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Abstract

In this work, we discuss the challenges related to the preliminary investigation of high repeti-
tion rate (HRR) experiments in the field of high energy density (HED) physics, and we present
the results of preparation experiments done at the Prague Asterix Laser System (PALS) laser
facility conducted with the aim of defining the needed developments in target design, real-
time diagnostics and data collection needed to meet HRR requirements. Although the PALS
laser facility is not an HRR facility, it has served as a valuable test bed for advancing diagnostic
techniques and refining target design in preparation for HRR experimental platforms. HRR
operation will result in improved statistical errors of the experimental results, in particular for
experiments related to equation of state studies in extreme conditions.

Introduction

In recent years, new laser facilities have been developed that allow to deliver kJ-long pulses
at repetition rates much higher than what was possible until the recent past (typically 1 laser
shot/minute). Examples of such facilities are the L4n laser at ELI beamlines (Ref. 1), the
DiPOLE100X at Eu-XFEL (Refs 2, 3), the Matter in Extreme Conditions (MEC) platform at
LCLS (Refs 4, 5) and the high-energy/high-intensity laser facility PHELIX of the GSI (Refs 6,
7). Such facilities offer for the first time the possibility of performing high-energy density
(HED) physics experiments (Ref. 8) at a high repetition rate (HRR). HED refers to condi-
tions in which the energy density in matter exceeds 10" J/m’ and pressures are above 1 Mbar
(Ref. 8). Current large-scale laser facilities already allow accessing HED conditions, but the
shot rate is very low going from 1 shot every 30 minutes (for instance, at PALS (Ref. 9))
to a typically one shot per day to MJ-scale facilities (like NIF (Ref. 10) or LMJ (Ref. 11)).
Facilities operating at HRR will not only allow for more experimental results. They will also
offer the possibility of attaining data with statistical significance, with error bars obtained from
the standard deviation from several laser shots. This can open a new era in HED physics.
We must specify that the HRR in the domain of HED refers to shot rate of the order of
1 minute today, possibly approaching 0.1 Hz to 1 Hz in the future. This is different from what
is achieved with Petawatt (PW) short laser facilities which are currently operating at a rep-
etition rate of several Hz and may achieve ~ 100Hz in the near future. In any case, the
possibility of performing HRR experiments is not only related to laser performance. It requires
the use of an adequate diagnostic system and target holders that will allow multiple shots. In
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Figure 1. Experimental setup: the VISAR and SOP respectively measure the
reflectivity and the self-emission of the shocked sample on the rear side to infer
the shock velocity.

HED physics, diagnostics are used to measure and character-
ize the properties of matter under extreme conditions. They can
provide information on various physical quantities, including tem-
perature, density, pressure and the equation of state (EOS) of the
material (Refs 12, 13). Overall, diagnostics play a critical role in
HED physics experiments by providing the data needed to under-
stand the behaviour of matter in extreme conditions (Refs 14,
15). As technology continues to advance, new and more sophisti-
cated diagnostic techniques will continue to be developed, enabling
researchers to gain deeper insights into the properties of matter at
the extremes of pressure, temperature and density.

Although many diagnostics have been extensively used on low
repetition rate experimental platforms, their suitability for HRR
operation must be investigated (Ref. 16).

In addition, the target requirements are also different: HRR
operation implies the need for positioning and aligning the tar-
get also at HRR using a dedicated motorized target holders, but
it also implies that a laser shot on a given target will not affect,
damage or even destroy the targets to be shot afterwards. A charac-
terization of the debris emitted by the target is also needed, in view
of the protection of the targets, the diagnostic and the laser optics
themselves.

In this context, we conducted an experimental campaign at
the PALS (Ref. 9) laser facility to explore the challenges related
to HRR operation. Although PALS is a single-shot low repetition
rate facility (allowing 1 shot every ~30min), several questions
related to the preparatory study of HRR experiments can also
be studied here. Development of a target holder compatible with
HRR requirements and debris mitigation were among the main
challenges investigated in the campaign. At the same time, this
campaign has offered the possibility of implementing new diag-
nostic tools which were previously not available in the facility, such
as Shock Chronometry (SOP), Velocity Interferometry System for
any Reflector (VISAR) and Photon Doppler Velocimetry (PDV)
which will also be described in this paper.

Experimental setup
PALS laser facility

The iodine laser facility PALS (Ref. 9) can deliver energy in exam
of 200] with pulse duration of 250 ps full width at half maxi-
mum (FWHM) at the third harmonic ();, = 438nm). The
beam was focused to a 400 pum FWHM focal spot on target using
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phase-plate, giving an intensity of ~ 10"W/cm’. We utilized
multi-layer targets consisting of 10 4m CH, 400 nm Au and 100 zm
SiO, of dimensions 1.4 x 1.4 mm? supported by aluminium frames.
The design of the experimental setup is shown in Figure 1. Target
frames and alignment cameras were mounted separately on a
three-axis motion system as shown in Figure 2.

Experimental setup - target design

So far targets for low repetition rate HED experiments are designed
individually and individually aligned. However, HRR facilities have
to overcome this barrier and use targets which are compatible with
HRR operation. One simple design consists of the large-framed
sample as shown in Figure 2A and B, with motorized three or more
axis motion system with pm accuracy and user-friendly control
system.

In our experiment, the targets and target frame were designed
and fabricated by Technische Universitit Darmstadt (TUDa).
Frame dimensions, the number of targets per frame and distances
between targets are of primary importance. These parameters
must be fine-tuned and need to be adapted for each experiment,
according to the actual target characteristics and laser parame-
ters. In our experimental campaign, each frame contained nine
targets which were shot in a row without breaking the vacuum
in order to simulate the conditions similar to HRR as shown in
Figure 3. The frame contains alignment markers for target position-
ing. Each target is prepared separately and installed inside a hole
in the frame, protecting neighbouring targets from debris ejected
after the laser shot both in the forward and backward direction.
Several target frames containing 3 x 3 targets with different designs
have been tested in the experimental campaign at the PALS laser
facility. The targets are separated by a distance of 12 mm, which
was found to be sufficient to avoid damage to neighbouring targets
from the shock propagating along the frame when firing a specific
target. Figure 4 shows target frames with orthogonal and circu-
lar openings for the laser cone. The distance between individual
targets might have to be scaled with laser energy. A compromise
between a safe distance between targets and a large number of
targets per frame is essential to ensure compatibility with HRR
experiments. The entire target alignment process is based on soft-
ware developed in Python programming language. The concept,
motion control software and user interface were implemented and
tested by the target laboratory of TUDa.
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Figure 2. CAD design of details of the interaction chamber showing the target manipulator along with the alignment camera and the needle required for referencing the
target chamber center (TCC). Red cone represents the converging laser beam at the third harmonic.
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Figure 3. Conceptual design of the aluminium-framed target to be used with the detailed layer thicknesses and the laser cone. In the projected cut of the proposed design,
we show details on the height of the target and the thickness of the base-plate of the frame where the targets are glued.

Raw-data formatting (1) Efficient Storage and Access: HDFS5 is designed to handle large
amounts of data efficiently. Supports chunking and compres-
sion, which can significantly reduce file size and improve I/O
performance.

(2) Portability: HDF5 files are platform-independent, ensuring
that data can be shared and accessed across different comput-
ing environments without compatibility issues (conventional
computer to high-performance computing (HPC) systems).

(3) Scalability: HDF5 can manage datasets that are too large to fit
into memory, making it suitable for HPC applications.

(4) Metadata Support: HDF5 supports the storage of rich meta-
data alongside the actual data. This can include information

Development and commissioning of HRR facilities also need
the implementation of new data formatting standards to assist
real-time data handling and analysis, providing feedback during
and experimental campaign. For instance, raw data produced on
HRR facilities can be stored in hierarchical format HDF5 (Ref. 17)
that allow managing very large data file format of the order of
~100 GB. The HDF5 format is also applied to several hydro and
particle in cell codes as well (e.g. FLASH MHD code (Refs 18-22),
SMILEI (Ref. 23), EPOCH (Ref. 24), etc.) due to its versatile fea-
tures. The advantages and some key parameters of HDF5 format
are the following:
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Figure 4. A and C framed target with rectangular opening, and in the second column B and D, the frame with circular openings. In both cases, the frames included dummy

targets, alignment markers and the multi-layered sample of interest.

about the origin, structure and the meaning of data, which is
essential for data analysis and reproducibility.

(5) Compatibility with Multiple Programming Languages: HDF5
has APIs for various programming languages, including C,
C++, Fortran, Python and Java, being accessible to a wide
range of developers and researchers.

(6) Parallel I/O: HDF5 supports parallel I/O operations, enabling
efficient data read/write operations in HPC environments.

(7) Community and Support: HDF5 has a strong user commu-
nity and extensive documentation, helping users troubleshoot
issues.

Overall, HDF5 is a powerful tool for managing complex data in
scientific computing, engineering and various data-intensive appli-
cations, providing both flexibility and efficiency in data storage
and retrieval. Data handling and storing can be further assisted
with modern tools and algorithms by machine learning and maybe
using AL. HDF5 format is a standard format for many research
facilities around the world including large-scale laser facilities
(OMEGA at LLE, users can access the diagnostics data database
after the experiment) and research centres not related to laser
plasma such us particle accelerators CERN or GSI FAIR, where
big data are produced, stored and made available in real time to
researchers.

Debris characterization

Debris production is a common issue in HED physics experi-
ments that can affect the accuracy of measurements and damage
experimental equipment. Debris can be generated by a variety of
processes. Typical results of debris generated from multilayered
planar targets irradiated under different laser drive conditions are
presented in Figure 5. Several types of debris can be generated
during HED physics experiments, including:
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o Plasma debris, which is generated by the ablation of the target
material and the interaction of laser light with the target. Plasma
debris can interfere with measurements by scattering or absorb-
ing light and can also cause damage to experimental equipment
by depositing energy in unwanted locations.

« Solid debris, which is generated by fragmentation of the target
material due to compression and heating, as shown in Figure 5.
Solid debris can damage experimental equipment by impacting
and scratching surfaces. Debris is also generated by the inter-
action of high-energy particles with the target material. These
can cause damage to experimental equipment by depositing
energy in unwanted locations and can also be a safety hazard for
researchers.

There are several methods for mitigating the effects of debris in
HED physics experiments. Shielding can be used to protect exper-
imental equipment from debris by placing a barrier between the
target and the equipment. For instance, in future experimental
campaign pre-pulses can be used to reduce the amount of plasma
debris generated during an experiment by ablating some of the
target material before the main laser pulse. The target design can
be optimized to minimize the amount of debris generated dur-
ing an experiment. For example, targets can be designed with a
smooth surface to reduce fragmentation or with multi-layers struc-
tured to reduce plasma debris. Diagnostic design can be optimized
to minimize the effects of debris on measurements. For example,
diagnostic equipment can be placed in a way that minimizes the
amount of debris that reaches it. Also a motorized tapes acting
as debris shield can be implemented on HRR facilities or a large-
framed shield holder coupled to the target frame can be used as
an alternative option. Future work should investigate the cumu-
lative effects of debris on optical components and target align-
ment reliability over multiple consecutive shots in HRR conditions
(1-10 Hz).
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Figure 5. (Top) Examples of debris collected on shield in several PALS shots, at different laser drive conditions and target composition. Setup of the laser drive, target and
debris shield in planar geometry. The distance between target and shied is ~4 cm. High-quality transparent plastic debris shields were used and replaced after each shot.
(Bottom) Six representative debris shield scans are presented for different laser energies and target configurations. These include 25 pm Al foils used in shots
(#60956-#60961) at laser energies of 151.8, 118.7, 51 and 165 J, as well as stepped targets for shot #61041 (10 um CH/10 um Al base/ 33 pum Al step /51 um BN step) and shot

#61045, with laser energies of 112 and 133 J, respectively.

Diagnostics

The development of a precise diagnostic for HED physics in
HRR conditions is crucial for understanding fundamental physics
(Refs 25-28). Diagnostic approaches suitable for HRR operation
can be divided in three groups as follows: of course, to work
in HRR, these diagnostics must be coupled to active detectors,
e.g. replacing films with multi-channel plates detectors.

(1) Optical diagnostics

o Interferometry: Provides electron density profiles by mea-
suring the phase shift of light passing through plasma
(Refs 29, 30).
Schlieren and Shadowgraphy can provide researchers with
images that contain information on the density gradient in
the plasma (Refs 30, 31).

« Thomson Scattering: Offers detailed measurements of elec-
tron temperature and velocity distribution by measuring the
scattering of light-produced plasma electrons (Ref. 32).

o Optical Emission: Capture time-resolved optical emissions
(e.g. using streak cameras), providing images or spectra to
get insights into the temporal evolution of plasma (Refs 33,
34).

(2) X-ray Diagnostics

o X-ray radiography: uses X-rays to image dense plasmas,
revealing density structures and ablation processes in ICF
targets (Refs 35-37). Recent developments include the use
of X-ray Phase Contrast imaging (Ref. 38).

 X-ray emission spectroscopy: Analyses energetic, temporal
and spatial distribution of X-ray emission (including free-
free, free-bound and bound-bound electron transitions)
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to study energy deposition in targets and determine the
macroscopic parameters of the ionized matter (in particular
electron and ion temperature, density and particle veloc-
ity distribution) and processes occurring in the plasma.
Techniques like Ka and L-shell emission spectroscopy are
commonly used (Refs 39, 40).

o X-ray Imaging: Pinhole cameras, Kirkpatrick-Baez (KB)
microscopes and imagers based on diffraction of X-rays
from 2D-bent crystals are used to create detailed images of
plasma, providing spatial resolution of hot spots and other
features (Refs 41, 42).

(3) Particle Diagnostics

o Charged Particle Spectroscopy: Measures the energy and
distribution of ions and electrons, providing informa-
tion on acceleration mechanisms and energy transfer
(Refs 43-45).

« Neutron Diagnostics: Detects neutrons produced in fusion
reactions, offering insights into reaction rates and fuel con-
ditions in fusion experiments (Ref. 46).

Each of these diagnostics provides unique insights into dif-
ferent aspects of plasmas created by high-energy lasers, mak-
ing them essential tools for advancing our understanding of
these complex systems. In the following, we will just focus on
the use of optical diagnostics related to studies of shock waves
and EoS experiment (VISAR, SOP and PDV). These are indeed
examples of diagnostics, which are employed frequently in HED
physics experiments, and which provide online and real-time
detection, therefore they are suited for HRR operation. Indeed,
these are the diagnostics developments which we have introduced
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Figure 6. Results from PDV for shot #55017 for target CH/Au/SiO, the laser intensity was ~ 3 X 1()“W/cm2 on target with the fibres placed to look at two different angles 0°

(A), and 20° (B), respectively.

at the PALS laser facility in the framework of the present
work.

Shock diagnostics - PDV

PDV is a diagnostic technique commonly used in fluid dynamics,
shock physics and material science to measure velocity profiles and
shock velocities in high-speed events. It is a non-intrusive method
that relies on the Doppler shift of light to determine velocities.
PDV is a fibre-based diagnostic suited for the extreme conditions
created by high-speed impact, explosives, pulsed power machines
such us Z-pinch (Refs 47-49) or X-pinch devices (Ref. 50) and in
high-power laser-matter interactions. PDV is a heterodyne laser
interferometry that operates on the principle of the Doppler effect.
A probe beam is sent to the surface of the target of interest. A
portion of the reflected light is collected together and interferes
with the incoming probe light in a sensors, usually a photo-diode
or a photomultiplier tube. As the target moves, the reflected light
undergoes a frequency shift proportional to the target velocity,
which produces a beating with the incoming (unshifted) light. This
allows the frequency shift to be detected by the sensor and using
short-time Fourier transform algorithm and the Doppler equation,
PDV can measure velocities of reflecting surface ( or reflecting
particles) with high precision (Refs 51, 52).

PDV is a compact diagnostic, suitable for laser-matter inter-
action, which can be adapted to HRR experiments (Ref. 53), and
gives valuable information about high-speed phenomena without
disturbing the system under study. Some indicative cases are listed
below:

« Shock Physics: PDV is used to measure shock velocities and
study the propagation of shock waves in materials.

o Fluid Dynamics: It helps characterize the flow of fluids in high-
speed events such as explosions or impacts.
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» Material Science: PDV is used to study the behaviour of materials
under extreme conditions, such as high pressure or tempera-
tures.

From the data collected by the fast detector, it is also possi-
ble to get accurate values for the shock breakout times. This can
be done by measuring the signal on the same scope as a tim-
ing fiducial (e.g. a reflection of the drive-laser). Using short-time
Fourier analysis procedure on the obtained PDV signal, we obtain a
spectrogram.

From this we can obtain shock velocities in transparent mate-
rials or either free-surface velocity or the velocity of the debris
ejected from the shocked sample. Since the PDV imaging lens
attached to the fibre typically collects data from a small region
of the sample (in an area of < 100 um diameter), this makes
it ideal for stepped targets, where multiple probe fibres can be
set on the rear side of the target and at different angles, hence
probing deferent regions were particle population can be differ-
ent. Figure 6 shows the fast particle population obtained from
two probes placed at different angles 0° and 20° for the multi-
layered planar target. In Figure 6A at early times (0 — 4 us), we
observe a population of fast particles with high particle veloc-
ity >> 500ms™". These fast particles quickly leave the field of
observation. At later times > (4 us), we observe two distinct pop-
ulations of particles in free flight with velocities of ~ 500 and
~ 150 ms™!. On the other hand at 20° (Figure 6B), and at times
> 20 us, one can observe a large population of particles with veloc-
ities on the order of 400 ms~!, and a lower population of particles
with high velocity. For the plasma, the typical expansion takes
place at 10°ms™! (for a temperature of the order of a few hun-
dreds eV). However, the plasma recombines and vanishes more
quickly while the particle debris can travel in free flight to larger
distances.


https://doi.org/10.1017/lpb.2025.10002

Laser and Particle Beams

Grid Target
130pm spacing

-500 O 500
Space [um]

SOO'E — 1px=1.36pm
E
@ 600
P
€ 400-
D
<

200+

0 500
Space [um]

Figure 7. Grid test target was placed at TCC to optimize the SOP collection optics line and measure the extension of the field of view and spatial resolution. The separation

of the cells is 130 um.

Time [ns]

500

,_

-500

30001 =
3
[1v]
. 2000,
7))
{
E 10001
0 0 20

Figure 8. SOP results: (A) Self-emission from the rear side of a shocked target (10 xm CH/0.4 pm Au/ 100 pm SiO,). The small signal on the left is a time fiducial taken from
the interaction beam, (B) line out of the previous image (shot #55029), with laser energy 113 J at 3w giving an intensity of the order of (3.6 x 10"W cm™2).

Shock diagnostics - SOP

VISAR and SOP have been widely used in laser-shock experi-
ments, and their combination can provide the spatial and temporal
evolution of hydrodynamic parameters related to the shock prop-
agation in the target. The optical line used in our experiment at
PALS experiment for SOP and VISAR is shown in Figure 1. The
field of view of diagnostics and spatial resolution can be measured
by placing a grid on the target chamber centre and shine with an
alignment HeNe laser. The result is shown in Figure 7A with a
line out taken from raw data in Figure 7B. This results in field of
view (active observable area) of the order of ~750 um. Multiple
imaging optical configurations were utilized and evaluated. The
first configuration used a doublet achromat as the main imaging
lens referred to as f1 in Figure 1. In the second configuration, we
replaced the f1 lens with a photographic objective (Tamron 1:1,8
f=50 mm), which yielded a better imaging quality. A two-lens sys-
tem was employed to capture the shock break out signal and direct
it into a Hamamatsu Streak camera working in the visible range.
Typical shock emission signal obtained from SOP is shown
in Figure 8. The drive parameters for shot #55029 for CH/Au/SiO,
target, irradiated at 3w light, with energy 113] giving an intensity
on target 3.6 x 10"*W cm 2. The sweep window on the streak was
set at 20 ns and the slit width was of the order of 150 ;zm. Notice that
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in case transparent materials are used as ablators, it is advisable to
put a very thin opaque layer (< 100 nm of aluminium or carbon)
to avoid the effect of laser shine-through.

Finally, Figure 9A shows the SOP image obtained by focus-
ing the laser beam on an Al-stepped target. The target included a
10 um CH foil (with anti shine-through layer, 200 nm) followed
by a 10 um Al base and a 38 ym Al step. In the SOP image, the
shock breakout at the base and the shock breakout at the step
are clearly visible. This configuration is often used in laser-driven
shock-EOS experiments, where Al is often used as a reference
material (Refs 54, 55). Since the thickness of the step is known, the
results from SOP allow one to obtain the average shock velocity
in the step. In the case of stationary shocks, this allows recovering
all the thermodynamical quantities of Al by knowing its Hugoniot
curve.

Shock diagnostics - VISAR

VISAR is a velocity interferometer that measures the velocity of
a reflective surface by measuring the Doppler effect induced on
a probe laser beam that illuminates this moving surface. It has
been introduced by researchers from Los Alamos, and later it has
been mainly used for experiments relative to laser-driven shock
and studies of materials at extreme pressures. VISAR is based on
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Figure 9. (A) Typical SOP image of shock breakout from
the stepped target (shot PALS #61033), horizontal dashed
lines indicate the break out time in base (tp,s) and in the
step (tsp) of the sample. (B) Typical reflectivity image
obtained from VISAR, for the same stepped sample. Strong
signal of reflectivity is observed from the Al step up to
breakout time.

the Mach-Zehnder interferometer coupled to a streak camera to
obtain a time-resolved measurement (Refs 56-60). At PALS, we
implemented a system based on 2-inch optics which used a green
laser system at 527 nm as source of the probe VISAR beam. The
duration of such laser pulse could be adjusted from 50 to 320 ns.
During the initial stage, we begin the alignment and optimization
of VISAR setup with an energy of around 4 mJ and a pulse dura-
tion of approximately 50 ns FWHM. At the maximum power level,
we used a pulse energy of (18.0 £+ 0.2) mJ with a FWHM dura-
tion of 320 + 10ns. These are the input settings for the VISAR
laser probe, specifically for the first mirror of the optical setup. In
this experiment, the system was only used as a reflectivity diag-
nostics (i.e. one of the two arms of the interferometer is cut out).
Figure 9B shows the reflectivity image obtained from the same shot
of the SOP image in Figure 9A. We see on the right of the image
the reflection from the surface of the Al step, which suddenly stops
when the shock breaks out from Al rear surface. The reflection from
the Al base was weak due to a problem in surface reflectivity of this
target (and significant surface roughness). The horizontal intensity
spikes are due to the beating between the different modes of the
probe laser (not a single mode laser).

Both the VISAR and SOP systems used the same objective
lens, namely the Tamron 1:1,8 f=50 mm lens. Outside the vac-
uum chamber (60 cm from the objective), we positioned a dichroic
mirror. This mirror had the purpose of reflecting the green probe
beam emitted by the VISAR probe, while simultaneously allowing
the remaining emitted light for the SOP system to pass through.
The beam was subsequently sent to a Mach-Zehnder interferom-
eter with 2-inch optics and then directed by set of mirrors and
lenses to the slit of an Optronis Optical streak camera with S20
photocathode sensitive to visible range.

Hydro simulation

To interpret our experimental results, we performed 1D radia-
tive hydrodynamic simulations with the code MULTT (Ref. 61).
The laser pulse was Gaussian in time with a plateau duration
of 250 ps at FWHM at 3w. A set of SESAME tables was used
to perform the hydrodynamic simulations: table 7770 of pary-
lene, SESAME table 2700 for gold and SESAME 7385 for quartz
(Ref. 62). Tabulated EOS for different materials can be generated
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Figure 10. Density map from radiative hydrodynamic simulations using the MULTI
code. Simulation indicates shock breakout at the gold-quartz interface at 0.65 ns.
The target and laser parameters were the same as the ones stated in Section 2.

using quotidian equation of state (Ref. 63) and an updated ver-
sion of it FEOS in SESAME format and PrOpacEOS (Ref. 64) code
as well. The target thicknesses were 10 um CH - 0.4 um Au -
100 um SiO,. Figure 10 shows the density map reproducing the
shot #55029. We see a shock breakout in the gold/SiO, interface
at 0.65 ns. This is compatible with the breakout time observed on
SOP signal.

Several similar hydrodynamic simulations codes are extensively
used by the laser plasma-community (e.g. 1D MULTI (Ref. 61),
LILAC (Ref. 65), ESTER (Ref. 66), HYADES (Ref. 67), etc.).

Although such 1D hydro are quite fast, in order to allow their
use in real time could be possible to combine them with physics-
assisted machine learning methods combined with genetic algo-
rithm’s. This method could also be implemented and coupled to
2D or 3D hydro codes such as MULTI-2D (Ref. 68) and FLASH
code (Refs 19-22), which on the other hand require more computa-
tional time as well. Such codes will provide valuable information on
the planarity of the shock wave that is moving through the sample.
Moreover, physics-assisted machine-learning is also necessary for
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handling large amount of data that are generated from such simula-
tions on large HPC systems and from the HRR experiments. While
Al and machine-learning offer potential for HRR diagnostic devel-
opment and simulation codes, their application and validation are
still pending, as for this study we do not present such results since
it was not the main focus of this experimental campaign. Finally,
they could assist with the interpretation of the diagnostics results
(Ref. 69).

Conclusions

In this paper, we presented some of the technical challenges related
to the development of HRR experimental platforms for HED
physics using high-power laser facilities. Such facilities (e.g. L4n
ELI beam lines) may open new perspectives in HED science which
were not accessible using low-repetition-rate facilities. They may
allow getting increased sets of data with statistical significance.
New development pathways must be addressed to facilitate the
needs of the HRR facility in terms of targets, safety, simulation
codes, diagnostics, data handling and analysis in real time. Future
work will need expertise from both inside and outside the laser-
plasma community to improve and use these techniques in exper-
iments. We will also need to identify specific scientific goals that
novel approaches can achieve in the field of HRR science. In future
experimental campaigns, further validation under real HRR condi-
tions, with consecutive shots at high frequency (e.g. 1-10 Hz), will
be necessary to confirm the suitability of VISAR, SOP and PDV for
HRR.
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