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Carrier-Envelope Phase
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Pulse energy: Chirped pulse 
amplification (CPA)
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Nobel Prize 2018

Gérard Mourou   Donna Strickland
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High-harmonic generationHigh-harmonic generation
andand

production of attosecond pulsesproduction of attosecond pulses

1. Nonlinear susceptibility1. Nonlinear susceptibility
2. Keldysh parameter2. Keldysh parameter
3. High-harmonic generation3. High-harmonic generation
4. Attosecond pulses4. Attosecond pulses
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P=
1E

2E2


3E3


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

The series is divergent!The series is divergent!
Not a valid description.Not a valid description.

VERY nonlinear optics – STRONG FIELD!

- +
electric field E
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tunneling vs multiphoton ionization
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=
2meV IP

eE

(Keldysh parameter)(Keldysh parameter)

1/time force of electric field

momentum in the field of ion

 - electric field frequency
E – electric field amplitude
VIP – ionization potential
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=
2meV IP

eE

≫1 0.5

multiphoton ionization
perturbative

tunneling ionization
non-perturbative

(Keldysh parameter)(Keldysh parameter)
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What laser do we need?

Tunneling ionization:Tunneling ionization: =
2meV IP

eE
0.5

Typical:Typical:
=633 nm → =633 nm → =3 10=3 101515 Hz Hz
VVIPIP = 1 Ry = 13.6 eV = 1 Ry = 13.6 eV

E E ≈≈ 10 101111 V/m V/m
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HeNe laser?

Typical:Typical:
Power: 5 mWPower: 5 mW
Focus: 20 Focus: 20 mm
Intensity: 1.6*10Intensity: 1.6*1077 W/m W/m22

E ≈ 105 V/m – need 12 more ordersorders 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:Typical:
Power: 1WPower: 1W
Rep. rate: 1kHzRep. rate: 1kHz
Pulse energy: 1mJPulse 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
ETNAETNA??

12.7 W 50 ns
ETNAETNA

WP

16 W 50 ns
ETNAETNA

Ti:sapp

Ti:sapp



  

Aurora laser



  

10 kHz compressor

polarization pulse durationrep. rate trigger source

28 W 300 ps
PC 2PC 2

28 W 300 ps
PC 2PC 2

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

plateauplateau

cut-offcut-off

only odd harmonicsonly odd harmonics
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High-harmonic generation

plateauplateau

cut-offcut-off
I p3.17U p

U p=
e2E2

4m

Ponderomotive Ponderomotive 
potentialpotential

only odd harmonicsonly odd harmonics
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3-step model

Corkum, KulanderCorkum, Kulander
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maximum 
kinetic energy

Cut-off harmonic
I p3.17U p
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Only odd harmonics are emitted.Only odd harmonics are emitted.
Even harmonics from two half-cycles interfere destructively Even harmonics from two half-cycles interfere destructively 

fundamental

2nd harmonic

3rd harmonic

Only odd harmonics are generated! Phase matching is important! Only odd harmonics are generated! Phase matching is important! 



www.lasers4.eu

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 generationAttosecond pulse generation

Schötz et al (2020)
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EnergyEnergy

TimeTime

Electrons gain energy depending onElectrons gain energy depending on
momentary IR field.momentary IR field.



  

Angle-Resolved PhotoEmission Spectroscopy



  



  

Lens focus is at the sample: emission
angles are converted to x-position at the
detector. deviations are small and 
approximately linear.

Bias voltage helps to choose energy range

Hemispherical analyzer

Momentum conversion



  

or a 3rd/4th harmonic generation BBO crystals

HHG-based ARPES 



  

Ti:Se2 dynamics



  

J. Sanchez-Barriga et al, Phys. Rev. B 93, 155426 (2016) 

Hot topic: time-resolved ARPES of topological surface states (TSS)



  

ARPES software: PyARPES

    Applying corrections to ARPES data
    Doing gap analysis
    Performing sophisticated band analysis
    Performing rapid and automated curve fitting, even over several 

dataset dimensions
    Background subtraction
    Dataset collation and combination
    Producing common types of ARPES figures and reference figures
    Converting to momentum space
    Interactively masking, selecting, laying fits, and exploring data
    Plotting data onto Brillouin zones

http://arpes.netlify.app


	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Slide 37
	Slide 38
	Slide 39
	Slide 40
	Slide 41
	Slide 42
	Slide 43
	Slide 44

