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• Attosecond Physics 
• Strong field ioniation (Keldysh / ADK) 
• HHG 

• Wavelength scaling 
• Conversion efficiencies 

• Techniques 
• Ultrashort pulses 
• CEP 
• PG 
• DOG 

• X-ray optics in pump-probe setups 
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object of study: 

dynamics  

of inner-shell processes 

time ↔ energy : Dt ~ h/DE 

but visible light:   T ~ 2 fs 

valence n = 1  ~ 1 fs 

Rydberg n > 1   fs ... µs 

core  < 1 fs 

requires: attosecond XUV-pulse 

timestructure of atomic processes 
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Strong field ionization 
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Ionization in strong fields 
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Let us assume the case of the hydrogen atom: 

The strength of the Coulomb potential experienced by an electron in the first 

Bohr orbit of atomic hydrogen is defined by 

and we determin the field strength of a laser electric field from the intensity with 

thus the Coulomb pontential of the hydrogen atom corresponds to a laser 

electric field intensity of  ~𝟑. 𝟓𝟏 ⋅ 𝟏𝟎𝟏𝟔 𝑾/𝒄𝒎𝟐 
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The perturbation of a time varying electric field of the typical strength of a laser 

interacting with an atom cannot be treated in terms of perturbation theory 

anymore.  

 

• the perturbation of the Coulomb potential is not weak! 

• the strong time varying potential competes with the Coulomb binding potential 

 

The dynamics of the ionization process of a bound electron inside the potential 

is strongly determined by the instantaneous strength of the applied electric field. 

Interaction with a time varying electric field 
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The Keldysh approach (1965) 

The strength of the electric field can change by orders of magnitude within a 

cycle of the laser electric field 
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The Keldysh approach (1965) 

If we assume a classical partical with binding energy 𝐼𝑝 and a field strength that 

sufficiently supresses the coulomb potential, we can define a „barrier thickness“ 

and a corresponding „tunneling time“ the electron needs to penetrate through 

the rectangular barrier 
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Keldysh parameter 
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Multiplying with the frequency of the laser field leads to the Keldysh parameter  

The Keldysh parameter 𝛾 distinguishes between the ionization processes in the 

limiting cases 𝛾≫ 1 for multi photon ionization (MPI) and 𝛾 ≪ 1 for tunneling 

ionization (TI) 
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Consequences for ultrashort laser pulses 
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• The value of 𝜏 is determined by the frequency of the laser field. Regarding 

high frequencies for the applied field there should appear a frequency 

dependent tunneling probability.  

 

• The ponderomotive potential 𝑈𝑝(𝑡) defines a time varying relation for either the 

MPI or TI regime to dominate the ionization process.  

𝜸 should be interpreted in terms of the dominance 

of one process in respect to the other.  
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Towards High Harmonic Generation 
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The Keldysh interpretation allows calculation of ionization probabilities of 

atomic bound states in strong laser fields including excitations and resonances 

and even the dependence on the time evolution of the laser field in the 

Quasi-Static-Approximation (QSA) 

Limitations 

 

• low-frequency approximation for the applied electric field 

• the final state of the electron is a free electron oscillating in the laser field, 

which is known as a final nonperturbative Volkov state 

• does not include any kind of species dependence in the ionization rate 

calculation 
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ADK Theory 
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(Ammosov, Delone and Krainov) 

Description of the ionization of complex atoms and atomic ions in arbitrary states 

The ionization rate equation in atomic units is given by 

with 
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Ionization Probability 
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𝑛∗ effective principal quantum number 

𝑚 magnetic quantum number 

𝑙 the angular momentum 

𝐼𝑝 is the atomic ionization potential  

𝜀 the electric field strength of the laser. 

 

For ionization rate calculation the ground state values for n∗ and l are mainly 

used, which leads to 𝑙∗ = 𝑛∗ − 1. 
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Ionization rate equation 
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Averaging over all magnetic quantum numbers gives the complete ionization rate 

for  a gaussian laser pulse 

the total number of ions created within a subfraction of the laser pulse 

starting to act on the atom at time 𝑡′ 
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Ionization rate in the quasistatic limit 
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a critical laser intensity 𝐼𝑐 can be defined describing the intensity at which the 

Coulomb barrier starts to be suppressed 

. 
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Laser driven ionization  

Coulomb barrier supression intensity 

Keldysh parameter 

⋅ 
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Polarisation Gating 

High Harmonic Generation 
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propagation of a free electron in a laserelectric field 
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𝑡0 time at which the electron was released from the atom assumed that the 

electron is released with zero initial velocity. 
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The position of the electron as function of time for different “ionization 

times" 𝑡0. The “most energetic trajectory” refers to the solution where 

the electron encounters the nucleus with the maximal kinetic energy 



Jun.-Prof. Dr. Thorsten Uphues 
Thorsten.Uphues@cfel.de 

three step model / Lewenstein 1994 

05.03.2014 

Seite  20 

The basic assumptions for this formulation of HHG are: 

 

• the contribution to the evolution of the system of all bound states except the 

ground state |0  can be neglected 

• the depletion of the ground state can be neglected since 𝑈𝑝 < 𝑈𝑠𝑎𝑡, 𝑈𝑠𝑎𝑡 being 

the saturation energy that completely ionizes the atom in one optical period 

• in the continuum the electron can be treated as a free particle moving in the 

electric field with no effect of 𝑉(𝑥) 
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The cut-off law within the Lewenstein model 
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As a result the maximum energy that can be extrated from an electron in the 

ponderomotive potential of the laser electric field is given by  
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1. Tunnel-Ionisation  

    at > 1014 W/cm2 

2. Electron acceleration  

in laser electric field 

3. Return to parent ion  

and recombination 

hnX = n * hnLaser           (n uneven)     

e.g. Ne 

sine CEP 

cosine CEP 
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x(t) 

EL(t) 

EL(t) 

EL(t) 

EL(t) 

Maximum Energy Gain 

UP   ponderomotive potential  

 of the driving laser field 

IP   ionization potential 
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harmonics are chirped! 
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HHG Generation 
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Phase stabilized few-cycle laser pulse harmonic generation 

Careful adjustment of 

the Carrier Envelope 

Phase (CEP) necessary 

to generate isolated 

attosecond pulses 
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conversion efficiency 

where 

phase-mismatch form factor with a phase 

mismatch of ∆𝑘. 

  
Falcão-Filho, (2010). Appl. Phys. Lett. 97(6), 061107 

N   is the number of cycles of  

  the driver pulse 

𝛽 =  𝑎(𝜋/𝜔) ²  denoting the probability  

  to find the atom in the ground 

  state 
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CEP Stabilization 
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CE Phase 
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stabilization of the CEP phase 
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alternative measurement method: stereo ATI 

red: f-to-2f     black: Stereo ATI 
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typical laser systems for sub-fs spectroscopy 
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Generation of isolated attosecond XUV pulses 
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Bragg: 

λ = 2d cos α 

d ~ 1/cos α 

d … optical thickness of period 

α …angle of incidence 

Multilayer mirror – principle of constructive interference 

Substrate 

x 
x 

13.4 nm 

4.0 nm 

2.7 nm 

Mo 

Si 
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Polarisation Gating 

Generation of isolated  

Attosecond Pulses by  

„Polarization Gating“ 
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electron returns to the parent ion: 

 

emission of high harmonic radiation 

possible 

circular polarisation linear polarisation 

electron does not  

return to the parent ion: 

 

emission of high harmonic radiation  

hardly suppressed 
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Principle of Polarization Gating 

few-cycle pulses 

Carrier Envelope Phase stabilization 

dispersion control 

P. Corkum et al.,Opt. Lett. 19,1870 (1994) 

O. Tcherbakoffet al.,Phys. Rev. A 68,043804 (2003) 

Generation of XUV continuum with PG applying: 

time-dependent polarisation gate 

G. Sansone et al., Science 314,443 (2006) 
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generalized double optical gating 

05.03.2014 

Seite  50 



Jun.-Prof. Dr. Thorsten Uphues 
Thorsten.Uphues@cfel.de 05.03.2014 

Seite  51 



Jun.-Prof. Dr. Thorsten Uphues 
Thorsten.Uphues@cfel.de 05.03.2014 

Seite  52 



Jun.-Prof. Dr. Thorsten Uphues 
Thorsten.Uphues@cfel.de 05.03.2014 

Seite  53 



Jun.-Prof. Dr. Thorsten Uphues 
Thorsten.Uphues@cfel.de 

Comparison of different methods 

05.03.2014 

Seite  54 



Jun.-Prof. Dr. Thorsten Uphues 
Thorsten.Uphues@cfel.de 

Thank you! 
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