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1. Introduction 
Since the first demonstration of lasers in 1960, ultrafast optical technologies have 
enormously advanced, and it is still evolving [1].  Combination of two technologies – one 
to produce extremely short optical pulses, and the other to amplify such pulses – has 
enabled us to produce intense laser pulses.  Today we can routinely produce ultrashort 
laser pulses whose peak power exceeds several terawatts – comparable to the whole 
electric power produced on our planet.  When such intense laser pulses are focused, we 
can create strong laser fields (> 1014 W/cm2) where lots of exotic responses of atoms and 
molecules emerge from. 
 
2. High Harmonic Generation and Orbital Tomography 
High harmonic generation is one of such exotic processes associated to intense laser fields.  
Atoms and molecules in intense laser fields emit laser-like radiation in terms of 
directionality and coherence, but in much shorter wavelength ranging from ultraviolet to 
soft X rays.  Figure 1 shows a typical spectrum of high harmonic radiation.  High 
harmonics consist of sharp peaks located at the odd multiple of the laser photon energy.  
These peaks span from ultraviolet to soft X ray with nearly the same intensities, followed 
by sharp cut off. 
 
 
 
 
 
 

Fig. 1: Typical spectrum of high harmonics produced by intense 30-fs laser pulses.  
The bottom axis corresponds to the emitted photon energy while the left axis to the 
spatial divergence. 
 

 High harmonic generation was later explained by an intuitive theory called the 
“three-step model” where the process is divided to (i) production of a free electron via 
quantum tunneling, (ii) electron acceleration by a strong laser field, and (iii) electron 
collision to the atom from which the electron has emerged [2].  This atomic-scale electron 
collision occurs in a blink, or within less than one optical cycle (< 3 fs).  Within such 
short time scale, we can convert the energy of laser light into the kinetic energy of 

 



electron, then into high-energy photons of high harmonics.  This theory explained 
various phenomena observed in light-matter interactions in intense laser fields. 
Furthermore, it has suggested that high harmonics themselves are attosecond optical 
pulses in soft X rays. This prediction was experimentally confirmed in early 2000’s, and 
opened a new field called attosecond sciences.  On the attosecond time scales, even the 
fastest nuclear motion (e.g., molecular vibration) inside molecules can be ignored.  We 
will see electron motion which was elusive with femotosecond laser pulses. 
 One question then arose – we will possibly be able to trace the electron dynamics 
during chemical reactions, but can we visualize atoms and electrons inside molecules 
which undergo chemical reactions?  For that purpose we need to develop a method that 
has sub-femtosecond temporal resolution as well as Angstrom-scale spatial resolution. In 
terms of the spatial resolution, there are many techniques such as x-ray diffraction, 
electron microscopy, or scanning probe microscopy.  But most of them do not have 
enough temporal resolution.  High harmonics only have sufficient temporal resolution 
but their wavelength is typically >10 nm. The theory of high harmonic generation, 
however, suggests that we can extract the shape of electrons (molecular orbitals) from 
high harmonic spectra. 
 The key idea is the coherent interplay between photons and electrons in the 
generation process.  When the laser-produced electron collides with the molecule, the 
structural information of the electron orbital is imprinted since the electron is 
quantum-mechanically a matter wave whose wavelength is less than 1 nm.  This 
information is then transferred to high harmonic photons that we can easily be observed.   
This idea was first demonstrated by the speaker and his coworkers (Fig.2 [3]).  This 
method may in future allow us to observe how chemical bonds are formed or get broken, 
which means that we may look at the very heart of chemistry. 
 
 
 
 
 
 
 
 
 

Fig. 2: Results of molecular orbital imaging of N2 molecules. This image was 
reconstructed from experimentally observed high harmonic spectra. [3] 
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