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From Ghana to the Birthplace 
of Nonlinear Optics 

Met Valentina Tereshkova in 
January 1964! 
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Outline 

  Periodic structures in optics 
  Inclusion of the nonlinear index 
  Optical bistability and gap solitons 
  Self-pulsing 
  Pulse compression and Bragg solitons 
  Raman gap solitons 
  Distributed-feedback Raman lasers 
  Conclusions 
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Periodic structures in optics 

DFB laser: Kogelnik & Shank  
Gratings for 
pulse compression 
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Periodic structures in nature 

  Colors of butterfly 
wing arise from 
Bragg reflections off 
periodic 
nanostructures 
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 1-D Photonic Bandgap Structure 

(0, )FE t
(0, )BE t

( , )FE L t

0z = z L=

  κ = πΔn / λB

Bragg wavelength  λB = 2πn0 / β0

Detuning   Δβ = β − β0

  n = n0 + Δncos(2β0z)

Grating coupling constant 
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Reflectivity of Bragg grating 

Exponential  
decay inside 
stop band 

Transmission  
resonances 
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Intensity distribution in stop 
band 
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Intensity distribution at 
resonances 
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Periodic structures in 
nonlinear optics (pre 1979) 

1962: Armstrong et al propose quasi-phase matching by 
periodic reversal of crystal optic axis. [Also, Alan Hill, 1961!]  
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Inclusion of nonlinear index in 
periodic structures (1979) 

  What if a periodic structure had an intensity-
dependent refractive index? 

  Should enable intensity-tuning of stop band, 
switching, optical bistability (Winful, et. al 
Appl. Phys Lett. 35, 379 (1979))  

  n = n0 + Δncos(2β0z) + n2I
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Nonlinear coupled-mode 
equations 

  

dEF

dz
= iκEBe− i2Δβ z + iγ EF

2
+ 2 EB

2( )EF

dEB

dz
= −iκEFe+ i2Δβ z − iγ EB

2
+ 2 EF

2( )EB

  γ = πn2 / λBNonlinearity 



14 

Elliptic function solution 

  

I = J
1+ [y
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]sn2[− y
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  y± = J / 2 ± [(κ L)2 + (J / 2)2]
where 
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Bistability in periodic 
structures: experiments 

  C. J. Herbert and M. 
Malcuit, Opt. Lett. 
18, 1783 (1993) 

  Used colloidal crystal 
with periodic planes 

  Nonlinearity was 
thermal in origin 
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Bistability in periodic 
structures: experiments (cont.) 

  S. Janz, et al Appl. Phys. 
Lett. 67, 1051 (1995) 

  GaAS/AlGaAs quarter-
wave shifted DFB 
structure 

  200 ns pulses, 1km/cm2 
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Nature of multiple solutions 

A 

B 

C 
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Total transmission solution 
H.Winful, PhD dissertation, USC 1980 
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Gap soliton: total transmission 
solution 
  Static sech field distribution for intense field tuned inside band 

gap (Winful, 1980; Chen and Mills, 1987) 
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Intense light changes period of 
cholesteric helix, thereby tuning 
stop and resulting in bistability  
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Time-dependent Nonlinear 
Coupled-Mode Equations 
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Impossible d'afficher l'image. Votre ordinateur manque peut-être de mémoire pour ouvrir l'image ou l'image est endommagée. Redémarrez l'ordinateur, puis ouvrez à nouveau le fichier. Si le x rouge est toujours affiché, vous devrez peut-être supprimer l'image avant de la réinsérer.

Predict self-pulsing, modulational instability, pulse compression, 
propagating solitons (Winful, 1981, 1985) 
Also, slow Bragg solitons (Christodoulides and Joseph, 1989) 

H. Winful, Appl. Phys. Lett. (1981)   
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Prediction of self-pulsing and chaos in 
nonlinear periodic structures (Appl. 

Phys. Lett. 40, 298, 1981)  
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Observation of self-pulsing 

Taverner, et al, Opt. Lett. 23, 328 (1998) Broderick, et al, Opt. Lett. 25, 536 (2000) 
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Pulse compression in nonlinear 
periodic structures 
  Periodic structures 

provide large values of 
both positive and 
negative GVD 

  Proposal: the self-phase 
modulation and 
negative GVD in a 
periodic structure 
should enable pulse 
compression and soliton 
propagation (Winful, 
APL, 46, 527, 1985)  



27 

Pulse compression 
Theory (Winful, 1985) Expt. (Eggleton, et al, 1996) 
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Stimulated Raman Scattering 
in Periodic Structures 
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H. G. Winful and V. E. Perlin, Phys. Rev. Lett. 84, 3586 (2000)  
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Raman gap solitons: main idea 

Need:  signal inside the grating, such that  If/Ib~1 
 
Cannot:  just use strong signal, that switches itself, since then If>>Ib 

Try:  1. Weak cw signal at the frequency in the bandgap 
          2. Intense pump pulse detunes the grating and allows the signal in 
          3. Signal gets amplified by SRS inside the grating 
          4. Forward and backward components are amplified equally 
          5. Pump pulse is gone 
          6. Signal is trapped in the grating and it evolves into a gap soliton  
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Gap solitons – solutions of NLCME  
with envelope   sech2(t-z/v) 
(spectrum within the bandgap) 
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Slow Raman gap soliton 
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Stationary Raman gap soliton 

H. G. Winful and V. E. Perlin, Phys. Rev. Lett. 84, 3586 (2000)  
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Slow Raman gap solitons  
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•  Stay in the grating long after the pump is gone 
•  Fit the gap soliton solution (for infinite periodic structure) 
•  Pulse width inversely proportional to intensity 

Output trace: 

formation stage 

bouncing stage 

decay 

Time (ns) 

κL=18 
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Long-lifetime Raman gap solitons  

•  Scaling: τ ~ 1/I, I ~ κ, τ/L ~ 1/κL, need stronger gratings 
•  Gap soliton lifetime in finite structure ~ 1/v2  
 
 Propagation velocity does not change upon reflections ! 

κL=36 

001.0≈
c
v
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Should enable Raman lasers 
with very narrow linewidth 
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Output power: 350mW 
Linewidth: 4MHz  
Threshold pump: 4.3W 
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Conclusions 

  Nonlinear periodic structures make 
possible a large number of phenomena 
including bistability, self-pulsing, pulse 
compression, gap solitons, and DFB 
Raman lasing. 
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http://nlosymposium.physics.lsa.umich.edu/ 
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Jack Marburger  
(February 8, 1941 – July 28, 2011)  
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Steady state solutions 
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Gap soliton 
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Bistability in cholesteric liquid 
crystal 
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Gap soliton 

Winful, PhD dissertation, 1980 
Chen and Mills, PRL 58, 160 (1987) 
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Raman Gap Soliton 
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… in frequency domain 

pump 

Raman gain (~ 5 THz) 

bandgap (~ 50 GHz) 
signal 

ω$ωp$ωB 

•  Raman gain spectrum is much broader than the bandgap 
•  Pump does not interact with periodic structure, just gain and XPM 
•  All frequencies around bandgap experience the same gain 
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  To date, the stationary gap soliton has 
not been observed  
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Nonlinear Transmission 
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Transmission  


