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: Anne L’Huillier (1987) 
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A. L´Huillier et al.,  

in ‘Atoms in Intense Laser Fields’,   

edited by Gavrila and Muller,  

(AcademicPress, 1992) 
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The emission of radiation occurs when a linearly polarized ultra-short electric 

field is focalized onto an atomic or molecular gas target. 

• The radiation spectrum consists of lines separated by 2w and only the odd orders 

are present wq = qw = (2n + 1)w. 

• The efficiency decays fast for low orders (perturbative), followed by a plateau 

(non-perturbative) and then decays also very fast from a cutoff frequency wc . 

Rullière, Femtosecond Laser Pulses: 

Principles and Experiments, Chap. XIII, 

Springer (2005). 

The maximum kinetic energy of the photon (ii) is: 3c p pU Iw 

P. B. Corkum, Phys. Rev. Lett. 71, 1994 (1993).  
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1. Tunneling ionization at time t0:  The ionization probability was calculated 

by Ammossov, Delone and Krainov. 

Semiclassical Model: Paul Corkum 1994 
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Ionization takes place during a 

fraction of a femtosecond:  

hundreds of attoseconds 

Semiclassical Model: Paul Corkum 1994 

2. After ionization, electron motion is subject to the external electric field. 

The core potential is neglected.  When the electric field changes sign, the 

electron eventually can go back near the core. 

 

 
0

0

0 0

0 0 0

( ) ( ) ( ) ( )

( ) ( ) ( )

( ) ( ) ( ) ( )

t

t

z t k A t A t A t

z t A t dt A t t t

z t t t A t t t 

   

   

   





24/06/2024 

5 

3.  When the electron collides with the parent ion, it can (i) rescatters 

elastically or (ii) recombine. In (i) there is emission of electrons, 

whereas in (ii) emission of radiation.  

The recombination condition is 
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de Bohan, Ph.D. thesis 

(2005). 
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We can find the kinetic energy at recolission time as 

Tkin(t0) and Tkin(tr): 

Semiclassical Model: Paul Corkum 1994 
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The maximum kinetic energy of the photon (ii) is: 3.17c p pU Iw  

The emission of radiation occurs when a linearly polarized short electric 

field is focalized onto an atomic or molecular gas target. 

An elliptical polarized laser produces neither HHG nor rescattering 

kinq pT I w  

Simulation of wave function 

https://www.google.com/search?sca_esv=2b629f2852664d00&sca_upv=1&sxsrf=ACQVn0_Ye2fUQ7G-lD--qp5mieuqHk0IqQ:1714761497635&q=high+harmonic+generation&tbm=vid&source=lnms&prmd=ivsnbmtz&sa=X&ved=2ahUKEwjxpMOvkPKFAxU5pJUCHbenCkwQ0pQJegQIDhAB&biw=1160&bih=926&dpr=1#fpstate=ive&vld=cid:4c51501f,vid:8fDfpe94R7k,st:0
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• We calculate the mean value of the dipole moment. 

( ) ( ) ( )d t t er t  

 In the Lewenstein’s model: 
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The integral must be read from right to left: 

*

( , )

( ( )) :  atomic ionization

: evolution of the electron in the continuum

( ( )) : recapture of the electron
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change of variables: (flight time)
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 Exercise 14: Prove that: 
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(return condition) 

(ionization condition) 

( , ) 0 ( , , ) 0S t t S k t t       Principle of least action 

We solve the integral within the saddle-point approximation. 

If the phase S changes a lot, then the positive and negative values 

will cancel out. The only surviving part is: 

 Then we must Fourier transform: 
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 Exercise 15: Prove that: 
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• There is an XUV emission every laser semicycle T/2. 

• The phase corresponding to each XUV is locked to the fundamental phase. 

• The sign of the laser field changes every semicycle => XUV field changes. 

In conclusion, the real periodicity of the harmonic emission is T 

with periodicity T/2 for the intensity 

 The total XUV pulse emitted with frequency wq is: 
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Summing over a lot of semicycles: 
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• The first factor corresponds to an oscillating wave with frequency qw  

• The second factor corresponds to an amplitude: 

 
 

 

     

 

/2
/2

/2

1 /2

1

1

sin / 2 / 2

sin / 2 / 2

Ni q T
i q T n

i q T

N i q T

e
e

e

N q T
e

q T

w 
w 

w 

w 
w 

w 

 
 

 

  






  
  



The square modulus 
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Conservation of energy 

geometrical sum 
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•  To calculate the harmonic generation exactly the TDSE must be solved 

numerically and then calculate d(t) and Fourier Transform. 

 

• The propagation in the media must also be considered. 

HHG is useful for the generation of an attosecond pulse source. 

Some people also use the acceleration of the expected value of the dipole: 
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Phase matching 
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Phase matching 

RABBIT: Reconstruction of 

Attosecond harmonic Beating By 

Interference of  Two-photon 

transitions 

Attosecond pulses were demonstrated  (2001) 

In Paris-Saclay, the Agostini’s group produced a train of pulses 

with a duration of 250 as using argon as the target gas.  

Pump-probe experiment: XUV+IR 
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What is the timescale for the photoelectric effect?  

Attosecond streaking 

In Vienna, the Krausz’s group produced isolated pulses of 

duration 650 as. 

 X < TIR 
They used spectral filtering to select 

relevant harmonics with a multilayer 

XUV mirror.  Then they measured the 

kinetic energy spectrum of 4p 

photoelectrons ejected from krypton 

atoms under simultaneous irradiation 

by 90 eV photons and the light pulses at 

750 nm from the drive laser generating 

the harmonic radiation (streaking).  
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Attosecond oscilloscope 

E. Goulielmakis et al, Science 305, 1267 (2004) 

resolution ~ 100 as 

0( ) 0k A t SMM: 


