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Fig. 19: The E1 experimental hall in August 2019. The hall is equipped with a beam transport system that allows the high intensity
pulses from the L1 ALLEGRA laser, and the complementary support lasers, to be transported in high vacuum. To the left in the figure
are located the HHG source with corresponding VUV science end stations (MAC and ELIps). Centrally, in the blue radiation shielding
hutch, are the laser driven plasma X-ray source and associated experimental stations for X-ray science. On the right is the optical spec-

troscopy cluster inside the black laser safety enclosure.
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ELIBIO Project and ELIBIO Excellence

Research Team (ERT)

The ELIBIO project explores new frontiers in light
and optics to create breakthrough science in biol-
ogy, chemistry and physics. This project started in
2017 in collaboration with the Institute of Biotech-
nology (IBT) of the Czech Academy of Sciences at the
BIOCEV Biomedical Centre, near ELI Beamlines, and
includes additional collaborators based outside the

Czech Republic: the European XFEL in Hamburg [1-2],
the Linac Coherent Light Source at Stanford [3-5],
and Uppsala University in Sweden [6-8].

One of the goals of the project was to establish an In-
terdisciplinary Centre of Excellence for Life Sciences
at ELI Beamlines, linking laser-based sciences and

Figure 20: The BioLab was officially opened on 20 January 2021 by Robert Plaga, Minister of Education, Youth and Sports, Eva
Zazimalova, President of the Czech Academy of Sciences, and Michael Prouza, Director of the Institute of Physics of the Czech Acad-
emy of Sciences. https://www.eli-beams.eu/news-and-events/media-news-and-events/inauguration-of-a-new-biological-laboratory-at-

eli-beamlines/.
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Figure 21: The BioLab has a dedicated laser laboratory (images in the top row) from where femtosecond laser pulses can be directed to
our new electron microscopy laboratory or to the optical microscopy laboratory (bottom row). We also share access to all lasers and
X-ray instruments of the E1 Experimental Hall of ELI Beamlines next door.

biological sciences. This goal has now been complet-
ed. An essential part of this task was to create an ad-
vanced Biology Laboratory at ELI Beamlines, which
was officially opened on 20 January 2021 (Fig. 20).

The Biology Laboratory is equipped for the growth,
purification, crystallization and characterization
of biological samples for laser, X-ray, and electron
microscopy analysis. It has a laboratory which is
equipped for studies into sample delivery of aero-
solized biological materials and for studies with
level-two pathogens, so is suitable for infection re-
search. In addition, it has an integrated laser labora-
tory directly connected to two microscopy areas in

the BioLab: (i) the optical-microscopy laboratory and
(ii) the electron microscopy laboratory (Fig. 21).

The new knowledge from studies on structure, func-
tion and dynamics in cells, organelles, and biomol-
ecules will help us to answer key questions in health
and disease.

Research highlights include ultrafast X-ray imag-
ing on individual fragile specimens such as aerosols
of viruses and clusters [3, 4, 6, 7, 8], metastable par-
ticles [12], membrane proteins [5, 9, 11], superfluid
quantum systems and live microorganisms [10, 12].
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Figure 22: Selected front covers.

Some of the highlights are summarised below.

(1) Weestablished in-flightholography [4] asameans
toprovide high-resolutioninformation onaerosolised
viruses and various other nano-particles. We used
xenon nanoclusters as reference X-ray scatterers to
encode relative phase information into diffraction
patterns of single virus particle or other objects. The
resulting hologram contains an unambiguous three-
dimensional map of the virus particle together with
images of the reference clusters.

(2) Femtosecond-to-nanosecond dynamics of flavin
mononucleotide was monitored by femtosecond
stimulated Raman spectroscopy and simulations
[13]. The results track the ultrafast excited-state
dynamics of free FMN. This opens up new avenues of
investigation for flavins embedded in proteins.

(3) UV-absorbing rhodopsins are essential for
UV vision and sensing. Thus far, the photoreac-
tion dynamics and mechanisms of UV-absorbing
rhodopsins have remained essentially unknown.

Reference [14] reports the complete excited- and
ground-state dynamics of the UV form of histidine
kinase rhodopsin 1 (HKR1) from eukaryotic algae,
using femtosecond stimulated Raman spectroscopy
and transient absorption spectroscopy, covering
timescales from femtoseconds to milliseconds.

(4) Electron diffraction experiments on crystals
of membrane proteins grown in lipidic mesophases
is problematic, owing to a thick layer of viscous
crystallization crystals  of
membrane proteins. This layer is extremely difficult
to remove from micron- to submicron-sized crystals.
We have shown that focused ion beam milling at
cryogenic temperatures (cryo-FIB milling) can
remove the viscous layer, and demonstrated high-
quality electron diffraction on a FIB-milled lamella
of a bacteriorhodopsin 3D crystal. This work [5]
may mark a new era for structure determination of
membrane proteins.
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Response to Societal
Challenges in Health and
Disease: ELIVIR, Studies on
Infections and Resistance in
Molecular Detail

In response to expected societal challenges in health
and disease, we are proposing to expand the cur-
rent ELIBIO program to study molecular processes
in viral and bacterial infections. The emergence, and
rapid evolution of novel pathogens is a real and ongo-
ing threat. We propose to exploit the ground-break-
ing capabilities of the ELI Beamlines laser centre by
adding to it an advanced electron microscopy facil-
ity, and combining laser-based studies with high-
resolution structural investigations. Figure 21 shows
that the seeds for this operation already exist. This
unique combination opens new avenues for dynamic
structural studies in medicine, biology, chemistry
and physics. Most fundamentally, this direction will
allow users of the new technology platform to follow
infectious processes in molecular detail. ELI Beam-
lines has some of the most advanced lasers in the
world, delivering photons from infrared radiation
to gamma rays as well as beams of accelerated parti-
cles for cutting-edge research. Similar large research
infrastructures, such as the Diamond Light Source
in Harwell, UK, where a combination of dedicated
facilities for X-ray, light and electron microscopy
exists, have been critical in the fight against COVID
but no such capability currently exists in the Czech
Republic. The project would provide this resource.
The planned technology platform will offer (i) new
avenues for studies of structural kinetics by electron
microscopy, (ii) laser-based tools in non-linear optics
to identify and co-localise cellular components and
viral objects in the electron microscope, and (iii)
new protein-engineering tools to study and combat
infectious agents.

ELI Beamlines Project Division
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High Field Initiative (HiFl) Project

Excellent Research Team (ERT)

The HiFI project was established in 2017 as a leading
project in high field science. Its focus is the synergy
between theory and experiments and it acts by build-
ing a strong theoretical group to develop new ideas
for experiments, and in parallel conducting exten-
sive computer simulations.

The project advances our knowledge of laser charged
particle acceleration as well as high energy photon
generation. It aims to study novel regimes when ra-
diation friction and quantum electrodynamics pro-
cesses, such as electron-positron pair creation and
vacuum polarization, become significant, as well as
to conduct research in the laboratory astrophysics.

High Energy Charged Particle
Acceleration

Within the framework of scientific collaboration be-
tween the ELI-BL (Czech Republic), LBNL-USA, and
KIAM (Russia) the theoretical studies and MHD
computer simulations of the capillary discharge plas-
ma channels for the high intensity laser pulse guid-
ing and the active lensing of electron/ion beams has
resulted in obtaining world highest energy of 8 GeV
electrons accelerated by the Laser Wake Field Accel-
eration mechanism [1-4].

High Brightness Hard Photon
Flash Generation

Coherent, short high energy photon (in the X- and
gamma ray range) pulses are demanded in material

science and biology for the study of micro-structures.
Currently, large free-electron lasers are used; how-
ever, the available beam lines are limited because of
their large construction costs. We formulated novel
methods to make smaller systems emitting hard pho-
ton flashes.

The regimes of dominant radiation reaction, which
completely change the electromagnetic wave-matter
interaction, will provide the conditions for realiza-
tion of a new powerful source of high brightness
gamma-rays. Using quantum electrodynamic parti-
cle-in-cell simulations, we have found the conditions
for gamma flare generation in the interaction of high
power Petawatt-class laser pulses with tailored tar-
gets having extended pre-plasma corona and with a
localized electromagnetic field. We demonstrate the
generation of an energetic flare of gamma- photons,
with energies in the GeV range and total flare energy
at the kilojoule level, with an efficient conversion of
the laser energy to gamma radiation. We discuss how
the target engineering and laser pulse parameters
influence the gamma-flare generation efficiency. This
type of experimental setup for a laser-based gamma
source would be feasible for the upcoming high pow-
er laser facilities [5-9].

Burst Intensification by Singularity Emitting Ra-
diation (BISER) is proposed. Singularities in multi-
stream flows of emitting media cause constructive
interference of emitted travelling waves, forming
extremely localized sources of bright coherent emis-
sion. Here we, for the first time, demonstrate this
extreme localization of BISER by direct observa-
tion of nano-scale coherent X-ray sources in a laser
plasma. The energy emitted into the spectral range
from 60 to 100 eV is up to ~100 nJ, corresponding to
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Fig. 23: Angle distribution of the energy logarithm for a photon radiated by the SCCRS mechanism. The blue colour is used for Compton
scattering, and the colour red is used for the Cherenkov radiation, Magenta lines show the Cherenkov cone.

~1010 photons. Simulations reveal that these sources
emit trains of Attosecond X-ray pulses. Our findings
establish a new class of bright laboratory sources of
electromagnetic radiation [10].

Another method of generation of coherent X-ray ra-
diation is based on the reflection of coherent laser
light by a relativistically moving mirror (flying mir-
ror). Due to the double Doppler effect, the reflected
pulses are upshifted in frequency and compressed in
time. Such mirrors are formed when an intense short
laser pulse excites a strongly nonlinear plasma wave
in tenuous plasma [11-12].

Laboratory Astrophysics:
Reconnection of Magnetic
Field Lines and Charged
Particle Acceleration

Magnetic reconnection driven by laser plasma inter-

actions attracts great interests in the recent decades.
Motivated by the rapid development of the laser tech-

nology, the ultra-strong magnetic field generated
by the laser-plasma accelerated electrons provides
unique environment to investigate the relativistic
magnetic field annihilation and reconnection. It
opens a new way for understanding relativistic re-
gimes of fast magnetic field dissipation particularly
in space plasmas, where the large scale magnetic field
energy is converted to the energy of the non-thermal
charged particles. The recent theoretical and comput-
er simulation results on relativistic magnetic recon-
nection based on the laser and collisionless plasma
interactions are presented in refs. [13-15].

Electron-Positron Plasma
Generation and Vacuum
Polarization by Extremely
Intense Laser Radiation

The possibility of electron-positron pair production

cascade development is shown theoretically for the
case of a standing wave created by two tightly focused
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colliding laser pulses. Optimizing the target density
can compensate for expulsion by the ponderomotive
force and lower the threshold power required for cas-
cade pair production. This will allow us to produce
electron-positron pairs with the 10 PW-class laser fa-
cilities which are currently under construction, and
will become accessible soon [16].

It has been proposed to scatter GeV-class electron
beams from laser-plasma accelerators with a multi-
PW laser at normal incidence. In this configuration,
one can both create and accelerate electron-positron
pairs. We presented an analytical model for the
expected energy cut-off, supported by 2D and 3D
particle-in-cell simulations. The experimental im-
plications, such as sensitivity to temporal synchro-
nisation and laser duration was assessed to provide
guidance for future experiments [17].

An extremely strong electromagnetic wave can result
in the QED vacuum polarization. The interaction of
two counter-propagating electromagnetic waves in
a vacuum is analysed within the framework of the
Heisenberg-Euler formalism in quantum electrody-
namics. In order to solve the nonlinear partial dif-
ferential equations obtained from this Lagrangian
function, use is made of the hodograph transforma-
tion. This transformation makes it possible to turn
a system of quasilinear partial differential equations
into a system of linear partial differential equations.
Exact solutions of the equations describing the non-
linear interaction of electromagnetic waves in vacu-
um were analysed [18].

The nonlinear electromagnetic wave in the quantum
vacuum is characterized by wave steepening, subse-
quent generation of high order harmonics, and elec-
tromagnetic shock wave formation with electron-
positron pair generation at the shock wave front [19].

An ultra-relativistic electron emits Cherenkov radia-
tion in vacuum with a refraction index larger than
unity induced by strong electromagnetic wave. Dur-
ing the interaction with this wave the electron also
radiates photons via Compton scattering. A synergic

The Czech Academy of Sciences

Cherenkov-Compton process can be observed by col-
liding laser accelerated electrons with a high inten-
sity electromagnetic pulse [20].
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Suprathermal Electron Effects
in Laser Produced Plasmas

Recent progress in high-intensity laser systems, de-
velopment of advanced theoretical models and diag-
nostic tools explaining phenomena accompanying
laser-matter interaction at extreme conditions, has
attracted the attention of basic-research-oriented
scientific disciplines such as laboratory astrophysics
and high-energy-density physics but also of applied
research utilising the occurrence of strong electric
and magnetic fields which result in the generation of
energetic particle fluxes and intense radiation sourc-
es [1]. Suprathermal electron production driven by
resonance absorption of laser light and instabilities
in laser-plasma interaction in the moderate inten-
sity domain (<10'® W/cm?) is of paramount inter-

est to inertial confinement fusion (ICF) science. The
research pursued in a series of experiments at FZU
[2-6] contributes to development of the so-called
shock ignition scheme where the fuel is ignited from
a central hot spot heated by a strong spherically con-
vergent shock. Parametric plasma instabilities (such
as stimulated Raman scattering or two-plasmon de-
cay) couple a significant fraction of the laser energy
to hot electrons, the role of which is ambiguous: Su-
prathermal electrons can cause degradation in the
performance of ICF capsules by preheating the fuel
and reducing its compressibility, but they can also
contribute to launching the shock needed for ener-
gy delivery to the ignition region. The environmen-

Fig. 24: Experimentally observed mirror-symmetric spectral records of Cu K-shell emission from laser irradiated 1-um-thick copper
foil visualize distribution of the suprathermal electron production in relatively cold and dense target material. Two-dimensional hy-
drodynamic modelling combined with non-thermal atomic simulations interpret a large spatial extent of the Ko emission from the
deflected foil in terms of a delay (250-500 ps) between the laser pulse maximum and the presence of suprathermal electrons [6].
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tal conditions in plasmas generated at intensities
10'4-101% W/cm? are studied by a diagnostic complex
including optical interferometry, X-ray spectroscopy
and imaging, laser backscattering, ion detectors,
shock chronometry and crater analysis [2]. Our prin-
cipal contribution consists of the spatially and tem-
porally resolved X-ray spectroscopic diagnosis of hot
electron generation. An example of high-resolution
spectral data, and their interpretation characteriz-
ing the delayed production of hot electrons is pre-
sented below.

This research projectis being performed in collabora-
tion with Université Bordeaux, Talence, France, the
Institute of Plasma Physics and Laser Microfusion,
Warsaw, Poland, Ecole Polytechnique and Sorbonne
Université, Paris, France, the P. N. Lebedev Physical
Institute of RAS and National Research Nuclear Uni-
versity MEPhI, Moscow, Russian Federation, and the
Czech Technical University in Prague.

References

[1] O.Renner et al.: Challenges of X-ray spectroscopy
ininvestigations of matter under extreme conditions.
Matter and Radiation at Extremes 4 (2019) 024201.

[2] O. Renner et al.: Suprathermal electron produc-
tion in laser-irradiated Cu targets characterized by
combined methods of X-ray imaging and spectros-
copy. Plasma Physics and Controlled Fusion 58 (2016)
075007.

ELI Beamlines Project Division

[3] G. Cristoforetti et al.: Experimental observation
of parametric instabilities at laser intensities rel-
evant for shock ignition. EPL-Europhysics Letters 117
(2017) 35001.

[4] T.Pisarczyk etal.: Magnetized plasma implosion
in a snail target driven by a moderate intensity laser
pulse. Scientific Reports 8 (2018) 17895.

[5] D. Batani et al.: Progress in understanding the
role of hot electrons for the shock ignition approach
to inertial confinement fusion. Nuclear Fusion 59
(2019) 032012.

[6] M. Smid etal.: Characterization of suprathermal
electrons inside a laser accelerated plasma via high-
ly-resolved Ka-emission. Nature Communications 10
(2019) 4212.

L




I

456

Institute of Physics

The Czech Academy of Sciences

Plasma Amplification of Coherent Light

The scientific community has a strong interest in
ever higher laser intensities, to study the interac-
tion of coherent light (laser) with matter in extreme
conditions, and develop sophisticated sources of
particles and radiation for applications in material
science, bio-medical science and for studying funda-
mental phenomena in physics. The generation of this
high-power coherent light requires optical elements
which are based on solid-state materials. These ma-
terials have a limited damage threshold due to ioni-
zation of the atoms. In order to keep fluency below
a certain threshold value, the optical elements need
to increase in size which is difficult to produce and
expensive. A possible solution is the use of a fully
ionized plasma to manipulate light. In particular
it is possible to create ultra-short and intense light
pulses by colliding two electromagnetic waves inside
a plasma and induce controlled energy transfer from
a low-intensity and long pump pulse to a short seed
pulse. The energy uptake by the seed correspond-
ingly increases the intensity of that pulse. We have
been involved for many years in developing an un-
derstanding of, and optimizing this 3-wave coupling
process in a plasma by performing experiments and
studying the process with simulations and analytical
tools. The fundamental advantage of a plasma is the
fact that it is already “destroyed” and can therefore
handle enormous fluencies. Plasmas can therefore
serve as optical elements for the next generation of
high-power lasers. However, they are much more dif-
ficult to control as the interaction processes become
dynamic in contrast to solid-state optical elements.
At present experiments have been limited to Joule-
level energy transfer. The goal is to be able to transfer
in a controlled way kilo-Joule energy from one beam

to another to prove the viability for real future laser
development based on plasmas.

At the basis of this process is a parametric instability,
Brillouin scattering, which also plays an important
role in inertial confinement fusion (ICF). However,
whereas in ICF this is a very detrimental process ex-
tremely difficult to control, here it is exploited in a
positive and controlled way.

This research project has been ongoing for more than
a decade in collaboration with Ecole Polytechnique
and Sorbonne University in Paris, France.

References

[1] L. Lancia et al.: Signatures of the self-similar re-
gime of strongly coupled stimulated Brillouin scat-
tering for efficient short laser pulse amplification.
Physical Review Letters 116 (2016) 075001.

[2] M. Chiaramello et al.: Role of frequency chirp
and energy flow directionality in the strong coupling
regime of Brillouin-based plasma amplification.
Physical Review Letters 117 (2016) 235003.

[3] F. Amiranoff et al.: The role of the global phase
in the spatio-temporal evolution of strong-coupling
Brillouin backscattering. Physics of Plasmas 25 (2018)
013114.

[4] J.-R. Marques et al.: Joule-level high efficiency
energy transfer to sub-picosecond laser pulses by a
plasma-based amplifier. Physical Review X 9 (2019)
021008.



Activity Report 2015—2019 ELI Beamlines Project Division

t=0.7 ps t=14ps t=21ps

_-0.8 0.025 ‘ 3 3
R LE() =042 / LE() =4.34, LE() =328/ LE() = 2.16
g 0. - = / - / - !
5 0.02 [ ; 0.08 | i / i A0 o
£ N / C C 5 ; ;
2-02 0.015 [ : 006 [ T ] %
a o s ’ L - 4 - E <
T 02 g Loi 0.04 | L B L fd =
6 L 1 L L f'_f L ] 1
2 0.4 - } - - / L /
g 0.005 [ 002 [ [ W L ¥ As
5 0.6 i = _— L
= 08 0 LN ) i I
. Ty 1 T S L W 1
£ LE) =86 | - LEQ) = 3.3 LE() =258 - LEQ) =2.56 /
£ -0.6 . A & - A - /
N i /: 4 i i 129 i f 2k 0.8
. ’ ; : F R o/ ‘
B-02 - 1Y 7 B \ . » F 0.6 3
o L i I’ iy E
. . : : L 'l I £
2 02 2 ] L & 85 [ A4y 043
° - 1 - i 1 - 4
2 04 R - 5 C "if ] -
o [ ] E o ] . 0.2
B L4 ] E L ] 5
= 0.8 . MR RV O ST W 0

0.2 0 0.2 02 0 02 0.2 0 0.2 0.2 0 0.2

Transverse position y(mm)

Fig. 25: Three-dimensional pump-seed interaction, PF3D simulations. Intensity profiles in the interaction plane (y-z) of the seed [(a)
upper images] and pump [(a) bottom images] pulses at different times (increasing from left to right). The green dashed line indicates
the seed propagation axis (165° from the pump). The black line in the left images indicates the plasma density profile along the z-axis.
The pump arrives at the plasma centre 1 ps after the seed (t0 — t1 = + 1 ps). Intensities are normalized to the incident pump maximum
intensity (10,™2% = 4 x 1016 W/cm?). Figure taken from ref. [4].

457

L



I

458

Institute of Physics

Ultra-High Intensity

The Czech Academy of Sciences

Laser-Matter Interaction

The interaction of laser pulses of ultra-high inten-
sity, beyond 10%2° W/cm?, with matter leads to the
generation of extremely energetic particles and gam-
ma-photons as well as producing new unexpected
physical effects. Using kinetic simulations and ana-
lytic modelling the group tries to obtain a detailed
understanding of novel physical effects as well as to
learn how to optimize new generations of secondary
sources of particles and radiation. These predictive
simulation activities are also intended for the prepa-
ration of future experiments which will be performed
with the 10 PW laser of ELI-Beamlines. Due to the
anticipated extremely high light intensities, the mo-

tion of the particles will become relativistic and even
quantum effects need to be accounted for. In principle
well-known effects such as pair creation based on the
Breit-Wheeler process and radiation-reaction effects
can be studied for the first time in detail with such
high-intensity lasers. The generation of well-defined
hard X-rays and gamma-rays opens up new possibili-
ties for material science and nuclear physics. Due to
the highly nonlinear physics taking place during the
interaction process one needs to perform computa-
tionally very demanding multi-dimensional kinetic
simulations in order to understand the details. In
particular the group is looking into new configura-

Fig. 26: Setup. (a) Perpendicularly moving electron beam interacts with the laser at the focus and creates new pairs; (b) Some electrons
and positrons obtain a momentum component parallel to the laser propagation direction and start getting accelerated; (c) The laser
defocuses shutting down the interaction; this leaves the particles with the net energy gain from the laser. (d) A fraction of the acceler-
ated electrons and positrons distributed within the momentum space. Figure taken from Ref. [4].
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tions of laser-plasma interaction at ultra-high inten-
sities to investigate extreme phenomena and deter-
mine possible measurable signatures of the processes
of interest.

The research performed is based on a strong collabo-
ration with the Czech Technical University in Prague,
Instituto Superior Technico in Lisbon, Portugal and
MEPhAI in Moscow, Russia.
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The Czech Academy of Sciences

Attosecond Nanophysics

The field of Attosecond nanophysics, combining the
research areas of Attosecond physics with nanoscale
physics, has experienced a considerable rise in re-
cent years both experimentally and theoretically. Its
foundation rests on the sub-cycle manipulation and
sampling of the coupled electron and near-field dy-
namics on the nanoscale. Attosecond nanophysics
not only addresses questions of strong fundamen-
tal interest in strong-field light-matter interactions
at the nanoscale, but also could eventually lead to a
considerable number of applications in ultrafast, pe-
tahertz-scale electronics, and ultrafast metrology for
microscopy or nanoscopy.

Ultrafast electronic dynamics of solid-state materi-
als, particularly under light excitation, is of great
interests both fundamentally and practically due to
the wide applications of optoelectronic devices, such
as transistors, photovoltaics, or photodetectors.
While conventional semiconductor-based optoelec-
tronic devices are operated based on the light inten-
sity, lightwave-based petahertz electronics describe
the manipulation of charge carrier dynamics by the
electromagnetic field of light owing to the precisely
controlled carrier-envelope phase (CEP) in few-cycle
laser pulses at few and sub-femtosecond time scales.
The driven ultrafast electronic dynamics, induced by
intense few-cycle pulses, could occur at time scales
of 10-1000 attoseconds (1 as = 107'® s). For instance,
Attosecond light pulses can be created in gases as a
result of the highly nonlinear high-harmonic gen-
eration (HHG) process, where electron photoioniza-
tion of gas atoms is restricted to a time window much
shorter than a half-cycle of the oscillation of the
driving laser light field, typically on the order of sub-
100 as for optical frequencies. While the lightwave-

induced strong-field processes in gas-phase atoms
and molecules have been under intensive investiga-
tion, leading to the birth of Attosecond physics, the
exploration of lightwave-driven petahertz electron-
ics in condensed matter at conditions of extreme
nonlinearity is still in its early phase and has become
an emerging field of research. Lightwave electronics
in solids, i.e. dielectrics, semiconductors and met-
als, involves characteristically different and richer
electronic dynamical processes due to their complex
band-structure.

Studies of Attosecond physics on the nanoscale were
initiated more than a decade ago with the demon-
stration of strong-field effects on nanostructures,
such as laser-triggered field emission from nanotips
and the demonstration of strong-field photoemission
induced by laser irradiation. It has been shown that
the highly nonlinear tunnelling photoemission pro-
cess of metallic nanotips or nanostructures and thus
emitted individual electron bursts can be finely tuned
by changing the CEP of the incident few-cycle laser
pulse at the attosecond time scale. Several applica-
tions have been, therefore, derived from these stud-
ies including ultrafast microscopy, ultrafast light-
driven electronics such as light-driven diodes, and
metrology for reconstruction of propagating light
properties, including the CEP of few-cycle pulses.

We have intensively investigated atto-nano physics
processes both from the theoretical and experimen-
tal viewpoints. A close collaboration with German
and Korean experimental groups, as well as with
Spanish theoretical ones, has been established. A
sample of our results could be found in the below
cited references.
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Fig. 27: Lightwave-induced attosecond electron dynamics at nanostructures: An incident laser pulse induces enhanced nanoscale near-
fields around the apices of the nanostructures, which can trigger electron emission either from the nanostructures or from an atom in
the near-field. Two processes are depicted schematically: First, electrons can move to the opposite nanostructure inducing a current
flow. Secondly, electrons can rescatter with the parent ion in the oscillating light-field to generate secondary radiation. Both processes
promise interesting applications and are used as a tool in Attosecond metrology at the nanoscale.
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Grants and Projects

GACR:

6 projects / in total 1.0 mil. EUR
MSMT:

3 projects / in total 40.5 mil. EUR

MSMT > OP VVV:
7 projects / in total 130.7 mil. EUR

Horizon 2020:
5 projects / in total 1.5 mil. EUR

ERDEF:
2 projects / in total 342k EUR

MPO:
1 projects/ in total 38.5k EUR

Main Events

2015

13.-14. 5. 2015 | Dolni Bfezany, Czech Republic |
Warm Dense Matter User Workshop at ELI
Beamlines

23.-28. 8. 2015 | Prague, Czech Republic |
ELI Beamlines Summer School (ELISS) 2015

19.-22.10. 2015 | Dolni Bfezany, Czech Republic |
The 3"4 ELI Beamlines Scientific Challenges and
Prospective User Meetings

31.11.-1.12. 2015 | Dolni Bfezany,
Czech Republic | The 2"4 ELIMEDICS Workshop -
Medical & Biological Research with EB

2016

28.-29. 1. 2016 | Dolni Bfezany, Czech Republic |
Workshop on Diagnostics (ELI-TRANS)

3.-4. 3. 2016 | Dolni Bfezany, Czech Republic |
ELIMEDICS 2016

The Czech Academy of Sciences

21. 4. 2016 | Dolni Bfezany, Czech Republic | Tight
Focusing Workshop

24.5. 2016 | Dolni Bfezany, Czech Republic |
Conference on Perspectives of Czech—Lithuanian
Research Partnerships

31.5.-1. 6. 2016 | Dolni Bfezany, Czech Republic |
Perspectives of ELI Beamlines for the European
Research Community

28.-29. 6. 2016 | Dolni Bfezany, Czech Republic |
National Academy of Sciences Committee on
Opportunities in the Science, Applications and
Technology of Intense, Ultrafast Lasers

9.-12.7. 2016 | Dolni Bfezany, Czech Republic |
ELI meeting on Possible PetaWatt Physics
Collaborations

10.-12. 10. 2016 | Dolni Bfezany, Czech Republic |
ELIps Workshop

2017

21.- 22. 3. 2017 | Dolni Bfezany, Czech Republic |
Big Physics Roundtable 2017

21.- 22.9. 2017 | Dolni BieZzany, Czech Republic
| EUCALL Workshop: User Access at Advanced
Laser Light Sources

11.-12.10. 2017 | Dolni Bfezany, Czech Republic |
ELIps Workshop

2018

17.-18. 1. 2018 | Dolni Bfezany, Czech Republic
| LEAK Workshop Program

24.-25.5. 2018 | Dolni Bfezany, Czech Republic
| Industrial applications of High-Power Laser
Technologies of the ELI

29.-30. 5. 2018 | Dolni Bfezany, Czech Republic
| 24 EUCALL Target Network Workshop
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11.-15. 6. 2018 | Dolni Bfezany, Czech Republic |
Laser Architecture Training Workshop

2.-6.7. 2018 | Prague, Czech Republic |
EPS Conference - co-organizer

7.-12.10. 2018 | Prague, Czech Republic |
ICXRL Conference

23.-24.10. 2018 | Dolni Bfezany, Czech Republic |
EURADOS Workshop

12.-14.11. 2018 | Dolni BfeZany, Czech Republic |
ELIps Workshop

18.11. 2019| Dolni Brezany, Czech Republic |
LXA Workshop

2019

21.-22. 2. 2019 | Dolni Bfezany, Czech Republic |
U.S.-ELI Dialogue

6.-7. 3. 2019 | Dolni Bfezany, Czech Republic |
Workshop on Laser Acceleration of Ions &
Neutron Production with Structured Targets

1.-4. 4. 2019 | Prague, Czech Republic |
SPIE Optics + Optoelectronics 2019 - co-organizer

6.-7. 5. 2019 | Dolni Bfezany, Czech Republic |
Science with Coherent XUV Sources at ELI
Beamlines

25.-30. 8. 2019 | Dolni Bfezany, Czech Republic |
ELI Beamlines Summer School (ELISS) 2019

16.-18. 9. 2019 | Dolni BfeZany, Czech Republic |
Ultrafast Spectroscopy User Workshop

25.9. 2019 | Washington, DC, USA |
U.S.-ELI Joint Workshop - co-organizer

21.-24.10.2019 | Dolni Bfezany, Czech Republic |
ICEL 2019 - International Conference on Extreme
Light

ELI Beamlines Project Division

24.-25.10.2019 | Dolni Bfezany, Czech Republic |
ELIMAIA User Workshop: Laser Driven
Acceleration and Applications. Laser-driven X-ray
Sources and Applications

11.-13.11.2019 | Dolni Bfezany, Czech Republic |

ELIps Workshop
Student Theses
Type of study Theses defended
2015—2019
Bachelor 1
Master 15
Doctoral 12
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Experimental Equipment

HHG Beamline

Regime user access
Category Characterisation and testing
Inclusion to structure E1Project
Contact person Ing. Jaroslav Nejdl, Ph.D.
Link to manufacturer NA /internal development

> Variable gas target

>

>

Variable focal length (2.5, 5 and 14 m)
Time-preserving monochromator: Optics Express Vol. 19, Issue 20, pp. 19169-19181 (2011)
Ellipsoidal focusing optic: verified spot: 20x20 um
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MAC: AMO Science
(Gas Phase Targets) and
Coherent Diffractive Imaging

Regime User access

Category Characterisation and testing
Inclusion to structure El1Project

Contact person prof. Dr. Maria Krikunova

Mgr. Eva KlimeSov4, Ph.D.

Link to manufacturer Internal development

The mechanism of high-order harmonic generation in gas will be employed in a kHz beam line of ultra-short
pulses of tunable coherent EUV-soft X-ray radiation that will be installed in the E1 hall of the ELI Beamlines
facility.

Generation of high-order harmonics of an intense laser pulse is now widely considered to be an efficient source
of ultra-short pulses in the spectral range from EUV to soft X-rays. The atoms of noble gases interacting with a
strong laser field (101*-10'° Wem™2) are likely to be partially ionized and the freed electrons are first accelerated
and then rescattered from the parent ion while generating radiation of short wavelength in attosecond bursts
repeating every laser cycle. The coherent addition of this radiation from a significant target volume through
phase matching (or quasi-phase matching) leads to a substantial increase in the power that is generated.

Using the L1 laser driver (100 mJ in 20 fs at 1 kHz) with long-focusing geometry and a two-colour driving

scheme will allow for an mW-level beam of fully coherent radiation in the spectral range from 5 to 120 nm that 471
can be synchronized to a VIS/IR laser beam or plasma X-ray source with femtosecond precision. The ability
to provide two independent fully synchronized beams of HHG is also foreseen in monochromatic or “multi-
colour” modes within this beam line. m

The MAC stations is a Multipurpose station for Atomic, molecular and optical sciences and Coherent diffrac-
tive imaging, designed for studies of structure and dynamics of matter in the femtosecond time-domain and
is located in the E1 experimental hall on the high harmonic generation (HHG) beamline. Sample delivery
systems include a molecular beam, pure or doped cluster source, ultrathin cylindrical or flat liquid jets, and
focused beams of substrate-free nanoparticles. Available detectors are: electron/ion time-of-flight and veloc-
ity map imaging spectrometers and an X-ray camera.
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P3 Infrastructure

Regime User access

Category Characterisation and testing
Inclusion to structure E3 Project

Contact person Stefan Weber, Ph.D.

Link to manufacturer International development

The P3 vacuum chamber has a decagonal geometry,
with an inner diameter of 4.5 m and height of 3.3 m.
A vacuum of 2x1077 mbar can be achieved, with

n)))” a pump-down time of < 15 min, and venting time
of <30 min.

472 Short focal-length setup (SFL): The L3 laser beam
10 J, 30 fs, 3 Hz can be focused to a focal spot size of
5 mm FWHM using a gold coated f/3 OAP available
at the facility. The current setup can provide focused
intensities of about 5x10%2! W/cm?2. Targets can be
mounted on a XYZ translation stage and a rotation
stage. The minimum angle of incidence on the solid
target is limited to 15 degrees. If a port is desired in
the direction of target normal, then the angle of inci-
dence is limited to either 18 degrees or 53 degrees. A
set of visible, electron, ion and X-ray detectors will be
available to characterize the interaction.

Long focal-length setup (LFL): We can provide the
long focusing setup for L3 laser, using a gold coated
spherical mirror with focal length of 5 m. For the first
phase of user experiment, we will provide electron
from laser wakefield acceleration (LWFA) and relat-
ed radiation, especially betatron radiation, inverse
Compton radiation. A set of electron and X-ray diag-
nostics will be available to characterize the electron
and X-ray beam. A second laser beam (40 mm) would
be available which is synchronized with L3 laser. It
can be used for plasma probing (shadowgraphy/in-
terferometry) or pump-probe experiment with the
betatron X-ray beam.
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ELIMAIA (ELI Multidisciplinary Applications
of laser-lon Acceleration)

Regime User access

Category Characterisation and testing

Inclusion to structure E4 Project

Contact person Daniele Margarone, Ph.D. 473
Link to manufacturer International development

L

The ELIMAIA beamline is an experimental platform (laser beam transport and pulse treatment, ion source
generation and in situ characterization, ion beam transport, diagnostics and shaping, online dosimetry and
in-air sample irradiation end-station) available for users to apply laser-driven ion beams in multidisciplinary
fields. The ELIMAIA expert user community aims at demonstrating that size and cost of conventional accel-
eration facilities can be reduced by using innovative approaches based on high power laser-matter interac-
tion. Furthermore, ELIMAIA will be the first user beamline worldwide which will provide reliable and well-
characterized beams (shot-to-shot) for systematic studies on the effect and use of laser-accelerated ion beams
in different application fields.
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ELIps: Time Resolved Spectroscopic Ellipsometry and VUV
Material Science Applications

Regime User access

Category Characterisation and testing
Inclusion to structure E1Project

Contact person Shirly Espinoza, Ph.D.

Link to manufacturer Internal development

The experimental set up for Pump-probe spectroscopic ellipsometry and VUV material science consists of two
»” instruments for a) time resolved spectroscopic ellipsometry in the NIR to NUV range , and b) VUV material
)] science

Our femtosecond pump-probe ellipsometer measures the polarization response of planar samples which al-
lows the calculation of the optical constants of the material in an excited state and during the time evolution
of these states. It is a P-S-CR-A ellipsometer.
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The ELIps instrument is a UHV end station located at the HHG beamline. It is under commissioning to sup-
port time resolved and polarization dependent spectroscopy in the VUV photon energy range. For more in-
formation on the detailed status of the ELIps instrument, please contact the instrument scientists (above).
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PXS Beamline / Plasma X-Ray Sources
(Presently in Commissioning)

Regime Closed

Category Characterisation and testing
Inclusion to structure El1Project

Contact person Déng Du Mai, Dr. rer. nat
Link to manufacturer Internal development

TIn a PXS source laser, pulses are focused on a renewing solid-density target and ignite a plasma. Hard X-rays
emitted from this plasma exhibit an energy spectrum containing both continuum radiation and element spe-
cific X-ray emission lines. The X-ray pulse duration - inherit from the driving laser pulse duration - ranges in
the hundreds of femtoseconds.

The Plasma X-ray Source (PXS) is a secondary source of hard X-ray radiation, located in Hall E1 and driven
by the L1 laser beam. In PXS, femtosecond laser pulses, which feature a repetition rate of 1 kHz, are focused
on a renewing metal target (solid tape or liquid jet) in vacuum. The resulting high-intensity light in the focus
ionizes the target and accelerates electrons to hundreds of kiloelectron volts (keV). These electrons penetrate
the target material, where they create continuum and element specific line X-rays with energies between 1 keV
and 77 keV. The photons are emitted from the micrometer-sized plasma volume out of the vacuum chamber
through an X-ray transparent window (material: beryllium) and are focused by grazing incidence or multilay-
er optics onto the sample. The salient feature of the PXS is the fact that X-radiation is emitted in an ultrashort
pulse with a typical temporal length of hundreds of femtoseconds (~107!2 s). Such short pulses will allow
scientists to resolve the kinetics of chemical reactions on atomic scales via ultrafast hard X-ray diffraction
and X-ray absorption spectroscopy techniques. The inherent synchronization of the X-ray pulse to the driving
IR laser will make advanced optical pump-hard X-ray probe methods feasible to study a variety of complex
systems, e.g. artificial photosynthetic systems, photoactive biological molecules etc.
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X-Ray Diffraction (Operational with Sealed Tube Source)
/ TREX: Hard X-Ray Science, Diffraction and Scattering,
Spectroscopy, Pulse Radiolysis and Imaging

Regime User access

Category Characterisation and testing
Inclusion to structure E1Project

Contact person Dr. Anna Zymakova

Link to manufacturer —

The TREX instrument for X-ray science is developed to be used with a laser driven pulse Plasma X-ray Source
(PXS). This source is under commissioning but is still not available for user experiments. In the meantime,
two sealed X-ray tube sources (one with a Cu anode for diffraction applications and one with a Mo anode for
spectroscopy applications) are available for methods development and early experiments.

X-Ray Diffraction and Scattering

The X-ray diffractometer is based on a custom modification of a commercial STOE STADIVARI goniometer.
It has the same functionality as the commercial analog plus in addition an extended range for the detector
movement going up to 400 mm sample to detector distance. The main module of the diffractometer is the
so-called Euler cradle goniometer, which is capable of simultaneously rotating the investigated sample at
360 degree and at the same time to position the X-ray detector at desired angle and distance from the sample.
It comes with a computer-controlled video microscope and dimmable led light. The cryo cooling for the fragile
biological sample is implemented via a commercial cryo stream cooler from Oxford Cryosystems. The record-
ing of the diffracted and scattered X-ray photons is accomplished by a single photon counting hybrid pixel de-
tector model Eiger X 1M from the Dectris company. Presently available X-ray source for the diffraction station
is an X-ray microfocus sealed tube form AXO Dresden with Montel optics and JJ X-ray pinhole collimation.
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X-Ray Spectroscopy (in Commissioning with Sealed Tube Source)

Regime user access

Category Characterisation and testing
Inclusion to structure El1Project

Contact person Dr. Borislav Angelov—

Link to manufacturer -

The X-ray spectroscopy station is based on the von Hamos design [J. Szlachetko et al., Rev. Sci. Instrum. 83,
103105 (2012)]. A number of gratings are available and the instrument has the necessary flexibility to cover
an energy range of at least 4 up to 12 keV. Initial design of the setup is optimized for absorption spectroscopy,
but emission spectroscopy can also be supported.

The detector is a custom designed CCD from Andor, based on Newton model, and allows greater acceptance
angles. This results in a widened field of view for broader energy window observable within a single experi-
mental acquisition. The detector matrix is of a deep-depleted front-illuminated type that allows preventing
charge splitting effects. Beryllium window filters out background illumination efficiently. Presently available
X-ray source for the spectroscopy station is a Molybdenum anode X-ray microfocus sealed tube from XOS with
polycapillary focusing optic. On top of that, an X-ray water-jet source is being under development and optimi-
zation to fit the current setup. Generating a broad continuous energy spectrum (Bremsstrahlung emission is
a dominant mechanism), the source will serve for X-ray spectroscopy applications, coming soon.

Ultrafast Optical Spectroscopy

Regime User access
Category Characterisation and testing
Inclusion to structure Structure: E1 Project
477
Contact person Mgr. Miroslav Kloz, Ph.D.
Link to manufacturer Internal development
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Femtosecond stimulated Raman spectroscopy allows monitoring Raman vibrational spectra of molecules
with sub-ps time resolution. When used with reactions that can be triggered, ideally photo-triggered, it is
powerful tool to follow reaction dynamics and structural changes with high time resolution and high speed
of acquisition.

In addition, the scientific environment for ultrafast optical spectroscopy also includes stations for transient
optical absorption, 1 and 2D IR spectroscopy, pulse shaping and coherent control and time resolved spectro-
scopic ellipsometry.
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