off occurs in the 

direction where the refractive index would decrease.

A beam with ordinary polarization (n is independent of the 

propagation angle) does not experience walk-off.

Walk-off angle
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Type I and Type II Phase Matching

Type I                                   Type II



38

.

Common materials include:

- Lithium Niobate (LN)

- Potassium Titanyl Phosphate (KTP) 

Quasi-Phase Matching (QPM)
A way to control phase mismatch

.



Quasi-phase matching
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Regular domain 

structure with period:

2G cl 

Periodic reversal 

of electric field.
QPM
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QPM

.
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Optical Parametric Oscillator (OPO)

 “Pump” is converted into two other 
frequencies

Example: 355 nm creates 500 nm and 
1224 nm light

 Tuneable laser beam over Visible, IR 

Change angle of the crystal to tune

 Squeezing
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An OPO with return pump beam

Q-switched

Solid-state laser

resonator

NLO

crystal
Pumping

wavelength

M 1 M 2

Signal 

wavelength
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Sum Frequency Generation SFG
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2Application:

Tunable radiation in the 

UV Spectral region.
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Application:

The low frequency photon,      

amplifies in the presence of high 

frequency beam      .

This is known as parametric 

amplification.
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Parametric Down-Conversion

(Difference-frequency generation)

Optical Parametric 

Oscillation (OPO)

3

2

"signal"

"idler"

By convention:

signal > idler

DFG
Optical Parametric Generation, Amplification, Oscillation

1

3 2

Optical Parametric 

Amplification (OPA)

1

1

3
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Optical Parametric 

Generation (OPG)

Difference-frequency generation takes many useful forms

mirror mirror

.

.

.
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Pockel's Effect

In a NL material, the electric filed of the light 

wave is superimposed on the externally applied 

filed and resulting NL polarization. Hence it’s a 

field – field interaction.

The Pockel’s effect rotates the polarization of 

the incident light as a function of the externally 

applied electric field.

n  E linear electro-optic effect or Pockels effect
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Pockels' Effect

An electric field can induce birefringence.

The Pockels' effect allows control over the polarization rotation.

+V 0

Polarizer

Electro-optic medium

Transparent 

electrode

Transparent 

electrode

Analyzer
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Applying a voltage to a crystal changes its refractive indices 

and introduces birefringence.  In a sense, this is sum-

frequency generation with a beam of zero frequency (but not 

zero field). A few kV can turn a crystal into a half- or quarter-

wave plate.

V

If V = 0, the pulse 

polarization doesn’t 

change.

If V = Vp, the pulse 

polarization switches to its 

orthogonal state.

Rapidly switching a Pockels cell allows us to switch a pulse 

into or out of a laser.

Pockels cell

(voltage may be transverse or 

longitudinal)

Polarizer
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Pockels' Effect
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Pockels' Effect
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Pockels' Effect
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Pockels' Effect
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Pockels' Effect
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Pockels' Effect
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Pockels' Effect
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Pockels' Effect
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Optical Rectification

The component PNL(0) corresponds to a steady (non-time varying) 

polarization density that creates a dc potential difference across 

the plates of a capacitor within which the nonlinear material is 

placed. 

An optical pulse of 

several MW peak power, 

may generate a voltage

of mV scale.
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Optical Rectification
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Optical Rectification


