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Our story starts 100 years ago.... 

Niels Bohr 



... leading to quantum mechanics  

Erwin Schrödinger  

Werner Heisenberg 



2013: first orbital observations 

A. Stodolna et al,  
Phys. Rev. Lett. 110, 
213001 (2013) 



Recovering the planetary model 

Exciting several electronic 

levels at the same time leads 

to the creation of a particle-

like wave packet  



Going back to 1886... 

Edward Muybridge 



Time-Resolved Measurements 

Exciting several electronic 

levels at the same time leads 

to the creation of a particle-

like wave packet  



Snapshots with lasers 

Exciting several electronic 

levels at the same time leads 

to the creation of a particle-

like wave packet  
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Laser pulse duration 
1 s = 0.000 001 s 
1 ns = 0.000 000 001 s 
1 ps = 0.000 000 000 001 s 
1 fs = 0.000 000 000 000 001 s 



Lasers cover many wavelengths 

Ultra-violet 300 nm 
optical = 1 fs 

Near-infrared 900 nm 
optical = 3 fs 

No commercial 
Attosecond  

Lasers 

Visible 600 nm 
optical = 2 fs 



Generation of attosecond pulses 
Intense near-infrared femtosecond laser 

Step 1: ionization and 
removal of an electron 
from the positive ion 
core 

Step 3: recombination, 
accompanied by the emission 
of an XUV photon 

Step 2: 
acceleration of 
the electron in the 
oscillatory laser 
field 

Intense near-infrared femtosecond laser 
+ XUV radiation 

Paul Corkum 
Ferenc Krausz 



Measuring attosecond pulses 

Attosecond pulses cannot be 
measured by conventional 
detectors (oscilloscopes) or 
sophisticated streak cameras 

Use an “attosecond streak 
camera” where the 
streaking field is itself a 
laser!!! 



Measuring attosecond pulses 



Laser pulse duration 
1 s = 0.000 001 s 
1 ns = 0.000 000 001 s 
1 ps = 0.000 000 000 001 s 
1 fs = 0.000 000 000 000 001 s 

1 as 

67 as = 0.000 000 000 000 000 067 s !!! 
Chang 

2010 
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Measurements with attosecond 

pulses 

Excitation with 

Isolated Attosecond 

Pulse, generated in 

Krypton 

H+ 
H 

Does the H atom (containing one 
electron) go the left or the right? 
 
Does the H+ ion (not containing an 
electron) go to the right or left? 

???? 

Sansone et al., Nature 465, 763 (2010) 

H H2
+ 



Electron localization in XUV-IR 

dissociative ionization of H2 and D2 

DtXUV-IR=0 

Sansone et al., Nature 465, 763 (2010) 

H+ H 

H+ H 



Collaboration with F. Martin and co-workers (Madrid) 

To explain the experiment…. 



Scenarios for Electron Localization 

Sansone et al., Nature 465, 763 (2010) 



Quantum Entanglement 

H+ H+ 

e- 

e- 

Hmmm... 
spooky 
action at a 
distance 
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