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Carrier-Envelope Phase
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Nobel Prize 2018

Gérard Mourou   Donna Strickland
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Pulse energy: Chirped pulse 
amplification (CPA)
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High-harmonic generation
and

production of attosecond pulses

1. Nonlinear susceptibility
2. Keldysh parameter
3. High-harmonic generation
4. Attosecond pulses
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P - polarization
E - electric field
� - susceptibility

Nonlinear optics
neutral
atom

- +
electric field E
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When the field is small ...

Contributions from high orders are small,
typical nonlinear optics.
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When the field is high ...

The series is divergent!
Not a valid description.

VERY nonlinear optics – STRONG FIELD!

- +
electric field E
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tunneling vs multiphoton ionization
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(Keldysh parameter)

1/time force of electric field

momentum in the field of ion

� - electric field frequency
E – electric field amplitude
VIP – ionization potential



6/9/26

multiphoton ionization
perturbative

tunneling ionization
non-perturbative

(Keldysh parameter)
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What laser do we need?

Tunneling ionization:

Typical:
�=633 nm → �=3 1015 Hz
VIP = 1 Ry = 13.6 eV

E ≈ 1011 V/m
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HeNe laser?

Typical:
Power: 5 mW
Focus: 20 �m
Intensity: 1.6*107 W/m2

E ≈ 105 V/m – need 12 more orders to get 1011 V/m!

Intensity
Poynting vector
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Pulsed lasers!

The shorter the pulse, the stronger the field (same pulse energy)

Typical:
Power: 1W
Rep. rate: 1kHz
Pulse energy: 1mJ

Need pulse duration of 200 fs to get 1011 V/m.

Usually cannot focus too tight, need about 20-50 fs pulses.



Pulse energy: Chirped pulse 
amplification (CPA)



regen+booster amplifier

polarization pulse durationrep. rate trigger source

30 W 50 ns
ETNA?

12.7 W 50 ns
ETNA

WP

16 W 50 ns
ETNA

Ti:sapp

Ti:sapp



Aurora laser



10 kHz compressor

polarization pulse durationrep. rate trigger source

28 W 300 ps
PC 2

28 W 300 ps
PC 2

20 W 20 fs
PC 2
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High-order harmonic generation
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High-harmonic generation

plateau

cut-off

only odd harmonics
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High-harmonic generation

plateau

cut-off

Ponderomotive
potential

only odd harmonics



6/9/26

3-step model

Corkum, Kulander
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maximum
kinetic energy

Cut-off harmonic
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Only odd harmonics are emitted.
Even harmonics from two half-cycles interfere destructively

fundamental

2nd harmonic

3rd harmonic

Only odd harmonics are generated! Phase matching is important!
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J. Seres et al, Nature 433, 596 (2006)

5fs, 0.3mJ, 1kHz

Energies up to 2.5 keV! N>1500!
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Attosecond pulse generation

Schötz et al (2020)
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Energy

Time

Electrons gain energy depending on
momentary IR field.
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The best book ever!
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mean variance (square of standard deviation)

- estimate from data
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sum of uniformly distributed random variables - Gaussian
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