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Rayleigh-Taylor instability experiments on the LULI2000 laser in scaled
conditions for young supernova remnants
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We describe a platform developed on the LULI2000 laser facility to investigate the evolution of Rayleigh-
Taylor instability (RTI) in scaled conditions relevant to young supernova remnants (SNRs) up to 200 years.
An RT unstable interface is imaged with a short-pulse laser-driven (PICO2000) x-ray source, providing an
unprecedented simultaneous high spatial (24 um) and temporal (10 ps) resolution. This experiment provides
relevant data to compare with astrophysical codes, as observational data on the development of RTI at
the early stage of the SNR expansion are missing. A comparison is also performed with FLASH radiative

magnetohydrodynamic simulations.
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The Rayleigh-Taylor instability (RTI) [1] is a seminal
hydrodynamic instability occurring at the interface between
two fluids when the gradient of density is opposed to the
acceleration inertial force applied on the fluid in the reference
frame of the interface. The RTI occurs in many physical sys-
tems, for instance at atmospheric pressure, in the oceans or the
Earth atmosphere [2], at higher pressure, in the Earth’s mantle
[3], or in inertial confinement fusion implosions [4] both at
the ablation front [5] or in the final deceleration phase in-
cluding mixing with the fuel [6]. In the absence of stabilizing
mechanisms such as surface tension, viscosity, or magnetic
fields [7], the key governing parameters are the acceleration of
the fluids, g, the ratio of density through the Atwood number,
A; = (p1 — p2)/(p1 + p2), and the wavelength of the interface
perturbations, A. For a single-mode perturbation, the linear
growth rate of the classical RTI is defined as 0 = /2w A, g/A.
Despite its simple classical formulation, the RTT appears as an
extremely complex problem in most cases, once the nonlinear,
saturation and possibly turbulent regimes are reached (see
[8,9] for an extensive review).

We concentrate hereafter on the astrophysical case of
young supernova remnants (SNRs) interacting with the inter-
stellar medium (ISM). The interface between those two fluids
is decelerating, making it RT unstable [10]. This instability is
also embedded with other hydrodynamics instabilities, such
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as Richtmyer-Meshkov and Kelvin-Helmholtz instabilities.
Other phenomena such as the magnetic field and the radiation
can affect the evolution of the SNR [11]; however, those
only concern later time evolution. Knowing the interface
dimension between SNR and ISM, and hence the compression
of the shock [12,13], also has a strong implication on cosmic
rays acceleration [14]. Unfortunately this parameter cannot
be determined by astronomical observation as it is impeded
by RTI mixing zone growth [15]. Moreover the only data
available are obtained from some scarce three-dimensional
simulations [16,17], whose initial conditions are ideal and
often not controlled. Actually, the seeds of the instability are
usually given by the numerical noise. In the astrophysical
case, the origin of the seeds is unknown; it could be due to
thermal noise or coming from the exploding star. Therefore
any measurement of the RTI mixing zone, as we did in our
experiment, will increase our confidence in SNR simulations
[18], as part of the physics involved is validated. Indeed,
the principle of laboratory astrophysics [19,20] relies on the
ability to scale and mimic astrophysical problems down to
Earth by using scaling laws [21,22] implying the conservation
of dimensionless numbers.

In this Rapid Communication, we report the results of an
RTT laser experiment performed on the LULI2000 laser facil-
ity at Ecole Polytechnique in France. We demonstrate, using
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FIG. 1. Diagram of the experimental setup (left) and details of the multilayer target (right). The target is composed of a CH ablator, a gold

layer, a CHBr pusher, and a CH foam-filled tube.

scaling laws, that our experiment is similar to remnants of
thermonuclear SN (type Ia SNR) such as Tycho, where tens of
nanoseconds in the laboratory is equivalent to years for SNRs.
Our data provide inputs on the early stage evolution of RTI
in SNR, which are out of reach to astronomical instruments.
Furthermore we do have a perfect control over the initial
conditions, which are usually the consequences of numerical
seeds in simulations [15]. Contrary to previous RTI laser
plasma experiments performed over several years on larger
scale facilities [23-27], the potential of short-pulse-driven
x-ray radiography [28] allows, for the first time, one to acquire
snapshots of RTI with unprecedented simultaneous spatial and
temporal resolution. The RTI growth is measured until its
nonlinear phase and the effect of the seed on the dynamic of
RTT is quantified. One of the fundamental parameters used
in RTI studies is the mixing zone (MZ) [29]. It is defined
as the distance between the tip of the peak and the bottom
of the bubble. In this Rapid Communication, the temporal
evolution of single-mode and two-mode MZ are compared.
A growth of MZ by a factor of 20 was observed after 50 ns.
These measurements are in agreement with the radiation-
magnetohydrodynamics FLASH simulations.

The experiment was performed at the LULI2000 laser
facility, and the setup is presented in Fig. 1. A multilayer mod-
ulated target is driven by the nano2000 laser beam (500 J, 2w,
1.5 ns square pulse) with a super-Gaussian (n = 3) focal spot
of 470 wm diameter, giving an intensity of 2 x 10" W cm™2,
Our multilayer target is composed of a 10 um parylene layer
acting as an ablator, a 1 um gold layer, acting as an x-ray
shield, and a 40 um modulated pusher (CsH;Br). The shock
wave generated in the ablator breaks out into a 0.1 gecm™3
resorcinol formaldehyde (C;sH;,04) foam. The foam density
is more than ten times lower than the pusher (1.3 gcm™)
inducing the development of the RTI at the interface, due to
its deceleration. In order to obtain relevant data the initial
conditions (preshock) has to be known. Therefore the gold
layer prevents x rays produced by the coronal plasma to
modify the initial temperature of the foam and pusher.

The position and shape of the interface are diagnosed using
a side-on x-ray radiography in a point projection scheme.
The x-ray source is generated with the pico2000 laser beam
(55 J on target, lw, ~10 ps) irradiating a 25 um titanium
wire. The radiography is performed on the orthogonal axis
to the wave vector of the modulation. The radiography was

performed in a bottom-up geometry in order to reduce noise
due to relativistic electrons [28] on the detector (an imaging
plate). The titanium wire emits in principle an x-ray centered
on the Ko line at 4.5 keV, but has a strong component of
hard x rays due to bremsstrahlung emission. Thanks to the
shortness of the laser pulse (10 ps) the final spatial resolution
comes only from the source size and geometry as opposed to
the framing camera case, where time integration also plays a
role. In all present published papers on RTI using laser-driven
x-ray sources actual spatial resolution cannot be lower than
40 um due to motion blurring [30]. In our experiment, a
resolution of 24 yum was measured by imaging gold grids
(300, 600, and 1000 lines per inch) at target position (Fig. 2).
This high resolution is almost unprecedented, as there is no
motion blurring in comparison to more classical setups (such
as the coupling of a pinhole and a framing camera).

The contrast between the pusher and the foam was en-
hanced by doping the pusher with a high-Z material (Br, 44%
in mass). Combined with the density difference of the two
media, it ensures a high contrast allowing their differentiation
at the interface. Contrary to experiments performed with
framing cameras [23-27], each pico2000 shot corresponds to
one snapshot of the evolving RTI. Therefore, to ensure the
reproducibility of the experiment and study the effect of the
seeds on the RTI, precise control of the initial conditions is
required [27]. In our targets, a preimposed two-dimensional
modulation was mechanically pressed on the CHBr layer,
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FIG. 2. (a) Radiograph of three gold grids (300, 600, and 1000
lines per inch) at target position. (b) Lineout of the border of a grid.
A static resolution of 24 pm is measured [see red (light-gray) arrow].
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TABLE I. Scaling between the laboratory and Tycho SNR as-
trophysical system. The experimental numbers were obtained from
FLASH simulations reproducing experimental observables.

SN Ia (100 years) Experiment ( = 30 ns)
Length (cm) 1.3 x 10'8 5% 1072
Velocity (kms™) 4000 15
Density (gecm™") 7.3 x 1072 0.4
Euler <l ~0.6-1.1
Atwood 0.5-0.7 0.86 (initially)

0.34 (after 50 ns)

Péclet > 1(~10'?) 2 x 10°
trad/thydm > 1 1500

such that its interface is defined by the equation A, (x,y) =
Y .40 sin(2wx/A,), with ag, = 10 um. The modulation
profiles were characterized by optical interferometry. The
large initial amplitude allows one to prevail over any other
perturbations to grow significantly during the RTI, thus lead-
ing to a reproducible problem. The use of a phase plate (HPP)
produces a nearly flat focal spot without any large hot spots,
thus limiting the effect of the possible laser imprinting on the
RTI. Moreover if any imprint seeds remain, they would have
annealed during the shock propagation into the thick target
[31]. Two different initial patterns were investigated: a single
mode with A = 120 um and a two-mode modulation with
A1 =70 um and X, = 130 um. A simple consideration on
the linear development of the instability leads to the prediction
that the 70 um wavelength should grow faster, all the others
parameters being initially similar.

Except for the preimposed perturbation, this experiment
describes a system similar to a SNR interacting with the ISM.
In Table I, we compare typical parameters, relevant to the SN
evolution and to the RTI development, either estimated from
FLASH simulations reproducing the experiment or estimated
from the astrophysical cases of SN Ia such as SN 1572
(Tycho). For this experiment to be scalable the Euler and
Atwood numbers, which describe the RTT dynamics, are crit-
ical so they were made comparable. The Euler number is the
ratio of thermal and dynamic pressures. The Atwood number
depends on the two media initial densities, and strongly
influences the RTI growth rate. In our experiment according
to Table I numbers, we can expect that the hydrodynamic of
the pusher-foam interface is similar to the interface of SNR’s
ejecta—shocked ISM. Moreover we also observe a good
agreement of the other dimensionless numbers for SNR and
experiment. They are of the same order of magnitude, which
is significant, since it determines which physical regimes are
applied and which terms can be neglected. The high Péclet
number and cooling parameter (f;aq/tydro), as defined in [21],
ensures that the evolution of the system is predominantly
advective (as opposed to radiative or conductive) as in the
astrophysical case. As we consider the early phase of SNR
expansion, before the transition to the Sedov-Taylor phase,
radiative cooling is negligible and the approximation of adi-
abatic expansion of a perfect fluid is justified. According to
scaling laws, 1.3 x 10'® cm in the astrophysical case corre-
sponds to 0.05 cm in the experiment and 100 years correspond
to 30 ns.
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FIG. 3. Comparison of experimental (left) and synthetic (right)
radiographies obtained 30 ns after laser drive. The monomode
[(a) and (b)] and bimode [(c) and (d)] targets are presented. The
mixing zone (MZ) is defined as the distance between peak and
bubble.

In our experiment, we were able to follow the whole
dynamics of the decelerating RTT using a series of laser shots
on the same targets with almost identical laser conditions.
Moreover, the variation of the drive laser’s energy from shot to
shot can be overcome by rescaling the time axis of each shot,
as performed in [29]. To this end, the time of the radiography
can be rescaled by a characteristic time T = (m/Iy)'/3, where
m is the ablated mass supposed to be constant and [j is the
laser intensity, which is directly proportional to the energy
deposition. Since the laser temporal shape and focal spot are
well controlled, only the uncertainty over the invariance of the
target remains. So the time of the radiography is rescaled by a
scaling factor such as 7 = t(E/Ey)'/?, where f is the new time,
t is the radiography time in experiment, E is the measured
total laser energy on target, and E; is equal to 500 J.

Figures 3(a) and 3(c) show x-ray radiographs obtained at a
delay of 30 ns after the laser drive for the mono- and bimode
cases. The opaque expanding pusher (bent and modulated
part) can easily be distinguished from the foam-filled tube.
The edges of the tube (two parallel dark lines) and the
target holder (highly contrasted part under y = 0 um) are
also observed. The curvature of the interface between the
pusher and foam is a consequence of the energy deposition.
Since the focal spot has a super-Gaussian intensity distribution
profile, a higher pressure is imposed on a 380 pm central part
and decreasing at the edges. Furthermore its limited spatial
expansion causes edge effects, such as rarefaction waves or
radial thermal conduction, which can lead to the curvature
of the shock. The materials, and interfaces, put into motion
by the shock will consequently be bent. In these snapshots,
the observed RTI is in its nonlinear phase, indicated by the
presence of the Kelvin-Helmholtz (KH) rollup at the end of
the spike. Furthermore a slight interaction between modes,
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only possible in the nonlinear phase, is clearly visible in the
bimode case [Fig. 3(c)].

A side-by-side comparison between the experimental ra-
diographs and postprocessed simulations is also shown in
Fig. 3. The simulations were performed with the FLASH code
developed at the Flash Center (University of Chicago) [32,33].
This adaptive mesh refinement code was used in a two-
dimensional Cartesian geometry, with 40 radiation groups.
The synthetic radiographs are obtained from a postprocessing
developed at LULI, taking into account the density and its
associated cold absorption coefficients (Henke) for the dif-
ferent species (pusher, foam, tube...) [34]. Here we assume a
monochromatic x-ray source; a simple approximation as hard
component due to bremsstrahlung is expected with short pulse
laser generated sources. In both radiographs (experiment and
postprocessed simulation), the pusher-foam interfaces are
similar in morphology. The RTT has also reached the nonlinear
stage in the simulations, as evidenced by the presence of
the KH rollup. The main difference between experiment and
simulation is the observation of the shock in the foam, which
is not present in the experimental case. This difference can
be explained by the combination of two main processes not
taken into account in our simulations. The first is the presence
of a higher energy photon component, whereas the simulation
is performed with a monoenergetic source. Higher energy
photons are less absorbed, thus the resulting image has a lower
contrast (the contrast drops from 78% at 4.5 keV to 10% at
10 keV). The second process is linked to three-dimensional
(3D) effects not taken into account in the simulation. As the
curvature of the shock wave in the direction of the radiography
is not reproduced, the thickness of the shock is overestimated.
This effect could be modeled if the simulation was done in
cylindrical geometry around the velocity direction. However,
such symmetry is incompatible with the linear geometry of
the modulation.

The weakly nonlinear phase observed at 30 ns after laser
shot is coherent with astrophysical simulations presented in
Fig. 9 of Ref. [15]. Indeed the RTI corresponding to 100 years
after the SN explosion should be in a weakly nonlinear phase
according to those simulations.

During this experiment, the dynamics of the RTI was
reconstructed up to 70 ns after the main laser pulse using a full
set of shots. The MZ, a good indicator of the RTI growth, was
determined. Another important parameter we measured is the
position of the interface between the ablator and the pusher,
P, that governs all the dynamics. As the Atwood number was
fixed for both types of targets and the interface’s acceleration
was measured to be the same [see Fig. 4(a)], the linear growth
rate o depends only on the wavelength of the perturbation.
However, the difference between the monomode and bimode
cases was measured to be negligible.

Figure 4 shows a comparison between the measured and
simulated interface position, P, and MZ growth. The error bars
in Fig. 4 are given by the uncertainty of the interface position
(peaks or bubbles); they can vary from shot to shot. P is well
reproduced by the FLASH simulation and the deceleration is
decreasing with time in a range from 1 to 0.2 kms~!'ns!.
As observed in Fig. 4(a), the dynamics of the interface is the
same for both monomode and bimode cases. The simulated
growth of MZ differs. This is due to the presence of the

(2) .
1.0 4 ¥ I - /E (b) == FLASH mono-
%5 0.6 4 FLASH bi-
0.8 - I I'/ F Exp. mono-

4 — . e
= x 7 g Exp. bi- .’
£ 0.6 = £ 0417 »Ze=F
< ,£/ ~ jl e
N 2 . N I 4
~ 04 - // == FLASH mono- |< __/;’

/ FLASH bi- 0.2 4 F x4
0.2 4 // F Exp. mono- ,:E’
'/ Exp. bi- i
0.0 T T T 0.0 = T T T
0 20 40 60 0 20 40 60

t (ns) t (ns)

FIG. 4. Experimental interface position (a) and MZ (b) as a
function of time, in both monomode and bimode cases, compared
with the associated simulations. The time is rescaled by a factor of
(E /Ey)'”? to remove the variation in drive energy from shot to shot.

lower wavelength (70 um) in the bimode case, that induces
a higher growth rate o. Despite the good reproduction of
the interface position by the code, a difference appears when
comparing the MZ growth with the experiment [see Fig. 4(b)].
The monomode MZ growth in experiment is more important
than the bimode one. As a consequence the MZ evolution is
well simulated in the bimode case, but underestimated in the
monomode case. This underestimation was already observed
in [35] and attributed to an overestimation of the dilution. A
difference in morphology between simulation and experiment
appear for both targets at later time (70 ns). In simulation,
nonlinear and diffusive effects lead to the deformation of
the spikes; they are bent, the tip is hollowed out, and the
mushroom cap expanded laterally. In experiment the spikes
become twisted and the cap seems to disappear. This is mainly
due to the stretching of the spikes leading to a loss in contrast
(the mass is more diffuse).

In summary, an experiment was performed on LULI2000
in order to study the evolution of RTI in deceleration phase
until its early nonlinear stage. This experiment is equivalent
to the early phase of SNR expansion (before the Sedov-Taylor
phase) according to the scaling laws. The nonlinear phase
attained in our experiment corresponds to the one predicted
by astrophysicists. The platform we developed allows one to
produce accurate data for the RTI of young SNRs that will
constrain the astrophysical simulations, which lack observa-
tional data on the early stages of SNR expansion (100 years).
In particular, the ability offered by petawatt (PW) transverse
radiography is appealing, especially if coupled in the near
future with lithium fluoride (LiF) detectors that provide mi-
crometric spatial resolution [36,37]. The growth of the MZ of
the RTI seems to be weakly affected by the initial perturbation
of the interface at early time, but differences appear at a later
time. Some results of our experiment are accurately simu-
lated, using the FLASH code. However, we pointed out some
discrepancy in MZ growth that provides inputs to improve
the FLASH code and more generally astrophysical hydro-
dynamic codes. The similarity to the astrophysical case will
be improved using 3D initial perturbations or scaled tailored
foam density profiles fabricated with additive manufacturing
technology [38]. This experimental platform paves the way
for future experiments on megajoule facilities with high power
backlighting beams, such as NIF-ARC [39] and LMJ-PETAL
[40,41].
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