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Raclavský, M.; Khakurel, K.P.; Rao,

K.H.; Ta-Phuoc, K.; Bulanov, S.V.;

Nejdl, J. ELI Gammatron Beamline: A

Dawn of Ultrafast Hard X-ray

Science. Photonics 2022, 9, 853.

https://doi.org/10.3390/

photonics9110853

Received: 20 October 2022

Accepted: 8 November 2022

Published: 11 November 2022

Corrected: 25 March 2024

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

photonics
hv

Article

ELI Gammatron Beamline: A Dawn of Ultrafast Hard
X-ray Science
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Abstract: The realization of compact X-ray sources is one of the most intriguing applications of
laser-plasma based electron acceleration. These sources based on the oscillation of short micron-sized
bunches of relativistic electrons provide femtosecond X-ray pulses that are collimated, bright, and
partially coherent. The state-of-the-art laser plasma X-ray sources can provide photon flux of over
1011 photons/shot. The photon flux can further be enhanced with the availability of high repetition
rate, high-power lasers, providing capacities complementary to the large scale facilities such as
synchrotrons and X-ray free-electron lasers. Even though the optimization of such sources has been
underway for the last two decades, their applications in material and biological sciences are still
emerging, which entail the necessity of a user-oriented X-ray beamlines. Based on this concept, a
high-power-laser-based user-oriented X-ray source is being developed at ELI Beamlines. This article
reports on the ELI Gammatron beamline and presents an overview of the research accessible with the
ultrashort hard X-ray pulses at the ELI Gammatron beamline.

Keywords: laser wakefield acceleration; betatron radiation; inverse compton radiation; phase-
contrast imaging; warm dense matter; laser plasma interaction; X-ray absorption spectroscopy;
X-ray diffraction; X-ray emission spectroscopy

1. Introduction

Since their discovery more than a century ago, X-ray-based diagnostics have extended
our fundamental understanding of matter and are being used in countless fields of research
and practice, including medical diagnostics, fundamental research (in physics, chemistry,
and biology), materials science, and engineering [1–4]. Short wavelengths allow atomic-
scale probing of the structure of matter, and their weak interaction with inner-shell electrons
ensures deep penetration, enabling volumetric probing of dense objects. Even though con-
ventional X-ray sources such as X-ray tubes and synchrotrons provide access to spatial
resolution for molecular structure and the electron orbitals, they are unable to provide
temporal resolution for the atomic and molecular motion on their natural time scale. New-
generation facilities, such as the third-generation synchrotrons and X-ray free-electron
lasers (XFELs), providing extremely bright, ultrashort X-ray sources (with a duration of
few femtoseconds (fs)), play an important role here, as they support the investigation of
ultrafast structural dynamics associated with phase transitions in condensed matter, rapid
biological processes, and chemical reactions [5,6]. However, the number of and access to
such facilities are rather limited. In this context, laser-based pulsed X-ray sources, both
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coherent and incoherent, with unprecedented pulse durations down to attoseconds, are of
utmost importance [7,8]. The highly coherent, short wavelength sources with short pulse
durations (several tens of attoseconds) [8,9], based on high-order harmonic generation
(HHG), which are available in many laser facilities, are limited to the extreme ultraviolet
(EUV/XUV) or soft X-ray spectral range [10–12]. Sources based on laser wakefield acceler-
ation (LWFA) [13] overcome this limitation by their ability to produce X-rays and γ-rays.
Advancement in femtosecond high-power laser technology facilitates the generation of
high-charge relativistic electron beams with energies ranging from a few megaelectron volts
to more than 1 GeV within a few centimeters [14,15] via LWFA. These relativistic electrons
offer the possibility of expanding the next generation of laser-driven X-ray sources. The
plasma-based Betatron [16,17], which is one among them, employs relativistic electrons
undergoing transverse oscillations within the accelerating process and generates partially
coherent X-rays with a femtosecond pulse duration, a small source size, and a broad
spectrum spanning from a few keV up to hundreds of keV [18].

When a relativistic electron bunch collides with an intense laser, the electrons oscillate
in the field of the laser pulse and backscatter the radiation in the direction of the electron
bunch via Thomson back-scattering (TS) or inverse Compton scattering (ICS), depending
on the strength of the colliding laser pulse and the kinetic energy of the electrons. This
interaction causes a double Doppler upshift in the frequency of the backscattered radiation,
producing an intense γ-ray burst with photon energies that can reach the MeV range with
current TW-class lasers [19,20]. Advances in laser and target technologies favor enormous
improvements in the electron and X-ray beam quality [21,22] of both Betatron and ICS
X-ray sources, which represent the next generation of compact hard X-ray sources. Recent
experimental results on Betatron using laser systems with a few hundred terawatts of power
revealed the ability to deliver beyond 1011 X-ray photons per pulse, which can further be
increased by using PW-class lasers [23]. Properties such as pulse duration, operational
wavelength, photon flux, brightness, and jitter-free synchronization between the driving
laser and the generated X-rays provide a novel platform to study the ultrafast dynamics
of matter.

The ELI-Beamlines Centre, located in the Czech Republic, is one of the pillars of the
ELI (Extreme Light Infrastructure) project and is expected to be one of the most powerful
laser facilities in the world [24,25]. One of the main goals within the ELI project is to
provide ultra-short beams of particles and X-rays to a broad international user community
for both fundamental and applied research in various fields. In addition, ELI Beamlines
promotes novel laser-plasma accelerator techniques to deliver ultrashort particle and
radiation sources with unique capabilities, which could strongly impact various scientific,
industrial, and societal applications. With these remarkable capabilities, various multi-
disciplinary, user-oriented experiments are being implemented at ELI Beamlines [10,26–28].

Here, we report on the ELI Gammatron beamline, which is a multidisciplinary, user-
oriented platform employing hard X-ray radiation based on LWFA. The Gammatron beam-
line will provide ultrashort, energy-tunable, collimated hard X-ray radiation with over
1011 photons per pulse for a broad range of user experiments. The beamline will provide
ultrafast sources of broadband X-ray pulses ranging from a few kiloelectron volts to a few
hundred kiloelectron volts in the Betatron scheme and narrow (∼10–20% energy spread) or
broadband pulses of hard X-rays in the spectral range of a few hundred keV to few mega-
electron volts in the TS or ICS scheme. The Betatron, TS, and/or ICS schemes are realized
mainly using the PW-class Ti:sapphire HAPLS laser L3 (30 J, 30 fs, 810 nm, 10 Hz), and the
high-repetition rate DUHA laser L2 (5 J, 20 fs, 50 Hz), housed at ELI beamlines. Figure 1a
compares the peak brightness (simulated) of laser-driven X-ray sources at ELI Beamlines to
other available X-ray sources in the respective spectral range and Figure 1b shows the peak
brightness of LWFA-based Betatron sources at different laser facilities. A dedicated user
station was also designed to accommodate various time-resolved experiments.
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Figure 1. (a) Peak brightness for different X-ray sources: The APS synchrotron in the USA, the
BESSY facility in Germany, ESRF in France, EU XFEL in Germany, the LCLS facility in the USA,
FERMI in Italy, SACLA in Japan, the SPRING synchrotron facility in Japan, the HHG beamline at
ELI Beamlines [10], the ELI Beamlines Gammatron beamline and all-optical Compton sources [19,29].
(b) Peak brightness of the laser plasma accelerator (LPA)-driven Betatron X-ray source at different
laser facilities [30–38] and the expected brightness of the Betatron X-ray source at ELI Beamlines.

The article is organized as follows: Section 2 describes the mechanism of X-ray gen-
eration based on numerical simulations of LWFA, followed by the detailed design of the
Gammatron beamline and associated diagnostics in Section 3, and various applications of
the Gammatron beamline in Section 4.

2. Numerical Simulation of X/γ-ray Generation in the Gammatron Beamline

LWFA is one of the most promising methods for compact electron acceleration. In
LWFA, electric fields of more than 100 GV/m [13] allow GeV kinetic energy gain in a
centimeter-scale laser-produced plasma, which is unparalleled by the contemporary radio-
frequency accelerators [39]. Electron acceleration at energies up to ∼8 GeV in a decimeter-
long plasma has been recently demonstrated in [15]. Furthermore, electrons injected off
axis or with nonzero transverse momentum undergo an oscillatory motion throughout the
acceleration and emit X-ray radiation.

Results of 3D PIC simulations of Betatron X-ray generation from LWFA electrons
using the L3 HAPLS laser in the Gammatron beamline are presented here. The following
parameters were considered in the calculation for a linearly polarized laser pulse: pulse du-
ration (τFWHM) = 30 fs, focal spot diameter (dFWHM) = 15.8 µm, wavelength (λ0) = 808 nm,
normalized vector potential (a0) = 7.3, which corresponds to a laser pulse with the energy of
10 J and peak intensity I0 = 1.1 × 1020 W/cm2, for a fully ionized, pure He gas target with
a length of 5 mm and plateau electron plasma density ne = 5 × 1018 cm−3. The evolution
of energy distribution inside the target and the energy distribution after the acceleration
process and electrons exit the gas target are given in Figure 2a,b, respectively. Due to the
strong self-injection [40,41] from the laser field driving the LWFA process, an accelerated
electron bunch with a total charge of 7 nC is produced, corresponding to 4.4 × 1010 electrons.
The radiation emitted per unit frequency per solid angle was calculated according to the
radiation integral [42] for electron trajectories obtained from the simulation and presented
in Figure 3. Figure 3a shows the spatially integrated spectral distribution given in number
of photons per 0.1% relative bandwidth. Synchrotron-like features with critical energy (Ec)
= 11.4 keV and 4.2 × 109 photons/0.1% BW per shot emitted at critical energy, and the
total photon flux of 8.6 × 1012 over the whole spectrum, are observed. Figure 3b shows
the beam profile of the X-ray radiation with an angular divergence of ≈30 mrad FWHM.
As the X-ray pulse duration copies the temporal profile of the relativistic electron bunch,
a pulse duration of ∼10 fs (FWHM) is expected. The Betatron X-ray photon brightness
corresponding to these parameters is given in Figure 1.



Photonics 2022, 9, 853 4 of 23

Figure 2. (a) Evolution of the electron spectrum inside the gas target. (b) Electron spectrum at the
end of the gas target.

Figure 3. (a) The spectral distribution of Betatron photons per 0.1% bandwidth. (b) Angular distribu-
tion of radiated energy of the Betatron photons.

The recently proposed photon flux enhancement schemes can further enhance the
usability of the Betatron X-ray source [43–46]. These results, and the micron-scale size of the
radiating electrons, indicate the capacity of the Gammatron beamline to generate brilliant,
femtosecond, broadband, collimated, and spatially coherent X-rays. The production of
γ-rays can be accomplished by slightly modifying the Betatron X-ray’s experimental setup,
i.e, by introducing a thin, low-Z material foil downstream of the gas target, as demonstrated
by Ta Phuoc et al. [17]. This foil, which is ionized by the leading edge of the incident laser
pulse, acts as a plasma mirror and reflects the laser pulse towards the accelerating electrons,
resulting in the ICS of the laser. A second laser pulse, split off from the L3 beam (L3 AUX),
is available in the Gammatron beamline, which can be used as a scattering beam for ICS.
This scheme offers better control of the source, allowing one to vary the laser intensity at
the interaction site or the polarization of the laser. Figure 4 shows the results of such a
laser–electron collision for a0 = 2 and 500 MeV electron energy. With 1010 electrons, more
than 106 ph/0.1% BW per shot at 10 MeV and 109 γ-photons per shot are estimated, along
with divergence in the order of a few milliradians. The corresponding Compton X-ray
brightness is shown in Figure 1, indicating that the Gammatron beamline will potentially
be one of the most brilliant γ-ray sources in the world.
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Figure 4. (a) The spectral distribution of photons per 0.1% bandwidth; (b) angular distribution of
radiated energy in the ICS scheme.

3. High-Repetition-Rate Gammatron Beamline

The Gammatron beamline, located in experimental Hall E2 (Figure 5), will deliver
femtosecond X-rays in a wide spectral range. In the Betatron scheme, the source will operate
in a broadband energy regime (a few kiloelectron volts to a few hundred kiloelectron
volts), and in the ICS scheme, the source will operate either in a broadband or in a quasi-
monoenergetic regime (MeV regime), depending on the accelerated electrons and the
intensity of the counter-propagating laser. As discussed in Section 2, for appropriate
experimental parameters (laser intensity, spot size, pulse duration, and density profile of
the gas target), electrons are accelerated to relativistic velocities by LWFA and wiggled
by the plasma itself or by collision with another laser pulse, resulting in the emission of
intense femtosecond X-ray or γ-ray beams. The characteristics of the radiation produced
will depend on the requirement of the end-user.

Figure 5. Rendering of the ELI Gammatron beamline located in experimental hall E2. The solid green
beam is the PW-class HAPLS laser L3, and the solid red beam is the DUHA laser L2.

The Gammatron beamline will be driven by the two state-of-the-art lasers at ELI
beamlines: the PW-class HAPLS laser L3, which is already operational, and the high-
repetition rate DUHA laser L2 [47], which will be operational soon. In the first phase of
the Gammatron beamline, the L3 laser with a 215 mm × 215 mm (super-Gaussian) beam
and maximum pulse energy of 10 J will be used. The L3 beam propagates a distance of
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49 m from the compressor to the Gammatron interaction chamber via seven high-damage-
threshold multi-layer dielectric mirrors [48]. The beam transport is designed with very high
vibration stability of all the structures supporting the transport mirrors and optomechanics
sized 440 × 290 × 75 mm for the turning mirrors. The vibration response is minimized by
pushing the eigen frequencies of components above 75 Hz and by setting high stiffness
for all supports, breadboards, and optical mounts [49]. A laser beam pointing stability of
<1 mrad is expected.

3.1. Experimental Configurations

The Gammatron beamline will operate in two configurations: (1) the Betatron scheme,
where only one laser will drive the LPA and generate X-ray pulses via Betatron radiation,
and (2) the TS or ICS scheme, where two laser beams will be used.

In the TS/ICS scheme, one laser beam will drive the LPA, and the other, counter-
propagating, will collide with the relativistic accelerated electrons at the exit of the LPA to
generate X-rays or γ-rays. The experimental setup to realize the Betatron scheme, along
with its various diagnostics, is shown in Figure 6.

Figure 6. Detailed view of the Gammatron beamline operating in the Betatron scheme and the
associated diagnostics inside the interaction chamber.

An off-axis parabolic mirror (OAP) with a focal length of 4000 mm (F-number of ∼19)
focuses the L3 beam on a few cm long gas jet and drives LWFA, generating Betatron X-rays.
The E2 hall is designed to handle the focusing optics up to an F-number of 50.

Figure 7 shows the ICS scheme, where the L3 beam focused on the gas jet or a cell by
the OAP (same as in the Betatron scheme) accelerates the electrons to GeV energies via
LPA, and a second high-power laser beam, split off either the L3 beam (L3 AUX) or the
L2 beam, will be used to drive the ICS source. The second scattering laser beam (L3 AUX
or L2) will be focused on the downstream portion of the gas jet using a short-focal-length
OAP with a fixed off-axis angle of about 20◦ and an F-number of 1.5, providing a peak
intensity of few times 1020 W/cm2 at the focus, corresponding to a0 ∼ 10. In the absence of
a second high-power scattering laser, the plasma mirror technique mentioned in [17] will be
implemented by employing the L3 laser to accelerate electrons and generate X-rays in the
ICS scheme. In addition, a low-power L3 AUX will be combined with the high-power L3
beam to generate an energy-tunable Thomson scattering source (TS) in a weak non-linear
regime. The diagnostics for laser, plasma, and electrons will be the same for both schemes.
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Figure 7. Detailed view of the Gammatron beamline operating in the ICS scheme and the associated
diagnostics inside the interaction chamber. An L3 beam drives the LPA, and an auxiliary laser beam
(split off of L3 or L2 (red)) will be used as a scattering beam which is focused on the downstream
portion of the gas jet using a short-focal-length OAP.

3.2. Targetry

In LWFA experiments, gas targets with various density profiles are routinely used.
The commonly used gases are He, N2, an admixture of He with N2, dry air, Ar, and gas
clusters [34,50–52]. These gas jet targets routinely employ complex gas density distributions
(e.g., tailored gas density [45], enabling the optimization of both the electron acceleration
and the X-ray generation from the accelerated electron bunches. Targets with asymmetric
density profiles, generated either by pulsed valves with nozzles of various shapes or
by gas streams perturbed by obstructions such as razor blades or wires, provide better
control of electron acceleration [53], increased charge, improved shot-to-shot stability,
and/or less energy spread. Precise evaluation of the gas density profile is therefore critical
for benchmarking numerical simulations with experimental results. A dedicated gas
target characterization station that can measure the neutral gas density in both axially
symmetric and asymmetric nozzles with very high resolution and sensitivity is installed
in E2. The novel probing scheme utilizing multi-pass interferometric imaging [54,55] has
demonstrated increased phase sensitivity and near diffraction-limited spatial resolution [56].
The configuration shown in Figure 8 employs two relay-imaging arms and polarization
switching to facilitate four passes of the probe beam through the gas jet. This scheme was
validated in [56] by the tomographic characterization of low-pressure He gas jets with
tailored density distribution, which is a typical LWFA target.

3.3. Laser and Plasma Diagnostics

A set of diagnostic techniques designed to characterize the driving laser beam in the
interaction area and the laser-matter interaction in the Gammatron beamline is briefly
outlined here.

3.3.1. Laser Diagnostics

Controlling the wavefront of the laser beam and the correction of its abberations are
crucial for efficient LWFA and for the stability of the electron and X-ray beam distribution.
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Figure 8. Schematic of the four-pass interferometric gas jet characterization. Tomograph of the
density reconstruction of a helium gas jet (with a back-pressure of 7 bar) obstructed by a razor blade
placed above the nozzle (inset), adapted from [56].

Wavefront distortions cause spatial inhomogenities in the midfield laser intensity
distribution and drive an inhomogeneous transverse wakefield, which in turn adversely
affects the electron beam distribution. In-vacuum and in-air diagnostics are developed
to control both the near-field and far-field of the laser pulse. An in-vacuum wave-front-
sensor (WFS), along with the focus diagnostics, using a high-quality microscope objective,
will be implemented to characterize the laser focus at a reduced laser power level. The
in-air diagnostics, placed outside the vacuum chamber, provide simpler access to both the
near-field and the far-field measurements of the laser beam at full power. In addition, a
closed-loop deformable mirror (DM) system located close to the interaction chamber will
be used to correct the wavefront aberrations and control the interaction of the laser pulse
with the target. The WFS placed beyond the focus allows the DM to reduce the aberrations
due to all optical elements, including the focusing optics.

3.3.2. Laser–Plasma Interaction Diagnostics

A beam split off the driving beam (Figure 7) will be used to probe the interaction area
and obtain information on laser propagation inside the gas target. In situ shadowgraphy
and interferometry will be used to characterize the interaction of the laser pulse with the
gas and to measure the electron density of the plasma in every shot. Information on both
spatial distribution and the temporal evolution of the plasma can be retrieved by varying
the probe delay with respect to the LPA driving beam. In addition, a TS-based diagnostic
relying on the laser light scattering by the plasma electrons oscillating in the laser field will
also be implemented to provide information on the propagation the laser beams inside the
gas target. These diagnostics will be used to overlap the three laser beams, in time and
space, for the ICS experiment.

3.4. Particle and Radiation Diagnostics
3.4.1. Electron Diagnostics

As discussed in previous sections, energies of the accelerated electrons in the Gamma-
tron beamline will span from a few hundred megaelectron volts to a few gigaelectron volts.
The electron bunch generated here will be characterized by their geometrical properties
(emittance, divergence, and pointing stability), bunch charge, and energy spectrum, using
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various diagnostics. The electron bunch profile and the pointing will be monitored using a
scintillator screen imaged with a high-dynamic-range CCD camera. The parasitic light from
the scintillator will be avoided by employing a bandpass filter at the scintillator emission
wavelength. The energy spectrum of the generated electron beam will be characterized
using a magnetic dipole electron spectrometer (ES), which is designed to have a modular
configuration to accommodate the large range of electron energies with sufficient resolu-
tion. A 20 cm long ES module (comprising two 10 cm long magnet modules), shown in
Figure 9a, is used in the Gammatron beamline for electron diagnostics. A total magnet
length of up to 50 cm can be obtained by attaching 10 cm long dipole modules to attain
the desired length. A series of Ce:YAG scintillation screens or Lanex screens are imaged
with a high dynamic-range CCD camera. The images reveal the spectrum of the electron
bunch. This detection system is also capable of providing electron-bunch charge measure-
ments by calibrating the CCD camera, the imaging optics, and the scintillating screen [57].
In addition to the spectral measurement, a calibrated integrated current transformer (turbo
ICT, Bergoz instrumentation) will be placed downstream of the electron path to measure
the absolute charge of the electron bunches between 10 fC and 10 nC.

3.4.2. X-ray Diagnostics

Various types of X-ray diagnostics are designed to characterize the generated X-rays.
First, the X-ray beam profile will be obtained by placing a X-ray camera (sensitive to energies
<20 keV) or a scintillator screen (imaged with a high dynamic range CCD camera—for
>20 keV). The following diagnostics will be used to measure the spectrum.

a. Single-photon-counting X-ray CCD: In the low-photon energy range (<20 keV), a
single-photon counting method using a deep depletion X-ray CCD placed a few
meters from the X-ray source will be employed. Filters placed in front of the detector
will attenuate the X-ray signal, allowing the detection of less than one photon per ten
pixels on average. The signal generated in one detection event is therefore directly
proportional to the photon energy. An array of scintillators coupled with a position-
sensitive photomultiplier tube can be used for a high energy range to enable the
spectral measurement in single-photon counting mode.

b. Ross filter Spectrometer: In the hard X-ray range (<100 keV), spectrum measurement
using the Ross filter pairs will be implemented. Each pair of Ross filters consists of
two carefully selected filters of different materials and thicknesses that create closely
matching transmittances differing only in their K absorption edges, which define their
operational energy ranges. The difference in the signal detected by a CCD camera
behind each filter of the pair is directly proportional to the number of photons in
the chosen energy range. This method evaluates the spectrum up to 90 keV using 10
spectral bands, and the X-ray spectrum is reconstructed using the filter transmission
values and by fitting the data with a selected function (e.g., the synchrotron radiation
function). Figure 9b,c shows the ELI Beamlines high energy X-ray spectrometers based
on the Ross filter technique. The high-energy spectrometer covers the X-ray spectrum
from 8 to 88 keV and makes use of 18 different filters (listed in Table 1). Transmission
measurements using thick filters will be implemented for X-rays > 100 keV.

c. HAPG crystal spectrometer: A crystal spectrometer with high spectral resolution
and high sensitivity, based on diffraction from a highly annealed pyrolytic graphite
(HAPG) mosaic crystal (2d = 6.708 Å), will be implemented, in addition to the Ross-
filter-based spectrometer mentioned above. The main features of the crystal spec-
trometer are its high spectral resolution and high sensitivity. The incoming X-ray
photons are tightly focused on the CCD camera because of the cylindrical geome-
try of the crystal. Due to the low divergence of Betatron X-rays, a large number of
emitted photons will be collected by the crystal and recorded on a narrow spectral
line. The thickness and radius of curvature of the crystal were chosen to be 100 µm
and 103.4 mm, respectively, to obtain the appropriate spectral resolution. Both the
crystal and the CCD camera will be placed in long-travel-range linear stages, allowing
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scanning of energy by varying the crystal’s position with respect to the source. Mea-
suring the X-ray signal at three different positions provides six data points with first-
and second-order diffraction, providing an alternative and more accurate method to
measure the Betatron spectrum. In addition, this spectrometer can also be employed
in static X-ray absorption spectroscopy, as reported in reference [58].

Table 1. The ELI high-energy Ross-filter-based spectrometer and its filter combination to cover the
8–88 keV spectral range.

Filter Set Foil Combination Energy Band (keV)

1 Ge 50 µm/Cu 37.5 µm 8–11
2 Zr 45 µm/Ge 100 µm 11–18
3 Mo 50 µm/Zr 90 µm 18–20
4 Ag 72 µm/Mo 100 µm 20–25.6
5 Sn 93 µm/ Ag 72 µm 25.6–29.4
6 Nd 100 µm/Sn 150 µm 29.4–43.6
7 Dy 50 µm/Nd 75 µm 43.6–53.8
8 Ta 40 µm/Dy 100 µm 53.8–67.2
9 Au 55 µm/Ta 80 µm 67.2–80.5
10 Pb 85 µm/Au 55 µm 80.5–88.1

Figure 9. (a) A 20 cm long electron spectrometer with the dipole magnet on a motorized base. The
ES has a 20 mm gap with a uniform magnetic field of about 1 T at the center of the gap. (b) The ELI
high-energy Ross-filter-based spectrometer (spectral range: 8 keV to 88 keV) consisting of 10 filter
pairs made of 18 metallic foils. (c) Ross-filter pairs employing 9 thin filters to cover the lower spectral
energy range (3–20 keV).

3.5. X-ray Beam Transport and Focusing Optics

X-ray focusing optics are necessary for X-ray beam delivery at the user end-station,
and several optical designs can be used according to the spot sizes requested. These
designs include the use of a grazing-incidence toroidal mirror to refocus the beam, the
use of mirror pair in a Kirkpatrick–Baez (KB) configuration, or the use of highly reflecting
mosaic crystals. A dedicated multi-lane, multi-layer-coated X-ray optics instrument based
on a KB configuration that is capable of focusing the X-ray beam in both horizontal and
vertical directions was designed to serve as the versatile focusing optics for the Gammatron
beamline [59]. The mirror system consists of three lanes coated with multiple layers, each
lane being optimized for a specific spectral band spanning from 1 to 25 keV with high
reflectivity. The mirror system was designed such that each reflective unit has a reflectance
of over 60% at a grazing incidence angle of ∼5 mrad.

3.6. Multidisciplinary User Station

A multidisciplinary Gammatron User Station (GaUS) was designed to cater to various
experiments. The main part of GaUS consists of a vacuum chamber (1 m diameter) with a
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30 mm thick decoupled aluminum breadboard, pumped by a turbomolecular pump with
a pumping speed of over 2100 l/s. The GaUS chamber is connected to the interaction
chamber by a DN200 aluminum tube, allowing the vacuum transport of both the X-ray
pulse and the IR pulse. An auxiliary IR beam split from the main LPA driving beam and
synchronized with the X-ray beam is provided at the user station to facilitate time-resolved
pump-probe experiments. The IR pump beam is focused using an off-axis parabola with a
hole, allowing collinear focusing. The X-ray focal spot is imaged using a Ce:YAG scintillator
screen mounted on a motorized stage. The schematic of the interior of the GaUS station,
along with the setup for simultaneous time-resolved X-ray spectroscopy and diffraction
experiments, is given in Figure 10. The GaUS station is also equipped with the state-of-the-
art instruments for sample mounting and detectors for scattered X-ray photons.

Figure 10. Schematic of the interior of the Gammatron user station, showing the setup for simultane-
ous time-resolved X-ray spectroscopy and diffraction experiments.

3.7. X-ray Source Parameters

Recent experimental findings using the several-hundred-terawatt-class driving laser
show that ∼3 × 1011 photons/s can be routinely generated in the Betatron scheme, and
scaling laws [23] show that the photon flux can be further enhanced using PW-class driving
lasers. Optimizing laser and plasma parameters can enhance the photon flux; for instance,
using non-linear resonance of electrons in the cavity induced by multiple laser pulses will
do so [44] or one can employ density-tailored targets generated by the blade or wire [45]
obstructing the flow of a supersonic gas jet. With the PW class driver, a 10 Hz repetition rate,
and optimized laser and target conditions, the laser-driven Betatron source will provide
over 1011 photons per shot at the Gammatron beamline. The expected source parameters in
Betatron and ICS schemes at the ELI Gammatron beamline are given in Table 2.

Table 2. Summary of X-ray source parameters expected at the Gammatron beamline, ELI Beam-
lines facility.

Parameters Betatron ICS

Energy range (keV) 5–200 100–20,000
Photon flux per shot 1011 108–1010

Bandwidth (%) 100 10–50
Peak Brightness 1025 1023

Photons in 0.1% BW 109 106

Beam divergence (mrad) 5–20 ∼10
Source size (µm) <5 <5

Pulse duration (fs) ∼10 ∼10
Repetition rate (Hz) 10 10
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4. Applications of Gammatron Light Sources

The unique properties of Betatron and ICS X-ray sources, such as a micron-sized
source, fs pulse duration, broadband spectrum, and photon flux over 1011 photons/shot,
support the realization of various applications in atomic physics, biomolecular sciences,
and in industrial applications [60]. Ultrafast time-resolved experiments can greatly benefit
from such X-ray sources, as they are all-optical, have jitter-free synchronization of the
pump pulse, and provide femtosecond temporal resolution in the pump-probe scheme.
Furthermore, the large-energy tunability and possible narrow band of the ICS X-ray source
can potentially be used in many applications in fundamental research and proof-of-concept
industrial applications, including some in dense material radiography; non-destructive
testing, screening, detection, and interdiction of special nuclear material; photo-fission;
nuclear radiology; explosive detection; and low dose radiotherapy. Some of the potential
applications which can be pursued at the Gammatron beamline are summarized below.

4.1. Applications of Betatron X-ray Source (5–150 keV)

Potential applications of the X-rays generated in the Gammatron beamline are broadly
classified into X-ray imaging, time-resolved diffraction and spectroscopy, and industrial
applications.

4.1.1. X-ray Imaging

(a) X-ray phase-contrast imaging (XPCI): It is the most common imaging scheme per-
formed with the partially coherent Betatron X-ray sources, as it offers superior contrast
compared to the traditional absorption contrast imaging, specially for imaging spec-
imens comprising lighter elements, such as soft biological tissues. The transverse

coherence length of the X-ray source should be greater than 1
2

√
λD
2

∼= O (1–10 µm),
where λ is the mean wavelength of the X-ray beam and D is the source-detector
distance, to facilitate such imaging [61,62], which is met by Betatron sources owing to
their small source size. A few instances of XPCI are already reported using Betatron
sources [30,33,63,64]. The schematic scheme of XPCI and XPCI of a dry bee-fly using
betatron source is shown in Figure 11. At the ELI Gammatron beamline, we will be
able to generate Betatron radiation in the energy range of 10–200 keV and photon flux
over 1011 photons per shot, which will be ideal for XPCI of biological samples with
various thicknesses, given that 10–40 keV X-rays are used for soft-tissue absorption
radiography (e.g., mammography) and 50–150 keV X-rays are used for harder-tissue
(bone) radiography.

Figure 11. (a) Schematic of the propagation-based XPCI using a Betatron source. (b) XPCI of a dry
bee-fly using a Betatron source.

Furthermore, short pulses and a high repetition rate allow motion freezing and time-
lapse imaging, enabling real-time visualization of dynamics in the morphologies of
biological samples (the respiration and circulatory system, the beating of a heart,
etc.). Apart from the inline XPCI, it is also possible to perform speckle-based phase
contrast imaging [65] and quantitative X-ray imaging techniques based on Talbot
interferometry [66] using Betatron X-ray sources.
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(b) X-ray radiography and Microtomography: Radiography and microtomography are
important methods employed in archaeology, biomedical sciences (both in vitro and
in vivo), developmental biology, electronics and microdevices, food and paleontology,
and various other fields [67]. A Betatron X-ray source is ideal for high-resolution ra-
diography. The micron source size allows high-resolution measurements by exploiting
high geometric magnification and relaxing the resolution requirements of the detector.
Additionally, the possibility of single-shot exposure owing to the high brightness of
the Betatron source helps to avoid vibration-induced artifacts in measurements, which
has been recently demonstrated [35,68].

(c) Subsurface probing of high-energy-density (HED) state materials: The laser-driven
shock wave is an efficient way to generate dynamic high pressure for exploring the
dynamical strengths of materials. Shocks are important in various fields of research,
such as condensed matter physics, nuclear fusion, HED science [69–72], and labora-
tory astrophysics [73,74], as they provide the ability to test the extreme conditions
of matter in terms of both pressure and temperature. This is extremely important
in inertial confinement fusion research, where a series of shocks compress the fuel
and capsules.
A high-power laser pulse can generate an ultrahigh pressure (tens of megabar to
one gigabar) or mechanical shock inside the irradiated material locally [69–71], cre-
ating an extreme state of matter with high temperatures and densities that causes
structural defects, local melting and fast recrystallization, phase transitions compo-
sitional inhomogeneities, etc. The laser-driven radiative shocks can be very dense
(ne > 1021 cm−3), and therefore, imaging these shocks requires a radiation source with
high-energy photons to penetrate high-density plasmas, and sufficient brightness
to overcome the plasma self-emission. High resolution subsurface probing is a key
method for a real-time diagnosis of material behavior and inhomogeneities at the
microscale. The Betatron X-ray sources have tremendous potential for applications in
HED science, as they have remarkable spectral, spatial, and temporal properties. Due
to their micron-scale source size, they possess significant spatial coherence, allowing
the phase contrast imaging of the thin shock front. The intrinsic temporal resolution
of the Betatron source is in the order of 10 fs, indicating that many ultrafast processes
could be probed without motion blurring and/or compromising spatial resolution. A
recent report demonstrated the ability of a Betatron source to image the laser-driven
shock wave propagating in matter [37]. Imaging the shock propagation in matter
using ultrafast X-ray provides a unique way to understand the material’s failure
mechanism and lattice defects with unprecedented resolution and provide real-time
measurements of the microstructural evolution in the sample.

(d) Quantum Imaging (QI): X-rays are ionizing radiation and hence can cause radiation
damage to the specimen during the measurement. The damage in the specimen can
be avoided by using the ultra-short pulsed X-ray sources, as proposed in the concept
of “diffraction before destruction” [3]. Currently, such damage-free measurements
are only possible with X-ray free-electron lasers; the other alternative to minimize
the radiation-induced damage is low-dose imaging. The application of low-dose
quantum imaging methods such as ghost imaging and interaction-free imaging has
been well-demonstrated with visible light and recently with X-rays [75,76]. These
methods are based on the intensity correlation of the reference beams and the object
beam, as in the Hanbury Brown and Twiss interferometry experiments [77]. However,
a major limiting factor in QI is the poor contrast of the images, which can be enhanced
by employing femtosecond Betatron sources [78].

4.1.2. Time-Resolved X-ray Diffraction and Spectroscopy

Time-resolved X-ray diffraction and spectroscopy are the primary techniques em-
ployed to understand the transitional phenomena in material and biological sciences,
which have atomic spatial resolution and temporal resolution in the order of tens of fem-
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toseconds [79]. Time-resolved experiments with X-rays were predominantly performed
with synchrotron X-rays. With the advent of X-ray free-electron lasers, improvement in the
temporal resolution of the methods has been achieved [80]. Complementarily, compact
femtosecond X-ray sources such as laser-driven K-alpha sources have also emerged for
performing sub-picosecond X-ray diffraction and spectroscopy [81,82]. These in-house
capabilities can be extended with the laser-driven Betatron X-rays, as they deliver pulses
which last about ten femtoseconds. Using the Betatron source, all the initial transitional
phenomena in chemical reactions, phase transition, lattice dynamics, vibrational motions,
spin cross-over, and conical intersection can be probed. The broadband spectrum of the
Betatron source is well suited for time-resolved X-ray absorption spectroscopy.

(a) Time-resolved X-ray Diffraction: X-ray diffraction is widely used for the structural
characterization of materials and biological specimens. X-ray sources are used to
provide structural details with atomic resolution. They can also reveal structural
dynamics if they can deliver X-rays pulses. The picosecond time scale can be unrav-
elled by the time-resolved experiments at synchrotrons. At the femtosecond time
scale, such studies are performed with X-ray free-electron lasers, laser-driven K-alpha
sources, and Betatron X-rays, and therefore, we foresee time-resolved diffraction as an
important end-user experiment for the Gammatron beamline at ELI beamlines, with
the possibility of the following measurements.
(i) Single Crystal X-ray Diffraction: It is the method of choice in both materials
science and biological science to obtain the structure of a material. Ultrafast time-
resolved X-ray studies of larger single crystals, especially in materials science, have
been reported previously with laser-driven K-alpha sources by following the dynamics
of the angular position or the intensity of Bragg peaks [83]. In biology, single crystal
structural studies with laser-driven K-alpha source were reported [84]. However,
the entire structure has never been revealed. Recently, a study showed that with
a direct detector operated at a kilohertz frame rate and with the flux comparable
to that from the laser-driven X-ray sources, structural studies of a single crystal of
the sizes of ∼50 microns can be performed [85], which emphasizes the possibility
to perform single-crystal Laue diffraction using the Betatron X-ray source at the
Gammatron beamline.
(ii) Time-resolved powder diffraction: Crystals of both inorganic and organic molecules
do not grow into sizes suitable for single crystal studies with traditional X-ray sources
and hence are investigated either with X-ray free-electron lasers or with electrons [86].
Alternatively, structural studies of such small crystals can also be done with pow-
der diffraction. Ultrafast time-resolved powder diffraction studies using various
laser-driven X-ray sources have already been reported [87], proving the possibility of
extending it at the Gammatron beamline too, making it a multi-functional user end
station.
(iii) Time-resolved small angle and wide-angle scattering (SAXS/WAXS) of solu-
tions: For the structural studies of small molecules and macromolecules, it is pre-
ferred that they are dissolved in solution rather than in the crystalline form. Probing
the structure of molecules in solution with SAXS and WAXS is a standard operation
at synchrotrons [88], and a recent report demonstrated SAXS/WAXS of biological
macromolecules using laboratory sources with 106 photon/s [89]. This brings a
bright perspective for the Betatron source to perform time-resolved structural studies
of solutions which allow investigation of bond formation and breaking dynamics,
ultrafast quakes in proteins, and several other structural transitions occurring at
sub-picosecond timescales.

(b) Time-resolved femtosecond X-ray absorption spectroscopy: Time-resolved fem-
tosecond X-ray spectroscopy has witnessed impressive growth and development
in the past decade [90]. These developments have been specially powered by XFELs.
The laser-driven X-ray sources have, however, played significant complementary roles
in the development of these methods. The Betatron source has a short pulse duration
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and a smooth broadband spectrum, which makes it an ideal source for time-resolved
X-ray absorption spectroscopy.
(i) Time-resolved X-ray absorption spectroscopy (TR-XAS): Time-resolved X-ray
absorption spectroscopy is a powerful tool in atomic physics, as it simultaneously
reveals both electronic and atomic structures [91]. The X-ray absorption near-edge
structure (XANES) and extended X-ray absorption fine structure (EXAFS) exploit
a wide range of applications in chemistry, material science, studies of gas-phase
systems, and/or complex biological samples. XAS has been extensively developed
at synchrotrons, with X-ray energy in the range of 1–30 keV and a limited temporal
resolution due to the duration of the synchrotron pulses (∼10 ps). For most processes
governed by atomic motion, such as structural changes and phase transitions, the
timescale of interest corresponds to one vibrational period, i.e., ≈100 fs. XFEL sources
are the most commonly used sources for TR-XAS experiments at the femtosecond time
scale. However, the betatron source that gathers a broadband smooth spectrum and
a femtosecond duration has been demonstrated to be as a powerful complementary
source [92–94].
(ii) Time-resolved X-ray emission spectroscopy (TRXES): In addition to the informa-
tion about the nature of bound ligands in a system [95], X-ray emission spectroscopy
provides complementary information to X-ray absorption spectroscopy, on the elec-
trons inside the specimen. TRXES has been demonstrated well with XFELs [96], and
the broadband emission from Betatron sources can extend the capabilities of such in-
vestigations. The broadband Betatron sources can be efficiently used for simultaneous
multi-excitation of the material, hence probing the charge and spin dynamics of both
the light and heavy atoms inside the specimen, including both the valence and core
electron dynamics.

(c) Simultaneous time-resolved X-ray spectroscopy and diffraction: Micron-sized ul-
trafast X-ray sources increase the flexibility of designing new tools for probing various
samples, as in simultaneous time-resolved X-ray spectroscopy and diffraction. While
X-ray spectroscopy provides information on the electronic, spin, and magnetization
states, X-ray diffraction provides structural information. For photo-excited systems
with non-radiative decay pathways, the system undergoes both electronic and struc-
tural transitions in tens of femtoseconds to picoseconds. Simultaneous measurement
of X-ray spectrum and diffraction enables the probing of such systems and uncouples
the electronic and structural transitions [97]. Additionally, this technique would bene-
fit the probing of systems such as hemeproteins, where the association/dissociation
of the ligands induces a change in the spin state and structural quakes in the system.
The Gammatron beamline has prepared a user platform to provide this experimental
capacity to the users.

4.1.3. Industrial Applications

The broadband energy spectrum and short pulse duration of the Betatron source makes
it a lucrative source not only for fundamental studies but also for industrial applications [98].
An immediate application of this source would be the X-ray radiography of biomedical
specimens. Conducting microtomography of bulk and composite materials, detecting
the impurities and cracks, X-ray tomography, and spectroscopy of energy materials [99]
are other applications of interest to the users from various industries. In battery systems,
changes in the electrodes occur at picosecond timescales or lower, owing to the time scales
of chemical reactions and/or charge transfer mechanisms occurring inside them. While
recommending next-generation battery candidates (such as Li-S, which has an energy
density of 2600 Whkg−1 compared to that of ∼600 Whkg−1 for Li-ion batteries) [100],
these reactions and the degradation dynamics of the electrodes must be investigated in
detail, as these are relevant to defining their charging cycles and hence their lifetimes [99].
Betatron X-rays at the Gammatron beamline can provide facilities for in operando X-ray
computed tomography and time-resolved X-ray spectroscopy to investigate processes
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mentioned above, contributing to the technologies supporting the development of new
battery materials.

4.2. Applications of an Inverse-Compton Scattering X-ray Source (150 keV–20 MeV)
4.2.1. High-Resolution Industrial Imaging: X-ray Radiography/Tomography

The penetration of high energy X-rays into matter allows the investigation of bulk
material, making hard X-ray and γ-ray radiography a widely used technique for non-
destructive evaluation (NDE) via X-ray computed tomography (XCT) in various industrial
applications. NDE is commonly used in manufacturing industries to assess design features
and inspect the effects of mechanical testing and damage that occur over the service lifetime,
as quality control is a key issue here. This includes the investigation of complex and large-
sized products in aeronautics, and the development of new materials and manufacturing
technologies. NDE, having high resolution in a short time, addresses challenges of the man-
ufacturing industry such as inspecting full-scale parts, and the part experiences an extreme
condition of heat and/or pressure, manufacturing tolerance in additive manufacturing for
accurate metrology.

The state-of-the-art industrial NDE with high spatial resolution, fast scan speed, and
element-specific analysis, is difficult to do with existing X-ray technology. The LPA-based
X-ray sources capable of delivering extremely bright X-ray pulses have ideal properties for
addressing these challenges. While their small source size allows for achieving excellent
spatial resolution, their energy tunability could be beneficial to revealing the chemical
composition of the sample via the K-edge subtraction method [101]. With this technique,
scanning the object provides information about its component materials and its density.
Projection-based imaging of dense objects using the all-optical ICS sources (photon energy
up to 200 keV) has been demonstrated in the last decade [21,102], demonstrating also the
single-shot imaging capability. The ICS source has also been used to demonstrate X-ray
computed tomography of dense and complex objects [103]. With a low-divergence, high
photon flux beam that operates at a high repetition rate (10 Hz), all-optical ICS X-ray sources
at the Gammatron beamline will be ideal for performing the high-resolution radiography
and tomography of dense objects in a short time. This source can be equally useful in
proof-of-concept experiments related to the identification of long-range concealed objects
by using the backscatter X-ray technique which is crucial in homeland security.

4.2.2. Nuclear Resonance Fluorescence (NRF)

Non-destructive detection and analysis of radioactive isotopes is one of the most
critical issues for both the non-proliferation of nuclear materials and the nuclear waste
management in the next generation of nuclear power plants. Non-destructive detection of
radioactive isotopes could enable the fast and accurate assay of large amounts of nuclear
wastes, reducing the cost dramatically and improving the quality of nuclear waste manage-
ment. An MeV-class laser-driven ICS source can be an ideal probe for the non-destructive
detection based on NRF, which is a process wherein a nucleus absorbs high-energy EM
radiation and consequently emits a photon of slightly lower energy in order to attain
equilibrium [104]. NRF provides a unique signature for each radioisotope of the nucleus
of interest and gives information on energies of the excited states, their angular momenta,
spin, parities, and their lifetimes, which are isotope-specific. Thus, the NRF is essential in
the analysis of nuclear waste, stockpile stewardship, homeland security, and mining work.
Since most of the nuclides have excitation states energy ranging from tens of kiloelectron
volts to several megaelectron volts, a high energy X-ray or γ-ray source is indispensable for
the NRF measurements. For instance, the nuclear fluorescence line of a light nucleon, i.e.,
lithium (7Li), is 478 kiloelectron volts, whereas it is 16 MeV for a heavy radioactive nucleon,
i.e., uranium (235U). Recently, it was experimentally demonstrated that a Compton source
can be a conventional accelerator, where the characteristic parameters of electrons can be
tuned [105] and broadband bremsstrahlung sources [106] can excite NRF process. Hence,
LPA-based X-ray sources are ideal to complement and/or replace the conventional NRF
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sources. Although MeV photons are generated in a Betatron source [107], the X-rays from
an ICS source are a more promising option, as they offer better energy tunability. Recent
experimental studies using sophisticated electron injection, guiding, and focusing though
a plasma lens showed that the bandwidth of electrons generated in LPA can be reduced
under 1% [108]. An electron bunch with such a narrow energy spread, when interacting
with a high-energy laser pulse, generates a narrow-bandwidth MeV-class ICS source. Such
an LPA-driven ICS source demonstrated ∼108 photons-s−1 within a 10% bandwidth at
13 MeV [109]. The ELI Gammatron beamline provides high photon flux in the energy
range of hundreds of kiloelectron volts to several megaelectron volts, facilitating NRF
investigations.

5. Conclusions and Perspectives

The Gammatron beamline, operating in two schemes, i.e, the Betatron scheme and
the TS/ICS scheme, provides bright ultrashort pulses ranging from soft X-rays to γ-rays,
which are relevant to realize a wide range of applications, as discussed in this report.
While ultrashort broadband X-ray pulses with a spectral range from a few kiloelectron
volts to few hundreds of kiloelectron volts are accessible in the Betatron scheme, a narrow
band beam of hard X-rays with a spectral range of a few hundred kiloelectron volts to
few megaelectron volts is available in the TS or ICS scheme. These X-ray/γ-rays can be
precisely synchronized with the pump pulse (that is split from the main driving laser
pulse), thereby facilitating time-resolved pump-probe experiments in a very broad range of
photon energies with atomic resolution. These photon sources can be used to investigate
the behavior of materials under extreme pressure and/or radiation conditions, having
applications in the selection and development of materials for space engineering and
fusion devices. In addition to the pump-probe studies, the Gammatron Beamline facilitates
X-ray imaging, time-resolved diffraction, and spectroscopy experiments, thereby having
wide applicability to physical sciences, chemical sciences, next-generation batteries, and
biomedical and industrial applications.

Moreover, the polarization of the ICS source can be tuned by changing the polariza-
tion of the second laser beam. The polarized hard X-ray beam can be efficiently used in
different applications such as magnetic microscopy [110], fluorescence imaging [96], and
characterization of magnetic materials in nuclear physics research [111]. The ICS source at
the Gammatron beamline will deliver a polarization tunable, quasi-monoenergetic, hard
X-ray source ranging from a few kiloelectron volts to one megaelectron volt, providing a
unique platform with which to test the magnetic materials.

ELI beamlines offer multiple lasers and bright, ultrashort X-ray pulses for user ex-
periments. With multiple laser beams available in the Gammatron beamline, exploring
extreme states created by laser-driven shock waves is possible with unprecedented spatio-
temporal resolution. In addition to the Gammatron beamline, ELI Beamlines also offers
a kJ-class long-pulse laser, L4n (1.8 kJ, 1 ns, 1 min/shot) [112], which can be employed
for the investigation of matter under extreme conditions. Together with a bright, ultrafast
hard-X-ray Betatron source [27], it is possible to exploit element-specific opacity mea-
surements [113,114] in a high-repetition regime and for various laboratory astrophysics
experiments at the ELI Plasma Physics Platform [115] as well.
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TS Thomson Scattering
ICS Inverse Compton Scattering
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ICT Integrated Current Transformer
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SAXS Small-Angle X-ray Scattering
WAXS Wide-Angle X-ray Scattering
TR-XAS Time-Resolved X-ray Absorption Spectroscopy
XANES X-ray Absorption Near-Edge Structure
EXAFS Extended X-ray Absorption Fine Structure
LCLS Linac Coherent Light Source
WDM Warm Dense Matter
TRXES Time-Resolved X-ray Emission Spectroscopy
NDE Non-Destructive Evaluation
NRF Nuclear Resonance Fluorescence
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25. ELI Beamlines—Dolní Břežany. Available online: https://www.eli-beams.eu/ (accessed on 7 November 2022).
26. Nejdl, J.; Mai, D.D.; Chaulagain, U.; Hort, O.; Finke, O.; Albrecht, M.; Jurkovič, M.; Lera, R.; Karatodorov, S.; Lamač, M.; et al.
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