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Optimizing the HHG source

1, increasing the achievable photon energy („water-window”)

2, increasing the XUV photon flux (up-scaling)

3, producing a Single Attosecond Pulse (gating)



Spectral extension

ℏ𝜔𝑚𝑎𝑥 = 𝐼𝑝 + 3.17 𝑈𝑝

𝑈𝑝 ∝ 𝐼 𝜆2

typical values:

𝐼𝑝 = 10. . 24 eV

𝐼 = 1015 W/cm2 @ 800 nm gives 𝑈𝑝 = 60 eV

𝐼𝑝 + 3.17 𝑈𝑝 ≈ 200 eV

How to increase the cutoff?
• increase laser intensity

limit: ionization of the medium
(phase matching, depletion)
avoid: short pulses, QPM

• increase laser wavelength
limit: laser technology

• increase ionization potential
e.g. generate with ions
limit: phase matching



reduce the emission events

by avoiding ionization, 
or recombination, 
or shortening the generating
pulse

Temporal gating



Amplitude/intensity gating

• spectrally filtering the cutoff
• small intensity
• small bandwidth 

 < 5 fs, CEP-stable
driving laser 

Generating field

HHG spectrum

HHG time-

freq analysis



Ellipticity-gating

Budil et al., PRA 48, R3437 (1993)

multiple order l/4
5-8 fs <50 fs

Sansone: Science 314 (2016) Tzallas: Nature Physics 3, 846 - 850 (2007)



Ionisation gating I. 
single atom effect

complete depletion of 
neutral atom 
population on the
pulse leading edge

Sansone, Nphot 5, 655 (2011)



Macroscopic: time-dependent coherence length

for ex.: 5.1*1014 W/cm2, 35 fs pulse Balogh E, PhD dissertation

Lcoh > 1 mm for only 1 optical cycle

Temporal gating: 
isolation of a single attosecond
pulse

Ionisation gating II. 



Two-color gating
(with SH or MIR)

Tunable weak perturbing pulse (harmonic
or longer wavelength) 

Increases the period of the process (least
common multiple)

Can be combined with any other gating
process



Polarization + two-color gating =
Double Optical Gating (DOG)

Mashiko: Phys. Rev. Lett. 100, 103906 (2008)



The attosecond lighthouse effect

surface plasma
effect

gas phase effects

Kim, Nature Photonics 7, 651 (2013)

Wheeler, Nat Phot 6, 829 (2012)



Harmonic radiation is complicated: contributions from short and long
trajectories:

• delayed in time
• opposite chirp
• different intensity-dependent phase dependence, hence different 

divergence

Short vs long trajectory

:



cell after focus: short traj.

cell before focus: long traj.

P. Antoine, Phys Rev Lett 77, 1234 (1996)

Short vs long trajectory



Filtering HHG for 
attosecond pulse production

postcompression is required for 
short pulse generation López-Martens PhysRevLett (2005) 

Generation

Spectral filtering
+ postcompression

Trajectory filtering



„Filters”

Gustafsson, Opt Lett, 2007

Spectral filtering
+ postcompression

Trajectory filtering



Filtering HHG for 
attosecond pulse production

Johnsson, JMO (2006) 

full HHG

Postcompression

Spatial/trajectory
filtering

Spectral
filtering



Combination of driving fields



An attosecond experiment

www.attoworld.de
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The ELI project 

A distributed RI of the ESFRI roadmap

 ELI Attosecond Light Pulse Source (ELI-ALPS) 
(Szeged, Hungary)

 ELI High Energy Beam-Line Facility (ELI-
Beamlines) (Dolni Brezhany, Czech Republic)

 ELI Nuclear Physics Facility (ELI-NP) (Magurele, 
Romania)

Missions of ELI ALPS

1) To generate X-UV and X-ray fs and 
atto pulses, for temporal investigation 
at the attosecond scale of electron 
dynamics in atoms, molecules, plasmas 
and solids.

2)  To contribute to the technological
development towards high average
power, high intensity lasers.



Scientific program

• Laser research and development
• Research and development of secondary sources
• Atomic, molecular and nanophysical research
• Applied research activities: 

biomedicine, materials science
• Industrial applications

See in details: www.eli-alps.hu

Generation of

the shortest possible light pulses (few cycles)

in the broadest possible spectral regime (XUV – THz)

at the highest possible repetition rate (10Hz-100kHz)



April, 2014

December, 2016

June, 2014

Construction



Construction completed

Building A 6209 m2

laser halls and experimental areas

Building C 7391 m2

offices, lecture halls, 
library, restaurant

Building B 7936 m2

laboratories, workshops, 
offices, machinery

Building D 2926 m2

maintenance, support
services





Experimental areas

Laser halls

SHHG

e-

p+



Laboratories

Clean room environment. 

ISO 7 for laser halls, ISO 8 for secondary sources / user areas. 

Temperature and relative humidity.

21°C (±0.5°C), 35±5% (tunable).

Vibration isolation

VC-E (ASHRAE)

High-shielded Target Area



Laboratories

MIR laser HR laser

installation of a GHHG beamline
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Scheme of ELI-ALPS

Primary sources
(laser beams)

Secondary sources 
(attosecond pulses, particles, THz, MIR)

Experiments
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High repetition rate (HR) laser:
By 2019-20: 100 kHz, > 5 mJ, < 6 fs, VIS-NIR, CEP
In 2017: 100 kHz, > 1 mJ, < 6,2 fs, VIS-NIR, CEP

Single cycle (SYLOS) laser:
By 2019-20: 1 kHz, >100 mJ, < 5 fs, VIS-NIR, CEP
In 2017: 1 kHz, >45 mJ, < 10 fs, VIS-NIR, CEP

High field (HF) laser:
By 2024-25: 10 Hz, >2 PW, <10 fs
By 2018: 10 Hz, >2 PW, <17 fs

Mid-infrared (MIR) laser:
By 2024-25: 10 kHz, > 10 mJ, < 2 cycles, 4 µm-8 µm
In 2017: 100 kHz, > 150 µJ, < 4 cycles, 2.3 µm-3.8 µm

Terahertz pump laser:
By 2020-21: 100 Hz, > 1 J, < 0.5 ps, 1.5 µm-2 µm
By 2018: 50 Hz, > 500 mJ, < 0.5 ps, 1.03 µm
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Atto5: SHHG SYLOS
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Particle2: ion HF

Atto6: SHHG HF

Particle3: e- HF

Condensed matter
physics

THz spectroscopy

Source develpoment

Plasma physics

Radiobiology

Nanophysics, 
materials science

High resolution
imaging

Attosecond studies
in atomic and 
molecular physics

THz2: high energy

Atto4: GHHG SYLOS

Atto3: GHHG SYLOS

Atto2: GHHG HR

Atto1: GHHG HR

Kühn, et al., Journal of Physics B, 50, 132002 (2017)
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Lasers of ELI-ALPS

Primary sources
(laser beams)

High repetition rate (HR) laser:
By 2019-20: 100 kHz, > 5 mJ, < 6 fs, VIS-NIR, CEP
In 2017: 100 kHz, > 1 mJ, < 6,2 fs, VIS-NIR, CEP

Single cycle (SYLOS) laser:
By 2019-20: 1 kHz, >100 mJ, < 5 fs, VIS-NIR, CEP
In 2017: 1 kHz, >45 mJ, < 10 fs, VIS-NIR, CEP

High field (HF) laser:
By 2024-25: 10 Hz, >2 PW, <10 fs
By 2019: 10 Hz, >2 PW, <17 fs

Mid-infrared (MIR) laser:
By 2024-25: 10 kHz, > 10 mJ, < 2 cycles, 4 µm-8 µm
In 2017: 100 kHz, > 150 µJ, < 4 cycles, 2.3 µm-3.8 µm

Terahertz pump laser:
By 2020-21: 100 Hz, > 1 J, < 0.5 ps, 1.5 µm-2 µm
By 2018: 50 Hz, > 500 mJ, < 0.5 ps, 1.03 µm

Unprecedent stability conditions for operation
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Breakthrough in laser science and 
technologies (mission 2)

Change of paradigm

- Sub-ps fiber oscillators around 1µJ replace Kerr-lens mode-locked Ti:S

oscillators

- White light generators

- Self-CEP stabilisation: DFG+OPA

Front end of large scale ultrafast laser systems

The first TW-class few cycle fiber laser for users (HR laser)

Unprecedent stability conditions for operation (SYLOS, PW)

Trial period: 6 months, 4 months trouble-free operation

Change of paradigm – new generation of HAP / HI lasers.



ELI-ALPS: collection of  sources

SHHG      
attosecond 

sources

Electron, ion 
accelerators

THz       
radiation 
sources

GHHG
attosecond

sources

Attosecond

Sources

Particle

Sources

THz

Kühn, et al., Journal of Physics B, 50, 132002 (2017)

Primary sources
(laser beams)

Secondary sources 
(attosecond pulses, particles, THz, MIR)

Experiments

top-class
lasers

top-class
attosecond
sources

(=HHG)

Clever use of the ever increasing laser power

High (but not too high) intensity, (1014 W/cm2 – 1015 W/cm2)
depletion of the medium
distortion of the driving pulse
phase-matching
increasing interaction volume



Attosecond Secondary Sources

HR GHHG 

SYLOS GHHG 

SYLOS SHHG 

HF SHHG 

HHG Beamlines

o Measuring/optimising time 
domain characteristics

o Different plasma 
configurations

o Optimisation of generation
efficiency

o Different focussing
conditions 

o New phase matching
configurations

o Optimisation of pulse 
energy

Development perspective

Condensed
matter

Gas phase

„Long”

„Compact”

Challenge: up-scaling

High average power for optical components

High peak power for GHHG

High rep rate for SHHG



Scaling principles

Heyl, et al., Optica 3, 75 (2016)

Gaussian beam:

(longitudinal)

(transverse)

(density)

𝑧𝑅 =
𝜋𝑊0

2

𝜆



SYLOS-driven beamlines: scaling principles

B. Compact

A. Long focus

short, high pressure target

long, low pressure target

ELI-ALPS long beamline

ELI-ALPS compact beamline



Developers: 

CNR-IFN Milano, Italy 

CNR-IFN Padua, Italy

Generation Chamber

First recombination

chamber Second recombination

chamber

TOF electron

spectrometer

XUV photon

spectrometer

End station

The HR GHHG beamlines

Developers: 

CNR-IFN Milano, Italy 

CNR-IFN Padua, Italy

Delay-compensated
XUV monochromator



user area

diagnostics,

experiments

XUV

generation

IR

conditioning

focusing

XUV

conditioning

end station

The SYLOS GHHG compact beamline

Developers: 

FORTH Heraklion, Greece

8 m
18 m



The SYLOS GHHG compact beamline

XUV delay options

→ flexibility

in-line IR delay

→ stability

QPM arrangement

concentric delay plates

Wavefront splitters

TOF1

TOF2

split

mirror

Wolter's

Si mirror

RABITT & 2ed IVAC

multiple jets

→ output power

comprehensive

diagnostics

→ clarity

Developers: 

FORTH Heraklion, Greece



Developer: Lund University, Sweden

The SYLOS GHHG long beamline



Upscaling phasematching concept: loose focusing, long gas cell, low pressure

The SYLOS GHHG long beamline

Developer: Lund University, Sweden



XUV

XUV

IR

IR / SHG / THG / VUV / XUV

Developer: Lund University, Sweden

The SYLOS GHHG long beamline



HHG at surface plasma

• no inversion symmetry
• all integer harmonics
• one XUV burst per laser cycle

Promising
- higher conversion efficiency, and no laser

intensity limitation
- extension to shorter wavelengths



2 mechanisms



Electromagnetic interaction among a 
high number of charged particles.

Description: Particle In Cell

The Algorithm
Compute Charge Density: particle positions are scattered 

to the grid 

Compute Electric Potential: performed by solving the 

Poisson equation 

Compute Electric Field: from the gradient of potential 

Move Particles: update velocity and position from Newton's 

second law. 

Generate Particles: sample sources to add new particles 

Output: optional, save information on the state of simulation 

Repeat: loop iterates until maximum number of time steps is 

achieved or until simulation reaches steady state 



Results



ROM
CWE



Designer: LOA, France

SYLOS SHHG beamline

prototype @ LOA

kHz target!



compressor

PM

Def M

IR diagn

and shaping

PW SHHG beamline

Designer: SourceLab, France



ELI-ALPS: experimental stations

Source outputs – standardized for docking user end-stations

Customized end-stations – to realize user ideas

COLTRIMS / ReMi

VMI ES

Condensed matter ES

MBES

Primary sources
(laser beams)

Secondary sources 
(attosecond pulses, particles, THz, MIR)

Experiments



ELI-ALPS: the people
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New directions in attosecond science

 Repetition rate (few Hz-10 kHz)

 XUV Intensity (109-1012 W/cm2)

 Photon energy (10-150 eV)

The properties of attosecond pulses are 

the result of a trade-off between 

competing requirements on the driving 

sources.

 M. Krebs et al. Nature Photonics 7, 555–559 (2013)

 P. Tzallas et al. Nature 426, 267 (2003) 

 E. J. Takahashi et al. Nature Communications 4, 2691 (2013)

 T. Popmintchev et al. Science 336 1287 (2012)

 F. Silva et al. Nature Communications 6, 6611 (2015)Reduzzi, J Electron Spectr & Rel Phenom (2015)



High-rep. rate for coincidence spectroscopy

-Molecular-frame autoionization

Coupling between nuclear and 

electronic degrees of freedom

-Interatomic Coulombic Decay

Ultrafast energy relaxation in van der 

Waals and hydrogen-bonded clusters

-Surface attosecond science

Photoelectron emission microscopy

Repetition rate = 100 kHz

Reduzzi, J Electron Spectr & Rel Phenom (2015)



High-intensity for nonlinear XUV spectroscopy

XUV intensity= 1015-1018 W/cm2

Two-photon double ionization of helium

Fundamental problem of electronic correlation

Two-photon double ionization of neon

Intense XUV and soft-X ray physics

Reduzzi, J Electron Spectr & Rel Phenom (2015)



High photon energy for core electrons

High photon energy= 200-10.000 eV

-Ultrafast charge delocalization in DNA 

and at interfaces 

core-hole spectroscopy

-Magnetic materials (L-shell)

Chemical selectivity

-Water window

-Dynamics of highly excited ions

Hollow atoms and connection with 

FEL activity

Reduzzi, J Electron Spectr & Rel Phenom (2015)



HOT NEWS: harmonics at ELI ALPS

Setup of H-J Wörner, ETH, Zürich

1 Feb, 2018



on HHG and attosecond physics

Boyd: Nonlinear Optics
Chang: Fundamentals of attosecond optics
Plaja (ed): Attosecond Physics
Vrakking (ed): Attosecond and XUV Physics

on ELI ALPS

http://www.eli-alps.hu/
M. Reduzzi, et al., J. El. Spec. Rel. Phen. 204, 257 (2015)
S. Kühn, et al., J. Phys. B, 50, 132002 (2017)

Further reading



Thank you!


