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Abstract
The physics of compressible turbulence in high energy density (HED) plasmas is an unchartered experimental area.
Simulations of compressible and radiative flows relevant for astrophysics rely mainly on subscale parameters. Therefore,
we plan to perform turbulent hydrodynamics experiments in HED plasmas (TurboHEDP) in order to improve our
understanding of such important phenomena for interest in both communities: laser plasma physics and astrophysics. We
will focus on the physics of supernovae remnants which are complex structures subject to fluid instabilities such as the
Rayleigh–Taylor and Kelvin–Helmholtz instabilities. The advent of megajoule laser facilities, like the National Ignition
Facility and the Laser Megajoule, creates novel opportunities in laboratory astrophysics, as it provides unique platforms
to study turbulent mixing flows in HED plasmas. Indeed, the physics requires accelerating targets over larger distances
and longer time periods than previously achieved. In a preparatory phase, scaling from experiments at lower laser
energies is used to guarantee the performance of future MJ experiments. This subscale experiments allow us to develop
experimental skills and numerical tools in this new field of research, and are stepping stones to achieve our objectives
on larger laser facilities. We review first in this paper recent advances in high energy density experiments devoted to
laboratory astrophysics. Then we describe the necessary steps forward to commission an experimental platform devoted
to turbulent hydrodynamics on a megajoule laser facility. Recent novel experimental results acquired on LULI2000, as
well as supporting radiative hydrodynamics simulations, are presented. Together with the development of LiF detectors
as transformative X-ray diagnostics, these preliminary results are promising on the way to achieve micrometric spatial
resolution in turbulent HED physics experiments in the near future.
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1. Introduction

Turbulence is a phenomenon that pervades most liquid,
gas, and plasma flows in engineering and nature, ranging
from high-speed engines, nuclear fusion power reactors to
star formation in molecular clouds[1], and supernovae[2].
Seventy years have passed since Kolmogorov formulated
his successful theory of incompressible turbulence, yet one
observes a stark absence of an analogous framework to
describe high-speed flows with significant compressibility
effects, such as in the aforementioned systems. An exact
Kolmogorov-like scaling law for compressible turbulence
(based on the density-weighted fluid velocity) has just been
demonstrated very recently[3]. A key remaining unsolved
question is the transition of a flow to a turbulent state and
over what time span does this transition occur. The transition
to turbulence in a high density and compressible medium
is probably the least understood problem in high energy
density matter, either theoretically or experimentally. Novel
laser facilities, such as the National Ignition Facility (NIF)
and the Laser Megajoule (LMJ), are unique energy drivers
which allow creating high Reynolds and high Mach numbers
flows in the laboratory and measuring for the first time the
transition to turbulence in hot dense plasmas.

High energy density physics (HEDP)[4] in the laboratory
is a field that emerged in the last two decades[5] thanks to
the development of high power laser facilities. The high
energy density regime refers to energy densities exceeding
1011 joules per cubic meter (E/V > 1011 J/m3), which
cannot be achieved in static laboratory experiments. One of
the most relevant HEDP areas is laboratory astrophysics[6].
High power laser facilities are already being used to perform
experiments in a parameter range where scaling relations
could be applied to extrapolate the results of plasma physics
studies to astrophysical conditions[7].

While the issue of hydrodynamic instabilities has been
identified since the beginning of the field of HED laboratory
astrophysics, and scaled laser experiments performed (see
Ref. [6] for a review), turbulent HED plasma flows were just
approached very recently[8]. This is mainly due to a lack of
laser energy to sustain HED flows for a sufficiently long time
to transition to a turbulent stage[9, 10]. The next generation of
HED laboratory plasma experiments to be performed on the
NIF[11] and LMJ–PETAL[12, 13] places us at the frontier of
a new regime in physics. Megajoule (MJ) scale lasers open
up novel areas of research and also push existing areas into
qualitatively new regimes either identical or similar to the
astrophysical ones.

We propose to bridge the gap between the compressible
turbulence and HED plasmas by performing laser plasma
experiments in these unexplored regimes. The challenge is
to isolate specific processes that satisfy a scaling relation
between the laboratory and astrophysics and to use exper-
imental data to validate the physical models identified in

the simulations. We will in particular focus on supernova
remnants (SNRs) because understanding their morphologi-
cal evolution is important to assess both explosion models of
supernovae, of which SNRs are fingerprints and large scale
models of the turbulent interstellar medium (ISM), for which
SNRs are seeds. It has long been argued that SNRs would be
subject to fluid instabilities[14, 15]. The question is whether
these fluid instabilities alone are sufficient to explain the
observed morphology.

We follow an analytical and step-by-step approach and
concentrate first in a planar geometry on one of the canoni-
cal hydrodynamic instabilities leading to turbulence[16]: the
Rayleigh–Taylor instability (RTI) prevalent when a heavy
fluid is supported by a lighter one. The Kelvin–Helmholtz in-
stability (KHI), which arises from adjacent fluids streaming
at different velocities, could also be studied as a side effect
of the RTI at the highly nonlinear stage. In HED flows these
instabilities are complicated by strong shock waves, steep
density gradients, nonideal equation of states and nonlocal
energy transport by particles and radiation. Until now, few
laboratory experiments have explored the combined effect of
instability growth and radiative effects[17]. An outstanding
uncertainty is whether the properties of materials at HED
conditions will modify the understanding developed from
non-HED experiments.

The TurboHEDP project aims to tackle the following
questions.

— How to create compressible hydrodynamic instabilities
in laser plasma experiments relevant for our understanding
of astrophysical phenomena?

— How to measure the development of these instabilities
in their turbulent stage with enhanced spatial and temporal
resolution?

— How to simulate these HED experiments accurately and
leverage the results to improve astrophysical codes?

Our goals are therefore to study the physics of turbulent
flows in HED plasmas, to develop the appropriate numerical
tools and to prepare future experiments on larger scale facil-
ities through experimental campaigns performed at subscale
laser energies. This will allow us to create both experimental
and numerical platforms with predictive capabilities, and to
leverage the results to improve astrophysical simulations.
The interplay between experiments and simulations, at the
core of our research project, is schematized in Figure 1. The
paper is organized as the following. In Section 2, a reminder
about the physics of young supernova remnant explosion
is given and we review the state of the art of nonlinear
hydrodynamics experiments in HED plasma. Then we draw
the envisioned roadmap of our experiments. In Section 3,
novel experimental results acquired for RTI experiments in
deceleration on the LULI2000 facility are presented. These
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Figure 1. Schematics of the tasks of the TurboHEDP project with their interactions.

data define the baseline for future LMJ–PETAL experiments,
whose design is presented in Section 4 Conclusion and
perspectives are given in Section 5.

2. State of the art of laser-driven hydrodynamics experi-
ments relevant for laboratory astrophysics

2.1. Astrophysical applications

Among the many astrophysical situations where Rayleigh–
Taylor and Kelvin–Helmholtz instabilities occur, let us con-
sider first simple cases with pure hydrodynamic flows and
without complications related to radiation transfer or losses.
One such particular example is a young supernova remnant
of an age of a few hundred years, developing in a uniform
interstellar medium. The cold ejecta expands with a homol-
ogous density profile ρ(v) falling down steeply (as a power
law or an exponential) in the outer layers that first meet the
ambient gas. This leads to a double shock structure (the main
blast wave propagating into the ambient gas and the reverse
shock into the ejecta) resulting in an expanding shell of hot
gas. The pressure increases outwards in the hot gas (the
gas decelerates), while density decreases outwards inside the

shocked ejecta[18, 19]. These opposite pressure and density
gradients lead naturally to RTI, as qualitatively observed
in Chandra X-rays images of the famous Tycho (SN 1572)
SNR.

One of the main results of those morphological obser-
vations is the measure of the shell width of the shocked
ambient gas. This width is inversely proportional to the
compression at the shock, which is equal to 4 (corresponding
to the polytropic index γ = 5/3) for a strong shock in
ionized gas. However cosmic-ray acceleration at the shock
front leads to stronger compression. In other words the width
of the shell is a measure of how much energy goes into
the cosmic rays in the shock. This observable is however
impeded by the RTI which makes it impossible to locate
precisely the contact discontinuity. It is therefore necessary
to rely on simulations[18] to estimate the extent of the
RTI fingers and convert the measurement (how close the
ejecta gets to the shock) into the desirable parameters.
These simulations at the astrophysics scale can be compared
to the results of a laser-initiated flow to check that they
reproduce the controlled experiment, enhancing confidence
in the underlying physical models.

In a young SNR the flow is diverging (3D dilution) so
the acceleration that drives the RTI is decreasing with time.
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For a power-law density profile in the ejecta the evolution
is self-similar and (after a brief period of initial growth)
the extent of the RT fingers remains a fixed fraction of the
radius[19]. This situation can be modeled in an experiment
with an equivalent Atwood number A = (ρ1 − ρ2)/(ρ1 +

ρ2) that can be fitted in a simulation. Therefore, based
on astrophysical observations and the state of the art of
3D simulations, we can define a scaled laser experiment.
The measurement of the extending of the RTI mixing zone
for various initial conditions (2D versus 3D initial pattern)
will be used to benchmark the astrophysical simulations,
enabling eventually a progress in the understanding of back-
reaction of particles on the SNR evolution[18, 20].

2.2. State of the art of nonlinear hydrodynamics HED
experiments and TurboHEDP experimental roadmap

2.2.1. Advances in nonlinear hydrodynamics HED experi-
ments relevant for laboratory astrophysics
Supernovae (SN) are transient astronomical events with
spectacular brightness which originate from the explosion
of a massive star at the end of its life. Gravitational SN ex-
plosion occurs when the core suffers a gravitational collapse
that sends a shock wave through the surrounding shells of the
extinguishing star. This phenomenon is a beautiful example
of singularity in compressible fluid mechanics[21]. The most
famous and observed SN is probably SN1987A, which has
been the first one to be detected and followed by science in
the modern days. Until now, existing models fail to explain
the degree of mixing and the observed outward velocities
of material ejected from deep layers in the star[22]. These
inconsistencies gave birth to numerous laser astrophysics
experiments relevant for SN[6, 23]. Despite a certain level
of nonlinearity, the loss of memory of initial conditions
(one of the criteria of a turbulent flow) does not happen in
these experiments. Limitations are primary due to the lack
of sufficient laser energy to sustain steady shock conditions
long time enough to enter the highly nonlinear stage of the
RTI[9, 10].

The morphological structure of SNRs is the key link
between stars and ISM. Being fingerprints of SN explo-
sions, SNRs are so energetic that their outflows provide a
mechanism of turbulence injection in the ISM[24]. A super-
sonic turbulence is prevailing at all scales within ISM and
determines the star formation rate in molecular clouds[25].
The ISM turbulence is nevertheless magnetized and mag-
netohydrodynamic (MHD) flows are out of scope of this
project. However shear driven flows are also candidates
for turbulence injection and magnetization in the ISM[26].
Jets propagating through the interstellar medium are also
potentially susceptible to drive instabilities, such as the shear
Kelvin–Helmholtz and RT instabilities[27]. The prototype of
a shear driven flow is in fact the KHI which occurs when a

velocity shear difference exists at an interface between two
fluids. The KHI is the natural companion of the RTI. At the
nonlinear stage of RTI, while denser spikes penetrate through
a low-density material, small perturbations at the spike
surface can grow due to the KHI, resulting in mushroom-
like structures as partially visible in Ref. [23]. In contrary to
classical fluid and gas experiments, the first measurements
of KHI in HEDP were only performed recently[8].

When looking at the experimental radiographs in Refs. [8,
23], one could say that a turbulent HED stage has not yet
been reached. Schematically, turbulence requires very high
Reynolds numbers in excess of 105. A minimum turbulent
state has been defined by Zhou with Rem = 1.5× 105 [28].
The Reynolds number Re is defined as the ratio Re = U L/ν
where U is the typical fluid velocity, L the characteristic size
of the experiment and ν the kinematic viscosity. Increasing
Re in laser experiments means driving a larger sample at
a higher velocity, which translates into the necessity of
greater laser energy. Increasing the lateral dimension L of
the target allows also avoiding boundary effects. In fact,
rarefaction waves propagating back from the lateral sides are
detrimental and perturb either the measurements and/or the
interpretation.

That is the reason why MJ class laser facilities such as
LMJ–PETAL[12, 29] and NIF[11] are real game-changers in
the field of HED hydrodynamics. They allow accelerating
a larger sample over a longer time period than previously
achieved. Not only the laser energy is important but also
the time duration of the laser pulse, which defines the
acceleration time. For the RTI-driven turbulence, the tran-
sition to turbulence depends on merging of bubbles. Initial
perturbations of the interface develop into a mixing zone
made of the rising bubbles of a light fluid interleaved
with falling spikes of a heavy fluid (see Figure 2(a) at
ablation front as an illustrating example). When the initial
perturbation is multimode, the flow is governed by a bubble-
competition, bubble-merger regime with larger bubbles over-
taking smaller ones[30]. After 2–3 merging generations a
self-similar regime is reached where the RTI bubble front
hb evolves as hb = αb Agt2[31]. Longer acceleration time
leads therefore to more bubbles merging and a larger mixing
zone[32]. The same analysis based on 2D statistical models
leads also to self-similar evolution laws for Richtmyer–
Meshkov instability (RMI) and KHI mixing zones[33, 34].
A general question for all of these instabilities is what
determines the late-time asymptotic structure of the mixing
region. For RTI, what are the value and the dependence
of the parameter αb on the initial conditions[31, 34]? This
question remains open and has not yet been addressed in
HED plasmas, whereas αb is a key subgrid parameter in SN
simulations[15, 35].

A striking demonstration of the experimental capabilities
enabled by a MJ laser facility is shown in Figure 2. The
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Figure 2. (a) FCI2 calculations showing bubble-merger regime for indirect-drive experiments on NIF[10, 31, 32]. (b) Experimental configuration with
simultaneous face-on and side-on radiographies. (c) Face-on radiograph acquired at t = 18.7 ns. (d) The lineout extracted from (c) shows how the initial
broadband pattern (in red) has evolved into 6 main bubbles as a result of the bubble-competition regime.

Discovery Science Ablative RTI proposal on NIF was de-
voted from 2013 to 2015 to the study of the highly nonlinear
stage of the ablative RTI[9, 10]. Thanks to a 20-ns-shaped
laser pulse and ∼266 kJ of laser energy, a bubble-merger
regime for RTI at ablation front has been evidenced for the
first time in indirect drive starting from a 2D broadband pre-
imposed modulation[36–38]. The experimental configuration
is shown in Figure 2(b). A major advantage of multibeam
laser facilities is the capability to perform simultaneous
radiographies along different lines of sight. Figure 2(c)
displays a typical NIF face-on X-ray radiograph acquired
at late time. The consecutive black and white vertical lines
correspond to 2D RTI bubbles and spikes. Lineouts across
the image evidence the bubble-merger regime. Starting from
the initial pattern shown in red in Figure 5(d), 50 initial
bubbles have merged, leading to 6 principal bubbles at
18.7 ns[38]. These results were obtained within a minimum
number of shots (6), demonstrating the ability of large scale
facilities to deliver reproducible drive conditions.

The work described in details thereafter builds on these
recent experimental successes, with the ambition to take us
to a qualitatively new level of what we can do in terms
of scaled laboratory astrophysics experiments. Reaching a
turbulent regime for RTI at a classical interface requires
accelerating samples over timescales of tens to a hundred
nanoseconds of drive, with velocities of a few tens µm ·ns−1

and sample lateral size of a few millimeters to avoid the
detrimental effects of lateral rarefaction waves. Accelerating
samples over such a long time with X-ray drive (even with
the recently developed multi-barrel hohlraum concept[39, 40])

without stagnation effects seems difficult. Direct-drive (DD)
experiments are the right solution and constitute the heart of
the TurboHEDP project. DD physics can moreover be simu-
lated with academic radiative hydrocodes, such as CHIC[41]

and FLASH[42]. The development of a predictive numerical
platform for DD experiments on LMJ–PETAL is synergetic
with the recent commissioning of a long-pulse DD platform
on NIF[43].

As well as our understanding of cosmos has improved
with the development of space-based X-ray observatories,
we should gain in precision in laser plasma experiments with
the development of transformative X-ray diagnostics. X-ray
radiography is indeed the workhorse of HED hydrodynamics
experiments. The need of a large (0.5 mm) field of view 2D
X-ray imager with the spatial resolution <10 µm has been
identified on large scale laser facilities. These capabilities
could be achieved with grazing angle-of-incidence mirrors
imaging systems like Kirkpatrick–Baez microscopes[44–46],
which offer the best solution in terms of resolution versus
signal to noise ratio. The X-ray imagers of the LIL facil-
ity were all based on the Kirkpatrick–Baez microscope[45]

and the first LMJ imager operational in 2014 also works
with grazing incidence mirrors[46]. A high-resolution X-ray
imaging diagnostic is operational on the NIF[44], and under
development on LMJ[47]. In the following, we will present a
novel diagnostic, based on lithium fluoride detectors.

The radiation may have an important effect on the RTI
evolution in laser plasma experiments[48] as well as in
astrophysics[49]. Radiative shocks are a fundamental aspect
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Figure 3. Envisioned laser plasma experiments within the TurboHEDP project. The higher the laser energy and the longer the laser drive, the more
nonlinear HED flows become, with the final goal to create on LMJ turbulent HED flows. Typical side-on views of ablative RTI single-mode and multi-

mode simulations[10, 36] are shown to illustrate the increasing level of nonlinearity of the flows expected on each facility.

of astrophysical and high energy density systems because
any fast enough shock wave becomes radiative[50, 51]. This
happens because radiative energy fluxes increase stronger
with the increasing shock velocity than kinetic and thermal
energy fluxes do. Understanding the physical properties of
radiative shock waves is fundamental since they are the basis
of the interpretation of numerous astronomical observations,
ranging from the magnetospherical accretion in young stellar
objects to cataclysmic variables, and accreting neutron stars.
In particular the Vishniac instability has been identified in the
late radiative phase of evolution of a supernova remnant[52].
Whereas the filaments observed in the Crab Nebulae could
be due to RTI, observations of other supernovae (SN 1006,
Cygnus Loop) have shown density and spatial fluctuations
consistent with the predictions obtained in the linear regime
of the Vishniac instability[53]. Until now very few laboratory
experiments have demonstrated instabilities at the front of ra-
diative blast waves[54]. While our work is primarily focused
on young SNRs where radiation is not at play, a longer-
term goal will be also to explore the effects of radiative
losses. The radiative properties of the plasmas during the

period of target acceleration and the RTI development could
significantly modify the hydrodynamic characteristics. For
example, during the nonlinear stage of RTI, the dense fluid
forms elongated structures – spikes – penetrating in a light
fluid. Then, if the mean free path of the photons emitted from
the spike is greater than its characteristic diameter, the spike
cools down, becomes denser and propagates faster due to the
radiative losses. NIF and LMJ provide the unique opportu-
nity to explore the combined effect of instability growth and
radiative effects[55], promising to achieve the pressure-driven
thin shell phase relevant for the Vishniac instability[56].
Extensive research on radiative shocks has been performed
in the past decade, either theoretically[57] or experimentally
on LULI2000[50], Gekko XII[58], or Orion[59].

2.2.2. Experimental roadmap
Achieving accurate results within a few shots on a MJ laser
facility is challenging and requires preliminary experiments
and a step-by-step approach. In Europe, there is a wide
spectrum and a high level of laser facilities (LULI2000,
Vulcan, Orion) having a laser energy in the range of 1–2.5 kJ
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Figure 4. (a) Schematic of the targets design for a bottom-up X-ray radiograph using Pico2000 laser beam. (b) Target chamber layout. (c) Example of a
fabricated modulated package produced at Scitech. The pre-imposed ripples are visible in the central part of the package.

at 2ω or 3ω (532 or 351 nm) to irradiate a planar package.
These facilities are ideal to perform exploratory physics
experiments, and to test advanced diagnostics concepts. We
could also benefit from a high number of shots, and test
various target designs. Preparatory experiments are manda-
tory because failure is not an option on MJ scale lasers.
We are currently harnessing the continuum of laser energies
on the European laser facilities. We develop a plurennial
program on LULI2000 (see Section 3) and an Orion proposal
in counterpropagating geometry has been recently selected.
Facility time on OMEGA EP will also be purchased in 2019,
because this 4 ns-beams facility is perfectly suited to perform
test bed experiments in geometry similar to LMJ–PETAL
envisioned configuration shown thereafter.

The final goal is to benefit both from the enhanced laser
energy and the extended laser pulse duration (up to 30 ns)
provided by LMJ to create a turbulent regime relevant for
astrophysics mixing processes and SNRs. In fact, more
laser energy allows first launching stronger shocks with high
Mach numbers (Ma = u/c where u is the flow velocity
and c the speed of sound in the material) in the range

of 2–10[60]. On the other hand, a sustained laser drive
will produce steady conditions that endure long enough
to observe substantial instability growth, as done on NIF
in indirect-drive[10, 36–38], or direct-drive[43], ablative RTI
experiments[10, 36–38] as well as shock-shear platform[61, 62]

and RM-reshock experiments[63].
The LMJ target design is scaled from astrophysical ob-

servations. Optimization will be performed to maximize
the number of RTI e-foldings of a modulated heavy-light
interface in deceleration in a light medium. Preliminary
experiments on LULI2000 allow testing the target geometry
and material, and benchmarking the simulations chain up to
the weakly to highly nonlinear stage of the RTI. Final LMJ
experiments will enable turbulent HED plasma truly relevant
for young SNRs. Figure 3 summarizes our experimental
strategy, phased with the numerical capabilities to simulate
HED flows with increasing complexity. We focus in the
next section on recent results acquired on LULI2000, as a
stepping stone toward a MJ design.
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Figure 5. Experimental radiographs acquired on imaging plate (IP) on LULI2000. Acquisition times correspond to the Pico2000 delay relative to the main
drive. The first RTI data were acquired on Shot 22 and Shot 23.

3. Preliminary novel results acquired on LULI2000

3.1. Experimental setup and the first radiographs

Numerous experiments relevant for laboratory astrophysics
have been performed at LULI[50, 51, 64, 65]. The limited avail-
able laser energy and pulse duration (typically 1.5 kJ per
beam at 1ω in 1 ns pulse) do not allow entering into
the nonlinear regime for RTI in acceleration. Therefore,
we have designed an RTI experiment in deceleration[66].
The LULI2000 experimental configuration is described in
Figure 4 above. A composite modulated package with rear
side modulations (λ = 120 µm wavelength, 20 µm peak-to-
valley amplitude) is driven by the north beam at full energy
(400 J) in a 1.5 ns square pulse. The package decelerates into
a lighter medium, typically a 100 or 200 mg/cc resorcinol
formaldehyde foam (C15H12O4), triggering the development
of RTI in the deceleration phase. Such targets require micro-
machining, precise assembly (embedded layers) and specific
materials (doped brominated plastic). The Pico2000 beam
is used in bottom-up geometry[67] to acquire snapshots of
RTI during the linear and highly nonlinear phases. We are
interested in accurate measurement of the mixing zone width

in the nonlinear stage[68]. The main advantage of a few
weeks’ campaigns on LULI is to test ideas for target designs
and the capability to drive those targets in the relevant plasma
regimes. Many diagnostics are available on LULI2000,
going from visible diagnostics to X-ray or even particle
beams. We concentrate here on X-rays imaging diagnostics.
Typical radiographs acquired during the first RTI campaign
are shown in Figure 5, for the two foam densities used.

The nonlinear development stage of RTI is evidenced
with the classical development of mushrooms at the spikes
heads at late time (see for example t = 30 and 35 ns data).
FLASH simulations were performed by one of us and will
be published elsewhere[69]. FLASH is a multiphysics AMR
(adaptative mesh refinement), radiation- magnetohydrody-
namic code developed in the University of Chicago. FLASH
is able to simulate not only a wide range of high energy
density physics experiments[42], but also astrophysical ob-
jects as it is originally dedicated to supernovae physics
studies. In our case, 2D FLASH simulations recover the
global shape of the interface (due to the 500 µm focal spot
RPP), as well as the nonlinear RTI growth (see Figure 6). The
spatial resolution currently achievable with point projection
radiography (25 µm) and imaging plate (IP) detectors is
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Figure 6. Comparison of experimental (first row) and postprocessed FLASH hydrodynamics simulations (second row).

not sufficient to resolve the details of the mixing zone,
and the roll-up of the spikes due to the KHI[8]. Further
experiments will concentrate on the Atwood dependence of
RTI growth in the nonlinear phase, in order to evidence the
reacceleration phase of the RTI. In fact, the single-mode RTI
is still the focus of research on experimental and numerical
studies.[70]. To do so, we need to develop advanced X-
ray diagnostics which provide at least 10 µm (or 5 µm)
spatial resolution, in order to resolve tiny details for more
elongated spikes, or sophisticated multimode profile. That
is the reason why we are exploring the potentialities of
LiF detectors as transformative X-ray diagnostics for HEDP
experiments[71, 72].

3.2. Development of advanced X-ray diagnostic methods

To achieve measurements of the mass density distribution,
X-ray radiography is the most relevant diagnostic. For that
purpose, good temporal (<100 ps) and spatial (<10 µm)
resolutions and a high flux of photons (1010–1014 photons)
are necessary. We performed in 2016 the first tests of LiF-
based detectors on an HED laser experiment. LiF-based
X-ray imaging detectors have been yet tested for soft and
hard X-rays (up to 10 keV)[72]. Due to a very high spatial
resolution over a large field of view, wide dynamic range

and simplicity of use, LiF-based detectors are particularly
suitable for the development of table-top X-ray microscopy
systems. The X-ray exposure of a sample, placed close to the
LiF surface, induces the formation of color centers (CCs),
whose density is locally proportional to the intensity of the
radiation transmitted through the investigated object. LiF
has an intrinsic spatial resolution related to the physical
dimensions of CCs (that are at atomic scale (∼1 nm)). After
an X-ray exposition, the image stored and stable for very
long time can be read out just illuminating the detector
with a blue light; the latter is accompanied by visible
photoluminescence signal to be observed via an optical
microscope.

The experimental setup on LULI2000 is shown in
Figure 4, together with spatial resolution tests performed
with Cu resolution grids (300, 600 and 1000 lines per inch).
A spatial resolution of δRS ∼3 µm was measured (see
Figure 7). IP and LiF detectors were compared on side-on
radiograph of a (undriven) modulated target (see Figure 8).
Despite a smaller contrast, a spatial resolution of δRS ∼

7 µm is measured with the LiF, compared to δRS ∼ 30 µm
with IP. Unfortunately this enhanced spatial resolution was
only demonstrated for static (undriven) modulated targets.
We still need to optimize the shielding of the detector and
understand better its sensitivity to the broadband X-ray
continuum created by the ns irradiation of the main target.

https://doi.org/10.1017/hpl.2018.34 Published online by Cambridge University Press

https://doi.org/10.1017/hpl.2018.34


10 A. Casner et al.

Figure 7. Experimental configuration and typical radiographs acquired with LiF crystals on LULI2000 of a 1000 lines per inch (lpi) copper grid.

These detectors were used on a recent run on the SACLA
XFEL beam (@10.1 keV) by some of us[73]. The very bright
and monochromatic X-ray emission is of course favorable
for phase-contrast imaging. The LULI2000 RTI targets were
imaged on LiF with SACLA XFEL used as a backlighter.
By demonstrating for the capabilities of LiF crystals, these
passive detectors may constitute promising imaging systems
for PW facilities such as LMJ-PETAL[12]. Based on the
LULI2000 experiments, we present thereafter the design of a
novel experimental platform for future experiments on LMJ–
PETAL, in accordance with the near-term capabilities of the
facility[12, 29].

4. Development of LMJ–PETAL direct-drive platform

4.1. LMJ–PETAL experimental platform

The first physics experiments on LMJ have been performed
at the end of 2014 with 2 quadruplets (8 beams), and a total
laser energy on target of 20 kJ [74]. The first diagnostic
installed in 2014 on LMJ is a gated X-ray imager with graz-
ing incidence mirrors, which provides a spatial resolution
of 30 µm in a 3 mm field of view[46]. The experimental
capabilities of LMJ (number of beams and type of plasma

diagnostics) will increase gradually during the following
years. The PETAL beam[75] consists in the addition of one
short-pulse (500 fs–10 ps) ultra-high-power, high energy
beam (a few kJ compressed energy) to the LMJ facility[12].
PETAL, commissioned at the end of 2016, extends the LMJ
diagnostic capabilities to radiography with energetic parti-
cles (protons/ions/electrons) in the 0.1–200 MeV range[76].
In particular, the point projection proton radiography[77]

could be of interest for our purpose.
Figure 9(a) displays the LMJ power versus energy di-

agram. Our design is based on conservative estimates of
available laser energy (10–15 kJ per quadruplet in 3 ns
square laser pulse). The envisioned laser configuration of
our LMJ direct-drive experiments is schematically drawn in
Figure 9(b). It takes advantage of the nominal north/south
polar beams configuration of LMJ 6–8 lower quadruplets
(60–90 kJ of laser energy) and will be used to accelerate
the planar package. The upper quadruplets irradiate the face-
on (blue beams in Figure 9(b)) and the side-on backlighter
foils. At that moment, the main diagnostic considered is the
enhanced resolution hard X-ray imager (ERHXI)[78] inserted
in the polar north inserter. The side-on radiography will
provide information about shock planarity, deceleration and
2D density maps of the turbulent mixing zone. We build
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Figure 8. Comparison of LiF and IP images for the same (undriven) modulated target. The spatial resolution is estimated to be 7 µm in the LiF case,
compared to 30 µm with IP.

from results acquired on NIF for the long duration planar
direct-drive platform recently commissioned[43]. Due to the
large laser spot available (up to 1500 µm in diameter), shock
bowing and the detrimental effects of rarefaction waves
propagating back from the lateral sides of the target are
minimized. The laser imprint perturbation[79, 80] is not a
limiting factor in such experiments because we concentrate
on the RTI at an embedded interface. The laser induced small
scale perturbations at the ablation surface (laser speckles
of a few µm in diameter) are smoothed out when the
shock arrives at the modulated rear target side. In that
regard, our target design is different and less insensitive to
imprint compared to inertial confinement fusion direct-drive
implosions[81], where the shocks travel only small distances
and feed in the perturbations across the shell.

The PETAL probe beam is not a primary diagnostic tool
for this project. However the side-on proton radiography
could be valuable to image the self-generated magnetic
field structure. The RTI turbulent mixing layer could create
intense self-generated magnetic fields[82] that grow in time
as the instability progresses. The primary source of this
field in the generalized Ohm’s law is the vector prod-
uct of gradients of the electron temperature and density
(the Biermann battery effect)[83]. The Biermann battery
by itself is not sufficient to generate observable magnetic
fields. Dynamo amplification by turbulent plasma flows
is necessary to create measurable magnetic fields[84]. A
turbulent magnetic field created for the first time in HED

plasmas from hydrodynamics instabilities (and not collid-
ing flows[84]) could potentially be probed with the PETAL
generated proton beam by radiographing the turbulent zone.
The proton spectrum and angular distribution could be with
the SEPAGE diagnostic[85] on a reference shot. Hence the
proton beam will propagate across the turbulent mixing zone
on a second shot, and the proton spectrum is compared to the
reference, providing reproducibility in laser condition.

4.2. Postprocessed simulations

We rely on target design simulations performed with
FLASH. We leverage the results of LULI2000 and use
theoretical scaling laws[7] to define the most relevant LMJ
experiments to create turbulent HED plasmas relevant for
young SNRs[68]. Extensive simulations are performed using
realistic EOS for the brominated pusher and the foam[86].
Furthermore, these calculations are benchmarked against the
results of LULI2000 experiments[69]. The laser conditions
are 60 kJ of laser drive, with a 3 ns square pulse. The peak
laser intensity taken into account is 6× 1014 W · cm−2 with
a super-Gaussian distribution. The target geometry is shown
in Figure 9(c). The shock tube has a diameter of 3 mm and is
filled with a CHO foam (0.1 mg/cc). The ablator is 100 µm
thick with internal modulation.

Preliminary simulations are performed starting from a
multimode internal modulation (cf. Figure 10). The multi-
mode considered here is the sum of 3 wavelengths (33 µm,
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Figure 9. (a) Energy-power diagram for one LMJ quadruplet. The green area is the operating zone without noticeable optical damages. (b) Typical LMJ
experimental configuration. Lower quads are used to accelerate the package, whereas upper quads irradiate the face-on and side-on backlighters. (c) Shock
tube target designs.

70 µm and 100 µm, with the same peak-to-valley amplitude
of 6 µm and different phases). The multimode perturbation
will include more modes (as done for the ablative RTI
experiments[10, 36–38]) in the future. The large dimensions
of the target allow keeping a flat central zone without the
detrimental effects of rarefaction waves. Starting from this
complex pattern gives birth to mode coupling[87] and the
development of a turbulent mixing zone (TMZ) at late time.
The simulations are postprocessed for titanium Kα side-
lighter energy (Figure 10) and 2 different spatial resolutions
of the ERXHI gated imager RS (RS ∼ 5 and 10 µm as
specified in the LMJ Users Guide[29]). As can be seen
in Figure 10(e), the tips of the spikes are better resolved
with 5 µm spatial resolution. The TMZ width is defined
according to Refs. [23, 67] as the average height between the
spikes and bubbles. The principal metric of our experiment
will therefore be the measurement of the forward shock
position, and the growth of the TMZ width versus time.

Some remembering of the initial conditions is still vis-
ible in the simulations in Figure 10. The multimode pro-
file needs to include more wavelengths, and the simula-
tions pursued later in time. The precise details of laser
‘shock tubes’ configurations (material, thicknesses, density
and nature of the low-density medium) will be refined
depending on the results of future experiments scheduled on
Orion and OMEGA EP. The inclined RTI/KHI configuration
shown in Figure 9(c) could be tested. It is interesting
because the oblique shock propagation in compressible fluids
gives birth to complicated flows including Mach stem wave
generation[88] of importance for certain emission features in
Herbig–Haro objects[89].

5. Summary and perspectives

The TurboHEDP project aims at shedding light on turbulent
HED plasmas in the laboratory, enabling progress in the sim-
ulation and modeling of these complex flows in conditions
relevant for laboratory astrophysics. The dawn of MJ scale
laser facilities truly enables creating for the first time highly
nonlinear flows of dense plasmas. Whereas preliminary
results obtained on kJ laser facilities are promising, pro-
gresses are also needed for X-ray imaging diagnostics with
micrometric spatial resolution. We are therefore exploring
the potentialities of LiF crystals coupled with XFEL or PW
laser probes. The potentialities offered by phase-contrast
imaging techniques developed on synchrotron facilities, such
as Talbot-Lau X-ray deflectometry[90], should also be ex-
plored. Our team will benefit from future experimental
campaigns on LULI, Orion, and OMEGA EP to improve our
target design and diagnostics suite in preparation for future
LMJ–PETAL experiments. The long term goal would be to
diagnose extreme events and singularities in turbulent HED
plasmas with µm and ps resolutions.
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Figure 10. (a) to (d) Postprocessed radiographs of RTI multimode evolution with a titanium backlighter according to ERHXI spatial resolution of 10 µm.
(e) and (f) Comparison of ERHXI field of view with spacial resolution of 5 µm and 10 µm. The tips of the spikes are better resolved in (e). The turbulent
mixing zone width is defined as the average distance between the RTI spike and bubbles.
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