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Prerequisites:  A basic course in Electrodynamics  

 

Required Text:  Class notes will be distributed in class.     

 

Requirements: 9 Problem Sets, Term Paper, and Term paper presentation 

                Collaboration on problem sets is encouraged. 

 

Grade breakdown: Problem sets (30%), Participation (30%), Term paper (40%) 

 

Recommended Text:   

Nonlinear Optics, R. W. Boyd, Academic Press, Third Edition (2008) 

 

Additional References: 

The Principles of Nonlinear Optics, Y. R. Shen, J. Wiley & Sons NY (1984). 

The Elements of Nonlinear Optics, P. N. Butcher & D. Cotter, Cambridge Studies 

in Modern Optics 9 (1990). 

Nonlinear Fiber Optics, G. P. Agrawal, Academic Press (1998). 

Solitons: an introduction, P. G. Drazin & R. S. Johnson, Cambridge Texts In 

Applied Mathematics, NY (1989). 

Fundamentals of Attosecond Optics, Z. Chang, CRC Press (2016). 

Attosecond and Strong-Field Physics, C. D. Lin, A.-T. Le, C. Jin, and H. Wei, 

Cambridge University Press (2018). 

Extreme Nonlinear Optics, M. Wegener, Springer (2005).  
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C. Manzoni  

et al. LPR 9,  

129 (2015) 

O. D. Mücke et al., IEEE J. Sel. Top. 

Quantum Electron. 21, 8700712 (2015) 
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High-order harmonic generation (HHG) 

M. Y. Kuchiev, JETP Lett. 45, 404 (1987) 

P. B. Corkum, Phys. Rev. Lett. 71, 1994 (1993) 

K. J. Schafer et al., Phys. Rev. Lett. 70, 1599 (1993) 
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The Carrier-Envelope Phase in Frequency Domain 

CE

2

5

p
f = CE

4

5

p
f =

CE

6

5

p
f = CE

8

5

p
f = CE 2f p=CE 0f =

TR 
TCE 

Laser 

fR = 1/TR    : pulse repetition rate here: 

fCE = fR / 5 

fR fCE 

fCE = 1/TCE   : field rep. rate 

gas nozzle 

high- 

energy 

pulse 

Time 

E
le

c
tr

o
n

 P
o

s
it
io

n
 

Most energetic trajectory 

E(t) 

tunnel ionization + propagation + recombination 
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Maximizing the recollision energy within an optical period 

   
    
  800nm + 400nm + 267nm + 200nm + 1600nm 

    w      +    2w     +     3w     +     4w    +   0.5 w 

maximize cut-off energy 

sinusoidal ~ 3.17UP 

synthesized ~ 9UP 

L. E. Chipperfield et al., Phys. Rev. Lett. 102, 063003 (2009) 

C. Jin et al., Nature Commun. 5:4003 (2014) 

S. Haessler et al., Phys. Rev. X 4, 021028 (2014) 

“perfect waveform” for HHG 

9 



1.1 Why Nonlinear Optics? 
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Optics and Photonics News  

Oct. 2017 Nobel Prize in Physics 2018 

"for the optical 

tweezers and their 

application to 

biological systems" 

"for their method of generating high-

intensity, ultra-short optical pulses“   

chirped-pulse amplification (CPA) 
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Typical optical nonlinearities are weak 

12 



13 G. Mourou, J. A. Wheeler, and T. Tajima, Europhys. News 46, 31 (2015)  
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Optics and Photonics News  

Oct. 2017 

https://www.youtube.com/watch?v=rDpLT7yTQvA 
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SULF 

slide by  

Ruxin Li (SIOM) 



1.2 How does Nonlinear Optics work? 

P: Polarization (Dipole moment / unit volume) 

p: dipole moment per atom or molecule 

N: Number density 

q: charge that is displaced 

l: displacement 

Figure 1.1: A simple atom model explaining the effect of in optical electric 

field on the induced polarization in an atom: (a) without field, (b) with field. 
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Perturbation expansion 

p: nonlinear dipole moment of atom or molecule 

a(i): typical excursion of electron cloud at the critical field 

       is on the order of the Bohr radius 

Ea  : critical field where perturbation theory breaks down:  

        ionization field strength 
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Estimate for nonlinear susceptibilities 

Nonlinear susceptibilities 
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Estimate for (nonlinear) susceptibilities 

refractive index: 

about right! 
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1.3 Important nonlinear optical processes  

Let’s assume: 
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Important nonlinear processes 
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SFG process 



1.3.1  Linear electro-optical or Pockels effect 

KDP: potassium dihydrogen phosphate: 

Induced birefringence when electric field is applied in z-

direction 

KH2PO4 

Ez 
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Electro-optic modulator (EOM) 

KDP: potassium dihydrogen phosphate: 

Induced birefringence when electric field is applied in z-

direction 
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Electro-optic modulator (EOM) 
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Modulator transmission 
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Estimate for nonlinear susceptibilities 

Nonlinear susceptibilities 
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1.3.2 Self-phase modulation 
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1.3.3 Self-focusing 

Laser 

beam 

Intensity-dependent refractive index:  "Kerr Lens"  
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Lens 

Refractive index n >1 

catastrophic self-focusing 

Kerr-Lens Mode locking 
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1.3.4 Optical solitons 

2

2
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
D 2 is GVD. 

Nonlinear Schrödinger Equation (NLSE) 
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2 Nonlinear optical susceptibilities 

30 



Nonlinear optical susceptibilities 
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Nonlinear optical susceptibilities 
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2.2 Classical model for nonlinear optical susceptibility  

perturbation solution: 
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Zero-order solution 

34 



2.2.1 Linear susceptibility 
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Real and imaginary part of the susceptibility 
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Real and imaginary part of the susceptibility 



Real and imaginary part of the susceptibility 
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2.2.2. Nonlinear susceptibility 
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Susceptibilities 
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2.3 Miller’s d-coefficient 
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