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/Op’rimizing the HHG source

] el]

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

typical values:
hwmax = I, +3.17 U, I, =10..24 eV

Up oc [ A? I =10 W/cm? @ 800 nm gives U, = 60 eV
I, +3.17 U, ~ 200 eV

Phase-matching cut-offs
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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 . eching
e.g. generate with ions 0% e 1 i 3 3 5 57350
limit: phase matching S————
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3 / Temporal gating

Temporal Picture

reduce the emission events

Electric Field (a.u.)

Time [cycles)

by avoiding ionization,

or recombination,

or shortening the generating
pulse




1< 5 fs, CEP-stable
driving laser

/A

mplitude/intensity gating

M. Hentséhel et al.. Nature (Londm;) 414, 509 (2001 )’
A. Baltuska et al., Nature 421, 611 (2003)

-spectrally filtering the cutoff
small intensity
small bandwidth
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y Ellipticity-gating

Relative number of photons
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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)



Ionisation gating 11I.

"”’”W\acr'oscop/%:i time-dependent coherence length

—

Lcoh > 1 mm for only 1 optical cycle
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for ex.: 5.1*101* W/cm?, 35 fs pulse Balogh E, PhD dissertation



LFundamental field

L

-SH field

_Synthesized field

-

Square of the synthesized field

Time (fs)

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

Two-color field




Polarization + two-color gating =
& Double Optical Gating (DOG)
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Mashiko: Phys. Rev. Lett. 100, 103906 (2008)



The attosecond lighthouse effect
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Wheeler, Nat Phot 6, 829 (2012)

gas phase effects

Gas jet
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To XUV spectrometer

| Kim, Nature Photonics 7, 651 (2013)



Short vs long trajectory

e

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
el

cell after focus: short traj.
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FIG. 3. Interference fringe paftern for the 15th harmonic.
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VoLUME 81. NUMBER 2 PHYSICAL REVIEW LETTERS 13 JuLy 1998

Temporal Coherence of Ultrashort High-Order Harmonic Pulses
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P. Antoine, Phys Rev Lett 77, 1234 (1996)



Filtering HHG for
dttosecond pulse production

Intensity

Intensity

'/ Time (fs)
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: uminum
generation e Aperture
Generation

Spectral filtering ~ Trajectory filtering
+ postcompression

postcompression is required for
short pulse gener'a‘rion Lépez-Martens PhysRevLett (2005)
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FIG. 3. Interference fringe pattern for the 15th harmonic.
(@7=01f (b)r=151s



Filtering HHG for
— roduction
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Electric field (MV/cm)
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doi: 10.1088/0053-4075/45/7/074022

A case study for terahertz-assisted single

attosecond pulse generation

Emeric Balogh I, Katalin Kovacs'-2, Valer Tcn:;a2 and Katalin Varjli'
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An attosecond experiment
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The ELI project
weill A disy&ibuted RI of the ESFRI roadmap

e . » ELT Attosecond Light Pulse Source (ELI-ALPS)
] delivery consortium 3 (Szeged, Hungary)

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

» ELT Nuclear Physics Facility (ELI-NP) (Magurele,
Romania)

Missions of ELI ALPS

HUNGARY

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.
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ol / 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)



Construction




@ Building D 2926 m?
"%y maintenance, support
W services

Building B 7936 m?
laboratories, workshops,

offices, machinery

Building C 7391 m?
offices, lecture halls,
library, restaurant







Experimental areas

el

attosecond




Laboratories

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

Temperature and relative humidity.
21°C (x0.5°C), 35+5% (tunable).

Vibration isolation
VC-E (ASHRAE)

— igh-shielded Target Area

/. e



3 Laboratories
]

MIR laser » HR laser
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Scheme of ELI-ALPS

Primary sources
(laser beams)

High repetition rate (HR) laser: X2
By 2019-20: 100 kHz, > 5 mJ, < 6 fs, VIS-NIR, CEP
In 2017: 100 kHz, > 1 mJ, < 6,2 fs, VIS-NIR, CEP

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

Terahertz pump laser: X2
By 2020-21: 100 Hz, > 1 J, < 0.5 ps, 1.5 um-2 um
By 2018: 50 Hz, > 500 mJ, < 0.5 ps, 1.03 um

Single cycle (SYLOS) laser: +1
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

BEAM DELIVERY

Secondary sources

(attosecond pulses, particles, THz, MIR)

Attol: GHHG HR
Atto2: GHHG HR

Attosecond studies
in atomic and
molecular physics

Condensed matter
physics

Atto3: GHHG SYLOS
Atto4: GHHG SYLOS

l

shielding

R

Nanophysics,
materials science

THz1: spectroscopy

THz2: high energy THz spectroscopy

High resolution

Atto5: SHHG SYLOS

‘ £ imaging
‘ é’ % Particlel: e SYLOS
@ Source develpoment
s || Atto6: SHHG HF R B
> £
; c—
3 Particle2: ion HF ‘
‘ = = Radiobiology
e Particle3: e HF

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

Unprecedent stability conditions for operation

Primary sources
(laser beams)

High repetition rate (HR) laser: X2
By 2019-20: 100 kHz, > 5 mJ, < 6 fs, VIS-NIR, CEP
In 2017: 100 kHz, > 1 mJ, < 6,2 fs, VIS-NIR, CEP

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

Terahertz pump laser: X2
By 2020-21: 100 Hz, > 1 J, < 0.5 ps, 1.5 um-2 um
By 2018: 50 Hz, > 500 mJ, < 0.5 ps, 1.03 um

Single cycle (SYLOS) laser: +1
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




| Breakthrough in laser science and
oeli | / technologies (mission 2)

Front end of large scale ultrafast laser systems

Change of paradigm
- Sub-ps fiber oscillators around 1uJ replace Kerr-lens mode-locked Ti:S
oscillators
- White light generators
- Self-CEP stablilisation: DFG+OPA

The first TW-class few cycle fiber laser for users (HR laser)
Change of paradigm — new generation of HAP / HI lasers.

Unprecedent stability conditions for operation (syLOs, PW)

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



- /ELI-ALPS: collection of sources
N ey !

— Secondary sources
L 3 (attosecond pulses, particles, THz, MIR)

top-class
—) qttosecond

X" x sources
x

top-class
lasers

X x
X

(=HHG)

Clever use of the ever increasing laser power

High (but not too high) intensity, (101 W/cm?2 - 105 W/cm2)
depletion of the medium
distortion of the driving pulse
phase-matching
increasing interaction volume
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SYLOS

HF

/Aﬂosecond Secondary Sources

\‘w HHG Beamlines

——ﬂ |

SYLOS SHHG

[

Condensed
matter

Development perspective

Different focussing
conditions

New phase matching
configurations
Optimisation of pulse
energy

Measuring/optimising time
domain characteristics
Different plasma
configurations
Optimisation of generation
efficiency

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)

Parameter Scaled Parameter

Input Parameters

L y)

Dimensions z (longitudinal) Nz

r  (transverse) nr

Gaussian beam: Other parameters p  (density) p/i?

2

ZR = N°2R €in N Ein
W, —=nW, Output Parameters

w2 General € out f??aut

T
Zp = 0 Filamentation Per ’?EPCT
A Zer N 2
HHG £

q e,
r, r

g



A. Long focus

5

>

B. Compact

>>|:

ELI-ALPS long beamline

1
——
T

ELI-ALPS compact beamline

long, low pressure target

short, high pressure target



The HR GHHG beamlines
e
CH-01.03 CH-01.02 ‘ =
l _Beam 1 G@(E H——— 7y = -\i > o >
_ /£ ~— | gl/ U IMesm | CH-05
m % \ ¢ — C703 \:':h?%/‘}____‘_ .
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First recombinatio o
chamber Second recombination
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Delay-compensated/  TOF electron

XUV- moriochromator pectrometer

End station

= XUV photon
- spectrometer




Th/e SYLOS GHHG compact beamline

mef
Developers: end station
FORTH Heraklion, Greece XUV user area

conditioning

IR XUV
conditioning generation
focusing diagnostics,

experiments

8
m 18 m
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Th/e SYLOS GHHG compact beamline

) multiple jets
Developers: w UNE.. — OUtput power
FORTH Heraklion, Greece =&

-4— M

PG / 4 \ 1V-I

LF-1 | X\AEBM % ‘\'\

| \, \\:\7“‘ i \\\ \> \

U\ ‘\\ '|, ~ £ \‘,\ :

[{’ g

\\ 2 /"l /
sPlitcomprehensive
mirror . .
3 diagnostics
— Clarity
IN-line IR delay XUV delay options

— stability — flexibility
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/ The SYLOS GHHG long beamline

Interferometer Ttz Chamber SYLOS Chamber
Chamber

Diagnostics Transport
Chamber Chamber

CAMP
Chamber

End-Station room

HF room

SYLOS room

THz room

Developer: Lund University, Sweden



e

/ The SYLOS GHHG long beamline

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

Heyl, C. et al., J. Phys. B, 45, 074020 (2012).
Rudawski. P. et al., Rev. Sci. Instrum., 84, 073103 (2013).

End-Station room THz room SYLOS room HF room
4 |
g £ =ES g
W |
1 N 10900 " 10000 N 13000
9500 % i
Il
Y
SAPI] /TAPI SAP2 TAPZ\
300-350 600 900 1100
| | | | "IZ#
f [m] ~20 ~55 ~55 ~55
D [mm]| 60 ~90 60 50
Cell length 0.45m 1.6 m 4m 6 m
Gas pressure | 15 mbar 3.5 mbar 1.5 mbar 1 mbar
\J )

Developer: Lund University, Sweden



e / The SYLOS GHHG long beamline

Pump-probe experiments with attosecond
resolution

: o
: P&

IR

IR/ SHG / THG / VUV / XUV

7 LN 2

; R | Se— —_— G — — —

P3

P7 - VUV spec. IR diagnostics

P2 P5.,. P6
Andor XUV spec.

Developer: Lund University, Sweden



filter

300

a.u.)

(

N
o
o

=
~
(=]
I*
-

[«
=

[}

intensity

45 50 855 60 65 70 75
b wavelength (nm)

* ho inversion symmetry
» all integer harmonics

lasma density profile » one XUV burst per laser cycle
Ang
— Promising
I - higher conversion efficiency, and no laser
) intensity limitation

— » - extension to shorter wavelengths
<<
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2 mechanisms

Coherent Wake
Emission (CWE)

L. 2
non-relativistic c‘:IL

Yy

laser

_m_.‘ <IN

F. Quéré et al, Phys. Rev. Lett. 3§, 125004 (2006)

A Tarasevitch et al, Phys. Rev. Lett. 38, 103302 [2007).

F. Quéré et al, Phys. Rev. Lett. 100, 095004 (2008).
C. Thaury et al, Nat. Phys. 4, 531 (2008).

<1

Relativistic Oscillating
Mirror (ROM)

relativistic {.Ii > ]

af =TI A’ 3{1.38:{1{]]3 W;.rmzx‘ c:mz)

[

n

=

p—

oscillating surface
e
laser

W= -

— —
&

vacuum
e acuu ‘l
- -
electrons

plasma-vacuum
interface

S5 V. Bulamow et al. Phys. Plasmas, 1, 745 (1994}

5. Gordienko et al. Phys. Rev. Left. 33, 115002 (2004}
R. Lichters et al. Phys. Plasmas 2. 3425 (1336)

G. [n. Tsakiris ef al. New J. Phys_8, 13{2008)

T. Baeva et al,, PRE, 14 048404{2008)



. / Description: Particle In Cell
ey

Electromagnetic interaction among a
high number of charged particles.

The Algorithm
Compu‘re 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:

Regea‘r: loop iterates until maximum number of time steps is
achieved or until simulation reaches steady state




Results
el /
PIC Simulation Density=80.n,
Euterpe code Short (non-vanishing) density gradient
J.P. Geindse, LULI [=6.10" W/em?
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F.Quere ¢ al Phyvs. Rev. Lett. 96 (20006)
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Time (in laser period)
F.Queére ¢ a/, Phys. Rev. Lett. 96 (20006)
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— Secondary sources
L 3 (attosecond pulses, particles, THz, MIR)

: : -~ p
Source outputs — standardized for docking user endﬁwtﬁns,, ]
- /
/

/ELI-ALPS: experimental stations

. . . e s’
Customized end-stations — to realize useyd%as 7’
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Nef directions in attosecond science

i elj
Photon energy (eV) = Repetition rate (few Hz-10 kHz)
A
- 10.000 = XUV Intensity (10°-10'2 W/cm?)
- 1.000 " Photon energy (10-150eV)
- 100 The properties of attosecond pulses are
the result of a trade-off between
1 competing requirements on the driving
1012 1014 1016 1018 sources.
o B Intensity
2
- (W/cm”)

Rep. rate (kHz)

Reduzzi, J Electron Spectr & Rel Phenom (2015)



eL—li_qh-r'ep. /a‘l'e for coincidence spectroscopy
VLS

Repetition rate = 100 kHz

Photon energy (eV) -Molecular-frame autoionization

Coupling between nuclear and
T 10.000 electronic degrees of freedom

-Interatomic Coulombic Decay
Ultrafast energy relaxation in van der
Waals and hydrogen-bonded clusters

= 1.000

--100

-Surface attosecond science
10 Photoelectron emission microscopy

1 10”2 10' 1088
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Rep rate (kHZ) Reduzzi, J Electron Spectr & Rel Phenom (2015)



Rep. rate (kHz)

Photon energy (eV) XUV intensity= 105-10%8 W/cm?

Two-photon double ionization of helium
Fundamental problem of electronic correlation

Two-photon double ionization of neon
Intense XUV and soft-X ray physics

Intensity
. (W/cm?)

Reduzzi, J Electron Spectr & Rel Phenom (2015)



High/phofon energy for core electrons
el

High photon energy= 200-10.000 eV
-Ultrafast charge delocalization in DNA

Photon energy (eV) and at interfaces

A core-hole spectroscopy
~-10.000

-Magnetic materials (L-shell)
Chemical selectivity
= 1.000

Q -Water window
a1 00

-Dynamics of highly excited ions
Hollow atoms and connection with
10™ 10 10" FEL activity

Intensity
(W/cm?)

Rep rate (kHZ) Reduzzi, J Electron Spectr & Rel Phenom (2015)



. HOT NEWS: harmonics at ELI ALPS
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Electronic rack

G chamb XUV/IR Electron spectrometer
HHG chamber ;

interterometer (both gas jet and liquid
can be used)

Photon spectrometer
(Planar grating +
MCP phosphor
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Further reading

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. Kiihn, et al., J. Phys. B, 50, 132002 (2017)
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