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Extreme nonlinear optics
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Attosecond pulses ?
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“If the harmonics are appropriately phased, this bandwidth corresponds to
temporal pulses on the order of 5 X 10-'7 s, and thereby motivates a search for a
new regime of short-pulse generation.”

Farkas and Toth, Phys. Lett., 1992, Hansch, Harris, Opt. Comm. 1993



Single atom response: One half cycle
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Single atom response: Several half cycles

Electric field in time E(t) Power spectrum |E(o)|?
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Harmonics = Interferences of attosecond pulses
Attosecond pulses = phase locked harmonics °



Light sources based upon high-order harmonic
generation in gases

Femtosecond laser pulse Train of attosecond pulses
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Nonlinear Optics
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Phase velocity of the fundamental =
Phase velocity of the harmonic fields

Degree of ionization = a few %
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Gaarde et al., J. Phys. B, 2002, Heyl et al., J. Phys. B, 2017



Attosecond Pulses
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Trains of attosecond pulses — RABBIT

Single attosecond pulses — Streaking

P. Agostini
Paul et al., Science, 2001 Henstchel et al., Nature, 2001 ’



Characterization
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RABBIT technique: interferometry

Intensity (arb. u.)
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Optical interferometry
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Quantum interferometry
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Development of attosecond sources

Laser

Attosecond source

Applications

Heyl et al., Optica, 2016

Application-specific

800 nm, 50 mJ,
10 Hz- 1kHz

Intense pulses
(uJ) 20-50 eV

XUV-XUV pump-
probe
Nonlinear
phenomena

Geometrical
Scaling (up)

850 nm, 100 wJ,
200 kHz

High-repetition
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20-100 eV

Surface science
Coincidence
measurements

Geometrical
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X-ray attosecond
pulses
100-1000 eV

Ultrafast X-ray
science

Wavelength
Scaling
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Intense attosecond source

Manschwetus et al., Phys. Rev. A, 2016
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High repetition rate attosecond source

Optical Parametric Amplification

Laser

OPCPA, 850 nm,
5w, 7fs, 200 kHz,
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Atto-second
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Few attosecond
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Harth et al., J. Opt., 2017, Guo et al., J. Phys. B, 2017
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Development of attosecond sources

Laser

800 nm, 50 mJ,

850 nm, 100 wJ,
10 fs, 10 Hz- 1kHz 7 fs, 200 kHz

2-4 um, 0.1-1ml
30 fs, 1-100 kHz

Attosecond source

Intense pulses
(W) 20-50 eV

High-repetition
rate pulses
20-100 eV

X-ray attosecond
pulses
20-1000 eV

Applications

XUV-XUV pump-
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Nonlinear
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Surface science
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measurements

Ultrafast X-ray
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Photoionization of neon
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Characterization
Attosecond of the attosecond pulses

pulses & W ‘ and the ionization process
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Single ionization of Ne in 2s and 2p shells
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Single ionization of Ne in 2s and 2p shells
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High spectral resolution
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Interpretation of the atomic delay

Electrons
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Interpretation of the atomic delay
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“Absolute” Photoionization time delays
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Fano resonance
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Ultrafast atomic physics
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Fourier transform

Gruson et al. Science, 2016
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Time [fs]

Time-frequency representation:

Short time Fourier transform o 2s2p
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Wigner representation of the autoionizing wavepacket

w0 = [a(e+3)a (t-2)e Tar

Experiment
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Conclusion

Multiple development of
attosecond light sources for
specific applications

Many-electron physics in
the time domain using
spectral amplitude and
phase measurements
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Thank you for your attention
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