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Strong-field atomic ionization with XUV pulses:  

A finite displacement effect

Anatoli Kheifets

Free-electron displacement 

Free-electron kick

Lawson–Woodward theorem, 1979.
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Outline

• Strong-field ionization in XUV 
• Resonant ATI spectra of atomic hydrogen 

– Autler-Townes doublet

• Pulse shape effects

• Ramp-on/ramp-off 

– sin2 vs. trapezoidal

• Photo-electron spectra

– Line distortion

– Angular momentum / asymmetry

• Kramers-Henneberger atom

• Final displacement effect

• Implications 
• Theory, experiment
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C. Cohen-Tannoudji,

The Autler-Townes effect revisited 

In Amazing Light : a volume dedicated to 

Charles Hard Townes on his 80th birthday, 

ed. by R. Y. Chiao, p. 109 (Springer, 1996)
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Pulse shape effect
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Photoelectron spectrum
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Pulse shape effect:  away from resonance 
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Spectral content
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Photoelectron spectrum



KITP  2014 10

Angular momentum composition
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Photoelectron angular distribution
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Free-electron displacement 
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Photoelectron spectrum: Li
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Atom reference frame:

KH atom reference frame:

KH potential
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Kramers-Henneberger potential

Finite displacement 

leads to strongly asymmetric KH potential
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Theorists warnings
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Theorists warnings
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Experimental observations

Displacement is finite:
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Summary

• Do the pulses with non-zero displacement exist?

• Maxwell equations do not forbid

• Theorists recommend to avoid such pulses: 
– Kicks and displacements make calculations unstable

– Electron may leave the laser focus

• Single-cycle THz pulses have non-zero displacement

• If pulses with non-zero displacement are allowed:
• Measurement & interpretation require extra care:

– Spectral lines

– Angular distributions

• If zero displacement is enforced:
• Theorists are restricted in their pulse shapes:

– CEP and the envelope function are coupled

– Strong impact on setups for quantum control.
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Consistency tests for the attosecond time 

delay measurements

Anatoli Kheifets

Harsh reality check for attosecond physics
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From conventional to new physics

• Conventional atomic physics
• Synchrotron based experiments  

– Cross-sections s ~ S |<i|D|fl±1>|2

– Angular asymmetry b ~ <i|D|fl+1>* |<i|D|fl-1>|

• Theoretical methods

– Independent electron approximations (HF)

– Many-electron correlation (RPA, R-matrix, close-coupling, MBPT)

• New atomic physics
• Intense and ultra-short laser pulses

– Photoelectron group delay t ~ ∂arg S <i|D|fl±1> /∂E

– Coulomb-laser coupling corrections

• Theoretical methods

– Time-dependent Schrödinger equation

– Single active electron approximation
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• Measurements of photoemission time delay

– Attosecond Streaking Ne 2s-1/2p-1

– RABITT Reconstruction of Attosecond Bursts by Ionization of Two-photon Transitions

 Ar 3s-1/3p-1

 Xe 5p-1/5p-2 

– HHG+RABITT

– ATTO-Clock

Motivation

PRL 112, 153001 (2014)

Physics 292, 1689 (2014)
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IR probe pulse 

XUV pump pulse 
200 as

e

t

gas atom

en
e

rgy

Mapping of (release) 
time to momentum

M. Schultze et al., Science 328, 
1659 (2010)

A(t)

= delay time

Attosecond Streak Camera

Animation: Renate Pazourek 

t2p- t2s =21±5 as
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• Attosecond Streaking
– Relative time delay in Ne t 2s-1/2p-1

Schultze et al, Science 328, 1658 (2010) 21±5 as Experiment

Kheifets & Ivanov, PRL 105, 233002 (2010) 8.4 as Theory, TDSE

Moore et al, PRA 84, 061404 (2011) 10.2±1.3 as Theory, R-matrix

Dahlström et al, PRA 86, 061402(R) (2012) 12 as Theory, MBPT

Kheifets, PRA 87, 063404 (2013) 

Feist et al, PRA 89, 033417 (2014)

11.9 as

10.0 as

Theory, RPA

Theory, B-splines

Multiphoton regime / linear light
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• RABITT
– Relative time delay in Ar t 3s-1/3p-1

2q+1

2q

2q-1

Ar 3p5

3s2Ar

IR

XUV

Klünder et al, 
PRL 106, 143002 (2011)

Delay txuv/IR (fs)

-4     -2     0      2     4 

New Atomic Physics Multiphoton regime / linear light
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• RABITT
– Relative time delay in Ar t 3s-1/3p-1

Guénot et al, PRA 85, 053424 (2012) Experiment

Carette et al, PRA 87, 023420 (2013) Theory, MCHF

Kheifets, PRA 87, 063404 (2013) Theory, HF,RPA

Dixit et al, PRL 113,203003 (2013) Theory, LDA

New Atomic Physics Multiphoton regime / linear light
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• HHG + RABITT
– Phase variation and group delay near Cooper minimum in Ar ←→3p-1

Schoun et al, PRL 112, 153001 (2014)

New Atomic Physics Multiphoton regime / linear light
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Schoun et al, PRL 112, 153001 (2014) 2.6±0.3 rad Experiment, TDSE

Kheifets, PRA 87, 063404 (2013) 1.9 rad Theory, HF,RPA

• HHG + RABITT
– Phase variation and group delay near Cooper minimum in Ar 3p-1

New Atomic Physics Multiphoton regime / linear light
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Time-Dependent Theory

From Klaus Bartschat Wednesday talk

• Solving Time-Dependent Schrödinger Equation
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National Computational Infrastructure

Number 24 on the World Top 500 

Supercomputer ranking

Raijin – Thunder God in Japanese, 

launched officially on July 31, 2013

Peak performance of 1.2 PetaFlops 

– 1,200,000,000,000,000 floating 

point operations per second
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t2p- t2s =21±5 as

Experiment
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Field
Norm

Theoretical interpretation: solution of TDSE

Wavepacket norm

–Photoelectrons are set in motion with the end of the pulse

–Delay is negative for 2s and positive for 2p

–Relative time delay is only ≈ 6 as

Crest position

t0
2s<0

t0
2p>0
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Wigner time delay 

Detector

Time delay
in quantum mechanics

Scattering phase

V(r)

r

r

half-scattering

E.P. Wigner. Phys. Rev. 98, 145 (1955)

Wigner Time delay
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Classical Interpretation
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3d

ns2

np6

ns2

Ne: n=2

Ar: n=3

Quantum-mechanical interpretation

Levinson →

C
o
u
lo

m
b
 →
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Atto-clock

• Linear streaking vs. angular streaking 

Linear streaking Angular streaking



KITP  2014 39

• Offset angle q

Propagation direction

Pfeiffer, Cirelli, Smolarski et al.

Electric field

Exit the tunnel

Free propagation

Coulomb  propagation

z

x

y

Atto-clock
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Atto-clock measurement in He
• Angular off-set 



KITP  2014 41

ATTO-clock

• Tunneling time implications 
– Zero tunneling time with COLTRIMS g>1, I>3x1014 W/cm2

– Finite tunneling time with VM

Pfeiffer, Cirelli, Smolarski et al.

Photonics
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• Probing single-photon ionization on the attosecond
time scale

• Experiment  

– Attosecond streaking

– RABBITT

– HHG

– ATTO-clock

• TDSE calculations

– Qualitatively similar

– Numerically can be very different

• Time delay

– Multi-photon regime: understood

– Tunneling regime: still an open question 

• Outlook: 
– New attosecond devices: Larmor clock

Conclusion
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Lund University
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