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ABSTRACT

The P3 installation of ELI-Beamlines is conceived as an experimental platform for multiple high-repetition-rate laser beams spanning time
scales from femtosecond via picosecond to nanosecond. The upcoming L4n laser beamline will provide shaped nanosecond pulses of up to
1.9 kJ at a maximum repetition rate of 1 shot/min. This beamline will provide unique possibilities for high-pressure, high-energy-density
physics, warm dense matter, and laser—plasma interaction experiments. Owing to the high repetition rate, it will become possible to obtain
considerable improvements in data statistics, in particular, for equation-of-state data sets. The nanosecond beam will be coupled with short
sub-picosecond pulses, providing high-resolution diagnostic tools by either irradiating a backlighter target or driving a betatron setup to
generate energetic electrons and hard X-rays.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0022120

I. INTRODUCTION

ELI-Beamlines is a part of the Extreme Light Infrastructure (ELI)
project and will soon become one of the most powerful laser facilities
in the world."” Its experimental P3 platform for plasma physics is
presented in Fig. 1. With the possibility of focusing in the interaction
chamber up to four synchronized beams derived from the L3 (energy
30 J, pulse duration 30 fs, wavelength 800 nm, repetition rate 10 Hz)
and L4 (1.9 kJ, 150 fs, 1053 nm) lasers with peak intensities of up to
10> W/cm?, experiments in a broad range of domains such as
laser—plasma interaction, high-field physics, warm dense matter,
high-energy-density physics, and plasma optics can be carried out on
this installation.” © A detailed review of experiments to be performed
on this plasma physics platform can be found in Ref. 7.

L4n beam-1.9 kJ
(ns pulse shaping)

Of particular interest for the physics of matter in extreme states is =
the nanosecond high-energy L4n beam shown in pink in Fig. 1. The FIG. 1. The E3 experimental hall for plasma physics and beam configurations. The
uniqueness of this kilojoule-class system relies on its ability to operate ata L4n pulse (1.9kJ, 0.5 ns-10 ns, 1053 nm) is shown in pink. Three other beams will
high repetition rate with the ultimate objective of providing up to 1 shot/ also be available in E3: L4f (1.5 kJ, 150 fs, 1053 nm), L4p (available in 2022)

min. This exclusive feature is of great interest for high-energy-density (150 J-400 J, 150 fs to 150 ps, 1053 nm), and L3 (30 J, 30 fs, 800 nm, 10 Hz).

Matter Radiat. Extremes 6, 015401 (2021); doi: 10.1063/5.0022120 6, 015401-1
©Author(s) 2020


https://doi.org/10.1063/5.0022120
https://doi.org/10.1063/5.0022120
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0022120
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0022120&domain=pdf&date_stamp=2020-11-24
http://orcid.org/0000-0003-0125-0303
http://orcid.org/0000-0002-7225-0549
http://orcid.org/0000-0003-2829-7179
http://orcid.org/0000-0001-7532-5879
mailto:stefan.weber@eli-beams.eu
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1063/5.0022120
https://doi.org/10.1063/5.0022120
https://scitation.org/journal/

Matter and
Radiation at Extremes

RESEARCH ARTICLE scitation.org/journal/mre

TABLE I. Overview of the current performance of major high-energy laser facilities in a long-pulse configuration listing the name of the installation, the operating entity, the laser
wavelength in nanometers, the maximum energy available per shot, and the operating repetition rate.”

Installation Operating facility A (nm) Maximum energy (long pulse) Repetition rate
NIF LLNL (Livermore, USA) 1053 2.1 MJ (3w, 3 ns-15 ns) Every 8 h
LM]J CEA (Le Barp, France) 1053 1.4 MJ (3w, 3 ns-15 ns) Every 8 h
Omega EP LLE (Rochester, USA) 1053 30 kJ (3w, 1 ns-3 ns) Every 90 min
SG-II-UP SIOM (Shanghai, China) 1053 24 kJ (3w, 3 ns) Every 3 h
Gekko XII ILE (Osaka, Japan) 1064 10 k] (2w, 1 ns) Every 30 min
Orion AWE (Aldermaston, UK) 1053 5kJ] (3w, 1 ns) Every 45 min
L4n ELI-Beamlines (Prague, Czech Republic) 1053 1.2 kJ (2w, 1 ns-5 ns) 1 shot/min
VULCAN CLF, STFC (Oxford, UK) 1053 1 k] 2w, 1 ns—10 ns) 2 shots/day
PALS IoP (Prague, Czech Republic) 1315 200 J (3w, 250 ps) Every 25 min
LULI 2000 LULI, CEA (Paris, France) 1053 750 ] 2w, 1.5 ns) Every 90 min
MEC SLAC (Menlo Park, USA) 1053 60 ] (2w, 10 ns) Every 7 min
HIBEF Eu-XFEL (Schenefeld, Germany) 1053 100 J (1w, 10 ns) 10 Hz

physics experiments, since current high-energy facilities are generally
limited to one or two shots per hour. The performances of several fa-
cilities in a long-pulse configuration and their repetition rates at full
energy are listed in Table 1. '® The biggest installations, namely, the
National Ignition Facility (NIF) and the Laser Mégajoule (LMYJ) facility,
providing energies higher than 1 MJ and able to reach pressures of
hundreds of gigabars,’” '’ operate in single-shot mode. Facilities
with kilojoule-class lasers offer users up to 2 shots/h, with achievable
plasma pressures ranging from tens to hundreds of megabars.”””’
At the SLAC facility, the long-pulse system on the MEC platform
can generate dynamically compressed matter to several megabars
while probing it with bright X-ray free-electron laser (X-FEL) ra-
diation.”” This will also soon be possible at the HED instrument of
Eu-XFEL with the DiPOLE100X laser, expected to run at a con-
siderably higher repetition rate of 10 Hz.”" It follows clearly from
Table I that L4n stands out from current kilojoule-class laser fa-
cilities with its dramatically higher repetition-rate capacity.

An increase in the shot number capacity will have a significant
impact on fields related to inertial confinement fusion”* and
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Front End Amplifier 1
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10 PW compressor vessel
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laboratory astrophysics,”” where experimental campaigns can span
several years owing to limited access to laser infrastructures. In ad-
dition, modeling of matter under these extreme conditions can be very
challenging because of strong correlations between particles com-
pared with those in conventional plasmas. This considerably increases
the need for robust experimental data.

Interpretations of data in high-energy-density physics experiments
are not always straightforward and can lead to inconsistency among
different studies. This applies in particular to dynamic compression
experiments, which are affected by a shortage of statistics and large error
bars. Major discrepancies were found in SiO, equation-of-state (EoS)
measurements, which had a consequent impact on the determination of
the deuterium EoS.”® Accurate characterization of the properties of silica
is crucial since it is extensively used in hydrodynamic simulations and in
impedance matching measurements.”” For this reason and many others,
there is considerable interest among the scientific community in rem-
edying the problem of a small database.

Two solutions have been envisaged to overcome this lack of
statistics: either through obtaining more precise data by improving
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FIG. 2. Schematic of the L4 ATON laser in the high-power non-CPA configuration.
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the measurement techniques and diagnostics or by significantly in-
creasing the number of shots. While recent studies have proved that it
is possible to acquire shock velocity measurements with uncertainties
lower than 1%,”" we present here an alternative solution with the L4n
beamline, a long-pulse high-energy laser with unprecedented
repetition-rate capacities. Improved diagnostics techniques will also
be employed in the P3 installation.

The remainder of the paper is structured as follows. Section II
describes the properties and layout of the L4n beamline together with
the challenges arising from kilojoule-class laser operation at a high
repetition rate. Section I1I deals with perspectives for future exper-
iments, highlighting the specific contributions that L4n can provide
for the study of matter in extreme states.

Il. THE L4N BEAMLINE
A. L4 laser

The L4 laser will provide 10-PW-class peak power pulses, with
nominal energy of 1.5kJ and duration 150 fs. It is being developed by a
consortium of the National Energetics/EKSPLA and ELI-Beamlines.
An exhaustive description of the L4 laser is presented in Refs. 29-33.
In addition to ultrashort pulses, the L4 laser architecture shown in
Fig. 2 allows the generation of a nanosecond nonchirped pulse using a
long-pulse narrowband front end connected directly to the final Nd:
glass phosphate kilojoule amplifier. This amplifier employs face liquid
cooling of the active medium, making it possible to fire a full-energy
shot approximately every minute.

The compressor imaging system (CIS) is located in the hall
adjacent to the E3 hall. Its final purpose is to transport the chirped
beam from the laser to the compressor as well as the nonchirped beam
to the L4n beamline on demand. The L4n pulse has to be diverted
from the CIS path with a slide-in mirror. This is indicated as M4.5 in
Fig. 2. During its passage through the CIS, the beam is magnified to its
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TABLE Il. L4n laser specifications.

Beam dimensions 32 X 32 cm®

Central wavelength A =1053.2 nm

Energy 1.9 kJ

Pulse duration 7= 0.1 ns-10 ns

Strehl ratio ~0.5

Pointing stability <10 yrad

Beam shape Square super-Gaussian (order ~20)

final design aperture. The design of the CIS is shown in Fig. 3, where
(a) is the baseline optical scheme for the chirped beamline and (b) is
the layout for a long-pulse beamline with M4.5 mirror inserted up to
the vacuum window in E3.

B. L4n beam properties

The main L4n pulse specifications are presented in Table I1. The
central input wavelength is A = 1053.2 nm and can be converted to
Az = 526.6 nm with a frequency-doubling potassium dihydrogen
phosphate (KDP) crystal. This scheme is conceived for the dynamic
compression experiments. The use of a shorter wavelength allows a
higher ablation pressure on the target, along with suppression of
parasitic effects such as stimulated backscattering and production of
hot electrons.

In addition, several conditions are required on the laser to
enable the performance of high-energy-density physics experi-
ments in a repetitive regime: the laser driver energy has to be
reliable on a shot-to-shot basis, the intensity distribution over the
focal spot should be as uniform as possible, and a very precise and
reproducible pulse temporal profile is needed to control the
pressure in the sample.
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FIG. 3. Layout of the compressor imaging system (CIS) with its optical scheme in the chirped pulse beamline (a) and with the M4.5 mirror position defined from Zemax OpticStudio

simulations (b).
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C. Layout of beams in the E3 experimental hall

L4n experiments will be carried out in the E3 hall. The beamline
design in this area is shown in Fig. 4. The separation between vacuum
and air is made after the L4nW1 vacuum window at the entrance of
the E3 hall. L4n is then brought to the target chamber center (TCC)
level by two flat mirrors M1 and M2 held in a periscope tower. The
beam is then converted into second harmonic with a KDP crystal and
transported in air to the focusing system. This section of the beamline
is protected with aluminum covers for safety reasons. Two dichroic
mirrors M3 and M4 direct the beam to the P3 vacuum chamber and
filter out the unconverted 1w light. The energy contrast between the
lw and 2w components after reflections from the pair of dichroic
mirrors is about 2.5 X 107,

The L4n beam is then spatially smoothed with a phase plate.
Currently, two distributed phase plates (DPPs) designed for focal
spots with full width at half maximum (FWHM) of 500 ym and
700 ym are available. Initially, L4n will operate with a subaperture
circular beam of 25 cm diameter imposed by the dimensions of the
first set of KDP crystal and DPP available. The aspherical focusing
lens with a back focal length of 2600 mm is located outside the P3
interaction chamber owing to concerns about debris. Particular
attention is paid to ghost reflections, and the optical design has
been realized accordingly. More details are provided in Sec. IT D.
Finally, the beam enters the vacuum chamber, passes through the
debris shield, and is focused on the target. The debris shield is
antireflection (AR)-coated for the wavelength of interest. Targets
and most diagnostics will be located in the P3 vacuum chamber
of diameter ~5 m, height ~3 m, and total volume ~50 m>. This

5 meters

M2

M4

/Lens
M3 - . Debris shield
DPF 4

w2

FIG. 4. (a) Design of the L4n beamline in the E3 experimental hall. The L4n beam is
shown in pink up to the frequency-doubling KDP crystal. The converted 2w beam is
then shown in green. (b) Optical layout extracted from Zemax OpticStudio
simulations.

RESEARCH ARTICLE scitation.org/journal/mre

TABLE Ill. Requirements on the nominal L4n design.

Requirement Specification

Maximum energy lw 1.9 kJ
Maximum energy 2w 1kJ
Beam dimensions 25 cm diameter
initial phase
Maximum energy lw 1 kJ
subaperture beam
Conversion efficiency
Best spot diameter
Spot diameter
after conditioning
Nominal focus position

Best effort >60%
50 ym
>300 ym

+2 mm lateral/+5 mm longitudinal

Synchronization 20 ps
Pointing stability <5 prad on KDP crystal
Maximum repetition rate at 2w 1 shot/min

massive experimental chamber provides opportunities for various
setups with potentially a considerable number of diagnostics. The
nominal requirements regarding L4n beamline performance are
presented in Table II1.
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FIG. 5. (a) Diffraction-limited focal spot with 0.2° lens tilt and 1 W input power in a
square beam. (b) Focal spot with 0.42° lens tilt and 1 W input power in a square
beam.
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TABLE IV. Main specifications of frequency-doubling KDP crystal.

284 + 1 mm
59 +0.2°
>10 J/cm? at 1 ns

Clear aperture
Phase matching angle
Damage threshold

D. Description of main L4n beamline optics

The beamline will be initially equipped with a subaperture round
300 mm KDP crystal, thus limiting the first-harmonic energy to
1 kJ. The remaining optical elements are being procured for the
final square beam size as specified in Table II. The main focusing
lens is located in air between the phase plate and vacuum window
to avoid contamination or damage from the target debris. The
positions of the ghost foci have to be strictly controlled to avoid
damage to optical elements or plasma generation detrimental to
the beam integrity.

The design process resulted in a meniscus lens with one
aspherical side and a back focal length of 2600 mm. Only the conical
constant was used for the departure from sphericity. The nominal
focal spot diameter will be diffraction-limited if the phase plate is
removed from the beamline, as shown in the OpticStudio simulation
in Fig. 5(a). This is achieved despite the tilt of the lens and all the
elements downstream. The primary ghost of the lens stays within the
beam aperture but at a distance of 10 m, so that it cannot impact the 10
ns pulse. The remaining key ghost positions are located outside the
beam path. Other ghosts have lower intensity than the primary beam.
The lens can be tilted more if backpropagation is a problem during
operation without KDP and the ghost beam has to be driven out of the
beam aperture. The root-mean-square spot radius would still be
acceptable with a FWHM of ~50 ym [see Fig. 5(b)], which is con-
sistent with the requirements in Table I11.

The L4n pulse will be frequency-doubled with a KDP crystal
whose main specifications are listed in Table IV. The conversion
efficiency simulated with the Miro model*” is shown in Fig. 6 fora 1kJ
input corresponding to the maximum energy for the subaperture
beam. Reflectivity and transmission losses are included in the cal-
culation. For a 1 ns pulse duration, the conversion efficiency in the
second harmonic is ~80% and drops to half of this value for a duration
of 5 ns.

To achieve a uniform spatial pulse shape in the focal plane, two
phase plates have been procured. These plates have continuously
varying random phase profiles and are sol-gel AR-coated. The spot
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FIG. 6. Calculated KDP crystal conversion efficiency to second harmonic with 1 kJ
as energy input.
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FIG. 7. (a) Focal spot intensity profile (arbitrary units) simulated using wave front
data from one of the phase plates. (b) Horizontal slice of the intensity profile.

profile from a ray tracing simulation using the measured wave front
data of the first wave plate is shown in Fig. 7. The second wave plate
has a profile that is narrower by about 150 ym.

E. Repetition rate capacity

The repetition rate for the first experiment will be about one shot
every 10 min. This rate is chosen as a compromise based on analysis of
machine safety, the cooling rate of the conversion KDP crystal, and
the wave front stability of the laser. Active cooling of the KDP crystal
will be necessary in order to reach a higher repetition rate, since,
according to our calculations, the conversion efficiency drops rapidly
to 50% after several shots without cooling.

The actively cooled KDP system design is ongoing in parallel to
the L4n beamline design and will be implemented soon after the initial
experiments.

F. Beam diagnostics

The main laser diagnostics package will be located behind the
second dichroic mirror. A spare lens from the main beamline will
focus the leakage beam. The demagnified beam will be imaged to near-
field diagnostics at the main wavelength and the second harmonic and
far field at 2w. The energy will be monitored for both harmonics as
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well. The temporal pulse shape will be monitored by a high-
bandwidth (11 GHz) transient digitizer with a high-precision tim-
ing reference. The amount of backreflection to the laser will be
monitored for machine protection only if the KDP is not to be used.

G. Challenges with operation in a repetitive regime

High-energy lasers running at a considerable repetition rate face
many challenges. The following are the main issues that have been
foreseen.

First, the laser pulse quality needs to be good enough, with small
shot-to-shot fluctuations. This means that the intensity distribution
in the focal spot should be very stable and the temporal profile as
robust as possible. This is crucial to increase the accuracy of the
statistics in the datasets. Another major concern is related to targets.
Mass production of targets is required, since hundreds of them will be
shot per day.”” The experimental platform should also ensure rapid
positioning of targets within an accuracy of ~50 ym. Moreover, these
targets produce a large amount of debris, about a few micrograms per
shot, which can damage the optical elements. Thus, optical elements
in the vacuum chamber have to be protected by a debris shield. The
latter needs to be motorized so that it can be synchronized with the
target displacements and not alter diagnostic signals. Target frames
also have to be designed in such a way that debris from one target does
not affect neighboring targets.

Appropriate vacuum conditions (~10> mbar) have to be main-
tained in the chamber throughout the shot sequences. Given the volume
of the P3 interaction chamber (~50 m®) and the substantial pumping
system, this can be achieved without major difficulty. A big challenge is
the need to collect and analyze large datasets. This requires high storage
capability and the capability to perform on-line data analysis for rapid
interventions during shots, if needed. Detectors also have to be com-
patible with multiple successive acquisitions while being remotely
controlled. For example, image plates will no longer be appropriate for
X-ray diagnostics, since they must be replaced after each shot, while the
chamber cannot be vented between shots. Finally, protection from
electromagnetic pulses (EMPs) must be ensured. -3¢ This presents more
threats for future multibeam experiments with the L4f, L4p, and L3
beams employing femtosecond pulses. These experiments will also bring
the opportunity to perform direct EMP measurements. To mitigate the
potential effects of EMPs at ELI-Beamlines, a mesh-grid-based earthing
network is implemented. An EMP rack is available in the E3 hall for
protection of electronic equipment.

11l. PERSPECTIVES FOR FUTURE EXPERIMENTS
A. Pulse shaping to reach far-from-Hugoniot states

The use of steady shocks restricts studies to states along the
Rankine-Hugoniot adiabat. To access states far from the Hugoniot,
precise temporal shaping of the pulse is necessary. Various shock
loading techniques like those described in Ref. 39 will be implemented
in future L4n experiments. The temporal shaping resolution of an L4n
pulse is ~150 ps. A steady shock will be considered in the first L4n
commissioning experiment. If temporal pulse shaping is successful
and leads to reproducible and well-controlled shocks, more complex
pulse shapes will be used in future experiments.

Figure 8 presents several pulse temporal profiles and the cor-
responding states with respect to the Hugoniot adiabat in the P-p
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FIG. 8. The left panels show laser pulse temporal profiles providing access to the
Hugoniot adiabat and far-from-Hugoniot states. The right panels show the corre-
sponding trajectories in the phase plane P-p. (a) Steady and quasi-isentropic
compression. (b) Decaying shock and ramp compression. (c) Double shock.
Adapted from Refs. 39,40.

diagram. Aside from the steady compression [the solid line in
Fig. 8(a)], decaying shocks allow one to access several points along the
Hugoniot line [the solid line in Fig. 8(b)]. In the latter case, one can
use a square pulse profile of short duration (~1 ns or less). One
potential application of this scheme is to the study of phase transi-
tions. The use of ramp compression [Fig. 8(b)], where the laser power
gradually increases over the whole pulse duration, provides the
opportunity to characterize states along the isentrope.

In addition, more sophisticated pulse shaping techniques can be
used in dynamic compression experiments. This includes quasi-
isentropic compression [Fig. 8(a)], where a first weak shock is fol-
lowed by a ramp compression. The first weak shock brings matter to
states located on a higher isentrope compared with regular ramp
compression. This quasi-isentropic compression requires long pulses
and a high-energy (>1 kJ) laser. Finally, a double shock or “dynamic
precompression” [Fig. 8(c)] can provide access to states at lower
temperatures than the Hugoniot adiabat, which is relevant to studies
of planetary interiors."' Accurate control of timing and the laser
intensity profile is necessary, and moderate pulse energies of a few
hundred joules are sufficient.
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B. Demonstrating the benefit of the increase
of statistics in EoS measurements

One of the major contributions of the L4n beamline to the
scientific community will be an improvement in data interpretation
by decreasing the statistical errors in experiments performed with
kilojoule-class lasers. Such progress will be demonstrated under the
experimental conditions that have allowed ambiguous interpretations
in several works over the past years.

The element chosen for this study is magnesium oxide (MgO),
which is of great importance for planetary science since it is a major
component of the deep mantles of terrestrial planets and exoplanets.
Despite numerous studies in recent years, the MgO phase diagram
and the phase transition boundary conditions in the pressure-
temperature (P-T) diagram at high pressure (up to ~7 Mbar) are still
uncertain.”” *” Our experiment will provide a much larger amount of
data, thus improving the statistics, allowing for discrimination be-
tween models, and providing an unambiguous interpretation.

The experimental data will be compared with theoretical models
reported in Refs. 46, 47. While differences between theoretical predictions
are as low as a few percent, experimental points have more than 10%
uncertainty. That is why one of the main goals of our experiment will be
to reproduce published data with the improved statistics. As a first step,
the MgO EoS will be measured along the principal Hugoniot adiabat and
compared with the existing experimental data from Ref. 48. In the next
step, a technique of decaying shocks will be applied."” We will study the
solid-to-liquid phase transition in MgO and the boundary between the B1
and B2 crystalline phases.

C. Multibeam experiments

In future experiments, the high-energy L4n pulse will be coupled
with petawatt pulses produced by the L3 laser. Figure 9 presents two
possible configurations in the P3 vacuum chamber, with the L4n pulse
shown in green and the L3 pulse shown in yellow. In the long-focal-
length configuration, the L3 beam will be used for generation of a hard
X-ray pulse via betatron emission, and this will be directed to the TCC
at an angle of 112° with respect to the L4n beam. In the short-focal-
length configuration, the L3 beam will be directly focused to the TCC
at an angle of 58" with respect to the L4n beam for diagnostic
purposes.

FIG. 9. Configurations for multibeam experiments with L4n (green) and L3 (yellow)
pulses: (a) long-focal-length (5 m) configuration in which L3 is focused in a gas jet
and generates relativistic electrons and broadband hard X-rays at an angle of 112°
with respect to the L4n beam; (b) short-focal-length (f = 750 mm) configuration in
which the L3 pulse is focused by an off-axis parabola (OAP) at an angle of 58° with
respect to the L4n beam.
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In the long-focal-length configuration, L3 is focused over 5 m by
an f/20 spherical mirror in a gas jet and drives a relativistic electron
beam via laser wakefield acceleration (LWFA). The complete ex-
perimental layout of this betatron setup on the P3 platform is de-
scribed in Ref. 49. By using a laser pulse with an energy of 30 J and a
duration of 30 fs, the electrons can be accelerated to energies in the
range 400 MeV-1500 MeV with a total charge of up to 100 pC and a
divergence of less than 10 mrad.”’ These accelerated electrons
generate X-ray pulses via the betatron mechanism. The main
features of the betatron X-ray source are a broadband spectrum
(5 keV-100 keV), a high flux of ~10!! photons/shot, a small source
size (a few micrometers), a short pulse duration (<10 fs), a narrow
divergence (<20 mrad), and an inherent synchronization with the
driving pulse.”’ This source provides a very high peak brightness,
several orders of magnitude higher than conventional X-ray back-
lighter sources, because of its short pulse duration. The photon energy
of the source and flux can be tuned by varying the laser energy and the
gas jet design.” In addition, owing to the micrometer-scale source
size, this X-ray source possesses good spatial coherence, which also
enables phase contrast imaging.5 * For applications requiring a
focused X-ray beam, a broadband X-ray Kirkpatrick-Baez mirror
will be implemented in the interaction chamber.

In the short-focal-length configuration, the L3 pulse will be
directly focused on the target with an f/3 off-axis parabola (OAP).
This offers the possibility of generating hard X-rays>”* or high-
energy protons”’ from solid targets suitable for diagnostic purposes.
While a single high-energy laser pulse is sufficient for producing
X-rays and hot electrons in solid or compressed samples,”*”” sup-
plementary laser beams are generally needed for probing dense
materials. The following are examples of high-energy-density physics
experiments to be performed on the P3 installation with L3 and L4p
pulses in combination with an L4n high-energy pulse:

e Time-resolved pump-probe experiments can be performed in
warm dense matter, with the L4n pulse acting as a pump beam.
The broadband betatron X-ray beam will be used to perform time-
resolved X-ray absorption studies.”” With a high-flux betatron
X-ray source, it is possible to obtain absorption spectra in a single
shot.”" The ultrashort duration of betatron X-rays opens up the
possibility of observing phenomena occurring on a femtosecond
time scale.”” X-rays generated from backlighter solid targets are
also suitable for such measurements,”’ and they can also be
employed for X-ray Thomson scattering studies”* or diffraction
experiments using K, X-ray narrowband emission.””

e Bright and broadband betatron X-ray emission is an ideal source
providing a real-time, nonintrusive diagnosis of material behavior
at the micro- and mesoscales.”” It can be used for imaging of
strong shocks driven by the L4n laser. Shock wave propagation
can also be monitored by phase contrast imaging”’ or radiog-
raphy”*®” using X-rays from backlighter targets. Proton beams
produced by the interaction of intense L3 and L4p laser pulses
with solid targets can act as probes to characterize the electric and
magnetic fields in plasmas produced by the L4n pulse.”””’

e A nanosecond kilojoule L4n laser pulse can drive a hypersonic
radiative shock wave in a gas target, which is relevant to astro-
physical objects.”””” The downstream plasma can be compressed
beyond the critical density, and so commonly used optical plasma
diagnostics cannot probe these structures. The X-ray backlighter
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source’"”” and the betatron X-ray beam can provide a high-
temporal-resolution and high-contrast image of fast-moving
shock waves.

IV. CONCLUSIONS AND PERSPECTIVES

The L4n laser at ELI-Beamlines offers users a platform for high-
energy-density physics experiments at a high repetition rate. This is of
great interest in this field, where the available data suffer from poor
statistics. The first, short-term, objective is commissioning of the L4n
beamline and shock diagnostics in a dynamic compression experi-
ment. Implementation of active cooling of the KDP conversion crystal
will then allow the repetition rate to be increased to an unprecedented
level of 1 shot/min. This platform for high-energy-density physics will
subsequently be developed with complementary tools, including hard
X-ray and high-energy charged particle diagnostics, which can
provide key information about the structural evolution of materials
under extreme pressures and temperatures.
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