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G I S T

Above threshold ionization



Light-matter interaction

• ‘Strong’ field physics
• After tunneling, the field strength of a laser pulse is stronger (or comparable) to the Coulomb field.
• Therefore the Coulomb field can be neglected.

• Electron in a strong laser field
• Ionization
• Acceleration
• Rescattering or recombine

• Above threshold ionization
• High harmonic generation

• Attosecond pulse generation, characterization, and applications

• Frustrated tunneling ionization



Multiphoton vs tunneling ionization

• Keldysh parameter  =  2⁄ * Ponderomotive energy (cycle averaged K.E.)

 ≤ 1 >> 1
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Tunneling ionization from atoms in a strong laser field
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Landau’s tunnel ionization rate = 4  exp −23 
Hydrogen & DC field

Ammosov-Delone-Krainov (ADK) tunneling rate (Perelomov et 
al., 1966, Ammosov et al., 1986)

• The ADK model uses the instantaneous electric field E(t).
• N* is the effective principal quantum number.
• The constant A depends on the actual and the effective quantum numbers.
• Assumption: low laser frequency, no excited state, tunneling regime  = 2⁄ .
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Classical descript of electron trjectories

• Electron trajectories
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Discovery of above threshold ionization

P. Agostini et al., Free-free transitions ..., PRL 42, 1127 (1979).



• Strong field approximation

Electron born at t0
The electron no longer feels V(r)

• Saddle point approximation

Strong field approximation (with saddle point approximation)

• Probability amplitude

• Approximations
• Volkov state instead of the scattering states

• Solution



• Solution



Time-dependent Schrodinger equation

• TDSE with SAE (Single active electron) approximation

• TDSE (1d) = 1 + Ψ  + Δ =   Ψ 
• Crank-Nicholson method can be used for 

stable propagation



Direct and indirect ionization
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Absolute phase detection using ATI electrons

G. G. Paulus et al., Nature 414, 182 (2001).



G I S T

High harmonic generation



Direct and indirect ionization
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High harmonic generation (semi-classical 3-step model)

• Ionization, acceleration, and recombination

Cutoff : 3 Up + Ip

Cited ~8000 times



Odd harmonics due to inversion symmetry

• Time domain

• Frequency domain

2 2
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Intrinsic chirp of attosecond pulses

• Kinetic energy vs recombination time

• Attosecond pulse is positively chirped.

• The intrinsic chirp of the attosecond 
pulse can compensated using x-ray 
fileters.

K. T. Kim et al., PRA 69, 051850 (2004).



Attosecond pulse compression

K. T. Kim et al., PRA 69, 051850 (2004).



Single isolated attosecond pulse generation

R. Kienberger et al., Nature 427, 817 (2004) G. Sansone et al., Science 314, 443 (2006) K. T. Kim et al., Nat Phonics  7, 651 (2013)



Attosecond pulse characterization

P. M. Paul et al., Science 292, 1689 (2001)
Y. Mairesse et al., Science 302, 1540 (2003)

• RABBITT (reconstruction of attosecond beating by 
interference of two-photon transitions)

Af cos(2ϕIR + ϕq−1 − ϕq+1 + Δϕatomic
f)



Attosecond pulse characterization (attosecond streaking)

•  =  + ∫   
Y. Mairesse et al., Phys. Rev. A 71, 011401(2005)

Atomic transient recorder
R. Kienberger et al., Nature 428, 817 (2004)

Review
K. T. Kim et al., Nat. Photonics 8, 187 (2014)

=  −  



Frequency resolved optical gating for attosecond pulses

Frequency-resolved optical gating for complete reconstruction of attosecond bursts
Y. Mairesse et al., Phys. Rev. A 71, 011401(2005)

Transition amplitude (ground -> continuum)

FROG



Kicking a ball over a potential valley



Delay in photoionization 

Wigner Smith time delay

M. Schultze et al., Science 328, 1658 (2010)



High harmonic generation (quantum mechanical description)



Quantum interference during high-order harmonic generation from aligned molecules

T. Kanai et al., Nature 435, 470 (2005)

HHG is enhanced when ionization is enhanced
Ionization and HHG correlated

Trot (∼8.4 ps) σg symmetry

Ionization and HHG anti correlated

anti-bonding πg symmetry



Tomographic imaging of molecular orbitals

J. Itatani et al., Nature 432, 867 (2004)



Following a chemical reaction using high-harmonic interferometry

Excitation at 400 nm transfers population from the 
X 1Σg

+ ground state to the repulsive C 1Π1u state in 
which it dissociates

H. J. Worner et al., Nature 466, 604 (2010)



H. J. Worner et al., Nature 466, 604 (2010)



G I S T

Frustrated tunneling ionization



Frustrated tunneling ionization
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Motivation  - observation of a strange EUV emission

He HHG spectrum using  a 5-fs pulse (linear pol)

HHG

What are these lines? Is this atomic line emission?
N2 atomic line emission (circular pol)

Comparison with NIST data

Atomic line emission can be clearly observed 
when a circular pol is used. Otherwise, HHG is 
too strong!

The intensity dependence on the ellipticity
tells us that the process is related with 
recollision dynamics

The intensity dependence on the ellipticity
tells us that the process is related with 
recollision dynamics



High harmonic generation and frustrated tunneling ionization

Time HHG

FTI

HHG (3 step): Ionization, Acceleration, Recombination
FTI (4 step): Ionization, Acceleration, Recombination, Free induction decay
HHG (3 step): Ionization, Acceleration, Recombination
FTI (4 step): Ionization, Acceleration, Recombination, Free induction decay

HHG

FTI



Attosecond lighthouse experiment with FTI emission

H. Yun et al., “Coherent EUV emission through FTI”, Nature Photonics 12, 620-624 (2018).

It is an FTI emission!
Not an atomic line emission after multi-photon 
absorption!

It is an FTI emission!
Not an atomic line emission after multi-photon 
absorption!

Coherent control using attosecond lighthouse technique



Experiment setup for the generation of an FTI emission

FTI(1s6p) and HHG spectra

HHG

FTI
1s2p 1s6p

Modulation is observed!



Coherent control of FTI emission

Phase of FTI emission vs position

Laser amplitude

Laser phase

Intensity dep.

Gouy phase dep.

Four step model
- Ionization, 
- acceleration, 
- Recombination to excited state,
- Emission through free induction decay
Strong field approximation =  − 2 

FTI HHG

P. Salieres et al., PRL 74, 3776 (1995).



FTI emission at different target positions

FTI, He 1s6p

HHG (17th)

FTI, He

HHG (17th)

Experiments Calculations

FTI spectrum looks similar to long trajectory harmonics!



CEP dependence

FTI emission can be coherently controlled just like HHG!

HHG -> interference of photons
FTI -> interference of electron wave packets

2



Summary

• Strong field physics

• ATI

• HHG

• FTI
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