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Correla.on	
  vs	
  convolu.on	
  
•  Correla.on:	
  	
  
	
  

•  Convolu.on:	
  

•  Autocorrela.on	
  and	
  autoconvolu.on	
  are	
  opera.ons	
  on	
  the	
  
same	
  pulse.	
  	
  

•  Michelson	
  interferometer:	
  
–  Time	
  ordering	
  of	
  the	
  pulse	
  cannot	
  change	
  

–  Detector	
  measures	
  .me-­‐integrated	
  intensity	
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esig ∝ E1 t( ) + E2 t −τ( ) 2 dt∫



Graphical	
  approach	
  to	
  convolu.on	
  

Input	
  func*ons	
  

output	
  

Graphical	
  view	
  



Smoothing	
  effects	
  



Convolu.on	
  theorem	
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Autocorrela.on	
  theorem	
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Measuring	
  pulse	
  dura.on:	
  field	
  autocorrela.on?	
  

•  The	
  output	
  of	
  a	
  linear	
  Michelson	
  interferometer	
  is	
  
connected	
  to	
  the	
  autocorrela.on	
  of	
  the	
  field	
  

–  If	
  beamspliPer	
  is	
  50/50,	
  then	
  e1=e2	
  

•  What	
  can	
  we	
  learn	
  by	
  measuring	
  the	
  autocorrela.on	
  
of	
  the	
  field?	
  	
  
– We	
  get	
  the	
  power	
  spectrum	
  	
  
–  phase	
  info	
  is	
  gone,	
  so	
  no	
  pulse	
  dura.on	
  measurement	
  	
  

esig ∝ E1 t( ) 2 + E2 t −τ( ) 2 + 2Re E1 t( )E2* t −τ( )( )( )dt∫

esig ∝ E1 t( ) + E2 t −τ( ) 2 dt∫

esig ∝ e1 + e2 + 2Re gAC τ( )( )



Second-harmonic-generation FROG 
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Esig(t,t)= E(t)E(t-t) 

2

( , ) ( , )exp( )FROG sigI E t i t dtω τ τ ω
∞

−∞
= −∫

SHG FROG is the most sensitive version of FROG. 

SHG FROG is simply a spectrally resolved 
autocorrelation. 
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SHG FROG is also a spectrogram, but its interpretation is more complex. 

( , ) ( ) ( )sigE t E t E tτ τ∝ −

)(E t

( , )sigE t τ

)(E t τ−

The gate  
  pulse is  
    complex! 



SHG FROG traces are symmetrical with respect to delay. 

SHG FROG traces are symmetrical 
with respect to delay.
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The direction of time is ambiguous in the retrieved pulse.
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Negatively chirped              Unchirped              Positively chirped 

SHG FROG has an ambiguity in the direction of time, but it can be 
removed. 
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SHG FROG traces for more complex pulses

Self-phase-
modulated pulse

Double pulseCubic-spectral-
phase pulse

SHG FROG traces are symmetrized PG FROG traces.
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Reconstructed trace

Free-Electron-Laser SHG FROG measurement
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SHG FROG Measurements of a Free-Electron Laser  

SHG FROG works very well, even in the mid-IR and for difficult sources. 

Richman, 
et al., 
Opt. Lett., 
22, 721 
(1997). 
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The delay marginal is the integral  
of the FROG trace over all frequencies.   
It is a function of delay only. 
 
 
 
 
 
The frequency marginal is the integral  
of the FROG trace over all delays:  
It is a function of frequency only. 

Mω (ω) ≡ IFROG (ω,τ ) d∫ τ

The SHG FROG marginals 
can be related to easily 
measured quantities: 
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Delay Mτ (τ ) ≡ IFROG (ω,τ ) d∫ ω

Mω (ω) = The Autoconvolution 
of the Spectrum 

Mτ (τ ) = The Autocorrelation 

The marginals are essential in 
checking for systematic error. 

 

The FROG Marginals 

DeLong, et al., JQE, 32, 1253 (1996). 



Intensity	
  dependent	
  refrac.ve	
  index	
  

•  χ(3)	
  effects	
  lead	
  to	
  four-­‐wave	
  mixing	
  

	
  

•  DFWM	
  seems	
  like	
  nothing	
  is	
  produced,	
  but:	
  
–  NL	
  refrac.ve	
  index	
  leads	
  to	
  NL	
  phase	
  changes	
  
–  NL	
  ellipse	
  rota.on,	
  polariza.on	
  changes	
  
–  Cross-­‐polarized	
  wave	
  genera.on	
  
–  Many	
  effects:	
  self-­‐phase	
  mod,	
  self-­‐focusing,	
  solitons,	
  
phase	
  conjuga.on,	
  transient	
  gra.ngs,	
  …	
  	
  

Third-­‐harmonic	
  
genera.on	
  

Sum-­‐difference	
  
mixing	
  

Degenerate	
  
4-­‐wave	
  mixing	
  



Nonlinear	
  Refrac*ve	
  Index	
  
The	
  refrac.ve	
  index	
  in	
  the	
  presence	
  of	
  linear	
  and	
  nonlinear	
  polariza.on:	
  

	
  
	
  

Now,	
  the	
  usual	
  refrac.ve	
  index	
  (which	
  we’ll	
  call	
  n0)	
  is:	
  

	
  

So:	
  

	
  
Assume	
  that	
  the	
  nonlinear	
  term	
  <<	
  n0	
  :	
  

	
  

So:	
  

	
  

Usually,	
  we	
  define	
  a	
  “nonlinear	
  refrac.ve	
  index”:	
  
	
  

	
  

See	
  Boyd	
  4.1	
  for	
  other	
  defini.ons.	
  	
  

  
n = 1+ χ (1) + 3χ (3) E
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Mechanisms	
  and	
  .me	
  scales	
  for	
  NL	
  index	
  

Electronic	
  (fs)	
  
Molecular	
  orienta.on	
  (ps)	
  
Electrostric.on	
  (ns)	
  
Saturated	
  absorp.on	
  (10ns)	
  
Thermal	
  (ms)	
  
Photorefrac.ve	
  (varies,	
  slow)	
  	
  



1) Electronic polarization : Electronic charge redistribution 

2) Molecular orientation : Molecular alignment due to the induced dipole 

3) Electrostriction : Density change by optical field 

4) Saturated absorption : Intensity-dependent absorption 

5) Thermal effect : Temperature change due to the optical field 

6) Photorefractive effect : Induced redistribution of electrons and holes    

                                   Refractive index change due to the local field inside the medium 

Mechanisms	
  for	
  NL	
  index	
  




