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Introduction

High energy density physics

The high energy density physics (HEDP) studies material under extreme conditions, when
the internal pressure is larger than 1 million times the atmospheric pressure. High energy
density (HED) conditions are commonly found in astrophysical systems, for instance in stellar
and planetary interiors, but have also been accessed on the earth with the development of
high power laser and Z-pinch facilities. With the advent of these pulsed high power facilities,
that deliver large amounts of energy (E & 1 kJ) within a small volume (V . 1 mm3) and
over short time scales (t� 1 µs), it thus became possible to attain the high energy density
regime (E/V & 106 J/cm3) in a controlled manner within laboratory settings.

The HED plasmas are among the most scientifically interesting states of matter, encom-
passing phenomena such as non-linear waves, radiation-dominated plasmas, self generated
magnetic fields, strongly coupled plasmas, relativistic flows and particle acceleration mecha-
nisms (Drake, 2006). Numerous practical applications rely on a good understanding of HED
plasmas, such as advances in fusion research, verification and validation in defence programs,
development of bright X-ray sources and particle beam sources for both physics and medical
applications.

Furthermore, the high temperature and density achievable on HED facilities are similar to
those found in planetary interiors and a number of astrophysical systems, as illustrated in
Figure 3.1. These facilities, thus present a unique opportunity to experimentally validate the
theoretical models of material properties at extreme conditions.

For instance, models of planetary interiors rely substantially on the equation of state, that
links the material pressure to the density and temperature, and describes the phase transitions.
In particular, the hydrodynamic parameters at the boundary between Earth inner solid
core and the outer liquid one, was considered uncertain, until experimental measurements
of the iron melting curve at relevant pressures of 1 to 4 MBar could shed light on this
question (Williams et al., 1987; Anzellini et al., 2013). This, in turn, had a significant impact
on the accepted mechanism for the generation of the Earth magnetic field through the dynamo
effect. Such studies relied on either static compression techniques, using diamond anvil cells,
or on dynamic compression by shock waves launched within the sample, with gas guns, rail
guns or high power lasers. While all the mentioned approaches allow reaching pressures of
a few Mbar, found in Earth core, the study material properties relevant for the interiors of
giant and gas planets require compressing matter up to 100 Mbar, which at present can only
be achieved with high power lasers. The dynamic compression experiments using high power
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Fig. 3.1 – Overlap between the high energy density experimental range and the
astrophysical conditions (adapted from Frontiers in High Energy Density
Physics: The X-Games of Contemporary Science, 2003)

lasers thus present an unparalleled alternative tool for planetary science.
Similarly, experimental measurement of opacities on HED facilities contributes to vali-

date the atomic physics codes and thus to constrain radiative transfer dynamics in stellar
systems (Bailey et al., 2009).

The development of the field known as laboratory astrophysics became possible with
the work on scaling laws by Ryutov et al. (1999). It was demonstrated in this paper that
a number of astrophysical phenomena can be studied on HED facilities using appropriate
scaling relations: while the time and spatial scales are completely different between the two
systems, the underlying equations that model the systems behaviour are to an extent identical.
This topic will be discussed in further detail later on, whereas in the following we will present
some facilities used to produce HED conditions, including Z-pinch machines and high power
laser facilities.

The most common pulsed magnetic machines are Z pinches in which a large amount of
electric energy is discharged into a hollow cylindrical conductor, producing strong magnetic
fields that cause it to implode on the axis. When the matter thus accelerated collides on the
axis, the kinetic and magnetic energies are converted to thermal energy, inducing an important
emission of x-ray radiation. For instance, the Z machine at Sandia Nationa laboratories can
generate 20 MA pulsed currents, producing nearly 2 MJ of thermal x-rays at a temperature
above 106 K (Deeney et al., 1998).

High power lasers were developed since the 1970 with the major goal of reaching controlled
fusion in the laboratory, relying on the, so called, inertial confinement fusion approach,
presented further on in this section. Such laser systems, use several stages of optical amplifiers
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to deliver more than 1 kJ of laser light on target in a pulse of a few nanoseconds. In the
multi-kilojoule class systems, we can mention in particular, the Omega laser facility at the
Laboratory of Laser Energetics (LLE) of the University of Rochester in the United States,
the GEKKO XII laser at Osaka University in Japan, and more recently the Orion laser
at the Atomic Weapons Establishment (AWE) in the United-Kingdom (UK). Smaller size
systems have also made an important contribution to this research field, with for instance the
LULI2000 laser at the Laboratoire pour l’Utilisations des Lasers Intenses (LULI) of Ecole
Polytechnique in France, extensively used for this thesis work, or the Vulcan laser at the
Rutherford-Appelton Laboratory in the UK, etc. Finally two large scale projects that are
the National Ignition Facility (NIF) (Miller et al., 2004) at the Lawrence Livermore National
Laboratory (LLNL) and the Laser MegaJoule (LMJ) (Andre et al., 2003) at the Commissariat
à l’énergie atomique et aux énergies alternatives (CEA) in France, intend to use megajoules
laser energies in order to reach ignition.

In the following, we will briefly review the current status of ICF research with high power
lasers, before introducing the field of high energy density laboratory astrophysics.

Inertial Confinement Fusion (ICF)

The controlled fusion research has been actively pursued since the 1940s as it is a promising
option for generating large amounts of carbon free energy, without the limitations of the
current nuclear fission reactors. The nuclear reaction, most commonly envisaged is,

Deuterium (2H) + Tritium (3H) −→ Helium (4H)[3.5 MeV] + neutron (n)[14.1 MeV].

It releases 339 GJ per gram of fuel, as compared for instance to 80 MJ/g for fission reaction of
235U and to 50 kJ/g for burning of natural gas. Besides, this reaction presents the advantage
of not directly producing radiative wastes, while the required Deuterium (D) and Tritium (T)
are found in abundance in the natural environment on earth. Finally, and most importantly,
because of the small amounts of fuel initially present, and since it would be sufficient to break
the confinement to stop fusion reactions, it does not lead to a high security risk, commonly
associated with nuclear reactors.

The condition to enter in the phase where the fusion reactions are self-sustained within the
material, known as ignition, is given by the Lawson criterion (1957). It sets a lower bound on
the product of the material density (n), temperature (T ) and confinement time (τ e): nTτ e,
that is necessary so that the energy released by nuclear reactions compensate losses. To
estimate the efficiency of a fusion reactor, it is customary to define the ratio Q of the fusion
power produced to the input heating power. A value of Q above 1 is necessary to achieve
break-even, while a minimum of Q = 5 is required for a self-sustained reaction (i.e. ignition).

Three major approaches, differentiated by the method and the duration of the material
confinement, can be mentioned for reaching ignition. The first one is commonly found in
nature (gravitational confinement) ensures, in particular, the stability of stars over billion
of years. The magnetic confinement fusion (MCF) approach uses strong magnetic fields to
confine the plasma on a time scale of seconds to hours within a tore shaped geometry. The
best results in the MCF field held up to date, were achieved on the Jet reactor at Culham
Science Center in Abingdon, UK with Q = 0.7 (Keilhacker et al., 1999). The International
Thermonuclear Experimental Reactor (ITER), currently under construction in Cadarache,
France, is expected to overcome the break-even limit (Shimomura et al., 1999). Significant
challenges of material resistance to the heat, radiation and neutron flux within the reactor
remain, however, to be solved (Barabash et al., 2007).
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Fig. 3.2 – Illustration of a gold hohlraum with the fusion implosion capsule, irradi-
ated by laser beams at the National Ignition Facility (image courtesy of
Lawrence Livermore National Laboratory)

Finally, in the inertial confinement fusion (ICF) approach, the DT gas fuel is heated
and compressed to solid densities over nanosecond time scales, thus also allowing to reach
the Lawson criterion. The research in ICF started in 1970 with the development of high
power lasers. In the so called direct drive approach, a spherical fusion target (∼ 1 mm in
diameter), composed of a thin plastic shell filled with DT gas, is irradiated from all sides
by laser beams, that heat the outer layers of the shell, making them expand into vacuum.
By the momentum conservation principle, this drives a shock wave inwards and results in
the implosion of the capsule. The DT fuel is thus compressed and heated to the conditions
required to start fusion reactions. A limitation of the direct drive approach is that irradiating
the spherical target with a discrete number of laser beam can only be inhomogeneous, which
leads to hydrodynamic instabilities and mixing during the shell implosion and results in lower
compression ratios for the DT fuel. In an alternative method (indirect drive) the laser beams
irradiate a cylindrical gold cavity, called hohlraum, producing an equilibrium x-ray radiative
field, that than drives a more uniform implosion (Fig. 3.2). This second scheme is used by
the large scale facilities such as NIF and LMJ to achieve ignition with high power lasers.

At present a milestone on the path to ignition was reached on the Nation Igntion Fa-
cility (NIF): it has been experimentally demonstrated that the heating produced by fusion
reactions in the target surpassed the energy used to drive the target implosion (Hurricane
et al., 2014). Beyond ignition, a long path of technological improvements is necessary to
make the inertial confinement fusion (ICF) a viable source of energy. Indeed, at present the
energetic efficiency of high-power laser facilities is very low, due to the poor efficiency of
flash-lamp optical amplifiers used in the laser system. Thus, for instance, NIF uses 200 MJ of
electric energy to produce a 2 MJ laser pulse, of which only 10 kJ will be delivered to the DT
fuel. Next generation of laser facilities, currently in the design phase, will address several of
these issues with the use of modern technological solutions. Moreover, several alternative and
more efficient ignition schemes such as fast ignition (Key, 2007) or shock ignition (Betti et al.,
2007) were proposed in a direct laser drive configuration.

It should be also noted that while the MCF research with tokamaks and the ICF research
with high power lasers remain the preponderant strategies to reach ignition in the laboratory,
they are not the only ones: other approaches exist or have been attempted in the past. We
can in particular mention, for instance a promising magnetised linear inertial fusion (MagLIF)
approach in which a laser preheated DT fuel is compressed and heated using a Z-pinch
facility (Sefkow et al., 2014).
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Laboratory astrophysics

Astrophysics in general aims to understand the nature of the universe, through theoretical
models, corroborated by astronomical observations and, lately, supported by numerical
simulations. Observational astrophysics had major successes in the last century with the
development and improvement of new telescopes and particle detectors. Previously inaccessible
spectral ranges could be observed, when observational instruments were placed in orbit and
became thus unaffected by the Earth atmosphere. Nevertheless, astronomical observations
also present several limitations. For instance, several objects cannot be fully resolved with
the current instruments. Furthermore, some events are very infrequent over human time
scales (e.g. the last supernova in our galaxy was observed in 1604), yet others are not easily
observable either because they do not emit/absorb enough light or particles, or because the
line of sight is blocked (e.g. stellar or planetary interiors) allowing only indirect observations.
More generally, establishing the mechanism of a complex astrophysical phenomena purely
from observations may lead to controversies, as several models could be consistent with the
observable data.

In this context, laboratory astrophysics proposes a complementary approach to observations,
allowing to study astrophysical phenomena, reproduced on a reduced scale and in a controlled
environment, with high energy density facilities. While this approach is applicable only to
certain types of astrophysical phenomena and even though it relies on a number of hypothesis
and approximations, discussed in chapter 1, it presents the advantage of allowing to interact
with the object of study (e.g. restart the experiment with different parameters) as well as to
isolate an elementary phenomenon of interest out of the complete system. A comprehensive
introduction to this field can be found, for instance, in the review paper by Remington et al.
(2006).

Several factors made possible the advent of laboratory astrophysics. The theoretical
foundation for scaling laws in this field was laid out by Ryutov et al. (1999). Of course,
it would not have been possible without the progress of high power lasers and Z-pinches
machines. Finally, the development of efficient diagnostics on HED facilities, resolved in space,
time and spectrally, was also crucial to promote this field.

1016 m 5 10-3 m
t =  350 years t =  6 10-7 s

Fig. 3.3 – (a) Multiwavelength composite image of supernova remnant SNR 1680:
infrared data from Spitzer Space Telescope are coloured red, visible data
from the Hubble Space Telescope are yellow while X-ray data from the
Chandra X-ray Observatory are green and blue. Image credit NASA/JPL-
Caltech/O. Krause (Steward Observatory). (b) Shadowgraph of a laser
produced blast wave in nitrogen (Edens et al., 2004).
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To illustrate the principles of scaling laws in laboratory astrophysics, let’s consider Fig-
ure 3.3a that shows a structure resulting from a supernova (SN) explosion, called supernova
remnant (SNR), in the Cassiopeia constellation. Following a supernova explosion, material is
ejected from the star that sweeps the low density interstellar medium driving a strong shock
wave into it. The SNR 1680 presented in the Figure, observed 350 years after the supernova, is
approximatively 3 parsecs across, with a typical velocity of the expanding shock of 5000 km/s.
On the other hand, Figure 3.3b shows an expanding blast wave in nitrogen gas, produced by a
high power laser, focused on a solid target within a gas filled chamber. In this case, the typical
scale of the structure, observed 600 ns after the laser pulse, is 1 cm with a shock wave velocity
of 20 km/s. While these phenomena occur at very different temporal and spatial scales, both
go through a Sedov-Taylor blast wave expansion phase. The position of the shock front r(t)
can then be parametrised as a function of time with r(t) ∝ (E0/ρ0)1/5t2/5, where E0 is the
energy contained in the explosion and ρ0 the initial density of the surrounding medium. Such
laser experiments, allow performing a detailed study of the dynamics of one of the phases
of a supernova explosion in the laboratory and thus contribute to our understanding of the
underlying physics.

In a similar approach, numerous other astrophysical topics have been studied on a
reduced scale using high energy density facilities (Remington et al., 2006). The most direct
experiments which demonstrate perfect scaling are obtained for purely hydrodynamic systems,
where the heat and radiation transport as well as viscosity dissipation can be neglected. This
approximation is valid for a number of astrophysical object, including supernovae, some
supernova remnants, blast waves, some astrophysical jets as well as a number of hydrodynamic
instabilities that led to material mixing and turbulence.

Another aspect omnipresent in astrophysical systems is the interaction of material flow
with the magnetic field. Such systems, can be perfectly scaled in laboratory in the case
of ideal magneto-hydrodynamics (MHD) and approximately scaled in the case of resistive
MHD (Ryutov et al., 2001). The astrophysical phenomena, that fall into this category
encompass magnetised jets, MHD instabilities and magnetic field self-generation mechanisms.

When the influence of the radiative field on the dynamics of the system becomes significant,
the problem has to be described with the equations of radiation hydrodynamics, or radiative
MHD respectively. In general, an exact scaling is not possible in this case and additional
assumptions must be made regarding the length of the photons’ mean free path in the medium
with respect to the problem size, called optical depth (τ). Furthermore, the absorption/emission
coefficients are then assumed to have a general analytical form. In particular, scaling laws have
been established for radiative hydrodynamic equations in the asymptotic cases of optically
thin (τ � 1) and optically thick (τ � 1) plasma (Falize et al., 2011). This formulation was
later extended to radiative MHD by Busschaert (2013). While these approximations make
difficult to design precisely scaled experiments, they provide nevertheless invaluable results
for phenomena that could not be experimentally studied otherwise, including radiation waves,
radiative shock waves, radiative jets and stellar interiors.

Other areas of research considered for laboratory experiments cover flows with relativistic
effects, photo-ionisation phenomena as well as collisionless shock waves.

Laboratory astrophysics field rely greatly on numerical simulations, that are used not only
to design the experiments but to interpret the obtained experimental data. Because of the wide
variety of physics involved, these codes are multi-physics coupling hydrodynamic (or MHD)
solvers with a laser energy deposition package as well as heat and radiation transfer models.
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Besides, the multi-scale nature of laboratory experiments, with a typical size ranging between
the micrometer and centimeter scales, often mandates the use of non-linear or adaptive
meshing techniques.

It should be mentioned that in addition to contributing to our understanding of astro-
physical phenomena, laboratory astrophysics also has strong interaction with the fields of
the inertial confinement fusion (ICF) and generally with the high energy physics (HEDP),
through the diagnostics development and codes validation. Both the experimental diagnostics
and radiation hydrodynamics codes are indeed largely common to these research fields.

In the following section, we will present two phenomena relevant to accretion and ejection
structures, that were studied in this work.

Accretion-ejection phenomena in astrophysics

Accumulation of mass by an object that gravitationally captures surrounding matter, in a
process known as accretion, and mass ejection through the generation of astrophysical jets,
are two phenomena omnipresent in astrophysics that are complementary. Indeed, jets are
created and hydromagnetically driven by the accretion disks as a way to evacuate its excessive
angular momentum (Ferreira & Pelletier, 1993). The magnetic accretion-ejection structures
have thus been observed in active galactic nuclei (AGN), young stellar objects (YSO), X-ray
binaries and planetary nebulae (PN).

In this section we will consider two specific challenges in astrophysics that are accretion
shocks in magnetised cataclysmic variables and inertial collimation mechanisms in astrophysical
jets.

Accretion shocks in Polars

Cataclysmic variable (CV) stars are binary star systems that consist of a white dwarf primary
and a mass transferring secondary. Because of their relative proximity, the white dwarf gravity
distorts the secondary, and continuously accretes some of its mass, forming an accretion
disk. If this process continues for sufficiently long, the white dwarf’s mass can reach the
Chandrasekhar stability limit of 1.39M�, leading to a Type Ia supernova explosion. While it
is generally believed that CV do not produce jets, unlike more massive binaries, jet formation
could be consistent with the recent observations (Tovmassian et al., 2011).

Fig. 3.4 – Artist view of a Polar (AM Herculis) star (credit M.A. Garlick).
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In the following, we will only consider a sub-type of cataclysmic variables, called Polar
or Am Herculis stars, characterised by a strongly magnetised white dwarf (B & 1000 T)
that prevents the formation of an accretion disk. In this case, the matter falls, following the
magnetic field lines, in a tightly collimated column directly onto one of the white dwarf’s
poles (see Fig. 3.4). The collision between the supersonic infalling matter and the white
dwarf’s photosphere result in the creation of a stationary reverse radiative shock within the
accretion column.

Accretion column models are fundamental for the study of Polar (AM Herculis) stars, as
they are used for the determination of white dwarf’s mass and are critical to interpret the X-ray
observations. They also present a number of interesting phenomena such as two temperature
effects and quasi periodic oscillations (QPO) of the shock front (Smith, 2006). Accretion shocks
have good scaling properties, making them suitable for laboratory experiments, particularly
since these structures cannot currently be spatially resolved in astronomical observations.

Inertial collimation mechanisms in astrophysical jets

The collimation mechanisms for astrophysical jets is another open research topic. It is believed
that the jets are initially driven by accretion powered magneto-hydrodynamic (MHD) mecha-
nisms, while latter collimation is affected by a number of phenomena including MHD effects,
radiative cooling and the interaction with the ambient medium. The relative contribution
of these different effects toward the general collimation of the jet is however still subject to
debate.

A purely hydrodynamic mechanism, for jet collimation, based on inertial confinement,
was proposed by Eckart et al. (1992). This mechanism cannot account by itself for high
aspect ratios of astrophysical jets, since the influence of the magnetic field cannot be disre-
garded. Nevertheless, it is worth considering, as this perspective shows the influence of purely
hydrodynamic effects in this thesis work.

Thesis outline

In this work, we present a numerical and experimental study of accretion-ejection phenomena
in laboratory astrophysics. The general approach consist in producing a scaled version of
these phenomena in laboratory using high power laser facilities. The similitude between
the laboratory and astrophysical conditions is ensured by the theoretical work on scaling
laws (Falize et al.).

In the first part, we will discuss the use of Radiation Hydrodynamics (RHD) codes to
model High Energy Density (HED) laser experiments. Thus, after presenting the general
physical principles used in RHD simulations in Chapter 1, a code to code comparison study
between FLASH, MULTI (1D) and DUED (2D) codes is performed in Chapter 2 for a simple
case of a foil target irradiation by a high power laser.

We will also asses the influence of the pre-calculated material properties (equation of state,
opacities) on the simulation output. In particular, in the case of a non-convex equation of
state that can occur near phase transitions is considered in Chapter 3. Then, in Chapter 4,
we will discuss the basis of radiation transfer in hydrodynamic codes and outline an approach
for adaptively constructing the radiative grid in the opacity tables.

In the second part, we will review the laser facilities and the experimental diagnostics that
are used in the presented experiments. Then, we present two distinct laboratory astrophysics
studies, related by the fact that in several astrophysical systems, accretion phenomenon is
associated with ejection mechanisms, to evacuate the extra energy and angular momentum
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acquired by accretion.
In Chapter 6, we will consider the interaction of plasma winds with jets that could be

relevant for Young Stellar Object (YSO), Active Galactic Nuclei (AGN) as well as Planetary
and Pre-Planetary Nebulae (PN, PPN). Indeed, while the generally accepted model for jet
launch and propagation in these systems involve a magnetohydrodynamic (MHD) description,
the purely hydrodynamic interaction of the jet originated from the compact object and the
ambient wind remains a pertinent topic. We will thus present a laboratory astrophysics
experiment that performs a demonstration of the Shock Focused Inertial Confinement (SFIC)
mechanism.

Finally, in Chapter 7, we present recent results from the Polar project that aims to study
accretion shocks in magnetic Cataclysmic Variables (mCV) using high power laser facilities.
Based on the theoretical work on scaling laws for bremsstrahlung dominated accretion columns
in the radiative hydrodynamic and the radiative magnetohydrodynamic descriptions (Falize,
Busschaert, et al.), we will discuss the experimental Polar setup, focusing on the bi-la yer
CH/CHBr laser targets. Experimental results obtained on the LULI2000 and Orion laser
facilities will thus be reviewed. In particular, we will demonstrate that the reverse shock could
be successfully probed using a combination of visible and X-ray diagnostics. The post-shock
properties are determined with a semi-analytical Rankine-Hugoniot model and compared with
multi-dimensional RHD simulations.
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CHAPTER 1. INTRODUCTION TO LABORATORY ASTROPHYSICS USING HIGH POWER LASERS

In this chapter are presented the general principles of laser driven laboratory astrophysics
experiments. We will start by discussing how the relevant High Energy Density (HED)
conditions are reached on high power laser facilities. Then, we will introduce the scaling
laws that allow to design laboratory experiments with similar properties to the astrophysical
systems. Finally, in the last section, we will discuss the validity domain for the hydrodynamic
description of the plasma, that we predominantly use in this work.

1.1 Generation of HED conditions with high power lasers

In this section we will consider mechanisms of shock generation in solid targets using high
power lasers of nanosecond pulse duration, that are at the core of a number of HEDP,
laboratory astrophysics and planetary science experiments. The interaction of the laser beam
with the target occurs in two phases, first a plasma is created and the laser energy is then
deposited in this plasma gradient.

In the first phase, the electromagnetic wave of the laser reaches the target’s surface and
accelerates free electrons (either electrons of the conduction band in metals, or free electrons
present in impurities of dielectric targets) that then collide with other atoms, thus producing
more free electrons by ionization and also heating the target by Joules effect. For laser
intensities above I = 1010 W.cm−2, a layer of the target material is thus melted and vaporised,
producing an expanding cloud of hot ionised gas, or plasma.

In the following, we will discuss the subsequent propagation of the laser beam in the
resulting plasma gradient, as well as the associated energy deposition.

1.1.1 Propagation of electromagnetic waves in non magnetised plasma

Let’s consider the propagation of a monochromatic electromagnetic wave of frequency (ω) in
a homogeneous plasma with an electron density (ne). The transverse electric field (E) of this
wave is solution to the partial derivatives equation,(

∇2 +
ω2

c2
εr(ω)

)
E(r) = 0, (1.1)

with c being the speed of light and εr(ω) the relative electric permittivity tensor (Ginzburg,
1962). In particular, in the non magnetised case the plasma is isotropic and the εr(ω) is a
scalar.

Searching for plane wave solutions to the previous equation of the form E(r) = E0 exp (ik · r),
yields the general dispersion relation for electromagnetic waves in a plasma,

k = ‖k‖ =
ω

c

√
εr(ω), (1.2)

that relates the module of the wave number (k = ‖k‖) to the wave frequency (ω).
In the case of collisionless plasma, the relative dielectric permittivity (εr) is given by,

εr(ω) = 1−
ω2
pe

ω2
, resulting in the dispersion relation k2c2 = ω2 − ω2

pe. (1.3)

In this expression, the electron plasma frequency (ωpe) is defined as:

ωpe =

√
nee2

meε0
, (1.4)
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with ne being the electron density, e and me respectively the charge and the mass of an
electron, and ε0 the vacuum permittivity.

The electromagnetic wave thus propagates in a plasma only for frequencies ω < ωp.
Otherwise, the wave number k becomes purely imaginary and the wave is evanescent (i.e. the
wave energy is fully reflected).

It is also useful to introduce the the critical density (nc), as the electron density that
verifies ω = ωp:

nc =
meε0

e2
ω2 =

1.1 · 1021

(λ [µm])2
[cm−3], (1.5)

where λ is the wavelength of the incident wave. The above condition ω < ωp is then equivalent
to ne < nc, meaning that an electromagnetic wave with a frequency (ω) can propagate in a
plasma, only if its electron density (ne) is below the critical density (nc). This has direct
consequences on the interaction of a high power laser with a plasma gradient, as will be
discussed further on.

Besides, it is convenient to define the optical refractive index (n):

n =
k c

ω
=
√
εr(ω) =

√
1−

ω2
pe

ω2
=

√
1− ne

nc
, (1.6)

that is used to describe the wave propagation in the geometric optics limit. Indeed, the trajec-
tory of a light ray in an inhomogeneous medium is solution to the eikonal equation (Stavroudis,
1972),

d(nu)

ds
= ∇n, (1.7)

where u = k/‖k‖ is a unitary vector orthogonal to the wave front and ds an elementary path
length. This equation is, in particular, at the core of the ray-tracing algorithms used for the
laser energy deposition Radiation Hydrodynamics (RHD) codes, discussed in section 2.4.2.

1.1.2 Overview of the laser plasma interaction

The overall mechanism of laser interaction with a plasma gradient in nanosecond regime can
be decomposed in several steps, as illustrated in Figure 1.1.

In the interaction region, the incident laser beam propagates in an undercritical plasma
(ne < nc) and is reflected at the critical density (nc), while the energy it contains is deposited
through different absorption mechanisms presented below. The undercritical, or coronal,
plasma temperature is thus raised to a few keV and denser regions of the target are subsequently
heated by electronic heat conduction and the X-ray radiation. The heated target material
expands and, by rocket effect, produces a high pressure region inside of the target, that lead
to the creation of a shock wave. In the following we will describe independently each of these
regions.

The interaction region

In the interaction region, collisional and resonant absorptions are two main mechanisms
responsible for laser energy deposition for lasers of nanosecond pulse duration.

The collisional absorption, also known as inverse Bremsstrahlung, is a 3 body mechanism
in which an electron absorbs energy from the laser beam during a collision with a nucleus.
The propagation of an electromagnetic wave in an unmagnetised collisional plasma, is then
described by the following electric permittivity coefficient,

εr(ω) = 1−
ω2
pe

ω (ω + iνei)
, (1.8)
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Fig. 1.1 – Density and temperature profiles for a solid target irradiated by a high
power laser (adapted from Fabbro et al. (1985)).

where νei is the electron-ion collision frequency, given by the Spitzer & Härm (1953) model
(cf. section 2.3.2). The corresponding dispersion relation is then:

k2c2 = ω2 − ω2
pe + i

νei
ω
ω2
pe. (1.9)

Given that in the considered laser plasma interaction, νei � ω, the propagation of electro-
magnetic waves is similar to the non collisional case of the equation (1.3), except that the
wave number (k) also present an imaginary part, and the wave energy is thus absorbed by
the medium along the direction of propagation x according to ‖E(x)‖2 ∝ exp(−αIB x), where

αIB = 2 Im(k) ≈ νei
c

ne/nc√
1− ne/nc

, in the approximation νei � ω. (1.10)

In an increasing density gradient, the laser energy absorption is thus maximum just before
the electron density reaches the critical density (nc). Furthermore, the characteristics of the
density gradient have a significant impact on the absorption process. In particular, sharp
density gradients reduce the size of the absorption region and thus the overall efficiency of the
laser energy deposition.

The collisional absorption is the predominant laser energy deposition mechanisms for
intensities I [W.cm−2] ≤ 1014λ2 [µm]. For higher intensities, additional phenomena, such as,
the resonant absorption mush be taken into account. Indeed, the reflection of the incident
electromagnetic wave at the critical density in a plasma gradient, concur with the propagation
of an evanescent wave inside the target. For non-normal incidence of the laser beam, such
as E · ∇ne 6= 0 this results a charge separation. These charges will then oscillate in the
electromagnetic field of the laser at the frequency ω, with a resonance at the critical density (nc),
when an efficient coupling with electronic plasma waves is possible, since ω = ωpe.

Conduction region

The energy absorbed by the underdense plasma is transported toward the target, with
the predominant transport mechanism being the electron heat conduction, discussed in
section 2.3.1. The heated matter expands and compresses the target by rocket effect, leading
to a creation of a shock wave.
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1.2. SCALING LAWS IN LABORATORY ASTROPHYSICS

The hydrodynamic expansion of laser irradiated targets have been studied by Mora (1982)
and Fabbro et al. (1985). In the classical approaches, the ablation pressure (P abl), the ablated
mass rate (ṁ) and the coronal temperature (T c) are expressed in a power law form,

f(I0, λ0, A, Z, Z
∗, τ) = A0

(
I0 [1014 W.cm−2]

)δ1 (λ0 [µm])δ2
(
A

2Z

)δ3 (Z∗
3.5

τ [ns]

)δ4
, (1.11)

as a function of the incident laser intensity (I0), wavelength (λ0) and pulse length (τ), as
well as the atomic mass (A), atomic number (Z) and ionisation state (Z∗) of the material.
The fitting coefficients A0, δ1, δ2, δ3, δ4 are given in Table 1.1 for theoretical models by
Mora (1982), Fabbro et al. (1985) and experimental measurements of the ablation pressure in
diamond targets by Fratanduono et al. (2011).

The values in Table 1.1 are differentiated with respect to the critical intensity :

Ic [W.cm−2] ≈ 2 · 1013λ−5 [µm]

(
Z∗

3.5
τ [ns]

)3/2

. (1.12)

For instance, with plastic targets (Z = 3.5), irradiated by 1 ns laser pulse, the critical intensity
is equal to 4.4 · 1014 W.cm−2 and 3.4 · 1015 W.cm−2 using a wavelength of, respectively, 2ω
and 3ω. Since these values are lower than the experimental intensities presented in the table
below, in the following we will assume that I0 ≤ Ic for the presented experiments.

Mora (1982) Fabbro et al. (1985) *1

Parameter Case A0 δ1 δ2 δ3 δ4 A0 δ1 δ2 δ3 A0 δ1

Pabl [Mbar]
I < Ic 7.6 3⁄4 -1⁄4 7⁄16 -1⁄8 12 2⁄3 -2⁄3 1⁄3 11 0.71

I > Ic 7.5 2⁄5 -2 - 2⁄5

Tabl [keV]
I < Ic 2.2 1⁄2 1⁄2 -1⁄8 1⁄4 2.7 2⁄3 4⁄3 1⁄3
I > Ic 1.0 2⁄5 - - 2⁄5

Table 1.1 – Overview of ablation models in 1D plane geometry, where the functional
form for different parameters is defined by the Equation (1.11)

In the table below, we present the characteristic parameters of LULI2000 and Orion
laser facilities (further described in section 5.1.2), together with the calculated ablation
pressure (P abl) and the coronal temperature (T c):

Facility I0 [W.cm−2] λ [nm] P abl [MBar] T c [keV]

LULI2000 1014 527 13 1.6
Orion 1015 351 55 4.2

In conclusion, the laser energy thus heats the surface of the target to 0.1− 1 keV temper-
atures, resulting in its ablation and fast expansion in the direction of the laser. Due to the
momentum conservation principle, a strong shock wave is driven inside the target (Benuzzi-
Mounaix, 1997). When this shock wave unloads on the rear side of the target, it creates
a supersonic plasma flow that constitute the basic element of the laboratory astrophysics
experiments presented in this work.

1.2 Scaling laws in laboratory astrophysics

In 1977 Connor & Taylor demonstrated that equations modeling the plasma dynamics can
be invariant under certain transformations. Following this work, multiple studies attempted

1Fratanduono et al. (2011)
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to establish scaling laws for different plasma applications. In particular, we can mention the
pioneer work by Ryutov et al. (1999) who applied such scaling laws between astrophysical
objects and the laboratory experiments in the case of supernova (SN) explosions, thus
effectively founding the field of laboratory astrophysics.

1.2.1 Different classes of laboratory astrophysics experiments

Three classes of laboratory astrophysics experiments can be identified with respect to their
resemblance to the astrophysical phenomena that they aim to study, as illustrated in Figure 1.2.

First, the exact invariance consists in reproducing identical thermodynamic conditions in
laboratory (Takabe, 2001). This class include, in particular, experiments studying material
properties at extreme conditions. For instance, we can mention laser shock experiments
measuring the equation of state in conditions relevant for planetary science (Benuzzi-Mounaix
et al., 2014). Furthermore, experimental opacity measurements on High Energy Density
(HED) facilities are used to constrain radiation transfer models in the stellar interiors (Bailey
et al., 2014), as further discussed in chapter 4.

Although the spatial and temporal scales for astrophysical objects and laboratory ex-
periments differ by orders of magnitude, in the case when they are modeled by the same
equations (e.g. hydrodynamic or magnetohydrodynamic (MHD) description), scaling laws can
be used to rigorously demonstrate that both systems verify similarity properties. In particular,
three sub-classes of such experiments were proposed by Falize et al. (2009b),

1. Perfect similarity consist in rescaling only the time and the spatial variables of the
system. This concept was first identified by Basko & Johner (1998) for scaling of Intertial
Confinement Fusion (ICF) targets, and applied to laboratory astrophysics experiments
by Ryutov & Remington (2002).

2. Global similarity is a more formal approach, based the Lie symmetries, that provide a
invariant form of the equations modeling the physical system. It also generates more
free parameters than the perfect similarity and is thus less constraining (Falize et al.,
2009a).

3. Finally, the partial similarity conserves only some aspects of the original system of

Exact invariance
  Takabe (2001)

                Perfect similarity
  Basco & Johner (1998), Ryutov (2002)

   Global (and Absolute) similarity
               Falize et al. (2009)

     Partial similarity
  Basco & Johner (1998)      Ressemblance

Fig. 1.2 – Classification of laboratory astrophysics experiments with respect to their
level of similitude with the studied astrophysical phenomena (adapted
from Falize et al. (2009b))
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equations. This approach was, for instance, used by Basko & Johner (1998) to numerically
study the implosion dynamics and the hot spot creation in the context of the ICF.

In addition, a number of laboratory experiment study phenomena that are similar to
the ones found in astrophysics without being directly comparable. Such experiments are
said to be resemblant and, in particular, include those that are strongly dependant on the
microscopic physics. While no direct similitude relations can be established in this case, such
experiments contribute to our understanding of the underlying phenomena and can be used
to test simulation codes.

1.2.2 Scaling laws for the Euler equations

In this section we will illustrate the methodology for establishing scaling laws with the simple
example of the Euler equations.

A compressible ideal2 fluid is described by a system of Euler equations, that express the
conservation of mass (ρ):

∂t ρ+∇ · (ρv) = 0, (1.13)

momentum (ρv):
ρ ∂t v + ρv∇v = −∇P , (1.14)

and energy (ρ ε), that we write in the conservative form:

∂t

(
ρ ε+

1

2
ρ v2

)
+∇ ·

[
ρv

(
ε+

1

2
v2

)]
= 0, (1.15)

where v is the flow velocity, P is the pressure, and ε the specific energy. Since the above
system present 6 variables (ρ, v, P , ε) for 5 equations in three dimensions, an additional
equation, called the equation of state (EoS) is added to close the system. In particular, we
use a polytropic EoS formulation:

P = (γ − 1)ρ ε, (1.16)

where γ is the adiabatic index, further discussed in chapter 3. Combined with the Eq. (1.16),
we can then rewrite the energy equation as:

∂tP − γ
P

ρ
∂t ρ+ v · ∇P − γP

ρ
v · ∇ρ = 0, (1.17)

which removes the dependence on the specific energy (ε).
In the following, we thus consider the scaling of the system composed by the Equa-

tions (1.13), (1.14) and (1.17), parametrised by an initial set of variables (r, ρ, P , t, v). After
a linear transformation the resulting variables (r̃, ρ̃, P̃ , t̃, ṽ) can be expressed as,

r̃ = a r, ρ̃ = b ρ, P̃ = c P, t̃ = d t, ṽ = ev, (1.18)

where (a, b, c, d, e) are scaling parameters. It can be easily shown that the proposed
transformation leaves the Euler system of equations invariant only if:

t̃ = a

√
b

c
t, ṽ =

√
c

b
v, (1.19)

2neglecting viscosity and heat conductions
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which constitutes the, so called, Euler similarity. It can be demonstrates that this similarity
is associates with a conservation of a dimensionless Euler number (Ryutov et al., 1999),

Eu = v

√
ρ

P
= ṽ

√
ρ̃

P̃
. (1.20)

The Equation (1.20) can be expressed more conveniently with respect the Mach number
M = v/cs as:

Eu =
√
γM , (1.21)

since the sound speed for a polytropic gas is defined by cs =
√
γP/ρ.

We have thus re-established the scaling laws in the case of Euler equations, that are
associated with the conservation of a single dimensionless parameters. Starting from a
different system of equations, using the Lie group theory, scaling laws could be established
in a number of cases, including, magnetohydrodynamics (Ryutov et al., 2001), one and two
temperature radiative hydrodynamics in optically thin or thick limits (Falize, 2008), radiative
magnetohydrodynamics (Busschaert (2013), Cross et al. (2014)), etc.

1.2.3 Dimensionless parameters in fluid dynamics

We can note that the concept of scaling laws is tightly linked with the method of dimensional
analysis, and in particular with the Buckingham π theorem (1914). The latter states that any
physically meaningful equation involving n physical variables, can be rewritten in terms of
a set of p = n− k dimensionless parameters, where k is the number of physical dimensions
involved. It follows, that in a physical system described by p dimensionless parameters,
a transformation that leaves these parameters unchanged results in a system that verifies
similarity properties with the original one.

With respect to the laboratory astrophysics field, this implies that while in some cases, exact
scaling laws are established, simply demonstrating the conservation of relevant dimensionless
parameters is a valid justification of, at least, a partial similarity between the laboratory and
the astrophysical scales. In the following, we have made a choice to first introduce the classical
dimensionless parameters for plasma flows, and then discuss in detail the corresponding
physical mechanisms in chapter 2.

Effect of the viscosity

The Reynolds number (Re) measures the balance between the inertial and viscous forces:

Re =
Lv

ν
, (1.22)

where L is the characteristic size of the flow, v its characteristic velocity and ν the cinematic
viscosity.

For plasmas produced from materials with a low atomic number (Z ≤ 6), the latter is
given by Spitzer & Härm (1953):

ν [cm2.s−1] = 3.2 · 10−5 (T [eV])5A1/2

Z̄4ρ [g.cm−3] ln Λ
, (1.23)

where Z̄ is the mean ionization, A the atomic number of the material, T its temperature, ρ
the plasma density and ln Λ the Coulomb logarithm, discussed in section 2.3.2.

In the case when Re� 1, the energy dissipation due to viscosity is negligible.
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Heat conduction

The Peclet number (Pe) characterises the importance of the diffusive heat transport in the
medium. It is expressed as the ratio of the heat convection by the heat conduction,

Pe =
Lv

K
, (1.24)

where the heat conductivity (K), is given in for an ionized collisional plasma by Spitzer &
Härm (1953) (see section 2.3.2). Conductive heat transport can be neglected if Pe� 1.

Influence of the magnetic field

The effect of the magnetic field on the plasma dynamics can be characterised with two
dimensionless parameters. First the magnetic beta number,

β =
pt

B2/2µ0
, (1.25)

that corresponds to a ratio between the internal pressure (pt) and the magnetic pressure
pB = B2/(2µ0). In addition, similarly to the Reynolds number for the viscosity, we can define
the magnetic Reynolds number that measures the diffusivity of the magnetic field lines in a
plasma over a characteristic distance (L),

Rem =
v L

η
, (1.26)

where η is the electric conductivity of the plasma. Thus, the diffusion of the magnetic fields
lines in the plasma can be neglected when Rem � 1.

The radiative effects

In the case of a optically thin plasma (i.e. when emitted photons escape the plasma without
being reabsorbed), we can define a cooling factor (ξ):

ξ =
tcool
thydro

(1.27)

which compares the characteristic time scale for the radiative cooling (tcool) with that of the
hydrodynamic evolution (thydro):

thydro =
L

v
and tcool = 2.4 · 10−12

(
Z̄ + 1

)
T [eV]

Z̄ ni [cm−3]Λ
(1.28)

where Λ is the cooling function in ergs.cm3.s−1.
In addition, it is useful to define the Boltzmann number (Bo) that compares the material

flux to the radiative flux (Frad),

Bo =
(ρ ε+ P ) v

||Frad||f(τ)
, (1.29)

and the M ihalas number (Mihalas & Mihalas, 1999), that measures the fraction of internal
energy (ρε) with respect to the radiative energy (Erad),

R =
ρe

Erad g(τ)
, (1.30)
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In the above expressions, the functions f(τ) and g(τ) express the dependence with the optical
thickness (τ). Thus, in the optically thin and thick cases the asymptotic values are τ and 1
respectively (Michaut et al., 2008).

In the case when Bo� 1, the energy transport by radiative fluxes is significant and must
be taken into account. Furthermore, the condition R� 1 corresponds to the case when the
matter behaviour is dominated by the radiation.

Plasma collisionality

Finally, the considered physical system is collisional, if the ion mean free path (λmfp,ii) is
smaller than the characteristic spatial scale (L):

ζ =
λmfp,ii

L
� 1, (1.31)

Since λmfp,ii can be estimated as the ratio of the thermal ion velocity (vT,i), by the ion-ion
collision rate (νii), according to Braginskii (1965):

λmfp,ii [cm] =
vT,i
νii

= 3 · 1013 (T [eV])2

Z̄4 ni [cm−3] ln Λ
. (1.32)

Thus a plasma is said to be collisional if ζ � 1 and non-collisional otherwise.

1.2.4 Validity domain for the hydrodynamic description

In conclusion, a physical system is described by the Euler equations only if it is collisional (ζ �
1), non viscous (Re � 1), unmagnetized (β � 1), has negligible heat conduction (Pe� 1)
and radiative losses (ξ � 1 or Bo� 1).

Evidently these are very strong assumptions for HED systems, and indeed, in the following,
we will discuss more general phenomena that account for radiative losses, heat conduction
and the effect of the magnetic field, at least numerically if not in the scaling laws. However,
the first two conditions (collisional and non viscous plasma: ζ � 1, Re� 1) are fundamental
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Validity domain of 
      a hydrodynamic description
         based on the Euler equations 
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ζ = 0.01

ζ > 1

Re < 1

Fig. 1.3 – Domain of validity for the hydrodynamic description of the plasma, mod-
eled by Euler equations3, assuming a characteristic spatial scale L = 10 µm,
a flow velocity uf = 100 km/s and an atomic number Z = 13 (Aluminium).
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for the ensemble of this thesis work. Indeed, we will adopt a fluid description, as opposed to
kinetic one, that would be necessary to describe non collisional plasmas. In addition, the fluid
model of the plasma will be based on the Euler equations that neglect viscous effects, unlike
the full Navier-Stokes equations.

For instance, given the above constraints, the validity domain for the hydrodynamic
description of an Aluminium plasma propagating at a velocity u = 100 km/s and with a
characteristic spatial size L = 10 µm, is illustrated in Figure 1.3.

Conclusions

In this chapter, we introduced basic physical concepts for generating HED conditions in
laboratory using high power laser facilities. Then, we discussed the different classes of
laboratory experiments that can study phenomena relevant to astrophysical objects. In
particular, we illustrated the principle of scaling laws on the example of the Euler equations.
Finally, we reviewed the classical dimensionless parameters for plasma flows in High Energy
Density (HED) physics, and discussed the validity domain for the hydrodynamic description
of the plasma, that we use in this thesis work.
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CHAPTER 2. RADIATION HYDRODYNAMICS CODES

2.1 Hydrodynamic and MHD solvers

2.1.1 Hydrodynamic solvers

Basic equations

The evolution of an inviscid compressible flow, that allows the creation of shock waves, is
described by the Euler equations, which are written in the conservative form as:

∂tρ+∇ · (ρv) = 0 (2.1)
∂t(ρv) +∇ · (ρvv) +∇P t = 0 (2.2)
∂t(ρEt) +∇ · [(ρEt + P t) v] = Qlas −∇ · qt , (2.3)

with density (ρ), velocity (v = (u, v, w)), specific total energy (Et) and total pressure (P t).
These equations express the conservation of mass (2.1), momentum (2.2) and total energy (2.3).
The source terms for HEDP physics include the laser deposition (Qlas) and the total heat
flux (qt) which will be discussed later on. Finally, this system of equations is closed with an
equation of state (EoS) of the form P t = P t(ρ,Et) where the specific internal energy (et) is
expressed as

et = Et −
1

2
|v|2 . (2.4)

This expression is however prone to numerical errors when the internal energy is negligible
compared to the kinetic energy, in which case the internal energy can be evolved separately:

∂t(ρet) +∇ · [(ρet + pt) v] = Qlas −∇ · qt . (2.5)

The FLASH code implements several high-order finite volume solvers, that numerically
resolve the approximate Riemann problem, defined in the following section, at every cell
interface. An extensive description of such methods is beyond the scope of the present thesis
and can be found for instance in LeVeque et al. (1997) or Toro (1999). In the following section
we will consider first the case of a one dimensional Euler system of equations, to illustrate
some approaches used.

Riemann problem for scalar conservation laws

A Riemann problem is defined by a scalar conservation law for a variable (U),

∂tU + ∂xF (U) = 0 , (2.6)

together with piecewise constant initial conditions (see Fig. 2.1a):

U(x, 0) =

{
UL, x < 0

UR, x > 0 .
(2.7)

For instance, the conservative formulation of one dimensional Euler equations (Eqs. (2.1) to
(2.3)) without source terms can be written as Eq. (2.6) with:

U =

 ρ
ρu
ρEt

 and F =

 ρu
ρu2 + pt

(ρEt + pt)u

 . (2.8)

Furthermore, the conservation law (2.6) can be rewritten in an equivalent formulation:

∂tU +A(U)∂xU = 0 , (2.9)
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where A(U) = ∇UF (U) is the Jacobian matrix of F (U). Assuming an equation of state, such
as P t = (γ − 1)ρEt with a polytropic index γ:

A(U) =

 0 1 0
−1

2(γ + 1)u2 (3− γ)u (γ − 1)
−u(et + pt

ρ ) + 1
2(γ − 1)u3 (et + pt

ρ )− (γ − 1)u2 γu

 . (2.10)

The eigenvalues of the A(U) matrix,

λ1 = u− cs , λ2 = u , λ3 = u+ cs , (2.11)

then define the so called characteristic curves in the phase space {x/t = λi}i∈{1,2,3} (see
Fig. 2.1b), where the isentropic sound speed (cs) is given by,

cs =

√
γpt
ρ

. (2.12)

A solution to the Riemann problem (2.6), (2.7) for Euler equations is represented in Figure 2.1.
The outer waves, corresponding to eigenvalues λ1 and λ3 can be either shock or rarefactions
waves. An additional criterion called entropy conditions (i.e. entropy can only increase in
shocks) is necessary to make a full determination. The central wave (λ1) is linearly degenerated
and can only be a contact discontinuity that preserves the continuity of pressure and velocity.

At every time-step the Riemann solver calculates the intermediate states and the corre-
sponding numerical flux F̃ (UL, UR), the time dependence being later integrated with classical
numerical schemes. An exact solution of the Riemann problem for Euler equations requires to
numerically solve a non linear system of equations and is therefore computationally costly. As
an alternative, several approximate Riemann solvers were proposed that have a significantly
lower cost, while providing a solution almost as good as the exact solvers.

For instance, the popular Roe solver (1981), linearises the Jacobian matrix to Ã(UL, UR),
constructed with the left and right states, that is then solved exactly. A different approach by
Harten, Lax, and van Leer (HLL) uses the integral form of the conservations laws. The full
solution is approximated by a single intermediate state (U*), delimited from the left (UL) and
the right (UR) states by two waves moving at speeds λ1 and λ3. The contact discontinuity,
which is ignored by the HLL approach was later reintroduced with the HLLC (Harten-Lax-van
Leer-Contact) solver (Toro, 1999) that has two intermediate (“star”) regions U*L and U*R
(see Fig. 2.1b).

Independently of the choice of the Riemann solver, the order of reconstruction scheme
has large influence on the solution (see Fig. 2.2). For instance, in the Godunov scheme,
the solution is modelled by a piecewise constant function, limiting the result to first order
accuracy, which results in large diffusivity and smearing of discontinuities. In second-order

a)

xx0

UL UR
ρL, uL, et,L ρR, uR, et,R

b)

x

t (u)

(u+ cs)
(u− cs)

U*L U*R

URUL

Fig. 2.1 – (a) Piecewise constant initial conditions. (b) The 3-wave solution of the
Riemann problem for the Euler equations.
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xxi−1 xi xi+1

1st order
2nd order

ui−1(x)

ui(x)

ui+1(x)

Fig. 2.2 – Piecewise constant and linear reconstruction of the function u(x) over
three consecutive cells.

approaches, the piecewise constant function is replaced by a piecewise linear one. Although,
this approach also introduces unphysical oscillations near discontinuities, which imposes the
use of a slope limiter to ensure monotonicity, as for instance in the second-order MUSCL
(Monotonic Upstream-centred Scheme for Conservation Laws) scheme first presented by Van
Leer (1974). Later developments include the third order PPM (Piecewise Parabolic Method)
by Woodward & Colella (1981), or the third/fifth order ENO (Essentially Non Oscillatory)
schemes that use a different polynomial reconstruction approach and its extension to WENO
(Weighted ENO) by Liu et al. (1994).

In realistic applications, multidimensional Euler equations that contain source terms need
to be solved. There are two manners of solving the complete problem. The simplest way is
to split the problem in operations that can be executed one after another. For instance a
multidimensional problem can be split into several one dimensional problems in an approach
called dimensional splitting. The major drawback of the splitting methods is however that
the different operations are generally not commutative and the result would thus depend on
the order in which they are executed. Alternatively, in some cases an unsplit algorithm can
be developed to take into account all the terms in one step.

FLASH hydrodynamic solvers

The legacy hydrodynamic solver of the FLASH code is historically based on the Prometheus
code (Fryxell et al., 1989) and uses the directionally split PPM algorithm. More recently, an
unsplit implementation was developed for the MUSCL scheme and later extended to PPM
and WENO schemes. The unsplit version of the solver presents the significant advantage of
conserving the symmetry of a multidimensional flow, that is broken by the split approach.

FLASH currently provides most of the common Riemann solvers such as Roe, HLL, HLLC
and hybrid implementations that can be used with minmod, superbee, mc or van Leer slope
limiters to ensure monotonicity (FLASH user guide).

The presence of numerous options for the hydrodynamic solver can be a bit overwhelming
especially when compared to Lagrangian codes that have mostly one finite difference solver.
It is however difficult to say categorically which Riemann solver is the best as it is specific
to any given problem. A study by Quirk (1997) enumerates most common failings found in
Riemann solver implementations. For instance, some solvers may produce expansion shocks
(i.e. non physical rarefaction shocks) that don’t verify the entropy condition. Another common
shortcoming is that the use of the Equation (2.4) may lead to negative internal energies when
the kinetic component is largely dominant in the total energy (Et). The modelling of slowly
moving shock may lead to unphysical noise in the post shock region, which is particularly
relevant for standing shocks such as accretion shocks studied in this thesis. An odd-even
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instability can occur for shocks that are aligned in the grid, while high Mach shocks in
cylindrical geometry may exhibit instability on the symmetry axis.

A number of approaches can be applied to limit the above mentioned issues. For instance,
FLASH allows to automatically switch to HLLE solver within the shock region to limit the
odd-even instability. The occurrence of negative internal energies can be limited by evolving
it in a separate Equation (2.5), while the noise in slowly moving shocks can be removed for
the PPM scheme with a hybridized slope limiter, etc. Still, a strong knowledge of numerical
schemes is necessary to identify and limit the possible issues with the numerous options of
the hydrodynamical solvers existing in the code.

The hydrodynamic solver in FLASH was extended to use a non ideal equation of state,
for instance from a tabulated data, with an approach described by Colella & Glaz (1985).
Details for this approach and the underlying limitations will be discussed in section 4.

In the following section we will describe the 3-temperature (3T) physics description
implemented in the FLASH code.

2.1.2 A 3T extension for HEDP plasmas

The FLASH code was extended with several modules to allow simulations of HEDP conditions.
The 3 species (electrons, ions and radiation) existing in HEDP plasmas may be out of
equilibrium and therefore can be described by different temperatures, T e, T i and T r, referred
to as the 3T description. The relationship between internal energy, pressure and temperature
is given independently for ions and electrons by the EoS module that relies on tabulated
data. The description of the radiation transfer assumes an optically thick medium, hence
the relationship between the radiative pressure (pr) and internal energy (er) is written as
pr = 1

3ρer = 4σ
3c T

4. The total quantities are then estimated as a sum over the different species:

pt =
∑
s
ps , et =

∑
s
es , qt =

∑
s

qs . (2.13)

The ionic heat flux is generally negligible (qi � qe) and is therefore ignored, while the
electron heat flux is given by the Fourier law qe = −Ke∇T e with Ke the electron conductivity
described in section 2.3.

In the 3T approximation, the Euler equations must be solved together with advection and
coupling equations for the different species:

ρ∂tei +∇ · (ρeiv) + pi∇ · v = ρcv,eνei (T e − T i) (2.14)
ρ∂tee +∇ · (ρeev) + pe∇ · v = ρcv,eνei (T i − T e)−∇ · qe +Qabs −Qemis +Qlas (2.15)
ρ∂ter +∇ · (ρerv) + pr∇ · v = ∇ · qe −Qabs +Qemis , (2.16)

where cv,e is the electron specific heat provided by the equation of state and νei is the
ion/electron equilibration rate.

A series of operator splitting is used to isolate the advection terms from the source terms
in the previous equations, although significant challenges exist at shock fronts where the term
∇v cannot be discretised and requires a dedicated method.

Shock handling

The most direct approach to model shocks in the 3T description consists to note that as the
electron entropy (se) is conserved across the shock, all the heating in shocks goes into the
ions. After the Euler equations are solved for the total quantities, the electron entropy is
given by an advection equation:
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∂tρse +∇ · (ρsev) = 0. (2.17)

Then it is used in the EoS as a state variable to compute the internal energy of the electrons,
ee = EoS(ρ, se), thus allowing to separate the updated total energy among different species.
The current implementation of the entropy advection method is however not compatible with
the radiation treatment which limits its application to HEDP simulations.

An alternative approach adapted from the RAGE code (Gittings et al., 2008), essentially
splits the total energy variation due to hydrodynamic work and shock heating among ions,
electrons and radiation, proportionally to their partial pressures. Extensive testing have
shown that the RAGE-like approach is physically correct in smooth flows but overestimates
the electron temperature and underestimates the ion temperature in the post-shock region.
Although in numerous applications the ion-electon equilibration time is small compared to
the hydrodynamic evolution1, making this limitation less critical.

In terms of implementation, the unsplit hydrodynamic solver is a simplified version of the
Unsplit Staggered Mesh (USM) magneto-hydrodynamics solver that will be briefly reviewed
in the following section.

2.1.3 Magnetohydrodynamics

The equations of compressible resistive magnetohydrodynamics (MHD) solved by the FLASH
code are:

∂tρ+∇ · (ρv) = 0 (2.18)
∂t(ρv) +∇ · (ρvv −BB) +∇p* = 0 (2.19)

∂t(ρE*) +∇ · [(ρE* + p*) v]−B(v ·B) = Qlas −∇ · q +∇ · (B× (
1

σ
∇×B)) (2.20)

∂tB +∇ · (vB−Bv) = −∇× (
1

σ
∇×B) , (2.21)

with the total pressure and energy including the magnetic terms defined respectively as,

p* = pt +
B2

2
and E* = Et +

B2

2ρ
=

1

2
|v|2 + et +

B2

2ρ
. (2.22)

The magnetic field is represented by the B vector, while the physical models for the anisotropic
electric conductivity (σ) and the thermal conductivity used to calculate the heat flux (q) are
described in detail in the following section. This description assumes that the collisional effects
are important enough to make the pressure (and temperature) isotropic, which is valid when
the thermal pressure is not negligible in respect to the magnetic pressure (i.e. β & 0.01− 1)
(Rax, 2005).

The FLASH code solves the MHD fluid equations with either the legacy split 8-wave solver
(Powell et al., 1999) or the more recent Unsplit Staggered Mesh (USM) solver (Lee et al.,
2013).The USM algorithm uses a high order Godunov method combined with a constraint
transport approach that implicitly enforces ∇ ·B = 0. Similarly to the hydrodynamic solver
it is possible to use a number of Riemann solvers and reconstruction schemes.

1Typically for plasma in laboratory astrophysics experiments with ne ∼ 1019 cm−3, the ion-electron
equilibration time is around 10 ps at 80 eV and 0.3 ps at 10 eV (cf. section 2.3.2).
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2.2 The grid structure

2.2.1 Lagrangian and Eulerian approaches

Numerical solutions of hydrodynamic or MHD partial differential equations require a spatial
discretization of the simulation domain. The HEDP and more particularly the ICF codes
traditionally use a Lagrangian description, where cells are convected with the fluid. This
presents several advantages: the hydrodynamic equations are simplified in the co-moving
frame, the initial grid can be non uniform, and features such as shocks and discontinuities
are naturally well resolved. Generally the resolution increases with compression, which is
particularly suitable for implosion studies. However, the extension to 2D and 3D dimensions
is more arduous, as the differential operators become increasingly complex, but also because
shear and turbulence may result in mesh tangling that leads to simulation failure.

Alternatively, in the Eulerian approach, one can use a fixed grid, that presents the
advantage of allowing turbulent flow, arbitrarily large deformations and the generation of
new free surfaces. Although, being inherently more diffusive this approach was little used
until the development of higher order methods that overcame this limitation. In addition to
calculating the change in the solution due to the source or Lagrangian terms, the Eulerian
codes must account for the material flux through the mesh. Two approaches exist to resolve
this problem: either the solution is directly computed on the Eulerian grid or, in the first step,
the solution is computed using a Lagrangian mesh followed by a remapping operation to the
original Eulerian mesh (Benson, 1992). If the solution is remapped onto an arbitrary non fixed
mesh, the latter case is called the Arbitrary Lagrangian Eulerian (ALE) method (Amsden
et al., 1980).

It is of notice that the derivative operations are significantly simpler on a uniform Eulerian
mesh when compared to the Lagrangian case, resulting in a lower computational cost per cell.
However, given that a uniform mesh cannot be adjusted to the problem, pure Eulerian codes
require a significantly larger total number of cells to achieve comparable effective resolution.

The Adaptive Mesh Refinement (AMR) technique emerged as a way to overcome this
limitation. It allows to dynamically add more cells at runtime in the critical regions of the
simulation while loosely refining the rest of domain thus keeping the total number of cells
and the computational cost reasonable (Berger & Oliger, 1984). AMR techniques have been
developed both for unstructured and structured meshes. In the former case, coarse cells are
directly replaced by finer ones (e.g. RAMSES code, Teyssier (2001)), while in the latter
approach cells are regrouped in structures of equal size, called blocks or patches, that are
used as a base unit for refinement. In the following section we will discuss in more details the
block structured Adaptive Mesh Refinement (AMR) grid used by the FLASH code.

2.2.2 Block structured Adaptive Mesh Refinement (AMR)

The grid architecture

At present, the FLASH code relies on the PARAMESH library (MacNeice & Olson, 2000) for
its default block structured AMR implementation. In this AMR approach, the base unit for
the spatial grid is a block of simulation cells surrounded by several layers of guard cells (see
Fig. 2.3a.). For local problems (hydrodynamic evolution, diffusion, etc.), such a block structure
makes the calculations within a block independent of the rest of the simulation as all the
required information in particular for spatial derivatives is provided by the guard cells. The
number of necessary guard cells is thus directly related to the order of the solver. By default,
4 guard cells are used with the 2nd and 3rd order hydrodynamic and MHD solvers.
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Fig. 2.3 – (a) A single block showing interior cells (nbx = nby = 8) surrounded by
the guard cells (nguard = 3). (b) Example of a block structured AMR
grid in 2D. (c) The corresponding quad-tree structure.

The complete simulation grid then consists of a collection of blocks with different cell
sizes (cf. Fig. 2.3b) that are linked in a hierarchical oct-tree (in 3D) or quad-tree (in 2D)
structure, as illustrated in Figure 2.3c. Such tree data-structure provides a global index
coordinate system, making unnecessary to store the neighbours unlike the cell-based adaptive
approaches (e.g. as in the RAMSES code). In d spatial dimensions, any parent block
can be subdivided into 2d children blocks (i.e. 4 in 2D and 8 in 3D), that completely fill
the parent block and whose resolution is increased by a factor of 2. A simulation with n
levels of refinement thus have an effective resolution (i.e. maximum possible resolution) of
X0/

(
nxblocks · nbx · 2n−1

)
, where nxblocks is the number of root blocks, X0 the total size

of the domain and nbx the number of cells per block, each taken along the x axis. A final
condition for the PARAMESH AMR tree is that adjacent block cannot differ by more than
one level of refinement.

The communications in a simulation can then be reduced to the filling of guard cells from
neighbouring blocks which makes this approach suitable for highly parallel implementations.
In the case when the neighbouring blocks have different levels of refinements an averaging or
interpolation procedure is performed.

Refinement operation

The changes in mesh resolution are triggered by a refinement criteria that is checked at every
time-step and can be applied to any physical variable of the simulation. FLASH uses a
modified Löhner’s (1987) error estimator, that is written in one dimension for the variable u
within the cell ix as

Eix =
|ui+2 − 2ui + ui−2|

|ui+2 − ui|+ |ui − ui−2|+ ε (|ui+2|+ 2|ui|+ |ui−2|)
, (2.23)

with a user defined parameter ε� 1. These criteria can be seen as the second derivative of
the variable u, normalized by the first order derivative together with a local average. The
latter factor is weighted by a small constant (ε) and allows filtering out of oscillations with
high spatial frequency.

The previous expression can be generalised to multiple dimensions, by applying separately
the Euclidian norm to 1st and 2nd order derivatives taken in all possible directions:

Eixiyiz =


∑
pq

(
∆xp∆xq ∂

2
xpxqu

)2

∑
pq

[
1

2∆xq

(
|∂xpu|ip+1 + |∂xpu|ip−1

)
+ ε

|ūpq|
∆xp∆xq

]2


1/2

, (2.24)

where ixiyiy are the coordinates of the cell, ∆xp is the cell size in the q dimension and |ūpq| a
local average taken in p and q directions.
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a) b)
Number of cells

nbx N levels N lblocks N inner Nguard N total

A
M
R

8 5 40 2560 7680 10240
16 4 10 2560 3200 5740
32 3 7 7168 4032 11200

Uniform grid 16384 0 16384

Fig. 2.4 – (a) Fraction of cells that are used as guard cells as a function of the
geometry and block size (nbx) for nguard = 4. (b) Number of cells
required to build the mesh illustrated on the Figure 2.3b with an equivalent
resolution using a uniform grid as compared to an AMR with different
block size. The table presents the corresponding number of refinement
levels (N levels), number of leaf blocks (N lblocks), the total number of
cells (N total) as well as their subdivision among inner (N inner) and guard
(N inner) cells.

The total error estimate is computed within every block as a sum over error estimates
for the specified simulation variables that are used for refinement. At every time step, a
block can thus either be refined (i.e. gains 2d children), de-refined (i.e. a set of 2d children
blocks are removed from its parent) or left at the same level of refinement. Finally, blocks
are redistributed among processors according to a weighted Morton space-filling curve: the
multidimensional position of blocks is mapped into a 1D curve that preserves local neighbours
and minimises the update time for each block, then it is divided among different processors
insuring comparable workload.

AMR block size considerations

As presented earlier, the adaptive approach allows modelling multi scale problems with a
reduced computational cost. It is worth mentioning however that the complexity of the AMR
structure results in a computational overhead as compared to a uniform grid with the same
number of cells. This is particularly true for simulations where most of the domain is fully
refined, in which case the latter approach is more efficient.

Indeed, assuming blocks of equal size (nbx) in d dimensions, the number of cells contained
within a block is N inner = nbxd, while the total number of cells within nguard layers of guard
cells is given by:

Nguard =


2 · nguard d = 1

4 · nguard2 + 4 · nguard · nbx d = 2

8 · nguard3 + 12 · nguard2 · nbx + 6 · nguard · nbx2 d = 3 .
(2.25)

As a result, the memory used to store guard cells becomes preponderant for multidi-
mensional problems that use small block sizes (figure 2.4a). Furthermore, for every physical
module, the simulation time can be approximately di²vided between the computational phase,
that depends on the size of the problem (i.e. N inner), and the communication time (i.e. the
time to fill the guard cells), whether it is locally or spread out between MPI processes.

Let’s consider for instance the mesh represented on the Figure 2.3b, assuming that the
lower left corner is the only region that need to be refined. The use of AMR with 16 cells per
block results in a 85% reduction in number of cell when comparing to an equivalent uniform
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grid, although it comes with an addition of approximatively the same number of guard cells
(see Figure 2.4b). If the block size were to be decreased to 8 cells, the maximum refinement
level would have to be increased by 1 in order to keep a comparable resolution. This would
result in exactly the same number of inner cells, but with a significantly larger number of
guard cells, putting the total number of cells uncomfortably close to the uniform grid case.
On the contrary, increase in the block size to 32, with 3 refinement levels, leads to lower
relative number of guard cells, but also to a higher resolution in regions that don’t need to be
refined, and thus an overall large number of cells.

In conclusion, the block size in AMR schemes should be carefully chosen, as a small number
would lead to excessive communication cost, while a large block size results in a loss of
flexibility.

2.3 Electron and heat conduction

2.3.1 Electron heat conduction

The complete description of electron transport in plasma relies on kinetic principles with the
electron distribution function verifying the Fokker-Planck equation. This kinetic description is
however too costly to be included in hydrodynamic codes. It is then customary to approximate
the solution with a first-order linearised formulation around a Maxwellian electron distribution
that leads to the diffusion equation:

ρ∂tee = ∇ · qe with qe = −Ke∇T e , (2.26)

where Ke is the Spitzer & Härm (1953) conductivity. It should be noted that this quasi-
Maxwellian assumption breaks down for sharp temperature gradients that are of the order of
the electron mean free path (λe), resulting in an excessive predicted heat flux (Bell, 1983). A
workaround that is widely used in hydrodynamic codes that model laser plasma interaction,
including FLASH, is to artificially decrease the conductivity coefficient in the Equation (2.26)
and thus to limit the heat flux to correct values. The flux-limited conductivity coefficient is
defined by

1

Ke,lim
=

[(
1

Ke

)p
+

( |∇T |
f qmax

)p]1/p

with


harmonic flux limiter: p = 1

Larsen flux limiter: p = 2

min/max flux limiter : p→ +∞ ,
(2.27)

where qmax is the heat flux in the free streaming limit:

qmax = nekBT e

√
kBT e

me
, (2.28)

and f is the so-called flux-limiter coefficient. The generally accepted empirical value for the
flux-limiter is f = 0.08± 0.02 that yields the best results when compared to the experimental
data. One can easily verify with the formulation (2.27), that when Ke|∇T e| > f qmax the
computed flux is reduced to qe = −Ke,lim∇T e ≈ −f qmax∇T e/|∇T e|.

As it was mentioned earlier, the complete energy balance for electrons (2.15) is solved via
operator splitting and one of the steps consists in the diffusion equation (2.26). A general
unsplit implicit solver for flux limited diffusion is used to solve the thermal electron diffusion
in FLASH. The numerical implementation relies on the HYPRE linear algebra library (Falgout
& Yang, 2002) that allows solving the system of equations in a massively parallel environment.
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It should be noted that the ad-hoc flux-limiter allows overcoming the issue of excessive
heat transport at sharp temperature gradients. However, it cannot model the dynamics of
non-thermal electrons that travel faster and deposit energy ahead of the main heat front. This
effect becomes particularly important when the laser intensities are above 1015 W.cm−2. In
this case, a non-local heat transport model (Epperlein & Short, 1991; Schurtz et al., 2000) is
therefore required.

In the following sections we will outline the thermal and electric conductivity models that
are currently implemented in FLASH.

2.3.2 Electric and thermal conductivity models

The fluid equations mainly adopt a simplified macroscopic description for the transport
coefficients. All the complexity of the underlying collisional processes is hidden inside
transport coefficients (and the EoS/opacities) that are used to define the electric and the
heat conductivity coefficients. The calculation of transport coefficients is a challenging task
that is beyond the scope of the current thesis. In the following section we will only provide a
brief overview of the models currently used in the FLASH code. One might refer to Hu et al.
(2014) for an exhaustive list of conductivity plasma models found in the literature.

Spitzer model

The classical Spitzer & Härm (1953) theory establishes the collision rates in a diluted and
fully ionized plasma. In particular, the electron-ion collision rate νei is given by:

νei [s] =
3
√
π

4τ ei
= 4.25 · 1012ne [1021cm−3] Z̄ ln Λ

A (T e [eV])3/2
, (2.29)

with τ ei being the electron-ion equilibration time, Z̄ the mean ionisation and ln Λ the Coulomb
logarithm that corresponds to an integration over the impact parameter b:

ln Λe =

∫
db

b
= ln

bmax

bmin
. (2.30)

The Debye length λD is usually taken as the upper cut-off for the integration (bmax), while the
lower cutoff (bmin) is mostly set to the de Broglie length although some unresolved controversy
exists on this topic (Mulser et al., 2014). For laser produced plasmas, ln Λ is typically in the
range of 5 to 12.

The Spitzer & Härm thermal conductivity is defined by Ksp = neτ eikBT e/me for fully-
ionized plasmas. It can be extended to low and medium-Z adding a corrective factor for the
electron-electron collisions (Atzeni, 1987) as:

Ksp =

(
8

π

)3/2 k
7/2
b

e4√me

1

(1 + 3.3/Z̄)

T
5/2
e

Z̄ ln Λ
. (2.31)

The electrical conductivity according to the Spitzer & Härm model is then evaluated as
σsp = 2e2neτ ei/me.

Braginskii model

A strongly magnetised plasma presents anisotropies related to the orientation of the magnetic
field lines. It is thus customary to split variables into their parallel (�) and orthogonal (⊥)
contributions with respect to field lines. The FLASH code is only suitable to model magnetised

35



CHAPTER 2. RADIATION HYDRODYNAMICS CODES

plasmas where the magnetic field is not strong enough to present anisotropies in pressure.
However, it has been recently extended to use anisotropic Braginskii electric conductivity
coefficients.

The Braginskii model (1965) describes an ideal fully ionised magnetised plasma and
estimates an electron-ion equilibration time (τ ei) identical to the Spitzer model except for a
small numerical factor. The resulting parallel (σ�) and orthogonal (σ⊥) electrical conductivities
are then given by,

σbr,� = 1.96
neτ eie

2

me
and σbr,⊥ = 0.51σbr,� . (2.32)

Although the anisotropic thermal conductivities are also given by this model, they are not
currently used in FLASH.

Lee and More model

A more general conductivity model for non ideal plasma in Warm Dense Matter (WDM)
region as well as solid and liquid phases was developed several years ago by Lee & More
(1984) for both magnetised and non-magnetised cases. This model is particularly useful for
simulations of HEDP experiments as it covers all experimentally encountered ranges of density
and temperatures.

The current version of the FLASH code contains an implementation of the Lee & More
model for the electron heat conductivity and further developments would extent it to the
anisotropic electric conductivity in magnetised plasma.

2.4 Laser energy deposition

2.4.1 Laser plasma interaction

The modelling of laser plasma interaction (LPI) is a challenging problem, as it generally requires
taking into account numerous coupled processes. In particular, we can mention collisional
(bremsstrahlung) and resonance absorption, filamentation as well as parametric instabilities
including the Stimulated Brillouin Scattering (SBS), Stimulated Raman Scattering (SRS) and
Two Plasmon Decay (TPD) (Kruer, 1988). Furthermore, the parametric instabilities together
with the resonance absorption excite plasma waves which tend to generate supra-thermal
electrons.

Detailed description of LPI can be achieved with Particle-in-cell (PIC) or Focker-Plank
type methods that self-consistently solve Vlasov-like and Maxwell equations. Specific LPI
codes include for instance Harmony (Hüller et al., 2006) and LPIC code extension by Klimo
et al. (2010). They are however limited to picosecond time scales and small plasma volumes,
due to their high computation cost.

On the other hand, the LPI in the fluid description, allows nanosecond time scale and
larger plasma sizes to be simulated, although with a less detailed physical models. In the
following, we will review several methods that couple laser energy deposition with the fluid
equations.

The most direct approach uses ray tracing, in which the laser beam intensity is split
among a finite number of discrete rays (beamlets), each propagating accordingly to the laws
of geometrical optics. The ray tracing approach describes only the collisional absorption,
which is a reasonable first-order description in a number of cases. In particular, for low laser
intensities, when I0λ

2
0 . 5 · 1012 W.cm−2.µm2, this approximation is rigorously valid (see

Fig. 2.5). For higher values of I0λ
2
0, parametric instabilities thresholds are reached and the
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Fig. 2.5 – Laser-plasma instability thresholds, with λ0 laser wavelength, I0 laser
energy and L the spatial size of the coronal plasma (adapted from Camp-
bell et al., 1984). Typical conditions for our laboratory astrophysics
experiments are represented for LULI2000 and Orion lasers.

underlying phenomena contribute to increase the amount of backscattered laser light. If one is
only interested in integrated quantities of the simulation such as velocities and shock timing, it
is possible to adjust the incident numerical laser intensity in order to account for the additional
backscattered light and match the experimentally measured quantities. This is, however, not
rigorously correct as the parametric instabilities not only impact the total backscattered laser
intensity but also the density at which the backscattering happens (with respect to the critical
density (nc)), and therefore the overall LPI. Thus, the commonly accepted validity range for
a laser ray tracing model with inverse bremsstrahlung absorption is I0 . 1015 − 1016 W.cm−2.
The laser deposition in all the hydrodynamic codes we used during this PhD thesis (MULTI,
DUED, FLASH) was based on a ray tracing algorithm that we will review in detail in the
following section.

A more accurate model for the laser propagation that can take into account both the
refraction and diffraction phenomena is obtained with paraxial methods, that are based
on a solution of the Maxwell equation in the Wenzel-Kramers-Brillouin (WKB) approxima-
tion (Ballereau et al., 2007). Notable codes that use this approach, to model SRS, SBS and
filamentation instabilities, are Hera (Loiseau et al., 2006) and pF3d (Divol et al., 2008). The
plasma must be resolved there at scales below the laser wavelength, limiting at present (due
to the computational cost in 3D) the simulation time scales to a few 100 ps for LPI in the
multi-kilojoule 3ω regime. Furthermore, the paraxial model is exclusively valid for underdense
plasmas (ne < nc/2) with normal incidence, and are not intended to describe laser absorption
that happens mostly at the critical density. Such codes are commonly used in conjunction
with conventional hydrodynamic codes that model plasma evolution and laser heating.

A recent extension of the ray-tracing approach with a thick-ray description of the laser
wave field, takes into account several parametric instabilities, was developed for the CHIC
code by Colaïtis et al. (2013).
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Fig. 2.6 – Example of trajectory of a laser ray within two simulation cells in 2D
with the Kaiser algorithm.

2.4.2 Ray tracing algorithm with collisional absorption

In the geometrical optics approximation, the equation of motion of a ray, described by its
position r(t), is obtained by linearising the eikonal equation (1.7):

∂tt r = ∇
(
−c

2

2

ne(r)

nc

)
, (2.33)

with the critical density nc [cm−3] = 1021

(λ [µm])2
. It can be verified that, in the particular case

of a constant density gradient ∇ne(r), the integration of Equation (2.33) yields a parabolic
trajectory:

r(t) = r0 + v0t−
c2

4nc
(∇ne)t2 . (2.34)

The ray power P (t) is attenuated between 0 and t according to

P (t) = P (0) exp

[∫ t

0
νib(r(t′)) dt′

]
, (2.35)

where νib is the inverse bremsstrahlung rate, defined as

νib =
ne
nc
νei(ne, T e), ne ≤ nc , (2.36)

with the electron-ion collision rate (νei) given by the Spitzer model (see Eqn. (2.29)). The
original implementation of the laser ray tracing in FLASH uses the Kaiser algorithm (2000).
A first-order Taylor expansion is calculated within every cell for the electron density and
temperature:

ne[r(t)] = ne(r0) + (r(t)− r0)∇ne(r0) (2.37)
T e[r(t)] = T e(r0) + (r(t)− r0)∇T e(r0) . (2.38)

As illustrated in Figure 2.6, the rays follow a parabolic trajectory (2.34) within every cell.
Snell-Descartes law for refraction is then applied at cell boundaries to take into account a
jump of the refractive index. Every ray propagates through the whole simulation domain
in one hydrodynamic time step, as it is assumed that the corresponding time scales are
fundamentally different. Using expressions (2.38) and (2.34) the inverse bremsstrahlung
collision rate νib(ne(t), T e(t)) is then expressed as a rational fraction depending only on local
gradients ∇ne(r0) and ∇T e(r0) then finally integrated within every cell with a Gaussian
quadrature method to obtain the absorbed laser energy.

A more recent implementation aims to provide a continuous calculation of both ne, T e and
∇ne, ∇T e within a computational domain using cubic interpolations thus allowing a smoother
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ray trajectory than with the Kaiser algorithm. Further details regarding this method can be
found in the FLASH user guide.

It is of notice that in Lagrangian hydrodynamic codes, it is customary to perform ray
tracing with a randomisation on ray parameters (position, direction) in order to achieve a
uniform irradiation with simulation cells of variable size in the ablation region and reduce
laser imprint. For the Eulerian codes with or without AMR, however, it is not necessary as
the simulation grid does not move with respect to the fluid. Therefore, a reduced number of
rays per cells is sufficient to describe the laser absorption.

In the particular case of 2D axis-symmetrical simulations, the 2D ray tracing does not
take into account all possible directions of ray propagation. This limitation can be overcome
with 3D laser ray-tracing, projected in 2D by averaging the deposited energy in the azimuthal
direction.

In the following section, we will illustrate the challenges of hydrodynamic simulations that
use a ray-tracing algorithm for laser energy deposition with code to code comparison.

2.5 Multi physics laser simulations: code to code comparison

The modelling of HEDP laser-plasma experiments with hydrodynamic codes requires taking
into account various physical phenomena including hydrodynamic/MHD evolution, heat and
radiation transport, as well as laser energy deposition. Given the complexity of such codes,
an important step in their development are Verification and Validation (V&V) procedures.
They assess the ability of such codes to model real physical phenomena and ensure conformity
with experimental observations. One can refer to Calder et al. (2002), both for a general
description of the V&V process and for the specifics of validating astrophysical simulations
produced with the FLASH code. We will review the main points of this process, with a focus
on HEDP FLASH simulations.

The verification step ensures that the physical equations included in the code are correctly
solved. For example, in the case when an analytical solution exists, it can be used to verify
the output of the corresponding numerical solver. Validation can be implemented with unit
and regression tests, insuring that different components of the code work as expected and
that updates do not break previously working functionalities. In the case of the FLASH code,
a test-suite, run on a daily basis, allows detecting errors early and contributes to the overall
confidence in the code (Dubey et al., 2013).

The validation process checks that the models used in the code are suitable and sufficient
to correctly reproduce physical phenomena of interest. It consists of comparing simulations
with results of laboratory experiments, for a well chosen set of simple test-problems. Indeed,
every model has its own limitations and a validity range. In the particular case of HEDP
hydrodynamic simulations, a number of approximations are used. We mentioned in the
previous section that laser energy deposition by collisional absorption with a ray-tracing
approach provides only a simplified description of laser plasma interaction (LPI). A certain
level of uncertainty is also due to the description of material properties (EoS, opacity, transport
coefficients). Furthermore, thermal heat conduction and radiation transport in the diffusion
limit allow only a first-order description of these phenomena. More generally, the use of a
fluid description means that detailed kinetic phenomena are overlooked. Thus, laboratory
experiments stand out as the only mean to conclusively validate HEDP hydrodynamic codes.

The design of dedicated laboratory experiments relevant for code validation sets its own
challenges. In particular, experimental results tend to be space or time integrated and require
the post-processing of simulations in order to be comparable. Besides, diagnostics have a
finite resolution that together with uncertainties on the target parameters may result in
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experimental errors bars too large to constrain simulations.
Code to code comparison can be used as a complementary verification tool when comparing

a specific solver of the code. In addition, comparison with a code that has been itself
experimentally validated, can be seen as a mean of indirect validation. The FLASH code has
been exhaustively compared to CRASH and RAGE codes by Fatenejad et al. (2013) and to
HYDRA code by Orban et al. (2013). To complete this work, in this section we will undertake
a comparison of FLASH with the two codes that have been extensively used and validated for
the last 25 years by the academic laser-plasma community in Europe: MULTI (Ramis et al.,
1988) and DUED (Atzeni, 1987).

A final subject to describe in the methodology of V&V is calibration. It is a process
performed to improve the agreement of the simulated results with the experimental data.
Calibration is particularly relevant for phenomena that are modelled with approximate models
that include some adjustment parameters, such as for instance the flux limited approaches.

In the following section we will present the simulation set-up used for this code comparison
study.

2.5.1 Simulation set-up

The considered simulation set-up consists of a polystyrene foil, irradiated with a high power
laser nanosecond pulse. The heating of the foil by the laser beam, results in material ablation
on the front side of the target, forming a coronal plasma having a decreasing density gradient,
as illustrated in Figure 2.7. In the classical representation of laser plasma interaction, the
laser is then being deposited via Bremsstrahlung absorption in this density gradient up to
the critical density, where it is reflected. The deposited energy is then transported by heat
conduction to the so called ablation front where matter is removed from the target. The
ablation pressure generated by the “rocket” effect drives a shock wave in the foil that unloads
on the rear side of the target, resulting in a supersonic plasma flow. It should be noted that
this set-up is relevant for a number of laser experiments, including the Polar and nested
outflows campaigns presented in this thesis.

In this study, we compare the simulation results of the set-up described above, performed
with the following radiation hydrodynamics codes: MULTI (Ramis et al., 1988), DUED (Atzeni,
1987) and FLASH (Fryxell et al., 2000). One dimensional Cartesian simulations were executed
with the MULTI and the FLASH 1D codes, while 2D axis symmetrical runs used DUED and
FLASH 2D codes, thus allowing a comprehensive comparison of the FLASH code in both one
and two dimensions.

Although, we will consider the influence of various parameters on the simulation results,
unless otherwise specified, the simulations are carried out with the following parameters. A

Electron
density (ne)

Electron
temperature (Te)

Ablation
front

0 L
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shock (us)
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Laser beam
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Fig. 2.7 – The principle of laser ablation in one dimension for a solid target.
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Fig. 2.8 – Density maps for 2D axis-symmetrical laser slab simulations obtained
with DUED and FLASH codes at t = 1.5 ns.

polystyrene foil at solid density ρ0 = 1.044 g.cm−3, of thickness L = 20 µm , was irradiated
with a laser intensity I0 = 1014 W.cm−2 at wavelength λ0 = 526 nm (2ω). The laser pulse has
a flat temporal profile of 1 ns duration, starting at t = 0.5 ns, with a Gaussian raise and fall
times of 150 ps half width at half maximum (HWHM). In 2D simulations, a super-gaussian
laser focal spot of the form I0(r) = I0 exp

[
− (r/r0)δ

]
is used, where r0 = 200 µm and δ = 4.

The flux-limited electron heat conduction module used a flux-limiter coefficient f = 0.06,
defined by the relationship (2.27).

Moreover, a significant effort was undertaken to use identical material properties (EoS,
opacity, conductivity coefficients) for simulations with these different codes, in order to ensure
that the observed differences are not due to this factor. Thus, all simulations use the Sesame
7592 equation of state table for polystyrene, opacity tables generated with the PROPACEOS
code on an identical 64 group radiation grid and the Lee & More (1984) electric conductivity
model.

A quantitative comparison of results obtained with these different codes is challenging
because both Langrangian (e.g. MULTI, DUED) and Eulerian AMR codes (e.g. FLASH) use
distinct simulation grids that evolves in time. Thus, at a given simulation step, it is always
possible to visualise the solution and manually observe the differences. However, an objective
measurement of the difference between two runs, requires either to use an interpolation scheme
to reconstruct a continuous representation of the solution, or to algorithmically extract the
relevant scalar parameters that are deemed to characterise the simulation. In the following,
we adopt the latter approach, and consider the parameters defined below.

• Given an incident laser energy (E0) and an absorbed laser energy (Eabs), the fraction
of absorbed laser energy (αa) is defined as αa = Eabs/E0. Apart from the MULTI code,
where all the incident laser energy is deposited (i.e. αa = 1), DUED and FLASH codes
verify αa ≤ 1.

• The shock breakout time (tsb) defines the time at which the shock wave, driven by the
laser, reaches the rear side of the target. It is an integrated measurement of the shock
velocity (us), since tsb is related to the target thickness (L) by an implicit equation,

L =

∫ tsb

0
us(t) dt (2.39)

Similarly, the subsequent rear-side plasma flow velocity is determined by the shock
velocity, and thus by the shock breakout time.
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• T c, 1ns measures the electron temperature of the coronal plasma for z = −100 µm at
t = 1 ns, which corresponds to the time when half of the laser energy has been deposited.
It should be noted that since the flux-limited electron heat transport results in a quasi-
isothermal coronal plasma on the laser side, T c, 1ns represents the average temperature
of the front-side plasma at 1 ns.

• Finally, we measure the velocity of the rear-side plasma flow (uf), that is defined as the
velocity of the centre of mass of the foil, taking into account only material moving with
a positive velocity.

The evolution of the simulation by the end of the laser energy deposition (t = 1.5 ns)
is represented in Figure 2.8. A significant difference in resolution is observed between the
Lagrangian and the Eulerian AMR approaches. In the Lagrangian approach (DUED code),
the simulation mesh initially maps only the target foil, then expand during laser ablation.
This results in a weak resolution in the coronal plasma, while the position of the driven
shock is precisely defined due to cell compression inside the target. On the contrary, in the
Eulerian AMR approach, the target foil is initially poorly resolved with at most a few dozen
cells for the target thickness, yielding a large uncertainty on the shocks position within the
target. However, additional blocks will be refined at later times as to keep the same effective
resolution in the regions of interest throughout the simulation. This second approach thus
generally uses an order of magnitude more cells than an equivalent Lagrangian simulation,
allowing for an efficient resolution of the whole simulation both for expansion and compression
regions.

The modelling of laser interaction with thin foil targets, is indeed challenging for the
Eulerian AMR codes. The number of refinement levels and the refinement criteria has to be
carefully chosen in a way to sufficiently resolve the foil thickness at initial time, while avoiding
to excessively resolve the coronal plasma since it limits the simulation time step during laser
deposition.

Before considering the difference in simulated results between the three hydrodynamic
codes, a convergence study, presented in the following section, is used to determine the
appropriate resolution for this simulation set-up.

2.5.2 Numerical convergence study

In general, one can expect a variation in the results of fluid simulations with the numerical
resolution. However, a numerical convergence is said to be reached when an additional increase
in resolution does not modify the solution. It is well considered to ensure the convergence of
simulations as it contributes to the overall confidence in the results and to their reproducibility.
The question is then whether the available computational resources at present time are
sufficient to reach numerical convergence for a given simulation set-up within a finite amount
of time.

For instance, convergence of the density profiles for the previously presented simulation
set-up, with MULTI and FLASH 1D codes, is presented in Figure 2.9. The coronal plasma at
x < 0 is fully converged for both codes, as is the rear-side plasma gradient in the FLASH 1D
code. The position of the density maximum, though, is dependent on the resolution and does
not appear to be converged even at its maximum value. In order to visualise the convergence
of the solution without overlaying numerous graphs in the same figure, we measure the four
quantities of a simulation, introduced in section 2.5.1, that have a physical significance for this
simulation set-up. The results of the simulations with a laser intensity I0 = 1014 W.cm−2,
2ω and various resolutions using the MULTI, DUED and FLASH codes are represented in
Figure 2.10.
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Fig. 2.9 – Convergence of the density profiles for MULTI 1D and FLASH 1D codes.

As expected, due to multi-dimensional effects, 2D simulations with DUED and FLASH
codes present lower coronal temperatures, lower foil velocities and higher shock breakout
times than the equivalent 1D runs with the MULTI and FLASH codes. However, there is
a generally good correspondence between MULTI and FLASH code results in 1D as well as
DUED and FLASH code results in 2D. DUED simulations that use a grid of size N2 have
systematically failed for N > 128 due to mesh tangling and the corresponding points are
therefore not represented.

FLASH simulations are fully converged with respect to the fraction of absorbed laser
energy (αa) and the coronal temperature (T c, 1ns) for resolutions as large as 8− 16 µm, that
correspond to only 1− 2 cells within the initial foil thickness of 20 µm. This is due to the
fact that in the FLASH code, with an Eulerian AMR description the near-critical plasma
is well resolved when compared to the Lagrangian description. Besides, the shock breakout
present consistent values for an effective resolution of 4 µm, but presents large error bars
because of the uncertainty of the shock position within a foil resolved with only a few cells.
The convergence of the foil velocity at later times (uf) with the FLASH code is less conclusive
as it reaches the value of 75 km/s in 2D, but is continuously increasing beyond 100 km/s in
1D simulations.

The laser ablation in MULTI and DUED codes is modelled with a significantly lower
number of cells, which explains large error bars for the measurements of the coronal tem-
perature (T c, 1ns). On the contrary, the shock breakout time measurement is precise with a
Lagrangian grid. However, in DUED mesh tangling occurs before reaching convergence, while
in MULTI the rear-side shock breakout time does not appear to be fully converging. The
laser is fully absorbed in the implementation used by the MULTI code, while the fraction
of absorbed laser energy (αa) in the DUED code approaches the value of αa = 0.92 that is
consistent with the FLASH code, but again mesh tangling occurs at higher resolution.

In conclusion, while we observed generally consistent results between FLASH 1D/MULTI
and FLASH 2D/DUED, the situation with respect to numerical convergence is challenging
for both Lagrangian and Eulerian codes. The DUED code does not allow to increase the
resolution sufficiently to exhaustively discuss this matter. As to the MULTI code, with n = 64,
we have observed convergence for all quantities but the shock breakout time. This issue
could be linked to the use of flux-limited method for the heat conduction that present strong
non-linear behaviour with the resolution. Finally, the FLASH code is extremely well suitable
for studying front-side plasma, as even in low resolution, this region will be better described
than with Lagrangian codes. However, the validity of the rear-side plasma expansion is more
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Fig. 2.10 – Numerical convergence of the characteristic quantities of the simulation:
(a) the fraction of absorbed laser energy (αa = Eabs/E0), (b) the shock
breakout time (tsb), (c) the coronal temperature at 1 ns (T c, 1ns) and
(d) the rear-side velocity of the foil expansion (uf). The results for
the Lagrangian codes (MULTI, DUED) and the FLASH code (Eulerian
AMR) are represented in the same figures, although their respective
resolution is not directly comparable.

tenuous, as the propagation of the shock inside the target cannot be well resolved, although,
the shock unloading itself will be better described. Overall, both Eulerian and Lagrangian
approaches have their advantages and drawbacks, and depending on whether we consider
dominantly compressive or expansive configurations, on can be proffered over the other.

In the following, we will chose an effective resolution of 4 µm for the FLASH code and
at least 64 cells in the MULTI and DUED simulations as values that showed reasonable
compromise in the convergence for all four characteristic quantities considered. We thus adopt
these resolution values for the rest of the code comparison study.

2.5.3 Sensitivity to input parameters

In this section, we will examine the influence of various input parameters on the solution. A
typical radiation hydrodynamics simulation contains a number of input parameters, either
given by the physical set-up (e.g. target thickness, laser intensity) or as numerical options for
algorithms in play (e.g. flux limiter coefficient, hydrodynamic solver, floor on the ionisation
table, etc.). In order to obtain a robust and reproducible simulation, the influence of
these numerical options must be assessed. Furthermore, when simulating real experiments,
uncertainties of the physical input parameters can propagate to the simulated solution with a
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Fig. 2.11 – Sensitivity of the shock breakout time (tsb), the coronal plasma temper-
ature (T c, 1ns) and the fraction of absorbed laser light (αa) with respect
to the incident laser intensity (I0), the flux limiter coefficient (f) for the
heat conduction and the foil thickness (L). The sensitivity is calculated
around the point I0 = 1014 W.cm−2, 2ω, f = 0.06 and L = 20 µm.

methodology called uncertainty quantification (Fidkowski, 2014).
The first steps of an uncertainty quantification study is a sensitivity analysis, that is used

to reduce the dimensionality of the problem. It measures the response of the solution to
a small change in input parameters, allowing the significant input parameters for a given
simulation to be singled out. We define the linear sensitivity (ξ) of a solution quantity (yj)
with respect to the parameter (xi) as,

ξxi(yj) =
∂ log yj
∂ log xi

∣∣∣∣
{xk}k 6=i

(2.40)

that measures the relative increase in yj to a relative increase in xi, assuming that all the
other input parameters {xk}k 6=i remain constant2. This local approach only examines small
perturbations, one variable at a time and thus does not allow to explore the full parameter
space.

A more general description of global sensitivity analysis is provided in the probabilistic
framework with variance based methods (Saltelli et al., 2008). However, because they use
Monte-Carlo like approaches, such methods require to run the model several thousand times,
which is difficult for RHD codes due to computational cost. A workaround consist in building
an emulator (or metamodel) that approximates the input/output behaviour of the code for
a given simulation. Such study was, for instance, performed for simulations of laser driven
radiative shocks by McClarren et al. (2011), or for the Polar experiment, presented in chapter
7, by Giorla et al. (2014). Nevertheless, since the design of an emulator adds another layer
of complexity, in the following, we will simply perform a local sensitivity analysis, as a first
approximation, that only requires 3 simulation runs per input parameter.

We have thus performed a local sensitivity study for the current simulation set-up,
simultaneously with the MULTI, DUED and FLASH codes, as illustrated on Fig. 2.11. As
expected the laser intensity (I0) is negatively correlated with the shock breakout (tsb) and
positively correlated with the temperature of the coronal plasma (T c,1ns). An increase in
the flux limiter coefficient (f) has very little effect on tsb while it decreases the temperature
T c,1ns. It should be therefore noted that while both the laser intensity (I0) and the flux limiter

2For instance, ξxi(yj) = 0.2 means that if xi increase by 10%, yj will be increased by 0.1 · 0.2 = 2%
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Fig. 2.12 – The influence of the Riemann solver parameters (solver type, recon-
struction order and slope limiter) in FLASH 1D simulations on the foil
velocity (uf) and the coronal plasma temperature (T c, 1ns).

coefficient (f) impact the overall laser energy deposition, they have an uncorrelated influence
and can thus be used in conjunction to reach the appropriate regime. The deposition the
laser light by inverse Bremsstrahlung mechanism has a higher absorption ratio at shorter
wavelength. For this reason, at shorter laser wavelengths the pressure driving the shock in
the foil is higher which in turn decreases the shock breakout time. However, remarkably, the
coronal temperature is also decreased. Finally, the shock breakout time is directly related to
the foil thickness through the Equation (2.39) while, as expected, this factor does not impact
the front-side ablation.

Unlike MULTI and DUED, where one finite difference hydrodynamic solver is the only
option, FLASH offers a wide variety of options for the MHD and hydrodynamics modules.
These options include, but are not limited to, the choice of the approximate Riemann solver,
the reconstruction order and the slope limiter. Besides of a number of classical cases, outlined
in section 2.1.1, when a given Riemann solver configuration may be preferable in order to
overcome a specific issue or limitation, the choice of these parameters is left mostly at the
users discretion. In order to assess the possible influence of these parameters on a typical
laser simulation, we have performed a series of 1D runs with the FLASH code, illustrated
in Figure 2.12. We observe a relative dispersion of the order of 1.4% for the coronal plasma
temperature (T c,1ns) and of 4% for the foil velocity (uf) which is, for the most part, within the
measurement error bars. Thus, for this particular simulation set-up, the choice of the Riemann
solver parameters is not fundamental, as any configuration should provide an acceptable
solution at sufficiently high resolution. In the following we will use the PPM HLLC solver
with the minmod slope limiter.

2.5.4 Calibration of the laser energy deposition

An important part of validating radiation hydrodynamic codes that model laser plasma
experiments is the calibration of the laser energy deposition module. Given an experimental
incident laser intensity (Iexp), it consists to determine the value of the flux limiter coefficient (f)
and of the numerical laser intensity (I0) necessary to optimally reproduce the experimental
results. This problem can be reformulated more conveniently determining the calibration
coefficient αc = αc(Iexp, λ, f) = I0/Iexp for given values of Iexp, λ and f .

Ideally, we should have αc = 1, however in real applications 0.4 ≤ αc < 1. Indeed, the
only laser interaction mechanism included in the considered codes is the collisional absorption,
thus ignoring a number of other phenomena, including parametric laser instabilities, resonant
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absorption, etc. Furthermore, it is common to perform 1D planar simulations, in a first
approximation, which will overestimate the laser drive because of the infinite lateral extension of
the focal spot. Thus if we want to reproduce the experiment even with such imperfect physical
model, we are forced to tune the αc and f coefficients, until matching some characteristic
physical parameter in the experiment. Of course this means that by definition the calibration
process is subjective as it depends on the physical parameter chosen as the calibration reference.
For instance, in hohlraum based experiments, such parameter could be the measured radiative
temperature. In our case, because we are interested in directly driven foil targets, the relevant
parameter would be the rear-side shock breakout time or the shock velocity inside the foil.

Since laser interaction codes were used since the 80s for numerous experiments, the
calibration values (αc, f) were empirically determined in multiple experimental configuration.
The aim of this section is then to be able to transpose this vast knowledge to the more modern
FLASH code, without redoing every single experimental comparison. Evidently, experimental
validation is unavoidable, however code to code comparison can be used as a tool to detect a
number of potential issues at early stages. It should also be noted that laser calibration is
fundamental for the predictive capability of RHD codes.

In the following, we will thus present a study of the indirect laser calibrations for MULTI,
DUED and FLASH codes. We will use f = 0.06 for the flux-limiter coefficient, as the value
most commonly found in the literature, and a 400 µm super-Gaussian laser focal spot in 2D
simulations. This study is relevant, both for indirectly validating the laser energy deposition
module in the FLASH code but also to obtain an approximate equivalence between 1D and
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Fig. 2.13 – Variation of the fraction of the absorbed laser light (αa), the shock
breakout time (tsb), the coronal plasma temperature (T c, 1ns) and the
foil velocity (uf) as a function of incident laser energy (I0).
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2D simulations for the present set-up. We start by running a sweep in intensity (I0) between
1013 and 4 · 1015 W.cm−2 at 2ω for 4 considered codes, as illustrated in Figure 2.13. The
ratio of absorbed laser energy (αa) decreases with laser intensity, as does the shock breakout
time (tsb). Both parameters are consistent and present little differences between the codes.
On the contrary, for the coronal plasma temperature (T c,1ns) and for the rear-side plasma
flow velocity (uf) there is a clear separation between the 1D and 2D cases. Thus, MULTI
and FLASH 1D have consistent results for T c,1ns and uf, both presenting higher values than
the DUED and FLASH 2D simulation at the same intensity. Moreover, when compared to
the DUED code, FLASH 2D presents comparable temperature T c,1ns but predicts a higher
velocity uf.

A final comment can be made regarding the linear aspect of the log T c,1ns and log uf curves
with respect to the logarithm of the laser energy (log I0), particularly for intensities in the
range 1013 − 1015 W.cm−2. As a consequence, one can fit these quantities with a power law
with respect to the laser intensity (I0),

T c,1ns = AT (I0 [1014 W.cm−2])δT and uf = Au(I0 [1014 W.cm−2])δu , (2.41)

where AT , δT , Au and δu are coefficient to be determined. We have performed a series of
simulations with the different codes, for intensities in the range 1013 − 1015 W.cm−2 and 1ω,
2ω, 3ω laser wavelengths. The simulated quantities were fitted with the Equations (2.41)
and the resulting coefficients are given in Table 2.1. This table indicates the incident laser

Coronal temperature
T c, 1ns [keV]

Foil velocity
uf [km/s]

1ω 2ω 3ω 1ω 2ω 3ω

MULTI A 1.92 1.39 1.11 69.7 109 124
δ 0.5± 0.03 0.55 0.69 0.74

FLASH 1D A 1.81 1.39 1.11 69.5 120 133
δ 0.5± 0.03 0.58 0.66 0.70

DUED A 1.15 1.03 0.92 31.5 60.8 80.8
δ 0.35± 0.05 0.51 0.65 0.75

FLASH 2D A 1.33 1.05 0.89 37.4 78.6 97.2
δ 0.40± 0.03 0.45 0.63 0.69

Table 2.1 – Fitting coefficients for the Equation (2.41) with the MULTI, DUED and
FLASH codes.

intensity necessary to obtain equivalent simulations for two hydrodynamic codes.
For instance, with a laser irradiation Iexp = 1014 W.cm−2 at 3ω wavelength, let’s assume

αc, DUED = 1.0, which yields uf = 80.8 km/s and T c,1ns = 0.92 keV. One can then calculate
the laser intensity calibration coefficients (αc) that allow reaching the same foil velocities (uf) as
0.77, 0.49, 0.56 for FLASH 2D, FLASH 1D and MULTI codes respectively. The corresponding
coronal plasma temperatures (T c,1ns) are 0.78, 0.77, 0.83 keV respectively, presenting a
deviation of up to 15% from the target temperature of 0.92 keV.

The incident laser intensity was thus scaled in order to reach an equivalent hydrodynamic
evolution using different codes. It should be noted that the intensity scaling between 1D and
2D codes can only be partial, as in general the two geometries are not equivalent. Therefore,
as it was previously observed, only one of the two parameters uf or T c,1ns can be scaled exactly
between 1D and 2D simulations. The same applies in a lesser extent for the scaling between
DUED and FLASH 2D codes, due to inherent differences in the calibration of the laser energy
deposition module. Finally, the results obtained with the MULTI and FLASH 1D codes, at
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the same incident laser intensity, are matching within the error bars for both uf and T c,1ns
parameters.

In this study, we have measured four scalar quantities from simulations of a laser irradiated
foil target, as they allow a first order description of the dynamics of the system. Thus, the
coronal plasma temperature (T c,1ns) estimates the radiation temperature during the laser
interaction and the resulting X-ray preheating phenomena. Moreover, the shock breakout
time (tsb) and the foil velocity (uf) are related to directly measurable variables experiments
that probe the evolution of the rear-side plasma, such as in the Polar and the Nested Outflows
experimental campaigns, described in the following chapters. However, code comparison on a
number of other relevant scalar quantities could also be considered in future studies, such
as the ablated target mass, the critical density position, the Mach number of the rear-side
plasma flow, etc. . . As scalar quantities allow only for a heuristic comparisons, the subsequent
step should be to consider density and temperatures profiles, for simulations with a similar
dynamics (i.e. calibrated in laser energy). Similarly, an expanded study could analyse the
influence of the flux limiter coefficient (f) and of the size of the laser focal spot in 2D
simulations.

In conclusion, we can summarize the notable differences between Lagrangian and Eulerian
approaches for simulations of laser experiments. In general, Lagrangian codes are deemed to
be simpler in implementation and computationally less expensive than Eulerian codes. As a
drawback however, they cannot adapt to complex geometries, unlike Eulerian codes, unless
a hybrid approach is used (i.e. ALE). With respect to the laser deposition, the interaction
region is extremely well resolved in Eulerian codes, however because in this case the resolution
remains constant and does not increase with material compressions, it is challenging to model
shock propagation inside the target. In particular, since the target needs to contain at least a
few cells initially, this constrains the minimum thickness of the target that can be modelled3.
Furthermore, such thin targets will be prone to the Richtmyer-Meshkov instability in Eulerian
codes, where cells have a square aspect ratio, initiated by the numerical laser imprint on the
target. In Lagrangian codes, because it is customary to take very thin and elongated cells
transversally to the laser irradiation, these high frequency instability modes are naturally
inhibited. Whether this is an advantage or a drawback remains subject to debate.

A hybrid approach that attempt to combine the advantages of both methods, in the
context of laser plasma interaction, consist in performing the laser deposition with well tested
Lagrangian than interpolating the resulting flow on a Eulerian grid where the subsequent
evolution occurs. This approach was for instance used by Ciardi et al. (2013) to model
magnetically collimated jets using DUED coupled with the GORGON code. While this
has some advantages, notably with the laser deposition package being historically tested,
it also makes parametric simulations, that are fundamental for the design and analysis of
experiments more difficult. Furthermore, keeping consistent material proprieties (EoS, opacity)
between different codes is tenuous. As a result, an Eulerial AMR code, such as FLASH,
that integrates a laser deposition package, together with a full MHD package modelling
self-generated magnetic fields during the laser interaction can be advantageously used in a
number of HED research topics.

Conclusions

The academic HEDP community needs access to an open source 1D/2D/3D radiation
MHD/hydrodynamics code to design laser-plasma experiments. In this chapter, we briefly

3At present, it is challenging to model targets thinner than a few µm in FLASH with a laser drive of a few
1014 W.cm−2.
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reviewed the HED components of the FLASH code, that is currently one of the few codes
verifying the above constraints. We thus discussed the basic physics implemented in the
FLASH code, including the hydrodynamic solvers with 3T extensions, the multigroup radiation
transport and electron heat conduction, modelled with flux-limited diffusion, and finally the
laser energy deposition module.

We performed a code comparison study using polystyrene foil targets with the MULTI,
DUED and FLASH codes, which showed consistent results for laser intensities ranging from
1013 to 1015 W.cm−2 and for 1ω, 2ω and 3ω wavelengths. A calibration of the laser drive
among the considered hydrodynamic codes was also achieved. Future work should be directed
at validating the FLASH code with experimental data.
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General Equation of State for hydrodynamic simulations

Contents
3.1 General equation of state . . . . . . . . . . . . . . . . . . . . . . . . 52

3.1.1 Mathematical formulation . . . . . . . . . . . . . . . . . . . . . . . . 52
3.1.2 Equation of state models . . . . . . . . . . . . . . . . . . . . . . . . 54
3.1.3 Tabulated EoS in hydrodynamic codes . . . . . . . . . . . . . . . . . 58
3.1.4 Practical motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

3.2 Riemann solvers for real materials . . . . . . . . . . . . . . . . . . 65
3.2.1 Uniqueness conditions . . . . . . . . . . . . . . . . . . . . . . . . . . 65
3.2.2 Anomalous wave structures caused by phase transitions . . . . . . . 66

3.3 EoS validation tests with the FLASH code . . . . . . . . . . . . . 67
3.3.1 Principal Hugoniot validation . . . . . . . . . . . . . . . . . . . . . . 67
3.3.2 Test of an anomalous EoS with the FLASH code . . . . . . . . . . . 68

51



CHAPTER 3. GENERAL EQUATION OF STATE FOR HYDRODYNAMIC SIMULATIONS

This chapter aims to present methods used for a general Equation of State (EoS) within
hydrodynamic codes. We will start by introducing the thermodynamic notions related to the
equation of state and review the most common global EoS models and associated phenomena
such as liquid-vapour phase transitions. Having presented the use of the EoS in a tabular
form by the hydrodynamic codes, we will summarise the conditions imposed on the EoS by
the Riemann solvers following the detailed work by Menikoff & Plohr (1988).

We will then present the current parametrisation of a non-ideal EoS in the FLASH code.
We will highlight its limitations and propose approaches to overcome them. Finally, we will
present the results of validation tests obtained with the FLASH code, both for the principal
Hugoniot curve in solids and for the anomalous behaviour with a non convex EoS.

3.1 General equation of state

3.1.1 Mathematical formulation

Definitions

The properties of a thermodynamic system at equilibrium are described by state variables,
such as density ρ (or the specific volume V = 1/ρ), temperature T , pressure P , specific
internal energy U , specific Helmholtz free energy A and specific entropy S. The equation of
state (EoS) is a material dependent property that relates a thermodynamic potential to its
natural parameters. For instance, given an equation of state of the form A = A(V, T ), we can
compute all the remaining state variables with thermodynamic identities. Indeed, using the
definition of the Helmoltz free energy,

A = E − TS, (3.1)

together with a combination of the first and second laws of thermodynamics,

dE = −PdV + TdS, (3.2)
yields,

dA = −SdT − PdV , (3.3)

which results in,

S = − ∂A

∂T

∣∣∣∣
V

, P = − ∂A

∂V

∣∣∣∣
T

and finally E = A− T ∂A

∂T

∣∣∣∣
V

. (3.4)

Another example of a complete EoS would be for instance E = E(ρ, S).
Alternatively, Euler equations require a closure between variables of the form P = P (ρ,E)

which by itself is insufficient to determine all the state variables of the system. Such relation is
called an incomplete EoS and needs to be associated with an additional equation (for instance
E = E(ρ, T )) for full determination.

A number of material properties derive from the equation of state. We will mention in
particular the specific heats at constant volume and pressure,

CV = T
∂S

∂T

∣∣∣∣
V

and CP = T
∂S

∂T

∣∣∣∣
P

, (3.5)

as well as the sound speed

cs =

√
∂P

∂ρ

∣∣∣∣
S

. (3.6)
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One may find an exhaustive list of thermodynamic identities and derived material properties
for instance in the reference work by Kittel & Kroemer (1980).

Dimensionless parameters

It is convenient to express a general equation of state with dimensionless parameters and
various parametrisations have been proposed in the literature. In the following, we will
adopt the formulation by Davis (1985), while also mentioning the relationship of the ob-
tained dimensionless numbers to the generalised adiabatic exponents (Γ1, Γ2, Γ3) introduced
by Chandrasekhar (1939).

The adiabatic exponent, defined by:

γ =
ρ

P

∂P

∂ρ

∣∣∣∣
S

=
ρ c2

s
P

=
∂ logP

∂ log ρ

∣∣∣∣
S

= Γ1, (3.7)

provides an expression of the dimensionless sound speed. The Grüneisen coefficient,

Γ =
1

ρ

∂P

∂E

∣∣∣∣
ρ

=
ρ

T

∂T

∂ρ

∣∣∣∣
S

=
∂ log T

∂ log ρ

∣∣∣∣
S

= Γ3 − 1, (3.8)

was originally introduced to describe the vibrational properties of crystal latices but it is
also relevant for a general fluid description as it is directly related to the third generalised
adiabatic exponent (Γ3)1.

We also introduce the dimensionless specific heat :

g =
P

ρCVT
=

P

ρT 2

∂2E

∂S2

∣∣∣∣
ρ

=
P

ρT 2

∂T

∂S

∣∣∣∣
ρ

, (3.9)

and the fundamental derivative:

G = −1

2
V
∂2P

∂V 2

∣∣∣∣
S

·
(
∂P

∂V

∣∣∣∣
S

)−1

, (3.10)

that measures the variation of the sound speed along isentropes, or in other terms the convexity
of the equation of state. The previous four dimensionless parameters provide a characterisation
of a general EoS.

It can be shown that γ, Γ and G are sufficient to determine the properties of shocks and
rarefaction waves. Incidentally, they also describe the isentrope behaviour from different
points of view. Thus, γ and Γ measure the slope of isentropes in respectively logP -log ρ and
log T -log ρ planes. Furthermore, Γ and g give their spacing on respectively logP -log V and
log T -log V diagrams. Finally, G measures the convexity of isentropes in the P -V plane.

Thermodynamic constraints

In a strict thermodynamic point of view, pressure P and temperature T are assumed to be
positive2 and E is a piecewise monotone and convex function with respect to V and S. The
latter condition results in constraints on the first and second derivatives of E(V, S) that can
be expressed in terms of dimensional parameters (Menikoff & Plohr, 1988) as

g ≥ 0, γ ≥ 0, and γg ≥ Γ2. (3.11)
1It should be noted that in Chandrasekhar’s formulation the generalised adiabatic exponents are related

by Γ1/(Γ3 − 1) = Γ2/(Γ2 − 1), hence Γ2 = γ/(Γ− γ).
2The particular significance of negative pressure will be discussed later on.
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It should be noted that while the strict condition is γ ≥ 0, most real materials verify γ > 1.
On the other hand, the thermodynamic stability sets no constraints on the sign of Γ or G.
In most cases Γ > 0 and the material would expand when heated at constant pressure, with
some notable exceptions, such as for the EoS of water. Likewise, the values of G generally
verify G > 0, however the opposite can be true near phase transitions. This point will be
discussed in detail in the next section.

3.1.2 Equation of state models

A number of equations of state models have been developed to describe materials in various
conditions and having different phases. In this section we will briefly review the most prominent
ones that describe material properties over a large range of physical conditions and that are
used in HEDP hydrodynamic codes in a tabulated form. We will start by introducing the van
der Waals (VdW) equation of state, mostly as an illustration, as some EoS features of real
materials (notably the vapour-liquid phase transitions) are included while keeping a simple
analytical form.

Van der Waals gas

The Van der Waals equation of state is an extension of the ideal gas EoS that allows real
fluids to be modelled both in liquid and vapour phases. It is defined by a partial EoS for the
pressure,

P (ρ, T ) =
RρT

Ā(1− ρ b) − aρ
2, (3.12)

with R being the universal gas constant, Ā the mean atomic mass, while a and b are material
dependent constants taking into account the attractive intermolecular forces and the repulsive
covolume effects respectively. An additional equation is necessary to obtain a complete
equation of state. To this end, we choose here a polytropic model defined by a constant heat
capacity CV = R/(δĀ), so the internal energy, consistent with the Eq.(3.12) is then,

E(ρ, T ) =
RT

δĀ
− aρ. (3.13)

A combination of equations (3.12-3.13) together with the first and second law of thermody-
namics expressed by the equation (3.2) can be integrated to obtain the expression for the
entropy for a VdW gas,

S(ρ, T ) =
R

Ā
ln

[
RT

δĀ

(
1

ρ
− b
)]

+ s0. (3.14)

For high temperature and low densities, the VdW EoS is equivalent to an ideal gas model,
as can be seen with the spacing of isobare curves on a ρ-T digram (see Fig. 3.1a). The high
density region, ρ > 1/b, is outside the validity range due to the singularity in the Eq. (3.12).
Finally, we notice a region of negative pressure below the critical point (C) that corresponds
to stationary point of inflexion for the isobars. It is located at the intersection of the spinodal
curve defined by ∂P/∂ρ|T = 0 with the locus of inflexion points given by ∂2P/∂ρ2

∣∣
T

= 0.
For a Van der Waals equation of state, the previous conditions define the critical pressure Pc
as well as the critical density ρc,

Pc =
a

27b2
and ρc =

1

3b
. (3.15)
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Fig. 3.1 – Representation of a Van der Waals (VdW) equation of state in the ρ-T (a)
and P -V (b) planes. The critical point (C) is defined as the intersection
of the spinodal curve with the curve ∂2P/∂ρ2
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= 0. The VdW equation
of state exhibit unphysical loops for isotherms in the vapour-liquid co-
existence region that can be regularised with the Maxwell constructions.
They define the saturated liquid and vapour curves (binodal).

Combined with Eq.(3.12) this results in an expression for the critical temperature T c,

PcĀ

ρcTcR
=

3

8
. (3.16)

A remarkable property of a VdW model is that normalising the density, temperature, and
pressure by their critical values, the equation of state defined with the equations (3.12) and
(3.13) can be rewritten in a reduced form that is valid for any material and is only dependent
on its critical point coordinates and the δ parameter.

A usual representation of the vapour-liquid phase transition consists in plotting the
isotherms in a P -V diagram (cf. Fig. 3.1b). The isotherms above the critical point C are
strictly convex whereas below, oscillations called Van der Waals loops occur in the region of
liquid-vapour coexistence. They also lead to negative pressures for low temperature isotherms.
Van der Waals loops also occur in other EoS models that describe the liquid-vapour phase
transition and we can mention two points of view with this regard.

In the equilibrium approach, VdW loops are an unphysical artefact of the EoS model
since they are not consistent with static experimental measurements that indicate a constant
pressure value along isotherms in the liquid-vapour coexistence region. A mathematical
procedure called Maxwell constructions must then be applied to regularise the EoS model
which consists in locating, for every isotherm (T0), the saturated vapour and liquid specific
volumes, V v and V l respectively, together with a saturation vapour pressure Pm that verifies,∫ V v

V l

[P (V, T0)− Pm] dV = 0, (3.17)

as illustrated in Figure 3.1b. This problem can be expressed in an equivalent form (More
et al., 1988) using the Gibbs free energy G = E + PV − TS, and looking for

(V l, V v) verifying P (V l, T0) = P (V v, T0) = Pm and G(V l, T0) = G(V v, T0). (3.18)
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Fig. 3.2 – Thermodynamic stability of the Van der Waals EoS with δ = 0.0125 in
the ρ-T and P -V planes.

The sets
{

(V l(T ), T )
}
T<T c

and
{

(V v(T ), T0)
}
T<T c

define respectively the saturated liquid
and vapour curves that together form the binodal curve delimiting the liquid-vapour phase
coexistence region. The binodal and the spinodal curves are tangential to the critical isotherm
at the critical point (cf. Fig. 3.1).

In a different approach, we can observe that the VdW loops are indeed thermodynamically
unstable below the spinodal curve (γ ≤ 0 and/or P ≤ 0) resulting in an imaginary sound
speed. The region between the spinodal and binodal curves, aside from possibly negative
pressures, verifies all the stability conditions of Eq. (3.11) as illustrated in Figure 3.2. Indeed,
this latter domain describes a metastable state of matter, corresponding to superheated liquid
and supersaturated vapour (see Fig. 3.1), where the fluid crosses the boiling curve without
immediately undergoing a phase change. The superheating phenomena occur for liquids with
a low ratio of impurities as described by the bubble nucleation theory (Blander & Katz, 1975).

Furthermore, in the regions where the material strength is not negligible (i.e. low tem-
perature isotherms), the negative pressure can model material tension in the crystal lattice
structure of solids for the more general EoS models. However, in this case a fluid description
of the material is not appropriate and a visco-elastic or elastic-plastic model (Horie, 2007)
should be used instead.

The van der Waals EoS also presents a loss of convexity for isentropes (i.e. a negative
fundamental derivative G ≤ 0) in the vicinity of the vapour spinodal, that extends beyond the
saturated vapour curve for materials with large heat capacity, where δ ≥ 0.06 (Guardone &
Vigevano, 2002). In the section 3.3, we will illustrate the implications of this EoS property on
the hydrodynamic evolution.

A quotidian equation of state: QEOS/FEOS

The QEOS model (More et al., 1988) is a global equation of state model that uses a simplified
analytical formulation to describe materials in solid, liquid, vapour and plasma phases, over
a broad range of densities (10−7 ≤ ρ/ρ0 ≤ 106) and temperatures (10−4 ≤ T [eV] ≤ 106).
QEOS assumes a multi species description of the EoS where the total free energy (At) is
computed as a sum of the ion (Ai) and electron (Ae) contributions together with a binding
correction (Ac),
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At(ρ, T e, T i) = Ai(ρ, T i) +Ae(ρ, T e) +Ac(ρ). (3.19)

The ionic contribution is calculated by the Cowan model (Cranfill & More, 1978), which
interpolates between Debye (plasma), Grüneisen (solid) and liquid scaling-law theories for a
global description.

The electron contribution is computed with the Thomas-Fermi (TF) theory, that models
electrons by a semi-classical Fermi gas in the Coulomb potential generated by the charged
particles (Atzeni, 1987). This contribution is calculated for Z = 1, while all the other elements
are obtained using scaling properties with the atomic charge Z of the TF model.

Finally, a semi-empirical bounding correction, also called cold curve, is added in order to
correctly describe the solid reference state (ρref = ρsolid, T ref = 298 K) that must verify (Kerley,
1991),

P t(ρref, T ref) = 0, Et(ρref, T ref) = 0. (3.20)

The original QEOS model uses a cold curve introduced by Barnes (1967):

Ac(ρ) = E0

[
1− eb(1−(ρ/ρsolid)1/3)

]
, (3.21)

where E0, b are free parameters that adjust the isothermal bulk modulusBT = ρ ∂Pt/∂ρ|T (and
therefore the isothermal sound speed cT =

√
∂Pt/∂ρ|T ) to experimental values and enforce

P t = 0 in the reference state3.
The QEOS model has been shown to be fairly accurate when compared to SESAME EoS

and experimental Hugoniot measurements (Batani et al., 2000). It is thus widely used in the
HEDP and WDM community and has been re-implemented in an open access code MPQEOS
by Kemp & Vehn (1998) to provides the EoS in a tabular form for hydrodynamic codes. The
QEOS model also features VdW loops, making necessary to use the Maxwell constructions on
the total pressure and energy tables to obtain vapour-liquid phase transition at equilibrium.

In the following, we will use the FEOS code4 (Faik et al., 2012) that is an extension of
MPQEOS code with an improved cold curve model and the possibility to model material
mixtures with the TF mixture method (described in details in the following section). Indeed,
the original QEOS model tends to overestimate the location of the critical point, resulting
in an inaccurate modelling of cold underdense material. FEOS solves this issue by using a
soft-sphere function proposed by Young & Corey (1995) for the cold curve below the solid
density,

Ab(ρ) = Aρn −Bρm + Ecoh ρ < ρref, (3.22)

where A and B are adjusted to verify the condition (3.20) for the reference state, Ecoh is the
experimental cohesive energy and n, m are free parameters to fit the experimental coordinates
of the critical point. The limitation of this approach is that the exact fit of the critical point
might not always be possible. Furthermore, the use of different bounding corrections below
and above the reference density can result in a discontinuous sound speed profile. We can
also mention the similar approach by Ray et al. (2006).

The required data for the critical point coordinates, can be either extracted from more
reliable models (e.g. SESAME database) or obtained from experimental measurements
(Altshuler et al., 1980) with an exhaustive list provided by Fortov et al. (2006, Appendix A).
A comparison between these two different datasets is represented in Figure 3.3.

3The last condition Et(ρref, T ref) = 0 can be obtained with an additive constant in the free energy.
4http://th.physik.uni-frankfurt.de/%7Efaik/feos.php?lang=eng
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Fig. 3.3 – Location of the critical point for various solid materials of the SESAME
EoS database compared with the experimental measurements by Fortov
et al., 2006. The choice of representation is based on a purely statistical
approach that selects two axes maximising the cross-correlation, for differ-
ent Z, among the critical coordinates or the dimensionless numbers Ā/Z,
ρc/ρ0 and P cĀ/(ρcT cR). Likewise, the numerical fits are not physically
motivated.

Global equation of state

The QEOS model is a convenient EoS model as it is easy to use (few input parameters)
while providing adequate results. It is however rather approximate and does not contain
detailed physics (for instance solid-solid phase transitions) that can only be accessed with
more complex EoS models.

First approaches to build a detailed global EoS were based on a multi-code approach (e.g.
Ree, 1976): different EoS codes are used, each within their ρ-T domain of validity and then
interpolated to obtain a global EoS. The limitation of this approach is that different models
are not always consistent at the boundaries which can lead to thermodynamically inconsistent
interpolations. A similar approach is currently used by the PROPACEOS code (MacFarlane
et al., 2006) that derives the EoS from the atomic physics calculations except in the solid-state
region where it can optionally switch to the QEOS model.

More recent developments in the PANDA code (Kerley, 1991) and in its subsequent
extension the EOSPro code5 (Kerley, 2010) separate the EoS in different components. These
are based on the physics and not the ρ-T parameters, thus allowing a consistent global EoS
description that include complex phenomena and can be constrained by experimental data.
The use of such codes requires extended expertise on EoS that is beyond the scope of the
present work. In the following, we will assume that the EoS is provided in a tabular form and
we will discuss its use in hydrodynamic codes, independently of the EoS model.

3.1.3 Tabulated EoS in hydrodynamic codes

Equations of state computed with various EoS models are traditionally saved in a tabular
form that can be used by hydrodynamic codes. For instance, the SESAME database (Lyon
& Johanson, 1975) provides the EoS tables for various materials evaluated on a regular ρ,
T grid and include both the pressure, the energy and more recently the free energy and the
entropy for different components (total, electrons, ions). The advantage of this approach

5http://www.kerleytechnical.com/eospro.htm
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as compared to the derivation from the free energy table is that it requires less numerical
derivative operations, with the counterpart that the provided tables can be thermodynamically
inconsistent. Let’s introduce the residue for the thermodynamical consistency of equation (3.2)
by Kashiwa (2010) as,

ε =

∣∣∣∣∣ρ2 ∂E

∂ρ

∣∣∣∣
T

− P + T
∂P

∂T

∣∣∣∣
ρ

∣∣∣∣∣√√√√[ρ2
∂E

∂ρ

∣∣∣∣
T

]2

+ P 2 +

[
T
∂P

∂T

∣∣∣∣
ρ

]2
. (3.23)

The fluid equations require an EoS closure of the form P = P (ρ,E). Therefore, the so called
direct tables (in the ρ, T plane) thus need to be inverted in the ρ, E plane before they are
used. Otherwise, an iterative algorithm can be executed at every time step to implicitly find
the temperature from the E = E(ρ, T ) table in order to be used in conjunction with the direct
table P = P (ρ, T ). The FLASH code currently features this latter approach, and relies on a
Newton-Raphson algorithm for the inline table inversion.

The cold curve is typically included into either the ionic or the electronic table. As a
result, in the case where Maxwell constructions are applied to the total table, it becomes
inconsistent with the sum of its components. Thus, a choice has to be made on whether the
electron or the ionic contribution contains the cold curve, and which species will contain a
consistent EoS with the total table.

Interpolation procedure

A continuous representation of the equation of state is constructed from its values given on a
grid through interpolation procedures. Particular care has to be taken in order to keep the
interpolations continuous, strictly monotone (i.e. non oscillating) and thermodynamically
consistent (Maiden, 1998).

The simplest form (a 4-points bilinear interpolation), used for instance in the FLASH
code, is monotone but presents discontinuities between mesh points on derived quantities
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Fig. 3.4 – The residue ε of the thermodynamic consistency for aluminium (SESAME
table 3720) computed with the 4-point bilinear interpolation (a) and the
12-point birational interpolation (b).
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such as the sound speed and the heat capacity. Higher order polynomials, on the other hand
have continuous derivatives, but generally can present unphysical oscillations. For instance
an extensive work by Swesty (1996) has been performed to ensure monotonicity of bicubic
interpolators for the EoS. Finally, 12-point birational interpolators were recommended for use
with the SESAME database as they ensure thermodynamic consistency of the table up to
an extra digit when compared to a bilinear approach (cf. Fig.3.4). High order (polynomial
or rational) approaches also allow to analytically estimate the derivative from its fitting
coefficients, which is both faster and more resilient to noise then other numerical approaches.

Thus, a tabulated equation of state cannot be considered separately from its interpolating
scheme. A number of EoS interpolation and handling routines from the Los Alamos Natonal
Laboratory have been regrouped in a very complete EOSPAC library6 (Pimentel, 2013). It
features interpolation using different schemes, general table inversion, material mixtures with
the MIXPAC code (Cranfill, 1983) and various EoS smoothing routines.

In an attempt to normalise the EoS modules in the FLASH code, a dedicated interface
to the EOSPAC library was partially implemented. We have also implemented a high level
Python interface7 for both the EOSPAC library and the FEOS code, that can be used in
conjunction with visualisation software such as VisIt for complementary information on the
thermodynamic properties of the fluid. It also features a number of tools such as Maxwell
constructions, critical point detection, Hugoniot and isentrope calculation, each applicable
either to a pure material or a mixture through the MIXPAC backend. In the following section
we will overview some mixture models mentioned earlier.

EoS for mixtures

Multi-material codes that allow material mixture require a way of computing an EoS for a
mixed material using the individual EoS. We will present here some of the most common
approaches. Let’s consider a plasma of specific density V with k species, each containing Ns

ions of charge Z̄s and atomic mass As. The fraction number for the specie s is then defined
by:

fs = Ns/N where N =
∑
s
Ns, (3.24)

is the total number of ions. This allows then to write the average charge (Z̄) and atomic
mass (Ā) for the mixture as

Z̄ =
∑
s
fsZs and Ā =

∑
s
fsAs, (3.25)

and indeed for every state function (Ys),

Y =
∑
s
fsYs. (3.26)

The resulting normalisation equations should also be mentioned,

∑
s
fs = 1 and V =

Na

NĀ
. (3.27)

Furthermore, it is said to be an equilibrium mixture if two or more of its state functions are
equal among all the species (i.e: Ys = Ys′ ∀(s, s′)).

6https://laws.lanl.gov/projects/data/eos/eospacReleases.php
7https://github.com/luli/pyeospac
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Fig. 3.5 – Binary mixture of plastic with aluminium (SESAME matid 7593 and
3720) calculated with the linear and TF mixture models.(a) Total pressure
as a function of the number density f1, (f2 = 1 − f1) for ρ = 5 g.cm−3,
T = 10 eV. (b) Relative error between the linear and TF mixture models
for the pressure table in the ρ-T domain, with f1 = 0.5.

For a more practical example, let’s parametrise the EoS with the specific density and the
temperature. The equation (3.26) is equivalent to:

V =
∑
s
fsVs, T =

∑
s
fsTs and Y (V, T ) =

∑
s
fs Ys(Vs, Ts), (3.28)

where
{
Vs
}
and

{
Ts
}
are values to be determined that are constrained by Eq. (3.28) and the

equilibrium condition for two or more state variables. This is generally speaking an implicit
problem that requires an iterative approach for a non analytical EoS. One of the earliest
general implementations for EoS mixtures can be found in the MIXPAC package (Cranfill,
1983). We can also mention some of the most common mixture models below.

Linear mixture: the temperature is assumed to be constant among species (i.e. Ts = T ∀s)
and the density is proportional to the ion number ρs = 1/Vs = NsĀs/Na. Together
with equations (3.27)-(3.28) this implies,

ρs = fs
As
Ā
ρ and Y (V, T ) =

∑
s
fs Ys(

Ā

Ās

V

fs
, T ). (3.29)

It is not strictly an equilibrium mixture, as only one thermodynamic variable is at
equilibrium. However, it has the advantage to be explicitly dependent on fs, V , T and
thus easily evaluated. It is the current approach used by the FLASH code.

Thomas-Fermi mixture: both the temperature and the pressure are set to a common value
among all species,

P (Vs, T ) = P, V =
∑
s
fsVs and Y (V, T ) =

∑
s
fs Ys(Vs, T ), (3.30)

where Vs need to be implicitly calculated for every specie. It is the classical mixture
description for a plasma that is implemented in the FEOS code (for the electron
contribution) and the MIXPAC package, among others.
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It should be noted that in the case of an ideal gas the linear mixture is equivalent to a TF
mixture. However, in the case of a non-ideal EoS the two approaches differ significantly,
as illustrated in Figure 3.5. Moreover, in a partially ionized gas with the two temperature
description other approaches, such as equilibrating the chemical potential or solely the electron
pressures have been considered (Ramshaw & Cook, 2014).

Parametrisation of the EoS in the FLASH code

The FLASH code uses an approach proposed by Colella & Glaz (1985) to solve hydrodynamic
equations with a real equation of state. This method, originally developed for real gases,
parametrises the EoS with a variable adiabatic exponent γ(ρ, T ) together with a polytropic
closure for the energy equation,

P t(ρ, T ) = (Γe(ρ, T )− 1) ρEt(ρ, T ), (3.31)

where Γe is computed from the tabulated EoS for every ρ, T point. In the particular case
when the EoS locally behaves like an ideal polytropic gas, the following identity holds,
Γe = Γ3 = Γ + 1. This formulation however assumes a slow variation of Γe and is therefore
not suitable to model EoS of solid materials, where this condition is not verified. Indeed, the
Colella & Glaz (1985) approach uses a linearisation of the Γe coefficient along a stream line
(σ0):

dΓe

dσ0
=
∂Γe

∂V

dV

dσ
+
∂Γe

∂E

dE

dσ0
, (3.32)

that can be rewritten with the thermodynamic identities as,

dΓe

dσ0
=

(
1− Γe

γ

)
(Γe − 1)

1

P

dP

dσ0
, (3.33)

in order to compute the Hugniot jump condition from the state (0) to the state (*),

Γe,* − Γe,0 =

(
1− Γ̄e

γ̄

)
(Γ̄e − 1)

1

P̄
(P∗ − P0) +O(p− p0)3, (3.34)

where Γ̄e, γ̄, P̄ are suitably centred quantities across the jump. The internal energy E∗ is
then estimated replacing the Γe,* from the left hand side of the equation inside the polytropic
expression (3.31). Thus, in this expression on the left side Γe is used as an absolute relationship
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Fig. 3.6 – Comparison of the Grüneisen coefficient Γ with the local polytropic coeffi-
cient Γe − 1 = P t/ρEt for aluminium at 10 eV (SESAME matid 3720).
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between P and E, while on the right side Γe describes the local derivative of the EoS (essentially
the Grüneisen coefficient, Γ + 1 ). This linearisation is valid for a quasi-polytropic gas or
a gas with slow variations of Γe where Γe and the Grüneisen coefficient (Γ) are indeed
linked. However, it is sufficient to add an arbitrary constant for the internal energy in the
equation (3.31) to decouple them, and they are indeed not related in the solid case (see
Fig. 3.6)

Furthermore, one can also mention the following issues with the current EoS formulation,

1. Γe is not defined at the reference point, where, by convention, P t = Et = 0 (see
Eq. (3.20)), and below the reference point where T < T ref ⇒ Et < 0.

2. Colella & Glaz’s approach assumes a convex equation of state (i.e. G > 0). This
condition can be broken near phase transitions and we will illustrate the implications
on a practical example in part III.

3. An equilibrium EoS with Maxwell constructions must be used to remove the negative
pressure region. However, while the total saturation pressure is positive in the phase
transition domain, the individual components (ions, or electrons) can be negative,
depending on the species that is associated to the cold curve. Therefore, the Rage-
like 3T model that heats ions and electrons in a shock proportionally to their partial
pressure cannot be used, and the 3T implementation must be switched to the Entropy
Conservation model instead (see section 2.1.2 on page 29).

These issues arise for any general equation of state given either by SESAME, FEOS or
PROPACEOS. They are unrelated to the details of the physics included, as long as they
contain a description of the solid material and of the vapour-liquid coexistence region.

A more general parametrisation of the equation of state would be therefore better suited
to describe the material behaviour in the complete ρ− T space, including the solid region and
the liquid-vapour phase transitions. For instance, a linearised Mie–Gruneisen parametrisation
around the current point (P t,0, Et,0),

P t(ρ, T )− P t,0 = Γ(ρ, T )ρ [Et(ρ, T )− Et,0] , (3.35)
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Fig. 3.7 – Thermodynamic diagram for aluminium (SESAME matid 3720) showing
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Material Critical point Crit. isentropes / main hugoniot
Name matid ρc [g/cm3] Tc [K] PH PH’ I14, H I14, H’

polystyrene 7593 0.0267 638 1.43 - 0.033 -
aluminium 3720 0.271 6950 10.1 18.7 0.45 1.0
titanium 2962 0.591 7960 6.63 12.4 0.27 0.60
copper 3336 2.67 6840 16.1 25.6 0.84 1.56

Table 3.1 – Estimation of the position of the critical point for some materials in
the SESAME database. We consider the thermodynamic path defined
by the principal Hugoniot from the reference state, up to a pressure of
PH [Mbar] followed by a release adiabat that intersects the saturated
vapour curve at C (ρc) or C’ (ρc/100) (see Fig. 3.7). The laser intensity
I14 [1014 W.cm−2] required to drive a shock up to the H (or H ′) point
in a plastic ablator is given by the analytical expression by Fabbro et al.
(1985).

would require only a limited rewriting of the equation (3.34) while mostly resolving the above
mentioned issues.

3.1.4 Practical motivation

The requirements on the EoS modelling are constrained by the necessity to describe HEDP
physics that can occur in laser plasma experiments. For instance, in experiments using rear-side
plasma expansion of laser driven targets, that we present in part 2, the typical thermodynamic
trajectory are represented in the ρ-T diagram in Figure 3.7. In such experiments, a solid in
its standard conditions (ρref-T ref), is irradiated by a high power laser, driving a shock wave
that follows the Rankine-Hugoniot jump relations. When reaching a free surface, this shock
wave subsequently unloads into vacuum along an isentrope.

The first point to consider is whether the release isentrope enters the liquid-vapour
coexistence region with the resulting complications, or stays supercritical. We have estimated
the critical point for several materials of the SESAME database (see Table. 3.1), then
calculated the pressure necessary to drive the shock up to the point (H) that corresponds to
the intersection of the principal Hugoniot with the release isentrope passing by the critical
point C (ρc, T c). Of course, the supercritical isentropes can also cross the vapour saturation
curve at lower densities. Thus, for a second reference we have taken the isentrope passing by
a point of the saturation curve C ′ at ρ/100, well within the measurable range, that intersects
with the Hugoniot locus at H ′. Finally, using the classical formula for the laser ablation
pressure in a polystyrene ablator, we estimate that the 2ω laser intensity corresponding to the
points H and H ′ for the considered materials is mostly in the range of 0.3− 1.0 · 1014 W.cm−2

(see Table. 3.1). Given that these values are similar to the nominal laser intensity of the
LULI2000 or higher energy facilities, a correct EoS modelling of the vapour-liquid phase
transitions is therefore fundamental.

It should also be noted that even with a convex EoS, the region of phase transition
in equilibrium EoS tables (i.e. that have Maxwell constructions applied) is challenging to
interpolate in a thermodynamically consistent manner (Fig. 3.4), while preserving the required
positivity of both the first and second order derivatives. It is therefore important to assess
how hydrodynamic codes behave in this ρ-T region, as to prevent uncontrolled numerical
artefacts and/or instabilities.

In the last part of this section, we will thus illustrate the influence of the EoS in FLASH
code simulations for several initial (ρ, T ) conditions, as shown in Figure 3.7. First, we will
validate the calculated Hugoniot locus in the steady state regime and then consider anomalous
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behaviour that can occur near the vapour-liquid phase transition.

3.2 Riemann solvers for real materials

The numerical solution of a Cauchy problem for hyperbolic conservations laws is provided by
Riemann solvers. In the case of Euler equations, classical solvers assume an ideal equation
of state to describe gas dynamics. More recently, the Riemann problem in the case of an
equation of state of a real material was extensively studied by Menikoff & Plohr (1988) with
implications for the numerical solvers discussed by Letellier & Forestier (1993). One has to
note that it remains an active research topic (Castro & Toro, 2014). In this section, we will
provide a summary of main points and examine the practical implications for the simulations
of HEDP experiments with hydrodynamic codes. The equation of state is parametrised with
the adiabatic exponent (γ), the Grüneisen coefficient (Γ) and the fundamental derivative (G),
introduced in the previous section, that have been shown to fully determine the properties
of shock and rarefaction waves. The fundamental condition γ ≥ 0 is necessary to obtain a
hyperbolic system, while the convexity of isentropes, with the sign of G, determines whether
it is genuinely nonlinear.

3.2.1 Uniqueness conditions

Under the assumption G > 0, the uniqueness of solution to the 1D Riemann problem requires
following criteria on the equation of state,

Γ ≤ P

ρE
strong condition, (3.36)

Γ ≤ γ +
1

2

P

ρE
medium condition, (3.37)

Γ ≤ 2γ weak condition. (3.38)

The strong condition is, in particular, satisfied by polytropic gases or in the strong shock
limit, where the material in post shock region has sufficiency high temperature to behave like
an ideal gas. For moderately strong shock waves, the strong condition is typically broken
as the internal energy is significantly impacted by ionisation and vibrational processes. The

Fig. 3.8 – Hugoniot locus in the P − V and P − u planes (adapted from Menikoff &
Plohr, 1988).
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medium condition then holds for most known real materials. It guaranties the uniqueness
of the solution to the Riemann problem, assuming G > 0, although it does not ensure the
stability of the shock front in multiple dimensions. The only known case when the medium
condition is broken is for shocks near the liquid vapour phase transition in certain liquids
having a high heat capacity. In this case, several solutions exist for the Riemann problem
with the same initial conditions.

These conditions also have direct consequences on the monotonicity of the Hugoniot locus
in P − V and P − U planes, as illustrated in Figure 3.8.

In the following, we will consider the implications of the loss of isentropes convexity on
the calculated solution to the Riemann problem.

3.2.2 Anomalous wave structures caused by phase transitions

In the standard theory the fluid equations constitute a convex hyperbolic problem that is
genuinely degenerate, assuming that the isentropes are convex and smooth (G > 0). Its
classical elementary scale invariant solutions are then a rarefaction wave, a shock wave and a
contact discontinuity.

However, the convexity condition (G > 0) can be broken with the EoS of real materials
is considered. This is in particular true near phase transitions, since the sound speed (cs)
is generally smaller in the mixed phase region than in the pure phases, implying that cs is
thus not monotone along isentropes. Besides, even in the pure phase region, the condition
G < 0 can be reached in the neighbourhood of the critical point for fluids having a high heat
capacity, as it is illustrated for the Van der Waals equation of state in Figure 3.2. In the
case when the isentropes are not convex additional wave configurations can occur, as will be
presented on the following paragraphs.

Shock waves that rarefy the fluid and compression waves

For the elementary solutions to the Cauchy problem for Euler equations, that are shock and
rarefaction waves, both compression and rarefaction branches are mathematically acceptable.
The physically valid solution, is chosen as the one in which the entropy increases according
to the second law of thermodynamics. Thus, in classical fluids, where G > 0, the correct
solutions are shock waves that compress the fluid and rarefaction waves, as mentioned earlier.
This situation is reversed, however, if the isentropes are concave (G < 0), in which case the
solutions that increase the entropy become shock waves that rarefy the fluid and compression
waves.

Composite and split waves

We have previously considered the wave structure under the assumption of either convex (G > 0)
or concaves (G < 0) isentropes. However, the change in sign of G between the upstream and
the downstream of a wave structure also leads to more general wave configurations. Thus,
in this case, several elementary waves can propagate as a single entity (i.e. with the same
velocity), forming the so called composite wave. A simple composite wave consists, for instance,
of a rarefaction wave adjoining a “sonic” shock wave both propagating at the speed of sound.

Additionally, when an isentrope presents a kink (i.e. a discontinuity in the slope) as it
occurs at a phase transition boundary, a single elementary wave can split into several waves
that move away from each other. Such split waves are possible both for shock and rarefaction
waves.
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Influence of the magnetic field

More recently the influence of the magnetic field on the development of anomalous behaviour
was studied by Serna & Marquina (2014) using the Davis-Guardone (Davis-Guardone (DG)
test cases presented in section 3.3.2. They show that the presence of a magnetic field helps to
enforce the genuine non-linearity of the hyperbolic system, thus inhibiting the development of
anomalous behaviour presented earlier.

In this section we have reviewed the anomalous wave structures that can arise in the
equation of state of real materials, particularly in the neighbourhood of phase transitions. They
correspond to phenomena encountered with real materials and are not simply mathematical
artefacts. Anomalous behaviour have been observed experimentally (Zel’dovich & Raizer,
1966; Thompson et al., 1986). The numerical solvers that use real equation of state, must
therefore account for anomalous behaviour for a correct modelling of the underlying physical
phenomena. Finally, it should be noted that in simulations, anomalous behaviour can also
arise from kinks and/or loss of convexity in isentropes due to a non smooth and non monotone
interpolation of the EoS tables.

3.3 EoS validation tests with the FLASH code

In the present section we will present EoS validation tests with the FLASH code that are
relevant to model HEDP experiments. Following the thermodynamic path of Figure 3.7, we
will start by studying a steady-state propagation of a shock wave within a solid.

3.3.1 Principal Hugoniot validation

This test aims to validate FLASH simulations of shock waves in solids, at conditions relevant
to laser experiments, with a simple set-up that does not rely on the laser energy deposition
module. A 1D cartesian domain is initialised with aluminium at standard conditions (room
temperature, solid density). An amount of energy is punctually deposited in the electron
population at the origin (x = 0), heating them to a temperature (T e,0). This results in a blast
wave, composed of a shock followed by a self-similar rarefaction wave, propagating outward
from the origin (see Fig. 3.9). When the shock has moved through a distance large compared
to the region where the energy has been released, and assuming that the initial pressure in
the medium is insignificant compared to the post-shock pressure, the blast wave undergoes a
Sedov-Taylor expansion. The shock trajectory is then expressed in 1D cartesian coordinates
as x(t) ∝ t2/3 (Kamm & Timmes, 2007). In this test, however, we will consider early stages of
the expansion, when the blast wave has not yet entered into the Sedov phase. The expansion
then takes place at constant velocity (i.e. x(t) ∝ t) as illustrated in Figure 3.9. Over the
considered time-scale, the shock dynamics can therefore be considered to be in a steady-state
regime.

These simulations were run with the FLASH code using the 3T hydrodynamics, with both
the radiation transport and the heat conduction modules disabled. The equation of state
was provided in tabular form by either the FEOS or the IONMIX codes. We performed a
parameter sweep over the source temperature T e,0 (related to the deposited energy) between
10 and 100 eV, and for every run the resulting steady-state shock parameters are measured
with a shock tracking algorithm. The correspondence between the source temperature (T e,0)
and the steady state shock pressure, with the FEOS and IONMIX EoS tables, is illustrated in
Figure 3.10a. Both EoS tables result in an identical shock pressure for T e,0 > 100 eV, while at
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lower temperatures the IONMIX significantly underestimates the pressure driving the shock:
this is due to a rough estimate of the heat capacity near solid conditions in this model.

In the following, we will compare the corresponding Hugoniot locus, given by a series of
FLASH simulation, that use either FEOS or IONMIX EoS tables. The curve of the shock
velocity (us) as a function of pressure (P s) presents only a weak dependence on the EoS,
as illustrated in Figure 3.10b): the relative error is below 20%, particularly for pressures
above 10 Mbar. A similar observation can be made regarding the relationship between the
particle velocity (up) and shock velocity (us), which is linear with the same slope in both
cases but presents a difference in the offset of 5 km/s (see Fig. 3.10c). By contrast, the shock
temperature (T s) is strongly dependent on the EoS and presents disparities of as much as a
factor of 3 between the two EoS models.

Furthermore, we have compared the results of FLASH simulations that use the FEOS
equation of state against an independently calculated steady-state shock solution. The latter
was obtained by numerically solving the system of Rankine-Hugoniot equations coupled with
a tabulated FEOS equation of state8. The properties of the shock wave simulated with the
FLASH code are found to be identical to the steady-state solution (see Fig. 3.10). Thus,
despite the restrictions, mentioned earlier, inherent to a polytropic EoS parametrisation in
the current version of FLASH code, we have successfully validated the principal Hugoniot
solution in aluminium for shock pressures between 0.5 and 200 Mbar. For experiments that
use a direct laser drive in the nanosecond regime, this pressure range can be translated with
classical ablation pressure formulas (Fabbro et al., 1985; Fratanduono et al., 2011) to laser
intensities of ∼ 1012 to 3 · 1015 W.cm−2.

In the following, we will consider the behaviour of the FLASH code in the case of an
equation of state with anomalous properties, in particular, when a release isentrope passes in
the neighbourhood of the critical point.

3.3.2 Test of an anomalous EoS with the FLASH code

In section 3.2.2 we have outlined anomalous wave structure, that occurs with a general
equation of state of real materials. Most numerical solvers, make restrictive assumptions on
the EoS that limits the range of physical phenomena that can be modeled. In particular,
the approach by Colella & Glaz (1985) that is used for the parametrisation of the EoS in
the FLASH code, assumes that γ > 1 and G > 1 which is a reasonable hypothesis away
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Fig. 3.9 – (a) Principle of the Hugoniot validation test illustrated with a density
profile (b) The calculated shock trajectory x(t) for a typical simulation
shows steady-state evolution at constant velocity.

8The implementation of the Hugoniot locus calculation for tabulated equations of state is available within
pyeospac (https://github.com/luli/pyeospac) which relies on the EOSPAC library.
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Fig. 3.10 – Results of the principal Hugoniot validation in aluminium with the
FLASH code using different EoS tables. (a) correspondence between the
temperature of the region where the energy is initially released and the
shock pressure. (b-d) Hugoniot locus in us − P s, T s − P s and us − up
planes.

from phase transitions. These conditions are, however, not always verified when a tabulated
EoS (SESAME, FEOS, etc. . . ) is used in the FLASH code. A generalisation of the previous
conditions is therefore necessary.

In order to illustrate how the unsplit FLASH 4.0 solver behaves under loss of convexity of
the equation of state, we will model three shock tube problems proposed by Argrow (1996)
and formalised by Guardone & Vigevano (2002)9 for the polytropic Van der Waals equation of
state, defined by Equations (3.12)-(3.14). These classical shock tube problems have been, for
instance, used by Carver et al. (2010) to validate the use of a non-ideal EoS in the AstroBear
MHD code.

Indeed, a polytropic Van der Waals EoS presents the advantage of featuring a non convex
region outside the liquid-vapour saturation dome (see Fig. 3.1) for fluids with a large heat
capacity (δ ≥ 0.06). The anomalous wave structure can thus be tested in fluid dynamics
codes while keeping a simple analytical form for the equation of state. For this test we use a
tabulated polytropic VdW equation of state with the following self-similar normalisation,

ρ∗ =
ρ

ρc
, P ∗ =

P

P c
, x∗ =

x

L
, t∗ =

t

L

(
P c

ρc

)1/2

and u∗ = u

(
ρc
P c

)1/2

, (3.39)

where L is the size of the simulation domain, while ρc, P c are the critical density and pressure,
defined for a VdW equation of state by Eqs. (3.16). In the VdW equation of state with
normalized variables, the material dependence is contained exclusively in the δ parameter. In
the following tests, we set δ = 0.0125.

9We thank A.Guardone for providing the reference results for these test cases.
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The initial conditions for the DG1, DG2 and DG3 tests consist of a step function of
density jump and zero velocity for which the left (L) and right (R) states are presented in
table 3.2 below, as well as in the Figure 3.11. The examined range for the characteristic non
dimensional parameters in these tests are γ ∈ [0, 1] (except for the DG1 test where γ > 0),
Γ ∈ [0, 1], Γe ∈ [1, 2] and the fundamental derivative G with both negative and positive
values.

Test state ρ∗ U∗ P ∗ γ Γ Γe − 1 G
DG1 L 1.818 0 3.000 4.61 0.0317 0.0075 4.118

R 0.275 0 0.575 0.76 0.0137 0.0099 0.703

DG2 L 0.879 0 1.090 0.19 0.0176 0.0057 -0.031
R 0.562 0 0.885 0.42 0.0153 0.0075 -4.016

DG3 L 0.879 0 1.090 0.19 0.0176 0.0057 -0.031
R 0.275 0 0.575 0.76 0.0137 0.0099 0.703

Table 3.2 – Initial left (L) and right (R) conditions and corresponding dimensionless
parameters for the numerical tests DG1, DG2 and DG3.

One dimensional tests

The computational domain consist of 400 cells on a uniform 1D Eulerian grid, and the
simulation output is examined for a dimensionless time t* = 0.15, in order to be comparable
with the reference solutions.

To begin, let’s consider the DG2 test which provides a typical example of non classical
behaviour since the fundamental derivative (G) is negative throughout the simulation. The
solution, represented in Figure 3.12, thus consists of a shock wave that rarefies the fluid,
separated from the compression wave by a contact discontinuity. These results were obtained
with FLASH code simulations, using the 3rd order HLLC solver. They are identical, aside
from a small difference in diffusivity, to the reference solution provided by Davis (1985) and
Guardone (2002). Similar conclusions were also reached with the HLL and hybrid Riemann
solvers, while the Roe solver, implemented in the FLASH code, systematically failed to
complete for all three DG test cases, because of a critical error when finding imaginary sound
speeds.
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Fig. 3.11 – Initial conditions for the Davis-Guardone (DG) tests in the P − v plane
for the VdW equation of state, featuring a region with non convex
isentropes (G < 0).
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Fig. 3.12 – Solution for the test problem DG2 at dimensionless time t∗ = 0.15.
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Fig. 3.13 – Solution for the test problem DG3 at dimensionless time t∗ = 0.15.
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Fig. 3.14 – Solution for the test problem DG1 at dimensionless time t∗ = 0.15.

The DG3 test allows to study the case of a sign change in the fundamental derivative (G),
resulting in a configuration in which a sonic rarefaction shock together with a rarefaction fan
form a composite wave on the left side of the simulation domain, as illustrated in Figure 3.13a.
The right side of the simulated domain, presents a contact discontinuity and a classical shock
wave, since the equation of state is convex in that region. This test is also correctly modeled
with the FLASH code using the HLLC, HLL or hybrid solvers. It should be noted that
in numerical calculations, a composite wave consisting of a shock and a rarefaction (or a
compression) wave may not be distinguishable from a shock wave that has been smeared out
by lack of grid resolution and, when applicable, artificial viscosity.

Finally, the DG1 test is somewhat similar to the previously examined DG3 case, with
a solution consisting of a shock, contact discontinuity and a composite wave. The latter,
consists of a rarefaction wave propagating to the left with a rarefaction shock propagating to
the right, as illustrated in Figure 3.14b. While the general wave configuration is correctly
modeled with the FLASH code, this test case is subject to numerical instabilities with all
the parameters of the Riemann solver that we have attempted to use. Thus, high-frequency
numerical oscillations followed by a series of small shocks appear in the rarefaction wave
that is expected to be smooth. The reasons for this behaviour are for the moment not well
understood and are still being investigated.

Extension to multiple dimensions

Prior to this point we have only considered the consequences of anomalous EoS properties on
the one dimensional Riemann problem. However, when extending these results to multiple
dimensions, additional stability conditions have been verified (Menikoff & Plohr, 1988). For
instance, Fowles (1981) showed that for a multidimensional compression shock wave to be
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3rd order HLLC solver in FLASH on a 2D grid, when setting the initial
step condition ²²with curvature.

stable, the downstream region must be subsonic and the following condition must be verified,

γ ≥ (Γ + 1)

(
1− P

P0

)
, (3.40)

where P and P0 are the downstream and upstream pressures respectively.
In order to investigate the influence of non-convex EoS on multidimensional simulations,

we have performed the DG1, DG2 and DG3 tests in 2D using the FLASH code with the
dimensionally unspit hydrodynamic solver. The simulation setup consists of a step function
in the x direction, with the left and right steps defined in the Table 3.2 and a parabolic
curvature for the discontinuity position to account for 2D effects. The DG2 and DG3 tests
presented consistent results to the 1D case, presented earlier, aside from the initially imposed
curvature. As to the DG1 test case, the general dynamics was correctly reproduced, however
significant instabilities of the shock front within the composite wave were observed (see for
instance Fig. 3.15).

In this study, we have thus verified, both in 1D and 2D, that the unsplit hydrodynamic
solver implemented in the FLASH code correctly reproduces anomalous wave structure in the
Davis-Guardone (DG) tests, when provided with a non convex tabulated equation of state.
Numerical instabilities were however observed, particularly for the DG1 test.

Conclusions

In the present section, we started with an introduction of the formalism that is used to describe
a real equation of state and mentioned the phenomena in the vicinity of the liquid-vapour phase
transition that lead to a loss of convexity of isentropes. The resulting anomalous wave structure
includes shocks that rarefy the fluid, compression waves as well as more complex configurations
such as composite and split waves. We discussed the current parametrisation of the EoS in
the FLASH code and its limitations, proposing ways to overcome them. Finally, we have
validated the modelling of the principal Hugoniot in the steady regime with the FLASH code,
using a general tabulated equation of state, in conditions relevant for HEDP laser experiments.
The simulation of anomalous wave structure, defined in the Davis-Guardone (DG) tests, for a
non-convex EoS, was also positively validated.
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It should be noted, however, that the current study assumes an equilibrium description of
the liquid-vapour coexistence region, which may be inconsistent with the typical timescales
of HEDP laser experiments. Maxwell constructions were thus applied to regularise the EoS
tables which precludes modelling material tension. Besides, a purely fluid description of the
material is adopted thus ignoring any elastic or visco-elastic effects that are significant for
weak shock waves in solids.

While the anomalous behaviour is distinctive of the liquid-vapour phase transitions, it
can also arise when interpolating an equation of state table with a non monotonous or non
smooth scheme. The properties of the interpolation scheme used in hydrodynamic codes for
the EoS tables, as well the ability to consistently visualise the corresponding EoS data up to
2nd order derivatives are thus fundamental. Given the outstanding capabilities offered by the
EOSPAC library in this area, we have started to interface it with the FLASH code, as well as
developed a visualisation toolkit around this library, that has been used for making most of
the figures of this chapter. The latter is fundamental to validate that the provided EoS tables
are thermodynamically consistent, are correctly interpolated with the chosen scheme and do
not present features that cannot be handled by the hydrodynamic/MDH solver.

Future work could be directed in generalising the EoS parametrisation in the FLASH code,
as was mentioned earlier, as well as finalising its interface to the EOSPAC library.
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CHAPTER 4. RADIATION TRANSFER PRINCIPLES

As mentioned previously, physics models of processes relevant to High Energy Density
Physics (HEDP) often rely on material properties. For example, in stellar physics uncertainties
on opacities, equation of state (EoS) and element mixture were liable for discrepancies between
models and observations. In particular, it was the case, for the p-mode (acoustic waves)
oscillations of the Sun (Christensen-Dalsgaard et al., 1985). It also accounts for the differences
between masses of Cepheides variable stars given by the evolution and pulsation theories
(Fricke, 1971). These discrepancies could only be resolved after significant effort to improve
calculations of opacities by, among others, OPAL (Iglesias & Rogers, 1991), OP project
(Seaton et al., 1994) and OPAS (Blancard et al., 2012).

Opacity, along with the EoS, is indeed one of the main pre-calculated data sets used in
radiation hydrodynamics simulations. In this section, we will briefly review and compare
atomic physics models providing multigroup opacity tables for the radiation hydrodynamics
codes that we used in this thesis. We will also discuss the choice of the radiative grid in
the multigroup method. The sensitivity of radiation hydrodynamics to the atomic physics
input parameters (opacity tables, group boundaries, number of groups) will be illustrated
with dedicated benchmark simulations.

4.1 Radiation transfer principles

4.1.1 The basic equations

The spectral radiation intensity Iν = I(r, Ω, ν, t) is analogue to a distribution function for
photons. It accounts for the amount of radiative energy contained at a given time (t) in
an infinitesimal element of the phase space defined by the position vector (r), the angular
direction (Ω) and the photon energy (hν). Physical quantities characterising the radiative field,
such as the spectral radiation energy (Eν), the flux vector (Fν) and the pressure tensor (Pν),
can then be inferred from Iν , taking its successive moments with the solid angle (Ω),

Eν =
1

c

∮
Ω
Iν dΩ Fν =

∮
Ω
Iν Ω dΩ and Pν =

1

c

∮
Ω
Iν Ω⊗Ω dΩ. (4.1)

Integrated over the photon energies, they yield the total radiative quantities, referred to in
the following as Er, Fr and Pr respectively.

The equation of radiative transfer,

1

c
∂tIν + Ω · ∇Iν = ρ (ην − κνIν) , (4.2)

then models the propagation of photons, accounting for the interaction with the medium
through the coefficients of spectral absorption (κν) and spectral emission (ην), that will be
discussed further in section 4.2.

4.1.2 Approximate solutions of the radiative transport

The general problem of radiative transport thus consists of determining the specific radiation
intensity (Iν) from an integer-differential equation in 7 dimensions (3 spatial coordinates, 2
angular components, the photon energy, and time) which is a prohibitive task. Several methods
have therefore been proposed to obtain an approximate solution of this problem, which mostly
consist in rewriting the equation of radiative transport (4.2) as a set of simultaneous partial
differential equations (PDE). In the following, we will succinctly review the most common
methods, while their detailed description can be found in the reference books by Mihalas &
Mihalas (1999) or Modest (2001).
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Treatment of the angular dependence

We start by considering the approximate treatments of the angular dependence in the equation
of radiation transfer.

The moments model (Mn) calculates successive moments of the Equation (4.2) with the
solid angle (Ω). In particular, the first two moments can be written in a conservative form as,

∂tEν +∇Fν = ρ (4π ην − κνcEν) , (4.3)

∂tFν + c2∇Pν = −ρκνcFν . (4.4)

Similarly to the fluid equations, a closure relation must however be used in this approach to
solve the system.

The M0 model, also called the diffusion approximation (Pomraning, 1973), uses the energy
equation 4.3 together with a relation between the radiative flux and the radiative energy
through the Fick’s law,

Fν = − c

3ρχν
∇Eν , (4.5)

with χν = κν + σν being the specific spectral total opacity, σν the scattering contribution
to the absorption coefficient (κν). This approximation requires that the mean free path of
photons (λmfp) is negligible with respect to the size of the medium (L), which is only valid in
the optically thick case (see Fig. 4.1b) and for an isotropic radiation. Furthermore, given the
speed of light (c), the radiative flux cannot exceed the value cEν that is reached in the free
streaming limit. In order to enforce this condition, an add-hoc flux limiter for the diffusion
coefficient Dν = c/3ρχν in the Equation (4.5) has been proposed by Levermore & Pomraning
(1981). The Equations (4.3) and (4.5) thus yield

∂tEν −∇ (Dν,lim∇Eν) = ρ (4π ην − κνcEν) , (4.6)

where Dν,lim is the flux-limited diffusion coefficient limiting the radiative flux to ||Fν ||max =
αrcEν , with αr ≤ 1, similarly to the one used for the flux-limited electron heat conduction,
presented in section 2.3.

The M1 model solves the first two first moments (4.3)-(4.4) of the transport equation
together with a closure relationship expressing the pressure tensor (Pν) from the lower
moments as,

Pν =

(
1− fed,ν

2
I +

3fed,ν − 1

2

Fν ⊗ Fν
||Fν ||2

)
Eν , (4.7)

where fed,ν is the Eddigton factor. The M1 model has several interesting properties, as
it presents a correct asymptotic behaviour both in the diffusion (optically thick) and free
streaming (optically thin) regimes, while in the semi-transparent regime, the solution is given
by minimising the entropy for the radiation distribution function (Dubroca & Feugeas, 1999).
It also allows the anisotropies in the radiation field to be modelled. Its validity range is
therefore much larger than the diffusion approximation (Turpault, 2005). Furthermore, it
should be noted that unlike the diffusion equation (4.6) which is parabolic, the M1 system
of equations is hyperbolic and when written in conservative form, it can be solved with the
same finite-volume schemes as the fluid equations. This model is used, for instance, in the
HERACLES (González et al., 2007), HADES (Michaut et al., 2010) codes.

The method of discrete ordinates (Sn), first proposed by Chandrasekhar (1960) in his
work on stellar and atmospheric radiation was originally applied for problems in neutron
transport theory. It is based on a discrete representation of the directional variation of the
radiative intensity, which results in a system of n simultaneous partial differential equations.
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The Sn method can thus be carried out to an arbitrary order and accuracy, and has been
widely applied for radiation transport problems. In the HEDP field, following codes use the
Sn model: MULTI 1D and 2D (Ramis et al., 1988; Ramis et al., 2009), RALEF (Basko et al.,
2010) and ARWEN (Oliva, 2010). Comparisons between the M1 and Sn method by González
et al. (2009) showed that the latter is arguably better suited to model strong anisotropies in
the radiative field for simulations with sharp geometries. However, in higher dimensions, and
particularly 3D, the M1 model can be a better compromise, as it allows a good approximation
of the solution at a significantly lower computational cost.

A different approach for an approximate solution of the transfer equation was introduced
by Jeans (1917) with the method of spherical harmonics (Pn). It is similar to the moments
method, except that the moments with the solid angle are taken in a way to take advantage
of the orthogonality of the spherical harmonics basis (Garcia & Siewert, 1986). This also
allows an arbitrary high precision to be reached, however the accuracy increases only slowly
with the number of harmonics, while mathematical complexity increases extremely rapidly.
It has been shown by Barichello & Siewert (1998) that in some conditions the Pn method is
formally equivalent to the previously described Sn method. One can mention the LASNEX
code (Harte et al., 1996) that implements this model for the radiation transport.

Finally, the equation of radiation transport can be solved by statistical methods, through
sampling techniques to any degree of accuracy, in the so called, Monte Carlo method (Whitney,
2011). It is however prone to an unavoidable statistical error if the number of samples is not
large enough.

Treatment of the frequency dependence

For all the above mentioned approximate methods to solve the radiation transport equation, an
additional step consists in addressing the frequency dependence of the radiation intensity (Iν).
The two major approaches, involve either to iterate over all the frequencies with the grey
approximation, or to sample the photon energy range in a finite number of groups with
the multigroup approach. The latter method will be detailed in the following section in the
flux-limited diffusion approximation that is used in the FLASH code.

4.1.3 Multigroup flux-limited diffusion model

The equation of radiative transport is solved in the FLASH code using the flux-limited
multigroup diffusion model. Thus, the energy equation 4.6 is integrated within every group
on a radiative grid {νg},

1

c
∂te

g
r −∇ ·

(
Dg
lim∇egr

)
+ κgP eg = ηgPB

g
P (T e), (4.8)

where the κgP , η
g
P are the Planck absorption and emission coefficients in group g, defined in

section 4.2.3, and Dg
lim is the flux-limited diffusion coefficient, constructed from the Rosseland

opacity (κgR), as defined in section 4.1.2. Besides, eν = Eν/ρ and BP (T ) is the Planck
distribution.

The radiation energy (egr) in each group is coupled to the internal energy of electrons (ee)
and to the total radiation energy (er), verifying er =

∑
g e

g
r , through the absorption and

emission source terms, respectively,

Qabs =
∑
g

κgP e
g
r and Qemis =

∑
g

ηgPB
g
P (T e), (4.9)
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that are included on the right side of the 3T energy conservation equations (2.15)-(2.16)
resolved by the hydrodynamic/MHD solver in the FLASH code.

In the following section, we will review how the multigroup mean opacities κgP , η
g
P , and

κgR, necessary to solve the radiation transport equation, are calculated.

4.2 Opacity calculations

4.2.1 Plasma models

The first step in any atomic physics calculation is to estimate the atomic level population
distribution as well as the distribution of ions with different charge states in the plasma. To
this end, several plasma models are available in the literature (e.g. Griem, 1997), that we will
only briefly outline here.

The condition of local thermodynamic equilibrium (LTE), is verified by low temperature and
high density plasmas. In such plasmas, population distributions are determined by collisional
processes and the radiative mechanisms are negligible. Ion distribution is determined by the
Saha equation (Saha, 1921), and for a given ionization level q, the population density Pn in
an excited level n, follows the Boltzmann distribution,

Pn
Pm

=
gn
gm

e−(En−Em)/(kBT ),

where gm is the degeneracy, En is the excitation energy relative to the ground state and T
the temperature of the plasma.

On the opposite side, low density and high temperature plasmas verify the so-called coronal
equilibrium (CE). The population levels are determined by the balance between collisional
excitation and radiative decay. This region corresponds to optically thin plasmas, meaning
that the mean free path of photons (λmfp) is significantly larger than the typical size of the
medium.

In the most general case, when both collisional and radiative processes are taken into
account the collisional-radiative (CR) model have to be used. Solving the radiation transport
equation for the radiation field, makes it a non local problem, unlike the LTE case. The
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Fig. 4.1 – Radiative properties of Aluminium calculated with the PROPACEOS
code (a) Map of LTE, NLTE and CE regions (b) Mean free path (λmfp) for
photons with a Plankian energy distribution at the local temperature (T e).
The optically thick (λmfp � L) and optically thin (λmfp � L) regions are
indicated for a typical plasma size L = 200 µm.
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Atomic transition rate [s−1]

Collisional excitation 1010 ne
∆E Te

e−∆E/Te

Collisional recombination 1010 n2
e

∆E T 2
e

Radiative recombination 107Z ne(∆E)1/2

T
1/2
e

Radiative decay 108(∆E)2

Table 4.1 – Approximate rates for typical atomic transitions (Scott, 2014) where
Te is the electron temperature (in eV), Z the atomic number, ne the
electron density in (1020 cm−3) and ∆E the transition energy (in eV).
The lifetime of a level depopulated by several processes with rates (Ai)
is given by τ = 1∑

i Ai
.

CR model allows to study a wide variety of plasmas that are not in the local thermody-
namical equilibrium (NLTE) commonly found in inertial confinement fusion (ICF), magnetic
confinement fusion (MCF), and astrophysics.

The level population distribution is determined by integrating the atomic transitions rates,
thus the LTE and CE models correspond to the plasma conditions where the CR problem can
be simplified by taking into account only a few dominant transition types (cf. Fig. 4.1b). In
most cases, collisional rates increase with the electron density while the radiative transitions
have higher rates for large atomic numbers and higher transition energies. An approximate
separation between LTE, NLTE and CE regions for aluminium is represented in Figure 4.1a.
In this figure, the CE region is defined by an approximate formula (Anders, 1990), while the
NLTE/LTE limit is obtained by comparing mean ionization state given by the PROPACEOS
code. It is however difficult to define an absolute criterion for the LTE/NLTE boundary as for
a given plasma condition, low energy transitions may be at LTE while the higher ones are not.

As we have mentioned earlier, radiation hydrodynamics simulations rely on the atomic
physics codes for the mean ionization state and the opacity data. The time scale of atomic
transitions, generally below 100 fs, is typically negligible when comparing to hydrodynamic
evolution time scales of a plasma created by a laser pulse of a few nanosecond. As a consequence,
in the conventional approach, atomic physics calculations are performed beforehand in the
steady-state approximations, producing opacity tables, parametrised by two state variables
(e.g., density, temperature). This approach allows significant performance gains and is perfectly
justified at LTE. However, even assuming a steady-state evolution, the use of NLTE opacity
tables is more controversial: while they provide a potentially better description of the NLTE
region, the plasma geometry and the corresponding optical depth effects cannot be correctly
estimated. Indeed, a proper modelling of the NLTE plasma would require a coupling of a
time-dependent CR model with a hydrodynamic code (Scott & Hansen, 2010). Numerical
developments in this area include for instance the Helios-CR code (MacFarlane et al., 2006)
or the work by Peyrusse (2012) to model the interaction of an x-ray free-electron-laser (XFEL)
with a solid material. The computational overhead for doing inline atomic physics calculations
is challenging, and at present time such methods are limited either to 1D hydrodynamics or
to simplified atomic models.

4.2.2 Atomic physics codes

In this section we will briefly review the atomic-physics codes we used to produce steady-state
NLTE opacities tables for the radiation hydrodynamics simulations.
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4.2. OPACITY CALCULATIONS

SNOP: an average atom model

SNOP (Tsakiris & Eidmann, 1987) is one the reference legacy codes that performs opacity
calculations using the screened hydrogenic average ion (AI) model. For a hydrogen-like atom
of charge Zeff with a single electron, the energy of different levels (En) is given by the principal
quantum number n,

En =
EHZeff

n2
+ δEn, (4.10)

where EH = 13.6 eV and δEn is a correction that takes into account the interaction of the
electron with the ion and other free electrons called the continuum lowering. A real atom of
atomic number Z with q electrons removed, can be reduced to a hydrogen-like case, assuming
that an electron in the excited shell n sees the nucleus surrounded by bound electrons as an
effective charge

Zqeff,n = Z − ∑
m<n

(
σnmP

q
m − 1

2σnnP
q
n

)
, (4.11)

where σmn are empirical screening coefficients (More 1984), and P qn is the fractional occupation
of the shell n for the ion of charge q. According to the Fermi-Dirac statistics,

P qn =
2n2dqn

1 + 317A
ρq T 3/2 exp [−Eqn/kT ]

, (4.12)

with A the atomic mass, ρ density (in g.cm−3), T temperature (in eV) and dqn a correction for
pressure ionization at high density. The previous set of equations (4.10) to (4.12), together with
the closure equation q = Z −∑n P

q
n , are solved in SNOP for first nmax shells (0 < n < nmax)

and for ions of different charges q as given by the ionization model.
The steady state ionization balance, only considers transitions between the ground state

and the continuum and takes into account the collisional ionization as well as the collisional
and the radiative recombinations (Eidmann, 1994). Thus, the density nqi for the ions of charge
q verifies,

∂tn
q
i = nq+1

i n2
eA

q+1
cr + nq+1

i neA
q+1
rr (1 + d)− nqineA

q
ci = 0, 0 ≤ q ≤ Z, (4.13)

where ne is the electron density, d accounts for the dielectric recombination and Aqci, neA
q
cr,

Aqrr are the specific transition rates for the above mentioned phenomena. The quasi-neutrality
requirement ne = Z̄ni = Z̄

∑
q n

q
i =

∑
q q n

q
i is used to close the ionization balance equation

above. The Equation (4.13) includes LTE and CE as limiting cases, for respectively high and
low electron density.

Finally, the effective emission (ην) and absorption (κν) can be calculated as the sum of
the free-free (ff), bound-free (bf) and bound-bound (bb) contributions,

κν = κν,ff + κν,bf + κν,ff , (4.14)
ην = ην,ff + ην,bf + ην,ff . (4.15)

The detailed description of each term is given by Eidmann (1994) and we will only provide
here approximate expressions for the absorption coefficients (in cgs units). Thus, the inverse
bremsstrahlung absorption (ff) contribution (Stratton 1965) is,

κν,ff = 2.4 · 10−37 ne

ρT 1/2(hν)3

(
1− e−hν/kT

)∑
q
q2 nqi , (4.16)

while the photoionization (bf) component is computed as a sum over ion charges and for
energy levels Eqn that can be ionized by a photon of energy hν,

κν,bf = 1.2 · 1010A−1
(

1− e−hν/kT
)∑

q

∑
n |hν>|Eqn|

nqi
ni

P qn
n5(hν)3

(Zqeff,n)4. (4.17)
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Finally, the photoabsorption term (bb), accounts for the bound-bound transitions between
the lower state n and an upper state m,

κν,bb = 6.6 · 107A−1
(

1− e−hν/kT
)∑

q

n∗∑
n=n∗−1

nmax∑
m=n+1

nqi
ni
P qn(1− P qm/2m2)fnmLν , (4.18)

where n∗ is the partially occupied shell (Pn = 2n2 for the inner, fully occupied shells), fnm is
the hydrogen oscillator strength and Lν the line shape factor. For the latter, a normalized
Lorentzian profile is used,

Lν =
1

π

w

(hν −∆E)2 + w2
, (4.19)

where ∆E = Eqn − Eqm is the transition energy and w the line broadening that accounts for
the natural and the collisional broadening.

The line profile determines the opacity windows between absorption lines that are essential
for the radiation transport through the calculation of the Rosseland mean, defined later on.
The hydrogenic model is however unable to model all the atomic lines, particularly for the
high-Z materials, as the splitting of the energy levels with the l, m and s quantum numbers,
corresponding to the angular momentum and spin, are not taken into account1. The resulting
Rosseland mean opacity is therefore severely underestimated in the hydrogenic model, and a
workaround proposed by Tsakiris & Eidmann (1987) consisted in an additional artificial line
broadening, that was tuned by comparing with more elaborate calculations.

The original version of the SNOP code could only model pure elements. Later on, an
extension to mixtures SNOPMIX was developed by Atzeni (private communication), motivated
by the widespread use of non pure materials in laser-plasma experiments (e.g. polystyrene
(C8H8) is commonly used as an ablator).

PROPACEOS code

PROPACEOS (MacFarlane et al., 2006) is a commercial code designed to provide both EoS
and NLTE opacity tables utilized by radiation hydrodynamics codes. Its collisional-radiative
(CR) model takes into account various atomic processes, such as the collisional ionization,
recombination, excitation, and deexcitation, spontaneous decay, radiative and dielectronic
recombination, autoionization and electron capture.

The necessary cross-sections, energy levels and oscillator strengths are computed with the
ATBASE suite of atomic codes using a configuration interaction model with Hartree–Fock
wave functions. Various levels of details are allowed in the atomic models: it is thus possible
either to use configurations that are averaged, to include LS-splitting or to use a fine-structure
description with up to ∼ 104 discrete energy levels per calculation.

The PROPACEOS code is based on a steady-state 0D CR model. It uses an equivalent
atomic physics model to the one included in PrismSPECT, HELIOS-CR and the SPECT3D
codes. Historically PROPACEOS can be seen as a successor with numerous improvements of
the IONMIX code (MacFarlane, 1989).

FLYCHK code

FLYCHK (Chung et al., 2003) is a K-shell spectroscopy code that is extensively used to study
hot dense plasmas. It is based on a time-dependent or a steady-state CR model that similarly
takes into account numerous physical phenomena. The energy levels are modelled in the

1More recently, an extension of the SNOP code with the l-spitting was developed by Faussurier (1996)
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Fig. 4.2 – Absorption spectra of aluminum for 29 and 800 eV, 1.5 · 10−2 g.cm−3

given by different atomic physics codes.

hydrogenic approximation with relativistic corrections (Chung et al., 2008), parametrised by
the principal quantum number n. Additional effects such as ionic potential distribution, an
external radiation field, element mixture or a finite optical depth are taken into account.

I have attempted to generate opacity tables using the FLYCHK code available on-line.
The procedure itself is fairly simple: the absorption and emission spectra are calculated and
averaged with an algorithm, described in the following section, in order to obtain opacity.
However, as input for hydrodynamic codes, the atomic physics has to be valid on a large
density and temperature domain. In the particular case of FLYCHK, it gives wrong results
for low temperatures and would therefore require a combination of codes to span the whole
density and temperature domain. The question that is immediately raised however is how
to consistently interpolate results given by different codes. Another difficulty lies in the fact
that the CR population balance sometimes does not reach convergence. While this can be
overcome by changing slightly the plasma conditions, it is an unreliable approach that cannot
be used with a fixed density and temperature grid required by the opacity table2.

The different levels of spectral details between the SNOP, FLYCHK, PrismSPECT codes
can be compared for aluminium at 1.5 · 10−2 g.cm−3, 30 and 800 eV in Figure 4.2. The 30 eV
case shows a well defined K and L edges, while at 800 eV with a mean ionization of 12.5,
the L edge does not exist any more and the K-edge is shifted to higher energies. The lines
around the K-edge are well defined, and are similar for all codes. The L-shell exhibit bands
of absorption with numerous lines that partially coalesce to form a continuum.

In a final step, opacities are calculated from the frequency dependent absorption and
emission spectra, with the averaging procedure presented in the following section.

4.2.3 Mean opacities

Grey opacity

While radiation transfer is fundamentally a frequency dependent problem, it is possible to
define a single mean opacity that provides a correct total radiation coefficient (Mihalas &

2The same happens in PROPACEOS, that then automatically falls back to LTE model.
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Mihalas, 1999), in the so called "grey" approximation. In the following, we will present mean
opacities that are commonly used by the radiation transfer codes.

The Planck mean opacity (κP ) and emissivity (ηP ) are defined by,

κP =

∫ +∞

0
κνBν(T ) dν∫ +∞

0
Bν(T ) dν

and ηP =

∫ +∞

0
ην dν∫ +∞

0
Bν(T ) dν

. (4.20)

They give the correct total energy absorbed (or emitted) by the material. For a LTE plasma
ηP = κP , as according to the Kirchoff’s law ην = κνBν(T ). In the NLTE case however, both
have to be used, and εP = ηP /κP gives an estimation of the deviation from LTE.

The Rosseland mean opacity allows to obtain a correct total radiative flux in the diffusion
approximation and is defined by,

1

κR
=

∫ +∞

0

1
κν+σν

∂TBν(T ) dν∫ +∞

0
∂TBν(T ) dν

,

where σν is the electron Thomson scattering contribution to the opacity. It is a harmonic
mean, that is particularly sensitive to opacity windows (local minima between absorption
lines), and therefore to the line broadening used.

It must be emphasized that with steady state populations levels, in the LTE conditions
all mean opacities depend only on the local plasma parameters (ρ, T ) and can be calculated
beforehand in a tabular form. The same approach can be extended to NLTE case, assuming a
given optical thickness, although it is not rigorously correct.

Generally mean opacities can be well approximated by a power law κR|P = CρaT b over a
given density, temperature domain. For instance Minguez et al. (2001) provides constant fitting
coefficient for ICF plasma of common elements from 10−3 to 103 g.cm−3 and 50 to 104 eV.

In the general case however, HED plasma do not always verify the assumption of a
Planckian emission, underlying the "grey" approximation, and a more detailed description is
necessary. In this context, multigroup approach allows a compromise between the description
of the frequency dependence, and the computational cost.

Multigroup opacities

In the multigroup approach, the total spectrum is divided in a discrete number of frequency
groups (Ng), and all frequency dependent variables are replaced by an averaged value within
each group. If the interaction between groups due to the Doppler effect is negligible, the
problem can then be seen as Ng independent grey radiation transfer equations.

Given the group boundaries G = {ν0, ..., νNg}, Planck (κgP , η
g
P ) and Rosseland (κgR)

multigroup means for the group g can be written as,3

κgP =
1

W g
P

∫ νg+1

νg

κνWν,P dν, ηgP =
1

W g
P

∫ νg+1

νg

ην dν,
1

κgR
=

1

W g
R

∫ νg+1

νg

Wν,P

κν + σν
dν, (4.21)

where Wν,P , Wν,R are weight functions and

W g
P =

∫ νg+1

νg

Wν,P dν, W g
R =

∫ νg+1

νg

Wν,R dν. (4.22)

3In this notation, g refers to the group index g, and is not a power exponent.
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For optically thick conditions, the appropriate weight functions are Wν,P = Bν(T ),
Wν,R = ∂TBν(T ) as they estimate the interaction of the radiation field, that depends only on
the local conditions, with the plasma. Moreover, when the number of groups is reduced to 1,
multigroup approach is strictly equivalent to a "grey" body description.

However, in the case of an optically thin medium, when an external radiation source of
temperature (T s) interacts with the local plasma at the temperature T0 � T s, uniform weight
functions Wν,P = Wν,R = 1 give more consistent results.

In conclusion, the multigroup formulation is not unique and depends on the optical depth.
However, as the number of groups increases, multigroup opacities tend to the real opacity
spectrum, and the choice of the weight functions becomes therefore less important.

4.2.4 Code comparison

The reliability of opacity calculations, both for astrophysics and laboratory plasma improved
tremendously over the past 20 years. Indeed, progress in computing capabilities made possible
the use of more precise methods such as the detailed configuration accounting method (DCA)
for low-Z materials, while statistical methods such as unresolved transition array (UTA)
could be successfully applied to the high-Z elements. Moreover, numerous opacity workshops
(Rickert (1995) and Rubiano et al. (2007), etc) contributed to the identification of problematic
cases and the detection of potential errors. Finally, Z-pinches (Bailey et al., 2009) and
high power laser (Blenski et al., 2011) facilities, provided a way to experimentally measure
opacities in relevant density and temperature conditions, further constraining the atomic
physics calculations.

From the perspective of hydrodynamic simulations, it can be interesting to have an
estimation of the error bar in the opacity tables, for instance by comparing results from
different atomic physics codes. Of course, such exhaustive comparisons are precisely the aim
of opacity workshops and are out of scope here. Here, we consider only the aluminium opacity
for 3 density and temperature points, in order to get a general insight about the tendencies
and discrepancies in the above mentioned codes (see table 4.2).

The first observation is that the LTE model significantly overestimates the ionization for
the low-density and high temperature case, mainly because the radiative recombination, that
tends to decrease ionization levels, is omitted. The difference between the mean ionization in
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Model NLTE NLTE NLTE LTE LTE
Method AI detailed detailed

1.5 10−2 g/cm3

30 eV

Z̄ 5.31 5.6 5.31 5.62 5.55
κP 4.65 104 1.77 104 2.55 104 1.18 105 1.67 107

κR 2.63 104 3080 4187 5610 4419
εP 0.87 - 0.78 - -

1.4 10−4 g/cm3

100 eV

Z̄ 10.3 10.8 10.4 11.0 10.9
κP 3260 1110 2600. 13.9 132.
κR 312 56.1 107. 6.0 2.0
εP 2.5 10−2 - 2.0 10−2 - -

1.5 10−2 g/cm3

800 eV

Z̄ 11.4 12.3 12.5 13.0 12.96
κP 897 370 282 0.9 1130
κR 55.8 8.3 10.4 0.5 0.4
εP 1.5 10−3 - 2.9 10−3 - -

Table 4.2 – Comparison of ionization level (Z̄), Planck (κP ) and Rosseland (κR)
opacities (in cm2.g−1) given by different atomic physics codes for alu-
minium.
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the LTE and the NLTE cases, can be correlated with the deviation of εP from 1, and both
therefore provide a measurement of the distance to the LTE region. Surprisingly there are
still considerable variations for the mean ionization among the NLTE simulations of as much
as ±0.5.

We notice that FLYCHK and PROPACEOS produce generally close results within an
error bar of 30%, but they can occasionally present deviations by as much as a factor of 2. In
comparison, the SNOP code seems to be systematically overestimating the Planck and the
Rosseland opacities by a factor of 2 to 4, and we have not been able to find a clear explanation
for this behaviour. In the section 4.4, we will illustrate how such variation in the opacity
tables can modify the plasma evolution in a hydrodynamic simulation.

4.3 Arrangement of the radiative grid

As we outlined in the previous section, the multigroup method allow a flexible description
of radiation transfer problem: when the number of groups (Ng) is small it approaches
the grey description, and when the number a group is large, the frequency dependence is
perfectly described. One might wonder however how the number of radiations groups and
their boundaries can be efficiently chosen, to describe precisely a given HEDP problem while
keeping the computational time reasonable. The radiation transfer calculation is indeed often
the most expensive part of the simulation in terms of the computational time.

The conventional approach in hydrodynamic codes, both with offline and inline opacities,
is to use a radiative grid that is the same for all simulation cells and stays constant in time.
More recently, spatially and time dependent adaptive refinement of the radiative grid has
been considered by Scott & Gichuk (2006) for a 2D Sn radiative transport algorithm as a way
to decrease the computational cost while keeping the necessary precision. Similar reasoning
lead Williams (2005) to develop a method for the multigroup diffusion in the RAGE code,
where a common radiative grid for all cells was adapted to the simulation in a time-dependent
manner. The development of a time dependent adaptive grid for radiation is far beyond the
scope of the present work. However, it is worth delving into these approaches for better static
radiative grid generation in the multi-material opacities tables.

Indeed, the most direct method is to simply compute multigroup opacity tables on a
manually selected common radiative grid for all materials in use. Such procedure is time
consuming if repeated for every simulation, the number of groups cannot be easily changed
and adding a new material requires either keeping the same radiative grid or recomputing
all previously generated tables on a new grid. It can thus be argued that the atomic physics
calculations should be performed first, and then integrated on the required radiative grid.

A slightly different approach (MULTI code) consists to use the opacity tables on specific
radiative grids for each material, based on their spectral features. Then for the simulation,
individual material radiative grids are merged and the necessary opacity data needed within
the simulation is computed using the nearest-neighbour interpolation in the frequency domain.
This allows an easier combination of different opacity tables, at the price of loss of precision.
Indeed, let’s consider, distinct radiative grids of size Ng for m materials: the simulation would
be then run on a merged grid of size Ng ·m, while the tabulated opacity data used would be
significantly less refined, as the loss of information during the initial averaging on a coarser
grid of size Ng cannot be recovered.

In the following section we will discuss an algorithm based on the approach by Williams
(2005) that allows generating a fixed radiative grid for the multi-material opacity tables,
optimised for a given simulation. Additional requirements consist in being scalable with the
number of groups and expendable with new simulation materials.
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4.3.1 Optimal radiative grid for a single opacity spectrum

Let’s first consider the case of a single opacity spectrum at a given density and temperature.
Multigroup methods essentially solve Ng grey radiation problems taking an averaged opacity
within every radiation group. This approximation introduces less error when the opacity is
a slowly varying function within the group and can be approximated by a constant value.
Group boundaries should thus be placed on discontinuities or strong gradients in the opacity
spectrum, such as absorption edges and regions with bound-bound transitions.

Equal arc length projection method

For an opacity spectrum κν , ν ∈ [νmin, νmax], an intuitive way of defining group boundaries
{ν0, ν1, . . . , νNg} can be achieved with the Equal Arc Length Projection (EALP) method
(Williams, 2005).

The first step is to set a refinement operator. In our case, we use the local frequency
gradient of the opacity spectrum (Dνκν). The operator Dν can be simply a frequency
derivative ∂ν or ∂2

ν that will be high in regions where bound-free and bound-bound transitions
take place and negligible elsewhere. A more complete approach is to use a local derivative
over a characteristic scale ∆ν which allows avoiding unnecessary refinement within a dense
series of absorption lines that are better modelled by a continuum. For this purpose we use a
Savitzky & Golay (1964) filter that fits opacity data by a polynomial on a sliding window
of width ∆ν. The first or second order derivative is then computed analytically, giving a
differentiation that is resilient to high frequency oscillation of the data.

The cumulated arc length of the local gradient is defined by,

L(µ) =

∫ µ

νmin

|Dνκν | dν ∀µ ∈ [νmin, νmax] . (4.23)

The idea of the equal arc length projection method is to say that the amount of structure
in the opacity, or the arc length (L(νg+1)− L(νg)) should be equal for all groups. The total
arc length being L(νmax), with Ng groups we can write,
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Fig. 4.3 – (a) Absorption spectrum for aluminium at 10−3 g.cm−3, 80 eV and the
corresponding multigroup Planck, Rosseland opacities (21 groups). (b) Cu-
mulated arc length of the local second order derivative.

87



CHAPTER 4. RADIATION TRANSFER PRINCIPLES

L(νg+1)− L(νg) =
L(νmax)

Ng
∀g ∈ J0, Ng − 1K. (4.24)

Taking as initial condition ν0 = νmin, the previous expression can be rewritten as,

L(νg) = g
L(νmax)

Ng
∀g ∈ J0, NgK, (4.25)

which gives the position of group boundaries {νg} in an implicit form. For example, Figure 4.3
on the preceding page illustrates the positioning of 21 group boundaries for an aluminium
spectrum. The most pre-eminent features of the spectrum such as the K-edge, the strong Kα

line as well as dense lines series in the vicinity of the L-edge are well resolved.
The EALP method gives a good first estimation for the position of group boundaries.

However, its main limitation lies in the fact that equal arc length is strictly enforced and the
position of a group boundary is strongly related to the position of its lower neighbour. As
a consequence, for instance in Fig. 4.3, slightly changing the number of groups can result
in a group boundary being placed in the middle of the Kα line or significantly higher than
the K-edge. In order to overcome this limitation, in the next paragraph we formulate the
positioning of group boundaries as an optimisation problem.

Group boundaries: a global optimisation problem

Let’s consider the Hilbert space composed of the set of real-valued square integrable functions
(L2) together with an inner product 〈·, ·〉. For f, g ∈ L2,

〈f, g〉 =

∫ +∞

−∞
f(x)g(x) dx and ‖f‖ = ‖f‖2 =

√
〈f, f〉. (4.26)

Assuming κν ∈ L2, spectral averaging to obtain the Planck multigroup opacity can be
seen as a projection onto an orthogonal set of L2. Indeed, the expression of (κgP ) from 4.21 is
equivalent to:

κgP = 〈κν ,
W g
ν,P

W g
P

Πg
ν〉 = 〈κν , V g

ν,P 〉 with Πg
ν =

{
1 if νg ≤ ν ≤ νg+1

0 otherwise . (4.27)

We can easily verify that the set V = {V g
ν,P }0≤g<Ng is orthogonal, as 〈V i

ν,P , V
j
ν,P 〉 = 0 if i 6= j.

In general V is not normalized (i.e. ‖V g
ν,P ‖ 6= 1, unless Wν,P = 1). Furthermore, it is not a

basis of L2 as any function f ∈ L2 cannot be expressed as a linear combination of elements of
V. The reconstruction of κν in the subspace generated by V is written as

κ̂ν =
∑

0<g<Ng

κgPV
g
ν,P =

∑
0<g<Ng

〈κν , V g
ν,P 〉V

g
ν,P . (4.28)

Essentially, this is somewhat similar to a Fourier series decomposition, with the idea of
approximating the real signal by only a few coefficients, but without all the inherent properties
of the Fourier basis. In particular the set V is not a basis, nor is it particularly suited to
approximate the opacity features, which explains the difficulty of this approach.

The choice of a radiative grid {νg}0<g<Ng for κν can be seen as an optimisation problem
that minimizes the estimation error,

ε =

∥∥∥∥κν − κ̂νκν

∥∥∥∥ =
∑

0<g<Ng

∫ νg+1

νg

∣∣∣∣∣κν − κ
g
PV

g
ν,P

κν

∣∣∣∣∣ dν. (4.29)

88



4.3. ARRANGEMENT OF THE RADIATIVE GRID

Unfortunately usual local optimisation algorithms cannot be used here. Indeed, due to a
strong non linear behaviour, this is a non convex optimisation problem with multiple local
minima. The approach I tried is to start with a reasonable initial radiation grid, for instance
the one given by the EALP method and execute a Basin-Hopping algorithm, that runs a
series of random perturbation on the grid boundaries followed by a local optimisation in order
to determine the global minima. The resulting grid was however not excessively robust and
strongly dependent on the initial conditions. Additional work is thus necessary to make this
implementation usable.

4.3.2 Time and space averaging

In order to implement full opacity tables in hydrodynamics simulations, the method described
previously has to be extended to a complete density, temperature grid. It would have been
ideal to use an adapted radiative grid for every simulation cell in order to best approximate
the opacity spectra in the local conditions. However, as we mentioned earlier, most radiation
transfer solvers require the group boundaries to remain constant for all cells throughout the
simulation. As a consequence, the generation of an optimal radiative grid requires some
a priori knowledge on the ρ, T conditions reached during the simulation run, as well as a
mechanism to take it into account.

To estimate the global radiative grid, we use a weighted average of the cumulated arc
length functions,

Ltot(ν) =
∑

ρ,T,m,t∈S
α(ρ, T,m, t)L(ν, ρ, T,m, t), (4.30)

or the estimation errors

εtot =
∑

ρ,T,m,t∈S
α(ρ, T,m, t)ε(ρ, T,m, t), (4.31)

where S is the density, temperature domain reached during the simulation by the material (m)
at time (t). For the weigh coefficient (α), the ratio of the radiative flux over the material flux
(or the inverse of the Boltzmann number, cf. section 1.2.3) can be used. It allows adapting
the radiative grid to simulation cells as well as time steps where the radiation transfer has the
most influence on the hydrodynamic evolution.

4.3.3 Numerical implementation

For computational efficiency, instead of using a raw opacity spectra, we initially pre-calculate
multigroup opacity data on a refined logarithmic grid G = {νg}0≤g≤Ng (typically Ng = 104

groups) for all materials in use. The advantage is that, multigroup data can be subsequently
easily recalculated on the coarser adapted grid

∼G= {ν̃g}0≤g≤Ñg using only weighted sum

operations, provided that
∼G⊂ G (see Fig. 4.4 on the next page). As a direct consequence of

eq. (4.21) to (4.22), the coarse opacity (κ̃g) is related to the detailed opacity data (κg) by,

κ̃g =
1
∼
W

g

∑
ν̃g≤νk<ν̃g+1

κkW k with
∼
W

g
=
∑

νg≤νk<ν̃g+1

W k, (4.32)

where κ stands for κP , 1/κR or ηP and W is the appropriate weight function WP or WR. In
the most common case when Wν,P = Bν(T ) and Wν,P = ∂TBν(T ), the analytical integral for
W g
P , W

g
R does not exist (cf. eq. (4.22)) and the numerical integration is carried out with the
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Gν0 ν1 ν2 ν3 ν4 ν5 ν6 ν7

κ0 κ1 κ2 κ3 κ4 κ5 κ6

νNg

∼G
ν̃0 ν̃1 ν̃2 ν̃Ñg

κ̃0 κ̃1 κ̃2

Fig. 4.4 – Example of calculation of multigroup opacity on a coarse grid
∼G using the

detailed grid G.

adaptive gaussian quadrature from the GSL library.

In the following, we outline the procedure of computing a suitable radiative grid,

1. generation of opacity data on the refined grid G for all materials,

2. estimation of the relevant density, temperature domain (S) either manually or from a
preliminary “grey” simulation.

3. calculation of Ltot(ν) or εtot in order to determine the adapted grid
∼G.

4. finally opacity data is projected from grid G to
∼G using eq. (4.32).

A numerical implementation of the above algorithm can be found in the hedp python
module4 developed during this PhD thesis.

In the following section, we will illustrate the influence of the opacity tables and of
the choice of a radiative grid, with simulations of x-ray preheating in laser driven shock
experiments.

4.4 Integrated benchmark: preheating in laser driven-shocks

In this section we will present a numerical study of preheating in laser-driven shock experiments
as a function of opacity tables and the radiative grid. Preheat is a phenomenon in which
suprathermal electrons or x-rays penetrate into the medium ahead of a driven shock wave,
increasing its temperature and thus changing the initial material conditions. These phenomena
were extensively studied within the inertial confinement fusion (ICF) community as it can
lead to modifications of the shock timing and increase the pellet adiabat (Smalyuk et al.,
2008). This results in lower compression ratios for the fuel (Olson et al., 2003) but also in
lower growth rate for the ablative Rayleigh-Taylor (RT) instability (Ye et al., 2002). In the
following section, we consider exclusively x-ray preheat, which is dominant with respect to hot
electrons for laser-plasma interaction below a few 1014 W.cm−2, particularly with frequency
doubled (2ω) and tripled (3ω) laser irradiation. In terms of radiation transfer, x-ray preheat
is a challenging problem as it involves the interaction between a high-temperature radiation
source and a cold medium which cannot be modelled with a frequency integrated description
thus requiring a multigroup approach.

An experimental campaign to study preheat in laser driven-shock waves with aluminium
targets in planar geometry was performed by Benuzzi et al. (1998). Targets were irradiated with
a Gaussian shaped pulse (FWHM = 600 ps) of frequency doubled laser light (λ = 0.53 µm)
focused and spatially smoothed with a phase zone plate (PZP) to a flat-top spatial profile
(350 µm focal spot with a 200 µm central flat region). Rear-side reflectivity and self-emission
measurements provided preheat temperatures estimations for several laser intensities and for

4https://github.com/luli/hedp
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Fig. 4.5 – (a) Typical rear-side temperature given by the MULTI code as a function
of time. (b) Comparison of preheat temperature and shock breakout time
for different opacity tables on a manually defined 40-groups radiative grid.

different ablators. We will consider here only simple 13 µm thick aluminium foil, irradiated
by a laser with an intensity of 6 · 1013 W.cm−2. A preheat temperature consistent with the
experimental data was determined to be 0.40± 0.12 eV.

It should be noted that this experiment is notably sensitive to material properties of the
cold solid and the warm dense matter (WDM) domains. Atomic codes, designed solely for
the plasma domain, such as Flychk, Ionmix , are therefore not suitable.

4.4.1 Simulation set-up

The radiative preheat of the target results in a slow unloading of its rear surface, with a
subsequent decrease in temperature, before the shock breakout. Radiation hydrodynamics
simulations are therefore necessary to fully describe the preheat mechanism and the induced
unloading in vacuum. Similarly, to a previous exhaustive numerical study of preheat in
comparable conditions by Honrubia et al. (1998), we performed numerical simulations of this
experiment with the 1D Lagrangian hydrodynamic code Multi. The Sesame 3720 table was
used for the aluminium equation of state, while the opacity tables were given by the Snop
and Propaceos codes. Time evolution of the temperature of the target’s rear-side is shown
in Figure 4.5a. The increase in temperature due to preheat is quasi-linear until the shock
breakout occurs at 1.2 ns, marked by a temperature spike, up to ∼ 5 eV. The subsequent
rear-side shock unloading is characterised by a temperature decrease to a few electron-volts.

In order to achieve qualitative and non biased comparison of simulations with different
opacity tables, we extract relevant hydrodynamic parameters, that can be easily compared.
For this problem, we measure the simulated shock breakout time (tsb) and the preheat
temperature (T ph).

The influence of opacity tables on this simulation is shown in Figure 4.5. Corresponding
opacity tables were produced with the Snop and Propaceos codes on the same manually
defined radiative grid, using the LTE and the NLTE atomic models. In the NLTE case, for
both opacity tables, tsb and T ph quantities are close within the error bars and the preheat
temperature is consistent with the experimental measurement. The LTE model is not suitable
to simulate a coronal plasma but we notice only a moderate delay of 40 ps in shock breakout
time and an increase of preheat temperature by 25%. I was not able to reproduce the 1 eV
levels of preheat with the Snop opacity mentioned by Benuzzi et al. (1998).

A few notes could be made about the validity of the use of tabulated opacities in simulations
codes. The first point to take into account is that most of hydrodynamic codes for sake
of usability, will extrapolate EoS and opacity data outside of their domain range without
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Tr = exp

[
−
∫ lAl

0
κν(ρ0, T0) dx

]
is shown in black, where lAl = 13 µm

is the foil thickness and κν(ρ0, T0), the cold opacity.

warnings. This is particularly relevant to the preheat problem, as some atomic physics codes
(e.g. FLYCHK, IONMIX) are not valid for low temperature solids and the resulting opacity
table could only be calculated above a few eV. Nevertheless, it is still possible to run the
current simulation even if the results are meaningless. An easily readable format for the
opacity tables or ideally access to the atomic physics code which was used to generate them
is therefore fundamental in order to avoid simple mistakes. Secondly, we have to ensure
that the simulated results are robust to an increase of the number of groups, i.e. that the
convergence for multigroup radiative transfer is reached. The total number of radiative group
being limited by computational cost, we will show in the following section that this requires
identifying and resolve with a sufficient number of groups, the most critical frequency ranges
of the simulation.

It should be emphasized that MULTI solves the full radiation transfer equation with
the method of discrete ordinates (Sn), and does not use the diffusion approximation like
the FLASH code. Nevertheless, since will will mostly discuss the influence of the frequency
discretization of the equation of the radiative transfer (and not its angular component), the
presented results apply to both MULTI and FLASH codes.

4.4.2 Sensitivity study

Let’s consider the main processes involved in the radiative preheat in the Benuzzi et al. (1998)
experiment. The Figure 4.6 represents the x-ray emission from a laser heated plasma at typical
coronal conditions of 0.15 g.cm−3, 700 eV. The NLTE emissivity (ην) is significantly lower
than predicted by a black body distribution (Bν), with a maximum emissivity for photons
around 1.2 keV. The 13 µm aluminium foil is opaque to radiation except for a narrow region
from 1 keV to the K-egde at 1562 eV and for x-rays above 3 keV (see Fig. 4.6). Thus, hard
x-rays will go through the foil without being absorbed, while the photons from regions of low
transmission will be absorbed before getting to the rear side of the foil. From these simplified
considerations, we can surmise that the photon range with a high emissivity and a moderate
transmission through the foil (located in the region below the K-edge) is mostly responsible
for the preheat.

The previous conjecture can be confirmed with a sensitivity study. A proper way of
performing such a study, would be to analytically differentiate the parameters of interest
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Fig. 4.7 – Linear sensitivity, defined by the Equation (2.40), to a change in multi-
group opacities of (a) the shock breakout time (tsb) and (b) the rear-side
preheat temperature (T ph). A logarithmic radiative grid with 100 groups
is used between 1 eV and 20 keV.

and solve the sensitivity equations in the code alongside with the simulation, as it has been
done for the grey radiation diffusion by Lee et al. (2003). Otherwise, a different method
based on finite differences can be used, that is more computationally expensive but simpler to
implement. It consists in simply measuring the variation in the output values with respect
to a change of the input parameters. To this end, we performed a series of simulations
where one of the opacity components was artificially modified for one group at a time and
observed the variations of the output as compared to a reference run (see Fig. 4.7). While
the shock breakout time is more robust to a change in opacity than the preheat temperature,
both are mostly influenced by opacity in a single group between 1508 and 1628 eV that
contains the aluminium K-edge (1562 eV) and the Heα line (1598 eV). Planck opacity and the
kirchofficity (εgP ) are positively correlated to the preheat temperature, which is incidentally
consistent with higher temperatures when using LTE opacities, as εgNLTE ≤ ε

g
LTE = 1. On the

contrary, Rosseland opacity related to the transmission of the radiative flux through the foil is
anti-correlated with the preheat temperature (T ph). A simple logarithmic grid was used here
in order to be unbiased with respect to the group boundaries distribution. However, given
the results, it is undeniably worthwhile to work on the optimisation of the radiative grid, as
illustrated in the next section.

4.4.3 Convergence rate with the number of groups

In this section, we present the convergence rate for the preheat problem, with different group
boundaries positioning methods. We are not properly interested in the asymptotic convergence
behaviour, as deviations of the order of 5− 10% are considered acceptable, given the inherent
uncertainties on the EoS and opacity tables as well as the experimental data. Opacities were
computed with the Propaceos code on 104 groups with a logarithmically spaced radiative
grid, then projected on a coarser grid of size Ng using eq. (4.32). Multigroup diffusion with
only a few groups (Ng ≤ 4) is unable to model preheat, while the further convergence is highly
dependent on the method used for the positioning of groups boundaries as it is illustrated in
Figure 4.8.

A logarithmic radiative grid exhibits an oscillating behaviour with a slow convergence,
both for the preheat temperature and the shock breakout time. Typically, 500 radiative groups
are needed to reach a 10% convergence for this set-up. In comparison, for radiative shocks in
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Fig. 4.8 – Convergence of the shock breakout time (tsb) and rear-side preheat tem-
perature (T ph) with the number of groups using different methods for the
group boundaries positioning: logarithmic, logarithmic with a uniform
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xenon modelled with a M1 multigroup method, Vaytet et al. (2013) showed a convergence of
the radiative precursor for approximatively 100 logarithmically spaced groups.

When the same logarithmic grid is used with a uniform weight function (c.f. section 4.2.3)
, instead of the Planck distribution and its derivative, the situation is notably changed. The
first few points are obviously wrong, yet for Ng ≥ 16 both physical quantities show small
variations and seem to have fully converged for Ng = 64. The asymptotic values are different
though, and it is uncertain whether there is a systematic error asymptotically or if the actual
convergence is reached for a larger number or groups. Indeed, for a few groups a uniform
weighting is wrong as it is not consistent with a grey approximation. Nevertheless, as the
number of groups increases, and each spans a narrow spectral range, the weights used to
calculate the mean opacities, should have negligible influence on the results. Some ambiguity
exists as to which weighting function should be preferred, however this illustrates that the
customary weighting by the Planckian distribution is not excessively robust for a radiative
field out of equilibrium (i.e. in the optically thin case). Essentially, when u = ν/(kBT )� 1,
Bν(T ) ∼ u3e−u so the mean opacity within a group is mostly determined by a few low
frequency points. In the case of fast variations of the opacity spectrum (edges, lines), a
small change in the position of the group’s lower boundary may thus have a large impact on
the computed mean opacity, which explains the strong non linear and oscillating behaviour
observed.

At last, we report the convergence results for the equal arc length projection (EALP)
method in the Figure 4.8. As described in section 4.3.3, arc lengths were separately computed
for opacity spectra at the density, temperature points relevant for this set-up. The individual
arc lengths were then added weighted by the radiative flux from a preliminary simulation,
and finally the EALP method yielded the adapted radiative grid for the requested number of
groups. The convergence rate is significantly improved as compared to a simple logarithmic
grid: and while 128 groups are necessary to reach a 10% convergence, even the cases Ng ≥ 32
keeps the error below 15%. Further work on arc length refinement criteria and the weighted
EALP method is necessary, but the results obtained so far are encouraging and illustrate well
the importance of the choice of the radiative grid for the preheat simulations.
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Conclusions and future work

In this section we started with a concise overview of several atomic codes that we can use
to calculate opacity tables for the radiation hydrodynamics simulations. An algorithm to
generate a radiative grid adapted to a given simulation, was presented. The general idea is to
position group boundaries so that features of the opacity spectra are well resolved, with higher
weights given to most relevant density, temperature points using a posteriori information from
a preliminary hydrodynamic simulation. Finally, we illustrated the influence of the opacity
data and of the choice of the radiative grid on the hydrodynamic evolution for the simple
case of preheat effect in laser driven shocks.

Arguably, multigroup radiative transfer may bring only a small correction for some
problems, when compared to a grey description (Chiavassa et al., 2011). For a radiation field
out of equilibrium however, we have shown that besides of the limitations of the method used
for the radiation transfer and the validity of the opacity data, the choice of the radiative
grid (group boundaries and the number of groups) can be of utmost importance. Given
the computational cost of the radiation transport, in 2D and 3D hydrodynamic simulations,
a strict convergence with the number of groups may be willingly given up. It is crucial,
though to have an estimate of the committed error. An automated generation of the radiative
grid allowing a good compromise between precision and performance for the hydrodynamic
runs is a first step towards this goal. Likewise, hydrodynamic simulations that use different
opacity tables can only be conclusively compared when changing either the opacity data or the
radiative grid at a time (but not both), unless steps have been taken to ensure convergence
with the number of groups.

Further work needs to focus on improving the EALP method for the generation of the
radiative grid. The computation of the local gradient for the arc length currently can be done
by different implementations with several free parameters, and may require more fine tuning.
More work on the positioning of group boundaries by minimizing the resulting approximation
error, can contribute to overcome limitations of the EALP method. Additionally, it might
be worth exploring mean opacity with a mixed weight functions (uniform, or using a Planck
distribution and its derivatives), depending on the optical depth of the medium.
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Conclusions for part 1

A large part of this thesis works relies on the validity of Radiation Hydrodynamics (RHD)
codes to design and interpret laboratory astrophysics experiments. In conclusion, I would like
to add a few comments about this protocol. In general, the comparison of the simulated results
with the experimental data, is facilitated through the calculation of simulated diagnostics
with post-processing tools. In addition, a several factors need to be accounted for in this
comparison. For instance, one needs also to take into account statistical variation in the
target characteristics and laser parameters inherent to experiments which require exploring a
large parameter space in simulations.
Furthermore, hydrodynamic codes are inherently not based on first principles, but rather on
macroscopic models with the associated approximations. The use of flux-limited models (in our
case for the electric heat conduction and the radiation transport) and the available options for
the hydrodynamic solvers, also introduce free parameters that can impact simulation output
but do not hold any particular physical meaning. Although, this influence should become
negligible with the increase in resolution, at present, due to limitation in computational
resources, one cannot always ensure complete numerical convergence, particularly in the
2D/3D case, both with respect to the spatial resolution, and to the resolution of photon
energies for the radiative transfer. It follows that hydrodynamic simulations can only be an
approximation of the experiment, that improves in precision with additional detailed physical
models and numerical resolution, while being constrained by the experimental measurements.

Far from questioning the value of Radiation Hydrodynamics (RHD) codes in the analysis
and understanding of High Energy Density (HED) laser experiments, this implies adding
detailed physical models in order to reach better experimental agreement. While this work
is certainly necessary in the long term perspective, at any given time, additional improve-
ments will always be possible. Thus, the understanding of the included physical models and
the awareness of their limitations, together with the quantification of uncertainties on the
calculated quantities, is at least as important as the inherent level of physical description. In
this context, the use of modular, modern and, when possible, open-sourced RHD codes is
fundamental for the field of laboratory astrophysics and, more generally, for academic HED
laser experiments.
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CHAPTER 5. HIGH POWER LASER FACILITIES AND EXPERIMENTAL DIAGNOSTICS

In this chapter, we will introduce the experimental context of laboratory astrophysics
experiments performed on high energy laser facilities. In the first section, the laser facilities
used in this thesis work will be presented. Then, we will review the experimental diagnostics
that measure the relevant plasma parameters, such as temperature, density and flow velocity.
In particular, we will discuss the optical diagnostics, including shadowgraphy, interferometry
and self-emission, as well as X-ray diagnostics.

5.1 High power laser facilities

5.1.1 General principles

A number of high-power and high-energy laser systems have been developed since the 1970s
that generate matter under extreme conditions of temperature and pressure. They are of
interest to various communities including the high energy density physics, astrophysics, mate-
rials properties, and inertial confinement fusion. In this section, we will start by introducing a
number of common characteristics of such laser systems, before reviewing the specific facilities
that were used in this work.

The high-power Nd:glass-based laser systems, considered in this section, consist of multiple
“long-pulse” (nanosecond) beams, each capable of delivering several hundred joules of frequency-
doubled (527 nm) or tripled (351 nm) laser light to the target. These are sometimes coupled
to a few “short pulse” (picosecond) beams, with a peak power greater than 100 terawatts (TW),
that are typically used for particle/X-ray generation or iso-core target heating.

Frequency conversion

The Nd:glass-based laser systems amplify infra-red light at a wavelength λ0 = 1053 nm, in the
following, referred to as 1ω. The efficiency of the laser interaction with a target is, however,
significantly better for shorter wavelengths (Fabre et al., 1981). Indeed, the latter case, the
laser energy is deposited deeper in the expanding plasma gradient (i.e. closer to the target),
the fraction of the absorbed laser energy is higher and the amount of hot electrons, liable for
the target preheating, is reduced.

Laser frequency is therefore usually doubled (527 nm, 2ω) or tripled (351 nm, 3ω) before
it is focused on the target in the experimental chamber. This frequency conversion takes
place using KDP crystals. The process relies on the non-linear optical properties of the
medium to generate higher harmonics of the incident light (Franken et al., 1961). A first
KDP crystal thus doubles the incident laser light from 1ω (infra-red) to 2ω (green). Then a
second KDP crystal can be optionally used to combine the resulting 1ω and 2ω components
to produce 3ω (ultraviolet) light. The conversion efficiency depends on the laser intensity,
ambient temperature, as well as the crystal thickness and alignment (Craxton et al., 1981).
In the experiments presented in this thesis, typical efficiencies of 40− 70% for the 1ω to 2ω
conversion, and 20− 50% for the 1ω to 3ω conversion, were obtained.

Pulse compression

The maximum laser intensity that can be achieved on a conventional laser system is limited
by the non-linear pulse distortion and the damage threshold of the gain material. High power
laser systems thus use a large beam diameter (20 to 40 cm) in order to spread the incoming
flux over a larger surface of gain material, which allows reaching peak intensities of a few TW
per beam, with a nanosecond pulse duration.
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The Chirped-Pulse Amplification (CPA) method was developed by Strickland & Mourou
(1985) as a way to overcome these limitations. In the CPA technique, pulses are chirped
and temporally stretched by means of strongly dispersive elements (e.g. a pair of gratings)
before amplification, in order to reduce the peak power below the damage threshold of the
gain medium. After amplification in the gain medium, another pair of gratings removes the
chirp and temporally compresses the pulse back to its original duration. This approach allows
reaching peak intensities above 100 TW, and is used in the “short-pulse” chains of the laser
facilities.

Optical smoothing of the laser beam

The homogeneity of the focal spot, obtained when a long pulse beam is focused onto the
target is critical in laser plasma experiments. In particular, for shock experiments, a flat
and homogeneous focal spot is desirable to drive a well controlled shock wave. However,
when a laser beam is focused on the target with a lens, the resulting spatial distribution is
approximately Gaussian, and can also contain localised regions of higher intensity, called “hot
spots”, produced by interference phenomena. This is due to an irregular phase front of the
beam cause by its amplification and propagation in the laser chain. These areas of higher
intensity lead to undesirable non-linear phenomena in the underdense plasma and are liable
for the development of parametric and hydrodynamic instabilities.

Several techniques to smooth the focal spot distribution were developed to mitigate
the above mentioned issues, including phase plates, Induced Spatial Incoherence (ISI), and
Smoothing by Spectral Dispersion (SSD). They involve placing optical or electronic components
in the laser beam to produce either a spatial, temporal, or spectral modification of the laser
pulse that leads to a controlled and reproducible target irradiation.

In particular, phase plates ensure spatial smoothing by breaking the coherence of the
beam. They are composed of numerous small elements that diffract the incoming light, adding
a phase shift. The diffraction pattern in the focal plane of the lens is then largely independent
of the properties of the incoming beam, and present a fine-scale spatial structure, called
speckles, that the target can smooth out by thermal conduction. We can mention following
categories of phase plates,

• Random Phase Plates (RPP) consist of regular layouts of square elements that impose
random phase shifts of 0 or π, resulting in an intensity profile given by a squared cardinal
sine function (Kato et al., 1984).

• Phase Zone Plates (PZP) are composed of elements that are Fresnel lenses and produce
a super Gaussian intensity profile (Stevenson et al., 1994) [LULI200 laser].

• Hybrid Phase Plates (HPP) were developed by Pepler et al. (1994) as an improvement
of the PZP, with the aim of reducing the central hot spot [LULI200 laser].

• Kinoform Phase Plates (KPP) contain elements with continuous phase shifts that can
be designed to obtain an arbitrary focal plane irradiance distribution (Dixit et al., 1994)
[GEKKO XII laser]

• DPP: Distributed Phase Plates (Lin & Lawrence, 1995) [Omega laser]

• CPP: Continuous Phase Plates (Neauport et al., 2003) [National Ignition Facility (NIF)]

101



CHAPTER 5. HIGH POWER LASER FACILITIES AND EXPERIMENTAL DIAGNOSTICS

5.1.2 Overview of LULI2000, GEKKO XII and Orion laser facilities

LULI2000 facility

LULI2000 (see Fig. 5.1) is a high-power laser system dedicated to academic research that is
located at Laboratoire pour l’Utilisation des Lasers Intenses (LULI) in Ecole Polytechnique
(France). It consists of two laser chains delivering each 1 kJ at 1ω (or 400 J at 2ω) in
nanosecond pulses. One of the laser chains, can be alternatively used in a “short pulse” regime,
producing a 1 ps pulse with 100 J at 1ω. Further description of the LULI2000 laser chains
can be found in the publication by Zou et al. (2008).
a) b)

Fig. 5.1 – Photographs of the LULI2000 laser facility, featuring the laser hall (a) and
the MILKA experimental chamber (b) (credit LULI, Ecole Polytechnique).

In the laboratory astrophysics experiments presented in this thesis, the long pulse
beam (NANO2000) with a Hybrid Phase Plate (HPP) was driving the plasma flow, while the
short pulse beam (PICO2000) was used to create an X-ray source for the radiography.

GEKKO XII laser facility

Completed in 1983 at the Institute for Laser Engineering of Osaka University (Japan), GEKKO
XII is a 12 beam high-power laser system, able to provide an output energy of 20 kJ in 1 ns
at 1ω (Yamanaka et al., 1981). In the target area we used, called HIPER, three beams are
frequency doubled (2ω) while the remaining 9 are frequency tripled (3ω). All beams irradiate
the target from one side. More recently, a petawatt class laser system LFEX that deliver up to
2 kJ in a 1.5 ps pulse at 1ω was constructed beside the GEKKO XII laser, and is associated
with a different target chamber that features a spherical target irradiation of long-pulse beams.

In the experiments presented in this thesis, only the nine 3ω beams were used, with an
energy of 120 J per beam. This beam configuration was, besides, incompatible with the use
of phase plates, and the spatial profile followed therefore a Gaussian intensity distribution.
Laser pulses with a Gaussian temporal profile characterised by a Full Width at Half Maximum
(FWHM) of 500 ps were used.

Orion laser facility

The Orion laser facility (see Fig. 5.2) was commissioned by the AWE, Aldermaston (United-
Kingdom) for studying High Energy Density Physics (Hopps et al., 2013). It consists of ten
frequency-tripled beam-lines in a side-conical geometry, operating with nanosecond pulses,
synchronized with two subpicosecond pulse beam-lines at 1ω, each capable of delivering
500 J to the target. The focal spot can be smoothed with 1D or 2D Smoothing by Spectral
Dispersion (SSD) in conjunction with Kinoform Phase Plates (KPP) deployed prior to the
final focussing lenses.
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Fig. 5.2 – Experimental chamber of the Orion laser (credit AWE).

An overview of typical parameters for the main laser drive used in the Polar experimental
campaigns discussed in chapter 7, using LULI2000, GEKKO XII and Orion laser facilities is
presented in the table below,

E0 [J] λ0 Temporal profile Phase plate, spa-
tial profile

Focal
spot [µm]

I0 [W.cm−2]

LULI2000 350 2ω 1.5 ns, flat top HPP / flat top 400 1.6 · 1014

GEKKO XII 900 3ω 0.5 ns, Gaussian none / Gaussian 400 1.4 · 1015

Orion 2000 3ω 1 ns, flat top KPP / flat top 600 7.0 · 1014

In the following section, we will review the diagnostics used in the laboratory astrophysics
experiments presented in this thesis.

5.2 Experimental plasma diagnostics

5.2.1 General principles

The overall objective of plasma diagnostics is to deduce information about the state of the
plasma from observations of physical processes and their effects. They aim to provide precise
measurement of the typical plasma parameters, such as temperature, flow velocity, electronic
and mass density, plasma morphology, etc. The topic of plasma diagnostic has been extensively
reviewed in the literature (e.g. Hutchinson, 2002), and in the following we will only briefly
present the diagnostics used for the laser experiments discussed in chapters 6 and 7, including
shadowgraphy, interferometry, Streaked Optical Pyrometry (SOP) and X-ray radiography.

There are several ways of categorising plasma diagnostics. For instance, one can group
them by the plasma parameters measured, by the experimental technique or by the physical
process that is involved in the measurement. In this section, we will present diagnostics that
rely on the interaction of an electromagnetic wave with a plasma, either in the optical or the
X-ray energy range. We can then distinguish active and passive diagnostics as illustrated in
Figure 5.3. In the first case, the light, generated by an external radiation source, propagates
through the plasma under study, is collected, filtered and processed by an imaging system,
and then projected on a detector. In the second case, the emission of the plasma is directly
measured by the detector, through an imaging system.
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Source Plasma DetectorImaging
system

Plasma DetectorImaging
system

a) b)

Fig. 5.3 – Simplified representation of active (a) and passive (b) plasma diagnostics.

From the mathematical point of view, the analysis of experimental data can be reduced to
solving an inverse problem, since the signal obtained on the detector is an integral expression
of the measured plasma parameters. Indeed, the observed medium has 3 spatial dimensions,
a time evolution and interacts with wavelength dependent electromagnetic wave, while the
detector has only two-dimensions. As a result, the measured signal is integrated over the
remaining dimensions, unless selective filtering is performed by the imaging system or the
detector, as discussed later on. In particular, following aspects of a diagnostic system are to
be considered,

• the spatial integration, when a finite volume of plasma is imaged, or the spatial projection,
when 3D object is reduced to a 2D image,

• the temporal resolution of the detector, as compared to the characteristic time of the
observed phenomena,

• spectral distribution of the incoming light,

• the characteristic responses of the imaging system and of the detector,

• the number of different physical phenomena that can simultaneously contribute to the
variation in the measured signal.

The development of efficient plasma diagnostics is thus focused on controlling and mitigat-
ing these parameters, since they condition the uncertainties in the estimation of the relevant
physical observables. This includes, for instance, attempts to limit the spatial integration to
small plasma volumes, the use of narrow spectral filters and short time windows, insuring
that the measurement are predominantly dependent on one physical phenomena.

The general work flow for the analysis of experimental data obtained from High Energy
Density (HED) plasma diagnostics is presented below.

First, the unprocessed data, provides useful qualitative information about the dynamics
of the experiment and is used to quickly detect issues in the experimental set-up.

The following step is calibration, in which a reference object with known properties will
be measured, in order to determine the characteristic parameters of the diagnostic system.
This essentially treats the diagnostic system as a “grey box”, meaning that we understand the
physical principle of the measurement, but are only interested in the relationship between the
detected signal and the measured observable, and not in the details of the imaging system (or
the detector). Calibration is an essential step that provides, with relatively little efforts, the
first qualitative data of the experiment.
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As was mentioned earlier, in a number of diagnostic systems, the output signal on the
detector S(x, y) is an integral expression of the measured observable f(x, y, z, t, λ),

S(x, y) =

∫
x′,y′,z′,t,λ

[
K(x′, y′, z′, t, λ)f(x, y, z, t, λ) + ε

]
dx′ dy′ dz′ dt dλ , (5.1)

with K being the integration kernel of the specific problem and ε the noise. In order to
solve the integral equation (5.1), it is then necessary to reduce the dimensionality of the
problem with ad hoc assumptions (e.g. cylindrical symmetry of the plasma, monochromatic
probe beam, . . . ). The physical quantity f can thus be estimated either analytically inverting
the integral, when this is possible (e.g. the Abel inversion, discussed in section 5.2.2) or
with more general approaches, such as Bayesian deconvolution, maximum-likelihood and
maximum-entropy methods (Kosarev, 1980).

Solving the inverse problem of Equation 5.1 is a challenging task (Shmoys, 1961). Fur-
thermore, it requires making number of restrictive assumptions on the plasma conditions and
the measurement process. With the rise in popularity of numerical simulations, a different
approach, that overcomes the previous limitations, became more accessible. It consists of
computing the plasma conditions with a simulation code and then numerically model the
diagnostics system, in order to calculate the expected signal on the detector, in a forward
integration of Equation 5.1. The experimental data is then compared to the output of syn-
thetic diagnostics, thus constraining the input parameters of numerical simulations. When
the experimental data from multiple diagnostics is consistent with their respective synthetic
counterparts, one can be reasonably confident of the validity of the overall simulation results.
In this case, the plasma conditions are deduced from the simulation code, including parameters
that are not directly measured.

This approach is thus not straightforward and it is linked to the validity of the numerical
simulation code used to model the plasma evolution. However, it has the advantage of being
conceptually simpler (since it does not require solving the inverse problem of Eq. 5.1), and
also allows modelling the complete diagnostic system and all physical processes involved in the
measurement without restrictive assumptions. Furthermore, synthetic diagnostics can be used
both in the design phase, in order to chose the appropriate parameters for the diagnostics
system and for the target, as well as in the analysis phase as previously presented.

In this thesis work, we have used the SPECT-3D package (MacFarlane et al., 2007)
for the calculation of synthetic diagnostics from hydrodynamic simulations. A number of
post-processing tools for diagnostics presented in this chapter were also developed in the
hedp1 python module.

5.2.2 Abel transform

The projection of spherically symmetric or axially symmetric object onto a plane (see Fig. 5.5)
is given by the forward Abel transform. It is a frequently used projection both in the
post-processing and analysis of laser-plasma diagnostics, including interferometry and X-ray
radiography, presented in the following sections.

For an axis-symetrical function f(r), the direct Abel transform F (y) is defined by

Ab [f ] (y) = F (y) = 2

∫ +∞

y

f(r) r dr√
r2 − y2

, (5.2)

1http://github.com/luli/hedp
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f(r)

F(y)

Fig. 5.4 – A geometrical interpretation of the Abel transform in two dimensions.

assuming f(r) drops to zero more quickly than 1/r for large r values. This expression can
also be obtained through the consecutive application of the Hankel and the inverse Fourier
transforms.

An inverse problem then consist in estimating the original function f(r) from its pro-
jection F (y). The Equation (5.2) has an analytically inverse, given by the Abel inversion
formula

Ab−1 [F ] (r) = f(r) = − 1

π

∫ +∞

r

dF

dy

dy√
y2 − r2

. (5.3)

This problem is however more challenging when the projected function contains noise (see
Fig. 5.5), as it is always the case with experimental measurements. Indeed, it is then necessary
to smooth the signal in order to calculate the spatial derivative in the Eq. (5.3), thus poten-
tially smearing sharp discontinuities. For the data presented in Figure 5.5, we have used a
Savitzky-Golaly filter for this purpose. It consists of locally fitting the input signal with a low
order polynomial, that is then analytically differentiated, thus providing a robust estimation
of the derivative. Nevertheless, the reconstructed signal, computed with a direct integration
of the Eq. 5.3, present strong amplification of the noise near the symmetry axis. Furthermore,
a small error on the position of the symmetry axis, result in a significant variation of the
reconstructed signal.

Several approaches were proposed to overcome the previous issues in calculating the inverse
Abel transform. For instance, we can mention a Bayesian approach by Hanson (1989), that
implements a non-linear maximum a posteriori (MAP) formulation. The estimated noise
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Fig. 5.5 – (a) Reconstruction of the signal f(r) from (b) its Abel projection F (y),
containing additive Gaussian noise ε. The reconstructions f̃1 and f̃2

are obtained with the direct calculation of the inverse Abel transform,
choosing an axis of symmetry at r = 0 and r = −0.05 respectively.
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in the projected data is then balanced with the suspected smoothness of the reconstructed
object.

More recently, a Gaussian Basis-Set Expansion (BASEX) method (Dribinski et al., 2002),
is getting a widespread use because of it computational efficiency and reliable reconstruction
of noisy projections. In this method, the reconstructed signal is projected onto a basis of
Gaussian functions that have an analytical Abel transform. The problem then consist finding
the expansion coefficients that are consistent with the measured projection. One can refer to
the PhD thesis by Gregory (2007) for a detailed description of the BASEX method, as well as
its application to the deconvolution of experimental interferometry images.

In the following, we are using the direct Abel transform, defined by the Equation 5.2,
for post-processing of hydrodynamic simulations, in order to calculate the synthetic radiog-
raphy and interferometry images. Moreover, the deconvolution of experimental results for
corresponding diagnostics is obtained with the Abel inversion2.

5.2.3 Common detectors in high energy density physics

In this section, we introduce a number of detectors used in the final stage of diagnostic systems,
presented further on, that are implemented in high energy density physics experiments.

Streak cameras

A streak camera is a frequently used detector in high energy density physics experiments as it
allows acquiring in a single shot both the spatial information of the plasma on one axis, and
its temporal evolution on the second axis.

Optical
intensity

Time Space

Trigger signal

Slit

Lens

Incident light
Photocathode

(light → electrons)

Accelerating electrode
(where electrons 
are accelerated)

Phosphor screen
(electrons → light)

MCP
(which multiplies

electrons)

Streak image
on phosphor screen

Time

Space

Sweep electrode
(where electrons 
are swept in the 
direction from top 
to bottom)

Sweep circuit

The intensity of the incident light 
can be read from the brightness 
of the phosphor screen, and the 
time and space from the position 
of the phosphor screen.

Fig. 5.6 – Schematic principle of a streak camera (adapted from Hamamatsu, 2003)

The general principle of a streak camera is presented in Figure 5.6. The incident light
illuminates a slit and is focused with a system of lenses onto a photo-cathode, that converts
the incoming light into electrons. These electrons are then accelerated with an electrical field,
and pass through a pair of sweep electrodes. A high voltage ramp is applied between the
electrodes, deflecting the passing electrons from top to bottom in a time dependent manner.
The number of electrons is then multiplied several times in a Micro Channel Plate (MCP),
thus resulting in an overall amplification of the measured signal. Finally, a phosphor screen is

2Several implementations of the forward and inverse Abel transform were contributed to the PyAbel
package (http://github.com/PyAbel/PyAbel/) as part of this thesis work.
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used to convert the incoming electrons back into photons. A conventional Charge-Coupled
Device (CCD) positioned behind the phosphor screen then acquires the final image. The
strength of the resulting signal is proportional to the intensity of the light illuminating the
entry slit.

Gated Optical Imagers

A Gated Optical Imager (GOI) is an amplified, gated, single frame camera with a minimum
open gate time of 120 ps. Similarly, to the streak camera, the incoming light is converted
to electrons with a photo-cathode then amplified with a Micro Channel Plate (MCP). An
external CCD camera is used to acquire the image.

In the experiments presented in this thesis work, the dynamics of the observed plasma
system typically evolve over nanosecond time scales. GOIs were thus used to make optical
snapshots of the plasma with a short integration time, with respect to typical hydrodynamic
timescales.

Imaging plates

Photostimulable phosphor plates, also known as imaging plates, are detectors used to record
a two-dimensional image of short-wavelength electromagnetic radiation, such as X-rays. They
are widely used in medical x-ray diagnostics field because of their high sensitivity, wide
dynamic range and linearity with the incident flux. Developed as an alternative to the
single-use radiographic film, imaging plates can be erased, when exposed to white light, and
subsequently reused.

Image plates are based on the principle of Photosimulated Luminescence (PSL), occurring
in micrometric grains of photo-simulable phosphor (barium fluorobromide with a trace amount
of Eu2+), in three different phases.

In the “write” phase, the ionising X-ray radiation excites the electrons of the sensitive
phosphor layer, which are trapped in a metastable state. The concentration of the metastable
states, measured in the PSL units, is then directly related to the energy and the flux of the
incoming X-ray radiation (see Fig. 5.6).

The information, thus stored, is retrieved by optically simulating the imaging plate (e.g.
with a He-Ne laser at 633 nm) which causes photoluminescence in the blue (390 nm) at the
positions of the trapped centres. This “read” phase is performed with dedicated equipment,
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Fig. 5.7 – The measured and modelled absolute X-ray sensitivities of the Fuji BAS
imaging plates of categories MS, SR and TR (Meadowcroft et al., 2008).
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that numerically scans the imaging plate onto a pixel array. The signal strength in a pixel,
called the Quantum Level (QL), is then related to the concentration of the metastable
sites (PSL), through a lin-log transformation

PSL =

(
∆x

100

)2 4000

S
10L(QLG −

1
2) , (5.4)

with ∆x being the pixel size, G = 2n − 1 the bit depth, S the scanner sensitivity and L the
latitude. These parameters are both scanner and imaging plate dependent. In our experiments,
we had ∆x = 50 µm, S = 4000, L = 5 with a 16 bit scanner (i.e. G = 65535).

Finally, illuminating the image plate with white light, releases the metastable states,
effectively “erasing” the recorded data, and making the IP ready for the next use.

An overview of the previously presented detectors is shown in the table 5.1, as follows.

Detector x axis y axis Time resolution Spectral range
Streak camera space1 time ≥ 1 ps IR | visible | UV | X

GOI space1 space ≥ 120 ps IR | visible | UV | X
Imaging plate space1 space none X
Table 5.1 – Overview of detectors used in laboratory astrophysics experiments.

The highest temporal resolution can thus be obtained with a streak camera, although the
acquired image would then be only one dimensional in space. On the contrary, an image plate
does not have any gating mechanism, and thus integrate the incoming photons during the
entire duration of the experiment (unless the source has short duration). Streak cameras, and
GOI can be used both in the visible and X-ray energy ranges, depending of the type of the
photo-cathode used.

In our experiments, we have used streak cameras and GOIs with S20 photo-cathodes,
sensitive to light between 280 and 850 nm, for optical diagnostics. Moreover, MS type image
plates where used for the X-ray diagnostics in the experimental chamber.

5.3 Optical diagnostics: Shadowgraphy, Interferometry, SOP

In this section we will discuss the optical diagnostics that measure plasma properties with
visible light. We will start by introducing active diagnostics, including shadowgraphy and
interferometry, that use a probe beam of parallel and monochromatic light to probe the
plasma. Passive diagnostics, collecting light emitted by the plasma will then be discussed on
the example of optical pyrometry.

5.3.1 Shadowgraphy

Shadowgraph is an optical technique used to reveal non-uniformities of the observed medium (see
Fig. 5.11). It relies on a very simple principle of illuminating the object of study with a
parallel beam and observing the image projected on a screen.

In the particular case of laser plasma diagnostics, the interaction is described by three
dominant phenomena: refraction, collisional absorption though the inverse Bremsstrahlung

1It should be noted that with the help of a dispersive element (a grating for visible light, a crystal for
X-rays), one of the spatial axis of the detector can be used to measure the spectrum of the incident light.
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Fig. 5.8 – Shadowgraph image of a supersonic bullet, producing shock waves as it
travels in air (credit. NASA)

mechanism and scattering due to a random deviation of different rays following multiple
collisions with plasma atoms. The latter contribution is relevant in dense plasmas, and since
we will consider here under dense plasmas (ne ≤ nc) in visible light, it will not be taken into
account in this section.

Given a known plasma structure and the intensity (I0) of the probe beam, the intensity
profile (I) observed on the screen, can be computed with ray tracing techniques, identical to
those used in the laser energy deposition algorithms (cf. section 2.4.2).

For illustrative purposes, in the following we will consider the absorption and refraction
mechanisms independently of each other. Thus, assuming no refraction, the luminosity
variation (∆Iabs = I0 − I), due to collisional absorption of the probe beam is

∆Iabs
I0

= 1− exp

[
−
∫

(l)
αB dl

]
, (5.5)

where αB is the absorption coefficient for inverse Bremsstrahlung mechanism, defined in
Equation (2.36).

Similarly, assuming no absorption, the luminosity variation (∆Irefr) due to refraction in
the small angle approximation (Settles, 2001) is given by:

∆Irefr
I0

= L
[
∂2
xx + ∂2

zz

] ∫
(l)
n dl , (5.6)

with n being the refractive index, L the distance to the screen (or to the first lens).

A few comments could be made regarding the expression of the refractive index (n). In
non collisional plasmas, according to the Equation (1.6),

n =

√
1− ne

nc
, (5.7)

the refractive index decreases with the electron density (ne). In non ionized gases however,
the refractive index increases with the mass density (ρ), as given by the Gladstone-Dale law,

n = 1 + kGD ρ , (5.8)

where kGD is a positive material dependent coefficient. The former effect is indeed dominant in
ionized plasmas. However, for low temperature and weakly ionised plasmas, such as obtained
with a rear-side target expansion in our experiments, a correction due to the neutral density
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Fig. 5.9 – Schematic principle of a shadowgraphy diagnostic imaging a plasma profile.

might also need be taken into account.

Schlieren is a complementary technique to shadowgraphy that is sensitive to the first order
spatial derivative of the projected refractive index (unlike the second order derivative for the
shadowgraphy). It is achieved by placing a knife edge at the focal point of the beam in a
experimental setup similar to the one used for shadowgraphy (Settles, 2001).

Because of the complexity of the phenomena responsible for producing the final image
(cf. Equations (2.36) and (5.6)), shadowgraphy provides little qualitative information about
the plasma conditions. Arguably, the dark regions of the image corresponds to electronic
plasma densities higher than αnc, with α ∼ 10−2, as discussed in the thesis work by Dizière
(2012). However, the specifics of such analysis depends on the assumed plasma geometry,
conditions and density gradient. On the contrary, the shadowgraphy diagnostic is principally
used to easily provide a global view of the flow morphology and it is particularly suitable to
emphasise regions with high spatial frequency variations of the electronic density (and thus
of the refractive index) such as shocks. For instance, Figure 6.12 presents a shadowgraphy
image of a laser produced laboratory jet, that will be discussed further in chapter 6. One
can clearly observe both the continuous gradient of the expanding plasma and the central
axis-symmetric jet, bound by a shock wave.

5.3.2 Interferometry

The general principle of interferometry, consist in taking a source or coherent light, splitting
the wavefront in two waves and inducing a phase-shift between these waves that is dependant
on the observable quantity. Subsequent superposition of these waves results in constructive or
destructive interference phenomena that produces a pattern of fringes, directly related to the
measured phase-shift, thus producing an image of the observable quantity.

A number of interferometry techniques are commonly used in laser-plasma experiments.
In particular, we can mention the Velocity Interferometer System for Any Reflector (VISAR),
based on the Mach-Zender interferometer scheme, that measures the velocity of a free surface
by Doppler effect (Barker, 1972). Another widespread application of interferometry consist of
measuring the density profile of a gas or underdense plasma (ne < nc).

Physical principle

The principle of interferometry in laser-plasma experiments is to measure the phase shift
between two beams, one of which propagates through the plasma (the data beam), while the
other propagates through vacuum (the reference beam) with equal path length.

As was stated in chapter 1, the phase shift (φ) for a monochromatic electromagnetic wave,
characterised by a wave number (k), traveling a distance l through a medium with a refractive
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index (n) is given by:

φ =

∫
(l)

k · dl =

∫
(l)
k dl =

∫
(l)
n
ω0

c
dl , (5.9)

with ω0 the angular frequency of the wave and c the speed of light. Since n = 1 for vacuum,
the phase difference between the data and the reference beam is

∆φ =

∫
(l)

(n− 1)
ω0

c
dl, (5.10)

where the optical index of the non-collisional plasma is defined in the Equation (5.6). If the
plasma electron density is low enough (ne � nc), a first order Taylor expansion of the optical
index allows to simplify the Equation (5.10):

∆φ =
ω0

2 c nc

∫
(l)
ne dl =

π

λ0 nc

∫
(l)
ne dl , (5.11)

where λ0 is the wavelength of the electromagnetic wave.
Assuming that refraction of the rays propagating through the plasma is negligible (Lisitsyn

et al., 1998), the projected electronic density ( 〈ne l〉 ) of an axis-symmetrical plasma, is given
by the Abel transform,

〈ne l〉 =

∫
(l)
ne dl = Ab [ne] . (5.12)

Since ∆φ = π
λ0 nc

〈ne l〉 according to the Equation (5.11), the electronic density (ne) can
be estimated as the inverse Abel transform of the phase difference (∆φ):

ne = αAb−1 [∆φ] where α =
λ0 nc
π

=
3.5 1020 [cm−3]

λ0 [µm]
. (5.13)

The classical interferometry setup is achieved with the Mach-Zehnder interferometer,
where the data and reference beams are split before the observed object and subsequently
recombined. This setup is conceptually simple, versatile and robust, however it requires
installing two beam-lines (one for the reference beam and one for the data beam), which is
not always possible. In the experiments, presented in this thesis, we have used instead a
Wollaston prism interferometer, where both the shifted and the reference phases are contained
in a single beam.

Wollaston prism interferometer

The Wollaston prism interferometer (Benattar et al., 1979), is a modified version of the
Nomarski interferometer, that was initially developed for laser fusion studies. This diagnostic

Plasma 

Linearly polarised 
beam (45°)

Wavefront carries 
an image of the plasma 

Wollaston prism 
Polarized at 0°

Polarized at 90°

45° polarizer 45° polarizer

Interference
pattern
where the
beams
overlap

Fig. 5.10 – Principle of a Wollaston prism interferometer (adapted from Gregory,
2007)

112



5.3. OPTICAL DIAGNOSTICS: SHADOWGRAPHY, INTERFEROMETRY, SOP

makes use of a Wollaston prism as a polarisation-based beam splitter, as illustrated in
Figure 5.10.

A low energy pulsed laser beam, polarised at 45◦ with respect to the vertical direction is
used to probe the plasma. The diameter of the probe beam is chosen sufficiently large as to
leave part of the beam unperturbed by the plasma, while the main part is phase shifted due to
the electronic density. A Wollaston prism then splits the incoming beam into two orthogonally
polarised (0◦, 90◦) beams that diverge by a small angle, typically 0.5 – 2◦. Finally, the two
divergent beams pass through a polariser, that projects their polarisation into the same plane,
thus producing an interference pattern as they overlap.

This interferometry setup has a number of advantages due to the fact that both the
perturbed and unperturbed wavefront are contained in the same beam. In particular, it uses
fewer optical elements than the equivalent Mach-Zehnder setup, and is thus simpler to install.
The use of the same optics for both the reference and the data beam also allows mitigating a
number of optical aberrations.

At the same time, this setup has a number of limitations. For instance, the Wollaston
prism is birefringent and makes the two polarisations propagate at a different velocity, thus
setting a constraint on the temporal coherence of the probe beam. Indeed, particularly for
short-pulse probe beams, that have short temporal coherence, the delay produced by the
prism can make them incoherent, thus preventing the interference phenomenon. Furthermore,
the parameters and positioning of the Wollaston prism are critical for the alignment of the
diagnostics. It is thus necessary to make the perturbed and unperturbed regions of the image
overlap, while avoiding the overlap of perturbed plasma with itself, and keeping a physically
relevant inter-fringe distance. All these constraints, make the alignment process tenuous and
limit the possible experimental configurations.

Fringes map deconvolution

The analysis of experimental interferometry images requires to extract the phase difference
information from the interference pattern (see Fig. 5.11a). Indeed, the intensity distribu-
tion (I(x)) observed when two coherent waves interfere with a phase difference (∆φ) is

I(x) = I0

[
1 + cos

(
2πx

x0
+ ∆φ(x)

)]
, (5.14)

a) b) c)

Fig. 5.11 – Interferometry analysis work-flow with the Neutrino program3, showing
(a) an experimental interferometry image, (b) its synthetic reconstruction
after deconvolution and (c) the extracted regularised phase-shift (c).
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where x0 is the interfringe distance. The problem then consists to estimate ∆φ(x) given an
intensity distribution I(x).

This analysis can be separated in two steps. First, the ∆φm(x) allowing to reproduce the
fringe pattern is calculated in the [0, 2π] interval (see Fig. 5.11b), using either Fast Fourrier
Transform (FFT) or Discrete Wavelet Transform (DWT) approaches. Then the obtained
phase is unwrapped as to produce a continuous phase representation (see Fig. 5.11c).

In this work, we have used the Neutrino software (Vinci et. al.) for the analysis of
experimental interferometry images that implements a DWT deconvolution together with a
phase unwrapping algorithm (Goldstein et al., 1988).

5.3.3 Optical pyrometry

As was mentioned earlier, laser produced plasmas study matter under extreme conditions of
density and temperatures. Several properties of hot plasmas can thus be determined simply
by measuring the emitted radiation.

In particular, optical pyrometry diagnostic provides a measurement of the plasma tem-
perature by recording its emissivity in the optical range. The radiation emitted by the
plasma, is imaged by dedicated optical system and transported to a streak camera or a Gated
Optical Imager (GOI) (see Fig. 6.5). The plasma emission is suitably attenuated with neutral
density (ND) and narrow spectral filters in order to avoid damaging the detector with an
excessive photon flux.

In general, we can calculate the radiation intensity emitted by the plasma, solving the
equation of radiative transfer, defined by the Equation (4.2). However, since in experiments
we study predominantly dense plasmas (ne ≥ 1019 cm−3), in the following we will use a “grey
body” approximation, suitable for optically thick plasmas. The energy density of the emitted
radiation I(λ, T ) is then related to the Planck function B(λ, T ) with,

I(λ, T ) = η(λ, T )B(λ, T ) , (5.15)

where η is the spectral emissivity of the plasma. For convenience, we also remind the expression
of the Planck function as a function of the wavelength λ:

B(λ, T ) =
2hc2

λ5

1

exp

(
hc

λkBT

)
− 1

. (5.16)

Let Tr(λ) be the spectral transmission of the optical system, including filters, and r(λ) the
spectral sensitivity of the detector, as illustrated in Figure 6.5. The energy received on a pixel

Imaging system

Plasma Streak camera
          or
        GOI

  CCDΩ

η(λ)B(λ, T ) Tr(λ) r(λ) ⇐⇒ k

Fig. 5.12 – Principle of optical pyrometry using a streak camera or a GOI.

3https://github.com/aflux/neutrino
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of the detector, is then:

Epx = S Ω dt

∫
λ
η(λ, T )B(λ, T ) Tr(λ) r(λ) dλ = kN , (5.17)

where S = Spx · G is the surface of the pixel Spx imaged through an imaging system of
magnification G, Ω the solid angle of integration, and dt the observation time. We also define
the detector conversion coefficient (k) as a ratio between the amount of the received radiative
energy (Epx) and the signal strength (N) read by the CCD, expressed in Joules per pixel
value. The problem then consists in estimating the plasma temperature (T ) from the signal
measured on the CCD camera (N).

In the first step of this process, it is necessary to evaluate the spectral emissivity, in order
to simplify the original problem. Under the assumption of thermodynamic equilibrium, one
can show that the spectral emissivity η(λ, T ) is related to the plasma reflectivity R(λ, T ) as,

η(λ, T ) = 1−R(λ, T ) . (5.18)

It is then possible to measure the plasma reflectivity in same conditions, although a slightly
different wavelength, for instance, with a Velocity Interferometer System for Any Reflec-
tor (VISAR) diagnostic, and thus provide an estimate of η(λ, T ). In the experiments we
performed, the addition of another diagnostic was however challenging because of the high
number of diagnostics already present in the experimental set-up.

In the following, we will thus consider a “black body” approximation. The radiation
intensity I(λ, T ) is then directly follows the Planck distribution B(λ, T ), which is equivalent
to setting η(λ, T ) = 1. This approximation is valid for optically thick plasmas in thermal
equilibrium, which is a reasonable although not strictly valid assumption for the experimental
conditions of our experiments.

We can distinguish three different approaches to estimate the plasma temperature from
its emission (see Fig. 5.13), presented in detail in the thesis work by Henry (2003).

The first method consists of resolving spectrally the self-emission with a spectrometer,
thus essentially removing the integration over the wavelength in the Equation (5.17). The
measured data is then fitted by the expression αB(λ, T )Tr(λ)r(λ), where α is a free fit
parameter, in order to estimate the so called spectral temperature. This requires knowing
the transmission of the optical system Tr(λ), which can be experimentally measured, and
the sensitivity of the detector r(λ) given in its data sheet. However, the measurement can
be performed without explicitly knowing the S, Ω, dt and k parameters since they would
be included in the α fit coefficient. Furthermore, assuming that η(λ, T ) is a slowly varying
function over the considered wavelength range (i.e. approximatively constant but not equal
to 1), it can also be included in the α coefficient, thus removing the necessity for the black
body approximation or the experimental measurement of the η(λ, T ) parameter. The spectral
method thus allows a precise and robust measurement of the plasma temperature, although
it also has a few drawbacks. Indeed, besides of the comparable complexity of aligning the
spectrometer, out of the two available axis of the detector, one will be taken for the spectral
resolution, thus leaving only one for the space or time resolution.

The second approach consist of measuring the emission in the plasma in a narrow wave-
length (e.g. a few 10 nm) in order to estimate the so called brightness temperature, implicitly
defined by the Equation (5.17). The information regarding the temperature is then contained
in the absolute measurement of the photon flux, and both axis of the detector can be efficiently
used. For instance, in our experiments we have used the Streaked Optical Pyrometry (SOP)
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Fig. 5.13 – (a) Spectral emissivity of plasma with a temperature T = 1 eV (b) The
temperature dependence of the emissivity integrated for two spectral win-
dows of width ∆λ = 10 nm, centred at λ1 = 400 nm and λ2 = 650 nm.

diagnostic for a simultaneous time and 1D space resolution of the self emission, as well as
optical pyrometry with a GOI camera for 2D spatial resolution.

However, because this method is based on the absolute measurement of the photon flux, all
the parameters of the Equation (5.17), including S, Ω, dt and k, need to be fully characterised
in order to estimate the temperature. One then goes through the characterisation of every
single element of the imaging system and of the detector. In addition, to being lengthy, this
approach is also error prone, and difficult to validate, and therefore cannot always be used
as a reliable measurement of the plasma temperature. An elegant solution exist however to
overcome the previous issues. Indeed, measuring the signal obtained from a source at a known
temperature, allows calibrating in a single shot the transmission of the whole imaging system
and the gain of the detector. In particular, Quartz targets are frequently used for this purpose
as an independent measurement the velocity of the driven shock can be used to estimate the
post-shock temperature, which can then be compared with the measured photon flux on the
SOP diagnostic (Ozaki et al., 2009). Although such calibration was successfully performed in
previous experiments and will be performed in the future, for the experiments presented in
this thesis unfortunately we did not dispose of a properly calibrated source, and were thus not
able to use this approach. In the following chapters, we will therefore present self-emission
signal proportional to the brightness temperature, but without the absolute multiplicative
factor. Indeed, while we did calculate the said factor, without a mean of validating it or of
estimating the associated error bar we do not deem it reliable.

For the sake of completeness, we can also mention a third approach that combines the
advantages of the previous two methods. The plasma emission is measured separately in two
narrow frequency ranges with the same optical system. Each recording can thus provide a
brightness temperature as previously discussed. Furthermore, the ratio of the obtained signal
allows a second estimation of the temperature, called colour temperature, that is independent
on the absolute calibration of the imaging system and of the detectors. However, this last
method is only applicable in a narrow temperature range (Benuzzi-Mounaix, 1997).

A more extensive review of the methods used for the temperature measurements with the
SOP diagnostic is presented in the PhD thesis by Chauvin (2010).
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5.4 X-ray radiography

5.4.1 General principle

The limitation of optical diagnostics, presented in the previous sections, consist in their inability
to probe dense plasmas, since an electromagnetic wave cannot propagate in a medium having
the electron density (ne) larger than the critical density (nc). For visible light, this means
that the upper value for the electron density that can be probed is nc, 350 nm ≈ 8 · 1021 cm−3.
The study of material in near solid conditions, then requires to use a probe beam of shorter
wavelength, typically in the X-ray range.

The simplest form of X-ray radiography is the so called, point-projection approach,
presented in Figure 5.14. A quasi-punctual and monochromatic X-ray source directly images
the object of interest (in our case a plasma flow), onto a detector (an image plate, an X-ray
film or a CCD). The magnification (M) of the resulting image is the defined by the ratios of
target – detector and target – X-ray source distances,

M = 1 +
z2

z1
≥ 1. (5.19)

A finite spatial extension of the X-ray source (D) constrains the maximum resolution (σ) of
the radiography image, since a simple geometrical calculation (see Fig. 5.14) yields:

σ ≈ z2

z1

D

M
= (M − 1)

D

M
≈ D, when M � 1. (5.20)

The consequences of the spatial extension of the X-ray source will be discussed in details
in section 5.4.4, while in the following, we will assume for simplicity an ideal punctual source.

A stack of filters is added before the detector, in order to select the desired photon energy
range and to attenuate the noise from other sources of radiation. Furthermore, because the
detector is typically not gated, the time resolution of this diagnostic can be ensured by the
duration of the X-ray source.

The propagation of X-ray photons through the plasma leads to absorption and scattering
phenomena. X-ray scattering is particularly important for dense plasma, and is discussed
in details in the thesis work by Ravasio (2007). In the following, we will neglect this
phenomenon, since it has a minor contribution for the X-ray diagnostics in the experiments
we performed (Hirayama, 2000). The X-rays then propagate following straight lines between
the source of radiation, assumed punctual, with a spectral intensity (Iν,0) and the image plate.

X-ray source

Plasma

Imaging plateMetalic filters

Resolution
on the IP (σM)

Spatial
extension (D)

Iν,0 fν(l) Trν rν

z1 z2

Fig. 5.14 – Principle of the point-projection X-ray radiography.
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The spectral absorption for a ray per length (L) of plasma is then given by the Beer–Lambert
law:

Iν
Iν,0

= exp

[
−
∫

(L)
ρ κν(ρ, T ) dl

]
, (5.21)

where ρ and T are the local plasma conditions of density and temperature, whereas κν is
the specific opacity, defined in section 4.14. The signal strength on the detector (SPSL), is
therefore,

SPSL =

∫
ν
Iν Trν rν dν =

∫
ν
Iν,0 Trν rν exp

[
−
∫

(L)
ρ κν(ρ, T ) dl

]
dν , (5.22)

with Trν being the filter transmissions and rν the sensitivity curve of detector (e.g. see
Figure 5.7 for IP sensitivities). With known ρ-T plasma conditions (e.g. obtained from a
radiation hydrodynamic code), it is straightforward to calculate the resulting PSL value on
the IP, for instance, with a ray-tracing algorithm (Duvauchelle et al., 2000).

5.4.2 Areal density estimation

Contrary to a direct integration of the Equation (5.22) discussed earlier, the determination of
the plasma density profile from this equation is is an inverse problem that can be solved only
with a number of restrictive assumptions.

First, we need to assume that the specific opacity is a weakly dependent function on
the density and temperature conditions, so we can write κν(ρ, T ) = κν(ρ0, T0) = κν,0, which
is equivalent to using cold plasma opacities. This assumption is indeed verified for photon
energies (hν) distant from the absorption edges, and for low plasma temperatures (hν/kT � 1).
The Equation 5.22, then simplifies to

SPSL =

∫
ν
Iν,0 Trν rν exp

[
−κν

∫
(L)
ρ dl

]
dν =

∫
ν
Iν,0 Trν rν e

−κν,0 〈ρl〉 dν , (5.23)

with the areal density 〈ρl〉 defined as:

〈ρl〉 =

∫
(L)
ρdl . (5.24)
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Fig. 5.15 – (a) X-ray radiography of the nested outflow experiment, presented in
section 6. Plastic (CH) and Iron (Fe) filters of different thickness are
used to calibrate the areal density (〈ρl〉), as illustrated on Figure (b).

118



5.4. X-RAY RADIOGRAPHY

The signal strength on the detector (SPSL) is thus related to the areal density ( 〈ρl〉 ) through
the Equation (5.23). In the case of monochromatic X-ray source, one can simply write:

SPSL( 〈ρl〉 ) ∝ e−α〈ρl〉 . (5.25)

In general, however, the X-ray source spectrum is not strictly monochromatic, as we will
discuss in section 5.4.3, and the full integral equation (5.23) has to be used. Since Trν , rν ,
κν,0 are known quantities, the only additional parameter that needs to be estimated in this
expression is the backlighter spectrum (Iν,0). A dedicated X-ray spectrometer can be used to
measure Iν, 0 experimentally.

An alternative approach, consist of experimentally calibrating this diagnostic with a known
set of filters, thus allowing to extrapolate the SPSL = f( 〈ρl〉 ) relationship from experimental
points (see Fig. 5.15). Ross pair spectrometer is an extension of this method. Based on an
ingenious combination foils of different materials, it is used to measure the spectral intensity
of the X-ray radiation in 12 energy bands (Maddox et al., 2011). In addition, assuming a some
analytical expression for the backlighter spectrum (e.g. line emission together with thermal
Bremsstrahlung radiation), filter transmissions can be used to fit the unknown parameters of
the spectrum, as illustrated in Figure 5.16.

Finally, assuming cylindrical symmetry of the plasma flow, and approximating the point
projection as a plane projection (i.e. the radiation source is placed infinitely far from the
observed object), we can estimate the density profile with an inverse Abel transform as,
ρ = Ab−1 [〈ρl〉].

In the following, we will discuss the generation of an X-ray source appropriate for the
X-ray radiography diagnostic and the experimental determination of its spectrum.

5.4.3 X-ray sources

An X-ray source with a narrow spectral range is preferred for the X-ray radiography diagnostic,
since it simplifies the analysis and improves the contrast of the resulting images. It is common
to use intense line emission produced from either He-like 1s(2)-1s2p (He-α) or K-α transitions.
The former are commonly associated with plasmas produced by long pulse laser beams, while
the latter are generated with short pulse lasers. Indeed, He-α line emission is observed in any
plasma having a temperature (T e) hight enough to collisionally ionize the 1s2p level, typically
T e & hν/10.
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used in HED laser experiments.

The mechanism for the generation of K-α line emission is, in comparison, more complex.
It is obtained by focusing a short pulse high intensity laser (I0 > 1017 W.cm−2) on a thin
solid foil. The laser plasma interaction generate fast electrons that collide with the atoms as
they propagate through the target. For fast electrons with energies larger than the K-shell
ionisation threshold, the collision result in the ejection of an inner K-shell electron, thus leaving
the atom in an unstable state. An outer electrons then fills the resulting inner-shell vacancy,
with the energy of the transition emitted as x-ray radiation (K-α emission) or transferred to
another bound electron thus ejecting it (Auger effect).

The efficiency of the K-α emission depends on a number of factors including the laser
parameters, the focal spot size, the target material and geometry (Matthews et al., 1983).
X-ray sources suitable for the radiography diagnostic, have been experimentally studied, for
instance, by Brambrink et al. (2009).

It should be noted that while dominant line emission is indeed monochromatic, the
corresponding laser plasma interaction also produce thermal bremsstrahlung emission at lower
energies (∼ 1 keV) as well as fast electrons, both of which are integrated on the detector.
Furthermore, the experimental set-up may also contain other sources of X-ray radiation that
will result in a systematic error in the estimation of the areal density (〈ρl〉). Attenuating the
photon energies before and after the K-α line with appropriate filters is therefore crucial in
order to reduce the noise and improve the images contrast. Metallic foils of the same material
as the K-α back-lighter target are typically used to that effect, since the K-α is located shortly
after the K-edge (see Fig. 5.17) and corresponds therefore to a maximum in transmission.
The use of a hard X-ray source (hν & 5 keV) is also preferred, since the filtering of low
temperature bremsstrahlung emission (and of hot electrons) is then more efficient, increasing
the signal to noise ratio.

5.4.4 Spatial resolution

Until now we have assumed that the X-ray source is punctual, while in reality it has a finite
spatial extension. Indeed, a radiography image obtained with an extended X-ray source, would
then be blurred when compared to a punctual source, as it could be seen as a superposition
multiple point-projections (see Fig. 5.14).

Several experimental techniques can be used to reduce the spatial extent of the X-ray
source in order to improve spatial resolution of the radiography. For instance, for X-ray
backlighters driven by long pulse lasers, a pinhole with a small aperture, can be placed behind
the back lighter target to that effect. Although, its alignment with respect to the source and
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from the line-out profile of an edge.

the observed object is experimentally more challenging.
With K-α sources produced by short pulse lasers, a small focal spot is typically used.

However, the effective size of the X-ray source is typically limited to ∼ 50 µm (Park et al.,
2006).

For the analysis of radiographic images it is necessary to be aware of their spatial resolution,
in order to decide if the pertinent features on the image can be resolved. An experimental
estimation of the spatial resolution can be obtained by imaging a sharp edge of the imaged
object, and modeling the blurring it produces.

For instance, Figure 5.18a displays a radiographic image of a gold grid, that is typically
used to experimentally calibrate the spatial magnification of this diagnostic. If the X-ray
source is punctual, a line-out of the outer edge of the grid, after normalisation, is a simple
Heaviside step function:

H(x) =

{
0 if x < 0

1 otherwise .
(5.26)

Instead, the experimental line-out presented in Figure 5.18b shows a smooth variation between
the maximum and minimum absorption values. We will model this result as the convolution
of the original step function H(x) with a Gaussian function:

G(x) =
1

σ
√

2π
e−

x2

2σ2 , (5.27)

where σ is the standard deviation, representing the blurring due to the spatial extension of
the X-ray source. This operation can be written as,

(H ∗G)(x) =

∫ +∞

−∞
H(x− t)G(t) dt =

1

2

[
1 + erf

(
x√
2σ

)]
, (5.28)

where erf(x) = 2√
π

∫ x
0 e
−t2dt is the Gaussian error function. The problem then consists

in estimating the σ parameter that best fits the experimental line-out, thus providing a
measurement of the spatial resolution, as illustrated in Figure 5.18b. The size the X-ray source
can also be inferred from this analysis, with simple geometrical arguments, as illustrated by
the Equation (5.20). Furthermore, analysing multiple lineout with different orientation, gives
us information regarding the geometrical shape of the X-ray source.
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Conclusions

In this chapter, we introduced to the high power laser facilities that were used in our laboratory
astrophysics experiments. The experimental diagnostics allowing an extended characterisation
of plasma conditions are presented. First, an optical interferometry system, was used to
provide an estimate of the electron density (ne) of the under-dense plasma. Probing higher
density core regions, was obtained with the X-ray radiography diagnostic, based on a point
projection technique. A measurement of the temperature (T e) is given by a calibrated self-
emission diagnostic, while the flow velocity (uf) is determined with a streak camera in either
optical emission or absorption. Finally, shadowgraphy, yields qualitative information about
the plasma morphology. The combined use of the above mentioned diagnostics, coupled with
radiation hydrodynamics simulations, is necessary in order to constrain the plasma conditions
and to understand the flow dynamics in our experiments.

Further work could be directed at developing an additional way of measuring the plasma
temperature (e.g. with absorption spectroscopy diagnostic, if possible), since this parameter
is fundamental to describe the radiative properties of the probed plasma. Furthermore, a
tighter integration of different numerical codes with a dedicated synthetic diagnostics package
is crucial both for the code validation, the design of the experiments and the analysis of the
obtained data.
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CHAPTER 6

Jet collimation by ambient winds in laboratory astrophysics
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CHAPTER 6. JET COLLIMATION BY AMBIENT WINDS IN LABORATORY ASTROPHYSICS

In this chapter, we present results from a new experimental approach aimed at investigating
the time-dependent hydrodynamic collimation of an inner isotropically supersonic expanding
plasma by an ambient flow. This effect is relevant for collimation mechanisms, in a number of
astrophysical objects presenting a dense central object.

6.1 Astrophysical context

6.1.1 Accretion-ejection mechanisms in astrophysics

Introduction

Supersonic jets are common in astrophysics, emanating from such sources as newly forming
Young Stellar Objects (YSOs) (Reipurth & Bally, 2001), Active Galactic Nuclei (AGN) (Ferrari,
1998; Marscher, 2006), Pre-Planetary Nebulae (PN), Planetary Nebulae (PN) (Balick & Frank,
2002), and microquasars (Mirabel & Rodriguez, 1999). Jet phenomenon is thus a universal
phenomenon in the evolution of many classes of astrophysical systems presenting a central
massive object, both on stellar and galactic scales.

It has been shown that astrophysical outflows are ultimately powered by the gravitational
energy released by matter accumulated by the central object in an accretion disk. For instance,
in both Young Stellar Objects (YSOs) and Active Galactic Nuclei (AGN) a direct connection
between disks and jets has been established (Ferreira & Pelletier, 1993) and there is an
emerging consensus for such relation in the Pre-Planetary Nebulae (PN) or Planetary Nebulae
(PN) context (Soker, 1998; Blackman & Lucchini, 2014; Witt et al., 2008). Indeed, mass
ejection provides a way for the system to evacuate the extra angular momentum, and to a
lesser extent energy, released by accretion. For instance, in the case of YSOs, mass loss carries
aways 10% or less of energy released by accretion, the rest being released by radiation.

Launch and propagation mechanisms for astrophysical outflows involve a number of
physical phenomena, including hydrodynamic (HD), magnetohydrodynamic (MHD), radiative
and sometimes relativistic effects. For instance, in the case of YSOs, thermal and radiation
pressure appear to play an important role in the launch of flows in high-luminosity sources.
In low-luminosity protostars, magnetohydrodynamic (MHD) processes are usually invoked
to launch the outflow. Purely hydrodynamic acceleration and collimation models (Frank &
Noriegia-Crespo, 1994) are not widely favored, nevertheless the role of the ambient medium
can be important even if the inner outflows are magnetically driven (Fendt, 2008; Lynden-Bell,
2003).

Fig. 6.1 – Hubble image of the Planetary Nebulae (PN) Hen-320.
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Influence of the ambient wind

Indeed, jets frequently propagate within a surrounding wind or envelope, as observed in
YSOs (Arce & Goodman, 2002), AGN (Tombesi et al., 2012) and PN, where fast collimated
winds sweep into a slower denser wind ejected most strongly during the PN phase, as illustrated
in Figure 6.1 (Bujarrabal et al., 2001; Rizzo et al., 2013). The question of how different time-
dependent ambient thermal and ram pressures affect jet collimation arises quite generally (Icke,
1991; Frank & Noriegia-Crespo, 1994; Blackman & Perna, 2004). Recent 3D MHD simulations
of laser-driven plasma experiments have looked at the possible magnetic field collimation
of wide-angle winds into HD jets (Ciardi et al., 2013) and interpreted this as analogous
to hydrodynamic collimation of an inner flow by a torus. Astrophysical jet launch regions
are generally not resolved in observations, being obscured by high opacities. It is therefore
valuable to distill the distinct physics of MHD and HD effects via alternative methods.

It should be also noted, that although the global and specific energetics of stellar and
galactic phenomena differ by orders of magnitude, most of the dynamical events and the
underlying physical processes may not be conceptually far apart.

Combined with numerical simulations and theoretical models, laboratory experiments
bring an additional contributions to the study of such astrophysical objects. In the following,
we will present the experimental approaches that are used to study scaled jet phenomena in
laboratory, using High Energy Density (HED) facilities.

6.1.2 Jet experiments in laboratory astrophysics

Astrophysical jets were studied in laboratory using a wide range of facilities, including plasma
guns, Z-pinch machines and high power lasers (Bellan et al., 2009). In this section, we will
succinctly review jet experiments documented in the literature in order to provide context for
the experimental results presented further on.

Plasma gun experiments

Accretion disk and jet dynamics was studied by Hsu & Bellan (2002) using a planar coaxial
plasma gun. The experimental setup, illustrated in Figure 6.2a, consist of a coaxial pair
of high voltage electrodes, coupled with a solenoid producing poloidal magnetic field in a

inner electrode

outer electrodea) b)

Fig. 6.2 – a) Side-view schematic of a planar coaxial gun. b) Optical self-emission
images of plasma evolution, adapted from Hsu & Bellan (2002).
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vacuum chamber. Hydrogen gas is injected at the outer electrode through gas feeds. With
the increase in gas density, the Paschen criteria (Townsend, 1910) is reached and an electric
breakdown occurs along the optimal path that links the outer and inner electrodes, following
the magnetic field lines.

Plasma self-emission in the visible photon range, recorded with a multiple-frame CCD
camera, is used to probe plasma dynamics (see Figure 6.2b). The bright structures in the
image are expected to correlate with the magnetic topology and the current flow.

The authors show that such experiment approximates the boundary conditions of a star
with an accretion disk. Depending on the parameters of the magnetic topology, two distinct
phenomena were demonstrated. First, the formation of collimated plasmas and the associated
helical instability, experimentally demonstrating the concept of magnetically driven jets. In a
second magnetic configuration, plasma detachment, associated with spheromak formation was
observed, which is relevant for disk winds and stellar flares.

Z-pinch experiments

The use of pulsed magnetic machines to produce jets in astrophysical relevant conditions was
studied in the Plasma Physics group at Imperial College in London (Lebedev & Chittenden,
2002; Lebedev et al., 2005) with the MAGPIE generator. Accumulating energy in a capacitor
bank, MAGPIE can deliver ∼ 20 MA currents onto an axis-symmetrical array of thin wires,
in a 100 to 200 ns pulse. The heating of wires by Ohm law, leads to their vaporisation,
generating a plasma that collapses on the axis due to the J × B force, resulting from the
generated magnetic field. Furthermore, the choice of the wire array geometry, and thus of the
direction of the J ×B force, allow for a number of experimental configurations, that have
been used, for instance, to study jet related phenomena.

a) b)

Fig. 6.3 – a) Schematic plasma evolution for radial wire arrays on a Z-pinch machine.
b) Time resolved, XUV self emission images, for a plasma jet propagating
in an ambient argon gas, adapted from Suzuki-Vidal et al. (2012).

For example, Figure 6.3 shows plasma evolution in a radial wire array, proposed by
Suzuki-Vidal et al. (2012), where a supersonic and radiatively cooled jet is driven to velocities
of ∼ 70 km/s by a predominantly torodial magnetic field. The resulting plasma flow was
shown to be relevant for the generation and the collimation mechanisms in protostellar jets,
through appropriate scaling laws. In particular, the propagation of this jet in an ambient
medium, composed of a neutral argon gas, is illustrated in Figure 6.3b, with the formation of
a bow shock ahead of the jet.

High power laser experiments

The use of high power lasers facilities for jets experiments is advantageous, because the
associated physical phenomena (radiative cooling, hydrodynamic effects, interaction with an
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Experimental drive method
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Solid slab

Ablated plasma

Front (F) - side ablation

Thin solid foil

Shock  unloading

Rear (R) - side shock breakout

Laser

Initial collimation method

Convergent (c) geometry

Laser

Washer (w) confinement

Laser

Pusher Washer

Laser

External magnetic field (b)

External B-field

Compression
of magnetic lines

F h c w b m

Front (F) or Rear (R) side expansion

Radiative drive with a hohlraum (h) 
Convergent (c) geometry

Washer (w) confinement

External B-field (b)

Ambiant medium (m)
Driven shock

Fig. 6.4 – Classification of target configurations in laser driven jet experiments, as a
combination of a specific drive and collimation methods. For Figures (b)
and (c) the laser can arrive either from the right or the left side (i.e. front
side or rear side expansion), although only one case is represented.

ambient medium and the influence of the magnetic field) can be more easily separated and
studied independently, when compared to Z-pinch and plasma gun jet experiments.

Until recently, the main areas of research in laser driven jet experiments included the
study of the radiative properties of jets and of the dynamics of their interaction with an
ambient medium. Later developments, aiming to couple intense magnetic field generators with
high power lasers, opened new areas of study in this area, with the ability to reproduce the
complete radiative magneto-hydrodynamic (RMHD) behaviour. In particular, we can mention
pulsed magnetic field generators powered by a capacitor bank, developed at the OMEGA
facility (Gotchev et al., 2009) and at LULI laboratory (Albertazzi et al., 2013), producing
10− 40 T fields. Additionally, Fujioka et al. (2013) demonstrated the generation of kilotesla
magnetic fields in a capacitor-coil target irradiated by a kilojoule laser of nanosecond pulse
duration.

A number of experimental configurations for laser driven astrophysical jet experiments have
been described in the literature. Since they present a number of common characteristics, in
the current section, we will review some of these, using a classification proposed in Figure 6.4.
A typical experimental configuration thus combines a front or rear side plasma expansion
with an initial confinement method, such as a convergent geometry, a washer, or an external
magnetic field, referred by a short abbreviation ( Figure 6.4).

As a general note, jets produced in laboratory by laser ablation (i.e. on the front side of
the target) have low densities (ρ ∼ 10−5 − 10−3 g.cm−3) with typical temperatures of few
100 to 1000 eV. They are thus strongly impacted by radiative losses. However, because the
expansion of the laser ablated plasma occurs initially with a velocity equal to the sound
speed (cs), the Mach number (M) of such jets is initially of 1, and later as the plasma cools
down, it can increase up to M ∼ 10. On the contrary, jet produced by shock breakout of a
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400 µm

a) b)

Fig. 6.5 – (a) Experimental setup for the laser driven supersonic jet experiment by
Foster et al. (2005). (b) Experimental radiograph 200 ns after the end of
the laser pulse showing the titanium jet.

laser driven shock in thin foils (rear side expansion), are denser (ρ ∼ 10−2 − 10−1 g.cm−3),
and have a typical temperature of a few 1 to 10 eV thus being weakly radiative, unless high-Z
materials are used. Such jets are also highly supersonic with Mach numbers M & 10.

We can mention, in particular, jet experiments performed on the Nova laser facility at
Lawrence Livermore National Laboratory (LLNL) by Logory et al. (2000). Jets were launched
inside a Berilum shock tube filled with carbon foam, as the shock, radiatively driven by a gold
hohlraum in a plastic ablator with a machined perturbation, broke-out at the rear side of the
ablator (Rhcm set-up). Jet velocities of 60 km/s were observed, with a corresponding Mach
number M = 17. The flow morphology was measured with X-ray radiography diagnostic,
imaged onto an X-ray framing camera.

Radiatively cooled supersonic jets were investigated by Farley et al. (1999), irradiating
cone-shaped gold targets on the Nova laser (Fc set-up). Later work by Shigemori et al. (2000)
on the GEKKO XII laser, extended this study to targets with different atomic numbers Z (Fc
set-up). Self emission X-ray diagnostic showed that jets with higher atomic number materials
were better collimated, this experimentally demonstrating the mechanism of the radiative
collapse. Indeed, as the jet emits energy by radiation, its temperature decreases, leading to
lower internal pressures, and thus to slower radial expansion.

The interaction of a supersonic jet with an ambient medium was experimentally studied
by Foster et al., 2005 on the Omega laser facility. In this experiment, presented in Figure 6.5a,
a Titanium foil was directly irradiated by a laser beam, producing a rear side plasma flow. A
cylindrical washer collimated the flow, as to produce a jet propagating in a medium composed
of a hydrocarbon foam (Rwm set-up). High-resolution X-ray radiography was used to capture
a jet morphology and the formation of a highly structured bow shock (see Fig. 6.5b). Because
of a high Reynolds number of the resulting outflow, a turbulent dynamics is observed. Scaling
arguments suggest that this experiments was directly relevant for active galactic nucleus (AGN)
and planetary nebula (PN) outflows.

Later, Loupias et al. (2007) and Gregory et al. (2008) proposed foam-filled hollow cone
targets (Rcw set-up) allowing to produce supersonic plasma jets in conditions relevant for
Young Stellar Object (YSO). The influence of an ambient medium with this target configura-
tion was then studied by Dizière et al. (2015).

Lastly, Albertazzi et al. (2014) demonstrated the generation of magnetically collimated
jets in laser experiments, that are representative of outflows in young stellar objects (YSO). A
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coronal plasma was created by laser ablation of plastic target, then collimated by a poloidal
magnetic field of 20 to 40 T (Fb set-up) in order to form a plasma cavity with a standing
conical shock at its end, from which a jet emerges. Because of high magnetic Reynold
numbers, Rem ∼ 100, the diffusion of magnetic flux inside the plasma is negligible in this
configuration, resulting in a purely hydrodynamic jet. It was demonstrated that this is
equivalent to astrophysical models of hydrodynamic inertial collimation (Ciardi et al., 2013),
that we will discus in the following section.

For sake of completeness, we can also mention supersonic jet experiments by Manuel et al.
(2014) that combine collimation by an external magnetic field, with a cone-shaped target
geometry (Rcb set-up).

6.2 Nested outflows experiment

In the following, we will present a novel experimental approach for studying the mechanism
of hydrodynamic collimation of supersonic isotropically expanding plasma by a surrounding
supersonic flow (Yurchak et al., 2014). This work experimentally validates the mechanism of
shock focused inertial collimation, proposed in earlier astrophysical models. Two experimental
campaigns were performed at the LULI2000 laser in Ecole Polytechnique, France, one in
March 2012 and one in May 2013. In this section we will present the experimental setup
and results, providing insight into the overall dynamics of the experiment, while the inertial
collimation mechanism will be discussed in further details in section 6.3.

6.2.1 Experimental setup

A schematic representation of the experimental setup is shown in Figure 6.6. The multi-layered
laser target is composed of a 15 µm polyimide ablator (ρ0,= 1.1 g.cm−3, C22H10N2O5), and
a 1 µm aluminium foil (ρ0 = 2.7 g.cm−3, Al), used to prevent laser shine-through, is overlaid
with a ring shaped 15 µm thick polystyrene pusher (ρ0,CH = 0.9 g.cm−3, C22H10N2O5, further
referred to as: CH) and central 15 µm thick iron disk (ρ0,Fe = 7.87 g.cm−3, Fe, further
referred to as: Fe). In the experiment, a single long pulse laser beam of the LULI2000
laser (ED = 300 J, λD = 527 nm, τD = 1 ns) with a dedicated phase plate was used. It
produced a focal spot intensity distribution, consisting of the central disk (100 µm diameter)

plastic

Driver beam with a ring shaped RPP:  350 J, 2ω, 1 ns

plastic    Iron
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collimated
flow

15 μm
1 μm
10 μm

Idot
Iring

Probe
beam

plastic

     Interferometry,
   shadowgraphy,
 diagnostics + SOP

X-rays

Imaging
plate

Laser
target

Backlighter
beam
40J, 1 ps

Target (top view) 

Iron

plastic

Rear-side SOP diagnostic    

Fig. 6.6 – Schematic representation of the experimental setup for the nested outflows
experiment.
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Fig. 6.7 – (a) Experimental beam configuration. (b) Focal spot of the driver beam
recorded by a CCD camera during alignment at 10 Hz. (b) Transverse
line-out of the focal spot, with an intensity normalized assuming a total
300 J beam energy and a 1.0 ns pulse duration.

and an outer ring (300 µm inner, 400 µm outer diameter), represented on the Figure 6.7.
When irradiated with a ring-shaped laser drive, of the same size as the CH ring and a laser
intensity (Iring), a torus-shaped supersonic plastic outflow is created. Similarly, a second
disk-shaped laser drive, with an intensity (Idot), focused on the symmetry axis of the target,
produces a supersonic and isotropically expanding central iron outlfow. As a result, a dense
Fe outflow propagates in a nested configuration within an outer lower density CH flow.

The focal spot distribution was measured during laser alignment at 10 Hz with a CCD
camera (Fig. 6.7). Normalizing the total beam energy and pulse, duration, one can estimate
the relative laser intensities as Iring,0 ≈ 2− 3 · 1014 W.cm−2 and Idot,0 ≈ 2− 5 · 1014 W.cm−2,
with a central hot-spot reaching 1015 W.cm−2. In should be noted, however, that due to
strong non-linear behaviour of the laser chain with the laser intensity, the shot to shot focal
spot distribution (E ∼ 300 J) could differ significantly from that measured during align-
ment (E ∼ few mJ). As a result, in the following, we will consider the laser intensities Iring,
Idot to be uncertain, and mostly constrained by the shock-breakout timings.

The flow dynamics in the experiment is probed with both visible and X-ray diagnostics.
The evolution of the low density plastic flow is imaged with shadowgraphy and Wollaston
prism interferometry diagnostics onto a framing camera with a 100 ps gating time, using a
3ω (λ = 351 nm) probe beam. The denser iron flow is probed with an X-ray source. To
this end, a short pulse beam (EB = 40 J, λB = 527 nm, τB = 1 ps) focused onto a thin
copper foil, produces an X-ray radiation source with intense K-α line emission at 8.0 keV. It
transversally probes the rear side of the expanding flow and is recorded onto an image plate.
Furthermore, the rear side and transverse Streaked Optical Pyrometry (SOP) diagnostics
provides information about shock timing in the laser target, and more generally about
characteristic velocities in the experiment.

6.2.2 Physical interpretations

Overview

In this experiment, numerous diagnostics were used to probe various physical parameters
and associated spatial regions, aiming to provide a comprehensive global picture of the flow
dynamics. Nevertheless, because multiple scenarios could be potentially compatible with the

130



6.2. NESTED OUTFLOWS EXPERIMENT

Laser drive (350 J, 1ns)

Shock wave CHFe

Fe

CH

CH/CH collision

Fe/CH
collision CH

Fe

CH jet
(cyllindrical shock)

Field of view of optical diagnostics

X-ray radiography
field of view

Fig. 6.8 – Density maps obtained from radiation hydrodynamics (RHD) 2D axis-
symmetric FLASH simulations.

observable data, it is crucial to couple experimental measurements with numerical models in
order to discriminate between them.

We have performed 2D axis-symmetric radiation hydrodynamic simulations of this experi-
ment with the FLASH code (cf. chapter 2), that were used both for the design of the original
target and for the interpretation of the obtained experimental data. The hydrodynamic evolu-
tion was modeled with the 3T unsplit HLLC solver, while the radiation transport problem
was solved in the diffusion approximation over 32 radiation groups.

The computed density map at different times is presented in Figure 6.8. When the shock
breaks-out at the rear side, CH and Fe unload into the vacuum producing supersonic flows
with respective velocities of ∼ 80 km/s and ∼ 30 km/s, and typical Mach numbers of ∼ 15
and ∼ 6 respectively. The CH material, having higher bulk velocities expands isotropically,
forming a torus-like plasma (see Fig. 6.8b). At later times CH flow collides with itself on the
axis, forming a jet, delimited by a cylindrical shock wave (Fig. 6.8c). Such mechanism of jet
generation from axially colliding flows in converging geometries is comparable, for instance,
with laboratory astrophysics experiments that use laser driven cone targets (Fc or Rc set-ups
of Fig. 6.4).

The slower Fe outflow also expands isotropically until it is confined by the surrounding CH
plasma. The density ratio between the CH and Fe outflows can be approximately estimated
from the initial density ratio, ρFe/ρCH ∼ ρ0,Fe/ρ0,CH ∼ 10. The study of the physical
mechanism of Shock Focused Inertial Confinement (SFIC), responsible for the collimation of
the Fe flow will be discussed in further details in section 6.3.

Figure 6.8c also illustrates the spatial domain being observable by the experimental diag-
nostics. Thus, the field of view of optical diagnostics encompasses both the CH and Fe flows,
although the latter is not directly observable, being surrounded by over-dense plastic (with
respect to the probe beam wavelength at 3ω), opaque to visible light. The field of view of
the X-ray radiography predominantly images the Fe outflow, since CH is transparent at the
considered X-ray energies.

It should be noted, that since Fe and CH flows expand at different velocities, shear is present
at the boundary layer, that could potentially lead to the development of Kelvin-Helmoltz (KH)
instability. However, because the Mach number of both flows is larger than the critical Mach
number (M c) given by linear analysis of the KH instability, M > M c =

√
2 (Clarke, 2006),

the corresponding growth rate is zero and this instability is thus inhibited.

In the following sections, we will discuss in more details all processes involved in this
experiment, including the propagation of the shock inside the target, the formation of the CH

131



CHAPTER 6. JET COLLIMATION BY AMBIENT WINDS IN LABORATORY ASTROPHYSICS

jet and finally the collimation of the Fe outflow by the surrounding CH plasma.

Shock propagation inside the target: self-emission diagnostics

The dynamic of the experiment, such as the rear side expansion velocity is determined by the
initial propagation of the laser-driven shock wave inside the target. In addition, experimental
shock timing, coupled with radiation hydrodynamics simulations allows to estimate the
intensity of the laser drive, Idot and Iring, in the experiment.

The time dependent trajectory of the laser driven shock waves inside the multi-layered
target is presented in Figure 6.9. In any single material, characterised with an initial density
ρ0 and a polytropic index γ, the velocity of a shock wave us, driven by a pressure p1 is given
by:

us =

√
γ
p1

ρ0
. (6.1)

Furthermore, one needs to consider the reflexion phenomena that can occur when a shock
wave crosses an interface between two materials with different acoustic impedance (z), defined
as the product of the density (ρ) with the sound speed (cs) (Henderson, 1970),

z = ρ cs. (6.2)

Thus, assuming normal incidence, if the acoustic impedance increases between the two
materials, a reflected shock wave is created in addition to the transmitted one. In the opposite
case, a rarefaction wave is reflected instead. Given the relative acoustic impedance of the
target layers (Fig.6.9), reflected shocks are created at the CH/Al, Al/Fe interfaces, and a
rarefaction wave develops the Al/CH interface1, as illustrated in Figure 6.9.
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Fig. 6.9 – a) Propagation of a laser driven shock wave in the laser target. b) Den-
sity (ρ0), sound speed (cs,0) and acoustic impedance (z) of the target
layers at room temperature (300 K).

1It should be noted that due to target manufacturing procedure, ∼ 1.5 µm thick layer of UV glue (Norland
61 (2013), ρ0 = 1.29 g.cm−3) holds together different layers of the target, rendering the physical picture even
more complex. Since the rear side breakout velocity of the flow is approximately proportional to the inverse of
the target mass (

∑
i ρ0,i Li)), additional 2x1.5 µm layers of glue would translate into a 15% decrease in CH

velocity, when compared to an ideal target. In the first approximation, however, we will neglect the effect of
the UV glue, together with the uncertainty on other experimental parameters, such as the variation in the
target thicknesses and possible shot to shot target misalignment.
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Shock breakout timings were measured in this experiment using the rear side Streaked
Optical Pyrometry (SOP) diagnostics in the 420–430 nm visible range. Since the polyimide
used in the target (CH) is transparent to the visible light, shock propagation in CH could
be followed between the breakout time from Al at tsb, Al until the release of the shock into
vacuum at tsb, CH, as illustrated in Figure 6.10a. For the iron, opaque to visible light, only
the rear side breakout is recorded. Because, of the uncertainty in the synchronisation between
the laser drive and the Streaked Optical Pyrometry (SOP) diagnostic, in the following we
will use relative timings, instead of the absolute ones. For instance, for shot 30, presented in
Fig. 6.15a, the timing differences are,

∆tCH/Al = tsb,CH − tsb,Al = 520± 50 ps, (6.3)

∆tFe/CH = tsb,Fe − tsb,CH = 320± 30 ps. (6.4)

Rear side SOP also shows the collision between the CH and Fe flows, and the subsequent CH
collision on the axis. As to the transverse SOP diagnostic, it provides in the time resolved
manner the breakout of the CH flow into vacuum (Fig. 6.10b), thus measuring its velocity
to be 82± 4 km/s. Flow velocity determination using the transverse SOP data, is, however,
subject to caution, since the shock unloading produces a density gradient with a linearly
increasing velocity profile, and it is uncertain which spatial regions of the flow emit the
radiation recorded by the SOP diagnostic.

The comparison of shock breakout timings, given by Radiative Hydrodynamics (RHD)
simulations with the experimental data, can be used to estimate the effective intensity of laser
irradiation in our experiment. We will start by presenting a simple analytical model for the
shock propagation in the different layers of the target, and compare it to 1D FLASH code
simulations. This approach will be later extended to the two dimensional case.

The one dimensional propagation of a shock wave within a foil of thickness L is given by,

L =

∫ tsb

t0

us(t) dt, (6.5)

where t0 is the time at which the shock enters the material, tsb is the breakout time and
us the shock velocity defined in Eq. (6.1). In first approximation, we will assume that the
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post shock pressure p1 is constant and equal to pt0 while the laser drive is present, and then
decreases exponentially with a characteristic time τ after the end of laser irradiation at t = te,

p1(t) =

{
pt0 if t < te = 1 ns
pt0 e−t/τ otherwise

(6.6)

Combining Equations (6.1), (6.5) and (6.8), the shock breakout time (tsb) in the foil can be
defined as,

tsb =


L√
γ
pt0
ρ0

+ t0 if tsb < te

te − 2τ ln

[
1− 1

2τ

(
L√
γ
pt0
ρ0

− (te − t0)

)]
otherwise

(6.7)

This approach can be generalised, assuming that pt0, and therefore us, is a power-law of the
laser intensity2,

us(t) =

{
K0 I

−χ
0 if t < te = 1 ns

K0 I
−χ
0 e−t/τ otherwise.

(6.8)

where K is a constant that includes γ, ρ0 parameters, as well as the laser calibration constant.
Performing the integration of the expression (6.5) with the Equation (6.8) yields,

tsb =

{
KI−χ0 + t0 if tsb < te

te − τ
χ ln

[
1− χ

τ

(
KI−χ0 − (te − t0)

)]
otherwise,

(6.9)

where (K,χ, τ) are unknown material dependent parameters.
We have then performed 200 one dimensional FLASH simulations with different laser

intensities for the CH/Al/CH and CH/Al/Fe targets, and fitted the free parameters of the
model in (6.9) to the calculated shock breakout timings (see Fig. 6.11a). From the deduced

2For instance, assuming that P t0 is a fraction of the ablation pressure at laser intensity I0, one would
have P0 ∝ I3/80 (Mora, 1982).
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6.2. NESTED OUTFLOWS EXPERIMENT

analytical expressions for tsb,Al, tsb,CH, tsb,Fe, we can determine the laser intensities Idot, Iring
that would be consistent with the experimental shock breakout timings ∆tCH/Al and ∆tFe/CH
(Eq. (6.3)-(6.4)):

I1D,SOP
ring = 6+2.5

−1.6 W.cm−2, I1D,SOP
dot = 13+5.1

−3.3 W.cm−2. (6.10)

It should be noted that in this case, the laser intensity is loosely constrained by shock breakout
timings, since a 20% experimental error on the latter is translated into a 25− 40% error-bars
for the estimated laser intensity. One of the advantages of this approach is indeed in the
ability to propagate error bars from ∆tCH/Al, ∆tFe/CH to Idot, Iring. Although, similar results
can be obtained if we simply interpolate the simulation points of Fig.6.11a, instead of using
the analytical fit of the Eq. 6.9.

In a second phase of the analysis, a parametric study with respect to the laser intensities
Iring and Idot was performed with 2D axis-symmetrical FLASH code simulations at the IDRIS
HPC center. Each run was performed in approximately 15 hours using 32 MPI tasks, resulting
in a total computational cost for this study estimated at 31 000 scalar CPU hours. Six
Adaptive Mesh Refinement (AMR) levels were used in the simulations with 16 cells per AMR
block, allowing an effective spatial resolution of 3 µm.

Using an automated pipeline, the results of every simulation were post-processed to obtain
the synthetic diagnostic images that could be directly compared with the experimental data.
For instance, Figure 6.11b illustrates the error between simulated and experimental shock
breakout timings, thus constraining the numerical laser intensities to the values below,

I1D,SOP
ring = 6.5+2.5

−2 W.cm−2 and I1D,SOP
dot = 15+5

−4 W.cm−2. (6.11)

that are similar to the ones found in the 1D analysis.

CH flow evolution: optical interferometry and shadowgraphy diagnostics

The evolution of the CH flow was probed with optical diagnostics including shadowgraphy
and Wolaston prism interferometry, as illustrated in Figure 6.12. A laser beam with a nominal
energy of a few mJ at λ0 = 352 nm with a 6 ns pulse duration, was used to probe the plasma
flow. The produced images were recorded on two GOI cameras (one for each diagnostic),
using narrow optical line filters with a spectral width ∆λ = 10 nm, and a 100 ps gating time.

CH expansion

CH jet

Laser

Initial
target
position

Secondary
shadowgraphy
image

Interferometry image
of the CH flow

a) b)

Fig. 6.12 – (a) Shadowgraphy and (b) Wollaston prism based interferometry images
of the nested outflows experiment.
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Fig. 6.13 – Trajectory of the cylindrical shock in CH at z = 1 mm, as given by in-
terferometry and shadowgraphy diagnostics for different shots, compared
with the FLASH code simulations (Iring = 3.0 · 1013 W.cm−2)

The shadowgraphy diagnostic provides useful global 2D snapshot of the plasma flow. For
instance, Fig 6.12 demonstrates a quasi-isotropic CH expansion, with the formation of a
highly collimated supersonic jet, delimited by a cylindrical shock wave that results from the
collision of the CH flow on the symmetry axis. As was discussed in the previous chapter,
the electronic density (ne) corresponding to the dark regions of the shadowgraphy image is
ne & 0.01nc @ λ0 .

While it is difficult to extract qualitative information from the shadowgraphy diagnostic,
it is relatively simple to follow sharp features of the image, such as shock waves. The radius

b) Sytnthethic phase shift maps from RHD simulations 

a) Phase shift maps deconvolved from experimental interferometry images 

Fig. 6.14 – Comparison of radiation hydrodynamic (RHD) simulations (Iring =
3.0 · 1013 W.cm−2) with visible interferometry data, imaging the CH
flow. The experimental phase shift is extracted from the measured fringe
pattern, while synthetic phase shift is obtained by applying the Abel
transform to the simulated electron density map.
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of the cylindrical shock wave in CH, taken at a distance z = 1 mm from the target, for
different shots is presented in Figure 6.13. This figure demonstrates both a good shot to shot
reproducibility, and a general tendency of the cylindrical shock wave to expand with a mean
radial velocity of 4.6± 0.5 km/s. From optical diagnostics, we also can determine the axial
velocity of the plastic flow at z = 1 mm, as 60 km/s. After matching 2D simulations with
experimental data for the plasma flow, we can estimate the temperature of the CH jet to
be approximately 1.5 eV, which corresponds to a sound speed cs ≈ 4 km/s. The CH jet is
thus a highly collimated supersonic structure having a Mach number M ∼ 15 and an aspect
ratio AR ∼ 10. The trajectory of the cylindrical shock expansion, is sensitive to the laser
intensity Iring and could be correctly reproduced in simulations for Iring = 3.0 · 1013 W.cm−2,
as illustrated in Figure 6.13.

In addition, we have deconvolved the experimental interferometry images (Fig. 6.12b.),
and the phase shift maps thus obtained were compared with the post-processed results of 2D
simulations, demonstrating a reasonable agreement (cf. Fig. 6.14).

Fe flow evolution: X-ray radiography diagnostic

The influence of the CH flow onto the Fe expansion can be easily demonstrated, setting the
Iring laser intensity to zero, and observing the Fe expansion without its confinement by the
surrounding CH plasma. In practice, however, because both the CH ring and the Fe disk were
irradiated by a single laser beam with a custom Random Phase Plates (RPP), we were not
able to decouple Iring and Idot laser intensities. To overcome this issue, in the experiment,
we have blocked the spatial region irradiated with the ring laser profile, using an additional
250 µm thick plastic foil on the ablator side, in order to achieve the same effect.

The aspect ratio of the Fe outflow, with and without the surrounding CH plasma is
determined with the X-ray radiography diagnostic (Fig. 6.15a-b). As expected, in the latter
case Fe expands quasi-isotropically (a), while in the former (b), we observe a highly collimated
Fe outflow with an Aspect Ratio (AR) of the order of 5. The resulting Fe jet is terminated by
a convergence points, that we will later demonstrate to be a conical shock.

Similar collimation effect and characteristic features are also observed in synthetic radio-
graphs obtained by post-processing 2D axis-symmetric FLASH simulations (Fig. 6.15c-d).
Although we were not able to fully reproduce both the velocities and aspects ratios of the Fe
flow numerically, due to the uncertainties on the target dimensions , laser focal spot profiles
and intensities as well as inherent limitations of the physical models included in the simulation

Experimental X-ray radiography (Cu K-α) Synthetic X-ray radiography (Cu K-α)

(a) disk only (b) disk + ring (c) disk only (d) disk + ring

Fig. 6.15 – Effect of the CH flow on the Fe collimation, demonstrated with experi-
mental and simulated X-ray radiographs for shot 30.
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codes.
The overall effect of a Fe flow being compressed and collimated by the surrounding CH

flow appear very straightforward and intuitive. However, because both flows are supersonic,
one need to account for shock waves originating from the CH/Fe interface during collision.
Indeed, the corresponding mechanism of Shock Focused Inertial Confinement (SFIC) will be
discussed in further details in section 6.3.

The table 6.1 below summarises the values for the disk and the ring laser intensity, Iring
and Idot, respectively according to the examined diagnostics. We notice that the estimated
Iring value shows good agreement between the shock breakout timing, and the radiography
diagnostic. On the contrary, there is a significant discrepancy between the SOP based and the
shadowgraphy based estimations for the Iring3. This can be attributed to the fact that the
trajectory of the cylindrical shock in CH is determined by the axial momentum of the flow
and thus depends on the intensity of the laser drive but also on its spatial profile. Because
this was a first such experiment, the latter parameter was not precisely characterised (Fig. 6.7)
and in simulations we have used a simple flat top profile. This therefore introduced additional
unconstrained parameters in the simulation of this rather complex experiment.

Physical parameter Diagnostic Iring [1013 W.cm−2] Idot [1013 W.cm−2]

Shock breakout timings SOP 6+2.5
−1.5 15+7

−4

Cylindrical shock
trajectory in CH IF / Shadow 3+1.5

−0.5 –

Axial extent of Fe flow Radiography – 15+3
−3

Table 6.1 – Numerical laser intensities Iring, Idot estimated from 2D axis-symmetrical
FLASH code simulations, with post-processed experimental diagnostics.

In the following section, we will present the experimental results relevant for the confinement
of the Fe flow by the surrounding CH plasma and discuss the associated collimation mechanism.

6.3 Shock-focused inertial collimation mechanism

6.3.1 Collimation of the iron flow

In order to understand the collimation mechanism of the Fe outflow we need to consider the
dynamics of the collision between the CH and Fe expanding plasmas. Because both the CH

Density 

Pressure

100 µm 

Shock in Fe

Contact
discontinuity

Shock in CH

Fe cavity

Conical shock

Fig. 6.16 – Streamlines overlaid with the simulated density and pressure maps,
illustrating the shock focused inertial collimation (SFIC) mechanism.

3Although, statistically speaking, values of 6 and 3, each with a standard deviation σ = 1.5 are not
inconstant, but merely inconclusive. Indeed, while these two error bars do not intersect, a separation of 2σ
between data points is not sufficient to exclude the null hypothesis with a probability P > 0.95 (Kiefer, 1987).
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Fig. 6.17 – (a) Experimental X-ray radiography images of the iron flow. The trans-
verse line-out at mid jet is converted from PSL (b) to an areal density (c).
Finally, the iron density is estimated on the line-out with the Abel
inversion (d).
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Fig. 6.18 – Time dependent estimation of the axial (a) and radial (b) expansion of
the iron flow, as observed with the X-ray radiography diagnostic.

and Fe flows are supersonic, in addition to a contact discontinuity between the two materials,
shock waves are generated at the discontinuity and launched in each material, as illustrated
in Figure 6.16. A Fe cavity is thus formed, bound by a shock envelope. Flow streamlines
demonstrate that the shock envelope deflects the expanding Fe flow, and refocuses in on the
axis, with the creation of a conical shock producing a collimated jet.

The two phases previously described, the creation of a cavity and the subsequent collimation
of the flow into a jet trough the conical shock wave, were first introduced by Balick & Frank
(2002) to model the hydrodynamic collimation of intergalactic winds by a dense torus-like
envelope, in the so called Shock Focused Inertial Confinement (SFIC) mechanism.

The time evolution of the Fe flow, imaged with the X-ray radiography diagnostic using a
Copper K-α X-ray source (hν = 8 keV) is presented in Figure 6.17. The results demonstrate
good shot to shot repeatability in the propagation of the iron flow over a 1 mm distance
between t = 8 ns and t = 80 ns, with a constant axial velocity of 18± 3 km/s (cf. Fig. 6.18a)
and a high aspect ratio (AR ∼ 5). Although the CH flow is mostly transparent at photon
energies of the X-ray source, it can be faintly seen in the X-ray radiography images at early
stages of the flow evolution, characterised by higher densities (shots 17 and 18 of Fig. 6.17a).

a) b) d) e)

c) f)

Fig. 6.19 – Comparison in confinement of the central outflow for Fe/CH and Fe/V
targets. Simulated density (a,d) as well as synthetic (b,e) and experi-
mental (c,f) X-ray radiography images.
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The radial profile of the Fe flow was examined taking line-outs of the radiography images
at mid-length of the flow, thus observing the same spatial region, compensated for the
axial propagation (see Fig. 6.17b). With the analysis procedure presented in section 5.4,
the areal density 〈ρl〉 (Fig. 6.17c) was calculated from the obtained PSL values. Finally,
the flow density ρ was obtained with an inverse Abel transform (Fig. 6.17c). The spatial
resolution (σ ∼ 50 µm) of the X-ray radiography for the images presented above were estimated
from reference shots imaging a gold grid.

The formation of a Fe cavity, associated with the SFIC mechanism, is clearly visible for
shots 23, 28 and 30, between 14 ns and 35 ns. In addition, the outer diameter of the Fe flow,
was shown to follow a two phase dynamic (see Figure 6.18b). First, the Fe flow imploded on
the symmetry axis with a typical velocity of 2 km/s, between 8 and 20 ns, before reaching an
asymptotic limit with a radial extent of 50− 60 µm for t > 40 ns. The high aspect ratio of
the flow, appear to be associated with the collapse of the cavity on the symmetry axis. In the
laboratory frame, this can be seen as the line-out coordinate crossing the conical shock origin
and occurring inside of the Fe jet.

6.3.2 Analogy with magnetically collimated jet experiments

It should be noted that the evolution of a supersonic, wide-angle flow, collimated by a sur-
rounding lower density wind with the Shock Focused Inertial Confinement (SFIC) mechanism,
discussed in this chapter, has direct analogies with magnetically collimated jet experiments.

In particular, let’s consider the setup proposed by Ciardi et al. (2013), that investigates
the dynamics of an isotropical expanding flow in the presence of a poloidal magnetic field (see
Fig.6.20a-c). Due to high temperature of the expanding flow (several 100 eV), and associated
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Fig. 6.20 – (a-c) Logarithmic density map of a simulated magnetised jet experi-
ment (Ciardi et al., 2013) (d-f) Simulated density map of the nested
outflows experiment.

141



CHAPTER 6. JET COLLIMATION BY AMBIENT WINDS IN LABORATORY ASTROPHYSICS

large electrical plasma conductivity, the diffusion of the magnetic lines within the expanding
plasma gradient is negligible, with an estimated magnetic Reynolds number Rm ∼ 100. As a
result, the magnetic lines are swept away by the plasma and compressed at the outer boundary
of the outflow. The corresponding build-up in the magnetic pressure pB = B2/2µ0 eventually
becomes comparable with the ram pressure pram = ρv2 of the fluid and the outer layers of the
outflow form a shocked shell, as illustrated in Figure 6.20a. In a second phase, the shocked
envelope recollimates the flow on the axis thus creating a standing conical shock that drives a
highly collimated jet (see Fig. 6.20b).

The morphology, and the underlying collimation mechanism of such magnetically collimated
hydrodynamic outflows (Fig. 6.20a-c) thus present similarities with outflows collimated by
purely hydrodynamic mechanisms (Fig. 6.20b-d), presented in this experiment. Indeed, in the
former case, because high magnetic Reynold numbers, the magnetic field act as a light fluid,
confining the isotropically expanding outflow. The development the Rayleigh-Taylor (RT)
instability, is thus possible for both inertially and magnetically confined scenarios.

6.3.3 Astrophysical relevance

The dynamics of the accretion-ejection structures in astrophysical objects was the topic of
numerous theoretical and numerical studies. Hydrodynamic collimation mechanisms have
been considered in the 1980-1990s for Young Stellar Object (YSO) (Frank & Noriegia-Crespo,
1994), Planetary Nebulae (PN) (Icke, 1991) and Active Galactic Nuclei (AGN) (Sanders, 1983),
although, at present, magneto-hydrodynamic (MHD) models are most favoured for YSOs and
AGN (Ferrari, 1998). Nevertheless, the previously presented experimental demonstration of
the viability of hydrodynamic collimation models contributes to our understanding of the
underlying physical phenomena and is worth considering.

The similitude properties between laboratory and astrophysical objects can be examined
with the characteristic dimensionless numbers (Ryutov et al., 1999). The characteristic exper-
imental parameters for the iron flow are shown in the first column of Table I. They indicate a
highly collimated (AR ∼ 5) supersonic flow (M ∼ 10) in a pure HD regime where radiative
(ξ � 1) and conductive (Pe� 1) effects are negligible. Table 6.2 also shows representative
parameter regimes for YSOs (Reipurth & Bally, 2001; Arce & Goodman, 2002; Hartigan et al.,
1993), AGN(Ferrari, 1998; Tombesi et al., 2012), and PPN (Balick & Frank, 2002; Bujarrabal
et al., 2001; Rizzo et al., 2013; Soker, 1998), near the inner collimation scales of these jets.

Dimensionless parameter Laboratory YSO jet PPN AGN
Collimation scale 1 mm 10−3 pc < 0.01 pc 0.1 pc
Internal Mach Mint=Vj/cs,j 5-10 > 10 > 10 > 10
External Mach Mext=Vj/cs,a 5-10 > 10 > 10 > 10
Aspect Ratio AR = lj/rj 5 10 10 > 10
Density ratio η = ρj/ρa 5-10 10 < 1 � 1
Cooling χ = trad/thydro 100 < 1 < 1 � 1
Peclet Pe = ρrVj/Fcond ∼ 104 >> 1 10−3 0.9− 0.99

Table 6.2 – Fluid dynamical numbers for the experiment and typical astrophysical
case. The indexes j and a stand for “jet” and “ambient” respectively.
V is the velocity, cs the sound velocity, l the longitudinal length, r the
radial extension, ρ the density, trad is the cooling time, while thydro is
the hydrodynamic one. Fcond is the conductive flux (Yurchak et al.,
2014).
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The characteristic dimensionless numbers in the present experiment were estimated from
radiation hydrodynamics simulations. Note that Pe� 1 in all cases so that microphysics of
thermal conduction does no affect the bulk dynamics.

YSOs are the most similar to the experiments, except for their faster radiative cooling.
For PPN, the young jets of low density seem to interact with the denser wind of the post-AGB
star (Witt et al., 2008), resulting in a density ratio η < 1, unlike in the present experiment.
AGN jets are also of lower density than their surrounding wide-angle winds (η < 1) and
they are relativistic (β ≈ 1), differing in those respects from the experiments. Nevertheless,
jet collimation in the experiment arises because the momentum of the outer outflow can
re-compress the inner outflow, and this requirement would be the same regardless of the
density ratio of whether the flows are relativistic. Therefore, the nested wind structure and
basic principles of inertial collimation still apply to PPN and AGN, but the specific predictions
for shock location and geometry could be different.

Conclusions and future work

Motivated by astrophysical contexts where jets are associated with accretion engines, we
have established an experimental platform to study the collimating interaction between
high Mach outflows. We have experimentally confirmed the viability of inertial mechanisms
in producing highly collimated outflows in a hydrodynamic regime, similar to jets from
YSOs, but also relevant for systems such as AGN and PPN. Most importantly, we have ex-
perimentally verified the Shock Focused Inertial Confinement (SFIC) mechanism in laboratory.

Further work, will be directed to improve the flexibility and the reliability of the current
experimental platform for studying inertial collimation mechanisms with laboratory jet
experiments using high power laser. Thus, in an upcoming experimental campaign (August
2015 on the LULI2000 laser), separate drive beams would be used to for the ring focal spot
and the central disk. In addition, target designs allowing to inverse the density ratio between
the inner and outer flows (i.e. obtain a low density jet propagating in a dense ambient wind),
that are relevant for Planetary Nebulae (PN) will be investigated.
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CHAPTER 7. POLAR PROJECT: ACCRETION SHOCKS IN MAGNETIC CATACLYSMIC VARIABLES

In this section, we present laser experiments that investigate a scaled version of accretion
shocks in Magnetic Cataclysmic Variable (MCV) stars using high power laser facilities. We
will start by introducing a stationary model of the accretion column in MCV, then discuss
the scaling laws that allow to link experiments in the laboratory scale to the corresponding
astrophysical objects. Finally, we will provide interpretations of the obtained results, and
discuss possible future development of the experimental set-up.

This work was performed as part of the POLAR project and it completes earlier PhD
research by Falize (2008), Dizière (2012) and Busschaert (2013).

7.1 Scientific context

7.1.1 Cataclysmic variable stars

Cataclysmic variables are binary systems composed of a white dwarf that accretes matter
from a main sequence companion star.

White dwarfs

Unlike the protostars, discussed in the previous chapter, white dwarfs correspond to the final
stages of the stellar evolution for low mass stars (M < 8M�). Indeed, when the nuclear
reactions in a star consume all the available hydrogen and then helium, stars with a mass
M > 5M� will expand into a red giant that can fuse helium to carbon and oxygen (Wheeler,
2012). However, if its mass is insufficient to fuse carbon, the outer layers of the red giant will be
ejected to form a planetary nebula, while an inert mass of carbon and oxygen will constitute a
white dwarf remnant. The stability of white dwarfs is ensured by electron degeneracy pressure,
resulting in extremely high densities (ρ ∼ 106 g.cm−3). The maximum white dwarf mass
that can be supported by the electron degeneracy pressure is given by the Chandrasekhar
limit (Mc), approximately equal to 1.4M�. Applying the variational principle to the total
energy of a degenerate star, Nauenberg (1972) demonstrated the following relation between
white dwarf mass (MWD) and its radius (RWD),

RWD = 780 km
[
(MWD/M c)

−2/3 − (MWD/M c)
2/3
]1/2

. (7.1)

Equipotential
  surfaces

Roche lobes

m1

m2L1

L2

L3

Equitorial plane
Rotation

Langrange points

Fig. 7.1 – A slice of gravitational equipotential surfaces of a binary system in the
equatorial plane. Matter is gravitationally bound to each star within their
Roche lobes, while L1, L2 and L3 are the Lagrange points, where forces
cancel out.
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Fig. 7.2 – Illustration of a magnetic cataclysmic variable (MCV), or a Polar,
star (Cropper, 1990).

Since the material no longer undergoes fusion reactions, a lone white dwarf would slowly
radiate its thermal energy and cool down.

On the contrary, if the white dwarf is part of a close binary system, it can gain additional
mass by accretion. Figure 7.1 illustrates the equipotential surfaces of the gravitational
potential in such system. Roche lobes define a region around each star, where matter is
gravitationally bound to the star. It is also useful to introduce the Lagrange points L1, L2,
L3 as the locations where the gravitational forces cancel out. Thus, if the two stars are
so close to each other that the secondary fills its Roche lobe, matter passes through the
Lagrange point L1 and is accreted by the white dwarf. Furthermore, if matter accumulation
by accretion continues long enough to bring the white dwarf close to the Chandrasekhar
limit, the increasing interior density may ignite carbon fusion reactions and trigger a Type Ia
Supernova (SN) explosion (Whelan & Iben, 1973).

Magnetised cataclysmic variable stars

As we previously mentioned, close binary systems, composed of a white dwarf that accretes
matter from a secondary, are called cataclysmic variable stars (CV). It is customary to classify
CV in three categories, depending the effect of the magnetic field of the white dwarf on the
accreted matter (Warner, 2003). In particular, we can compare the ratio of the magnetic
pressure PB = B2/2µ0 around the white dwarf to the ram pressure P ram = ρv2 of the accreted
matter.

• If PB & P ram, accreted matter from the secondary is unaffected by magnetic field and
forms an accretion disk around the white dwarf. Such CV, can produce bright outbursts,
sometimes visible to the naked eye, when the accreted matter sporadically falls onto the
white dwarf and ignites hydrogen fusion reactions (Robinson, 1976).

• We can mention the case PB ∼ P ram, called Intermediary Polar (IP) stars. Depending
on the accretion rate, the rotation period of the white dwarf and of the binary system,
accretion geometries featuring disks, rings, flows or propellers could be observed (Norton
et al., 2008).

• Finally, in Polar stars, PB � P ram in the vicinity of the white dwarf and the magnetic
field is strong enough to prevent the formation of an accretion disk. Consequently,
accreted matter falls, following the magnetic field lines, onto one of the white dwarf poles,
forming a tightly collimated accretion column, as illustrated in Figure 7.2. In addition,
the impact of this supersonic free-fall matter with the white dwarf’s photosphere leads
to the formation of a hot (10− 50 keV) radiative reverse shock (Cropper, 1990).
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In this chapter, we focus on the physics of the interaction of the accretion column with the
white dwarf photosphere in Polar stars. In particular, the dynamics of the reverse shock will
be considered. This high-energy density environment presents fascinating complex radiation
hydrodynamic phenomena where theory and models are still not fully known.

Astronomical observations of mCV

The observational data available for Polar stars, can be illustrated on the example of the Am
Her star, that was the first such star to be discovered and somewhat constitutes a prototype
for this class of objects.

Am Her was first detected by Tapia (1977), who observed intense polarised emission in
the visible spectrum that is associated with the cyclotron processes. He deduced the presence
of magnetic field around this compact object of the order of 200 MG, although this value
has been later re-evaluated to be 14.5 MG (Bailey et al., 1991). The temperature of the
white dwarf was estimated to be 20 · 103 K, and its radius at (10 ± 1) · 103 km using the
UV emission spectrum (Gaensicke et al., 1998). This is equivalent to a white dwarf mass
of 0.4M�, according to the Equation (7.1). In a different approach, first the mass of the
secondary was determined from its spectral type, then the white dwarf mass estimated as
0.8M� from the orbital calculations in the binary system (Mukai & Charles, 1987). Finally,
the white dwarf mass was estimated as 1.22M� by Cropper et al. (1998), fitting a steady-state
multi-temperature model of the accretion column to the observed hard X-ray spectra.

It should be noted that due to their small size, accretion columns in cataclysmic variables
cannot be spatially resolved in astronomical observations. For instance, Chandra X-ray
Observatory (CXO), the most sensitive astrophysical instrument up to date in the X-ray
range, has a 1.2 m telescope with an angular resolution of 0.5 arcsec. Whereas to observe a
100 km wide shocked medium at a distance of ∼ 100 pc from Earth would require an angular
resolution of 10−8 arcsec which is hardly conceivable at present.

Most of the information we have on the Polar stars are thus spectrally, rather than
spatially, resolved, through, for instance, visible to UV emission from their photosphere, or
X-ray emission from the shocked region of the accretion column (Beuermann et al., 2012).
Constraining the physical models of the accretion column with these observations would allow
to determine most of the white dwarfs properties including mass, radius and magnetic field.

7.1.2 Accretion column models

Stationary models of accretion columns aim to model the structure of the accreted flow (cf.
Fig. 7.3) and to predict the observed X-ray spectra.

The free-fall velocity (vff) of the accreted matter at the white dwarf surface is given by,

vff =

√
2GMWD

RWD
= f(MWD), (7.2)

and is dependant only on the white dwarf mass, given by the mass-radius relationship of
Eq. (7.1). The typical condition of the accreted matter of 10−8 g.cm−3 and 6000 K, result
in sound speeds cs ≈ 10

√
T e [eV] km/s ∼ 10 km/s. The incoming flow is thus supersonic

with a Mach number M & 100. The post-shock temperature in the accretion column can be
estimated with the Rankine-Hugoniot (RH) relation,

T s =
AmH

kB

2(γ − 1)

(γ + 1)2
v2
ff = 0.95 keV

(
vff

103 km/s

)2

, (7.3)

assuming a fully ionized hydrogen gas for the accreted matter (A = 1.0 and γ = 5/3).
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Fig. 7.3 – Schematic representation of an accretion column in magnetic cataclysmic
variable stars (mCV).

At such high temperatures, the optically thin post-shock medium of the accretion column
is radiatively cooled through bremsstrahlung and cyclotron emission, that will be discussed
further on. For instance, assuming bremsstrahlung dominated cooling, the height of the
post-shock region was estimated by Wu et al. (1994),

xs = 30 km

(
ṁ

1 g.cm−2.s−1

)−1( MWD

0.5M�

)3/2( RWD

104 km

)−3/2

. (7.4)

The stationary model of the accretion column, in the first order description, is thus fully
determined by three parameters:

• The white dwarf mass (MWD), that determines the free fall velocity (vff), and subse-
quently the post-shock temperature (T s).

• The specific accretion rate (ṁ), defined as ṁ = ρ0vff constrains the density of the
incoming flow (ρ0) and of the shocked medium. The total accretion rate (Ṁ) is defined
as an integral of ṁ over the accretion section S0: Ṁ =

s
S0
ṁ dS ≈ ṁ S0.

• Finally, the magnetic field strength, determines the efficiency of the bremsstrahlung
cooling in the post-shock medium with respect to the cyclotron cooling, as will be
discussed in the following section.

For instance, for white dwarfs of mass MWD = 0.8M�, with a specific accretion ratio
ṁ = 1 g.cm−2.s−1, Equations (7.1)-(7.3), yield typical values:

RWD = 7000 km, vff = 5500 km/s, T s = 30 keV, xs = 100 km.

for the white dwarf radius, the free fall velocity, the post-shock temperature and the reverse
shock position, respectively.

7.1.3 Different accretions regimes

At present, approximately 100 polar objects were detected, out of more than a thousand
cataclysmic variables, and we present some of these objects on a (B, Ṁ) diagram in Fig-
ure 7.3.a (Bonnet-Bidault et al., 2015). The detected polar objects thus present magnetic
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Ṁ

[1
0

1
6

g
.s
−

1
]

AI Tri
AM Her

AN UMa

BL Hyi

BY Cam

CD Ind

DP Leo

EF Eri
EP Dra EV UMa

GG Leo

HU Aqr

QS Tel

RX J1007

UZ For

V1309 Ori

V2301 Oph
V347 Pav

V834 Cen

VV Pup

WWHor

0.70M� 1.00M� 1.30M�

101 102

Magnetic field B [MG]

10−1

100

101

102

S
pe

ci
fic

ac
cr

et
io

n
ra

te
ṁ
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Fig. 7.4 – (a) (B-Ṁ) diagram for experimentally observed Polars (adapted from
Bonnet-Bidault et al., 2015), where the marker size represents the white
dwarf mass (MWD). (b) Illustration of different accretion regimes, in the
(B, ṁ = Ṁ/S0) plane, assuming an accretion section S0 = 1015 cm2 and
a white dwarf mass MWD = 0.8M� (Busschaert et al., 2015).

fields between 10 and 100 MG, with an accretion rate of 1013 – 1017 g.s−1, and correspond to
white dwarf masses between 0.7M� and 1.3M�.

Four main regimes for the accretion columns can be identified in the (MWD, ṁ, B) dia-
gram, delimited by the balance between characteristic time-scales for the bremsstrahlung and
cyclotron processes as well as electron-ion and ion-ion collisions (Lamb & Masters, 1979). In
the following, we will compare the typical time-scales for these processes, applied to accretion
columns in Polar stars, as reviewed by Busschaert et al. (2015).

The bremsstrahlung emission in the post-shock medium can be modelled analytically with a
cooling function of the form Λbrems = Λ0,brems ρ

2 T 1/2, where Λ0,brems = 5·1020 erg.cm3.g−2.K−1/2.s−1

for fully ionized hydrogen (Rybicki & Lightman, 1979). The corresponding cooling time-
scale (tbrems), expressed with the parameters of the accretion column model is then,

tbrems =
ρe

Λbrems
= 4 · 10−2 s

(
ṁ

1 g.cm−2.s−1

)−1( vff
103 km/s

)2

, (7.5)

where e is the specific internal energy of the post-shock medium.
When the magnetic field close to the white dwarf is strong enough, the medium can also

be cooled through cyclotron emission. The associated cooling function is modelled by a power
law, Λcycl = Λ0,cycl ρ

3/20 T 1/2 and the corresponding time-scale can be similarly formulated as
tcycl = ρe/Λcycl, with the parameters of the accretion column (Langer et al., 1982):

tcycl = 2 · 102 s

(
S0

105 km2

) 17
40
(

B

10 MG

)− 57
20
(

ṁ

1 g.cm−2.s−1

) 17
20
(

vff
103 km/s

)− 77
20

. (7.6)

Thus, the condition tbrems = tcycl, illustrated in Figure 7.3b., delimits the regions in the (B,
ṁ) space, where the cooling in the post-shock medium of the accretion column is dominated
by bremsstrahlung and cyclotron processes, respectively.
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In addition, electron and ion populations become decoupled (i.e. appearance of two
temperature effects), when tei > tcycl in Fig. 7.3b, where the ion-electron collision time (tei) is
adapted from Spitzer & Härm (1953):

tei = 6.22 · 10−5 s

(
ln ΛC

20

)−1( ṁ

1 g.cm−2.s−1

)−1( vff
103 km/s

)4

, (7.7)

Finally, for low accretion rates Polars (LARPs), the flow can become non-collisional if tii > tcycl,
where the ion-ion collision time-scale (tii) was expressed by Kylafis & Lamb (1982). In this case
no reverse shock is formed on impact of the flow with the white dwarf photosphere (Schmidt
et al., 2005) .

Accretion columns in Magnetic Cataclysmic Variables (MCVs) thus present a fascinating
variety of physical phenomena and high energy density physics processes. Although, in
the remaining part of this chapter, we will focus on the accretion column dynamics in the
bremsstrahlung dominated regime.

Quasi-periodic oscillations of the shock front

An interesting observation was made in the visible range for several Polar stars, where Quasi
Periodic Oscilations (QPO) in luminosity were detected (see Fig. 7.5). They were observed
over typical time-scales of tens of seconds to a few minutes, with a fundamental frequency
around one Hertz. Despite focused investigation, no such oscillations were detected in the
X-ray emission spectrum (Bonnet-Bidault et al., 2015).

Multiple, explanations of Quasi Periodic Oscilations (QPO) phenomena where considered,
ranging from periodic breaking of magnetic field confinement at the base of the accretion
column (Hameury & Lasota, 1985), to instabilities near the L1 Lagrange point. The most com-
monly accepted explanation, however, is that QPO are due to the cooling instability (Chevalier
& Imamura, 1982).

The cooling instability corresponds to an unstable situation when the compression of the
matter leads to a decrease in temperature. The instability criterion, was formulated by Balbus
(1986),

∂ log (Λ/T )

∂ logS

∣∣∣∣
A

< 0 (7.8)

a) b)

Fig. 7.5 – (a) Quasi Periodic Oscilations (QPO) of luminosity observed for a polar
V834 Cen and (b) the power spectrum decomposition for two different
times (Larsson, 1992).
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where Λ is the cooling function, S the entropy and A is an arbitrary thermodynamic variable.
In the case of isochoric transformations (T dS = cp dT ), the above condition can be rewritten
as,

∂ log Λ

∂ log T

∣∣∣∣
ρ

< 1. (7.9)

In particular, for cooling function parametrised by a power law Λ(ρ, T ) = Λ0ρ
2T β , the insta-

bility criterion in the Equation (7.9) corresponds to β < 1. This condition was also further
studied for radiative shock waves by Chevalier & Imamura (1982) and Mignone (2005).

7.2 The Polar project

7.2.1 Overview

Recent work on scaling laws for radiation hydrodynamic (Falize et al., 2009a; Falize et al., 2011)
and MHD flows (Busschaert, 2013; Cross et al., 2014) has demonstrated an exact similarity
between accretion column regimes in astrophysics and in the laboratory. The study of accretion
shocks in MCV has thus been at the centre of a laboratory astrophysics research program for
several years in a collaboration between laboratories in France, United-Kingdom (UK), Japan
and United-States (US).

In order to be similar to the astrophysical situation (Fig. 7.6a), a high-velocity colli-
mated supersonic plasma flow impacts on a solid obstacle, leading to the formation of a
stationary radiative reverse shock. In the following, we will consider accretion columns in the
bremsstrahlung dominated regime, where the magnetic field serves predominantly to collimate
the flow and does not influence the overall dynamics.

white dwarf
photosphere

B = 10 MG u= 1000 km/s

(a) accretion flow in magnetic Cataclismic Variables (mCV)

accretion shock
   T = 10 keV

hν

100 km

u = 100 km/s

(b) Polar target design with the collimation
              of the supersonic flow provided by a plastic tube 

reverse shock
   T = 30-50 eV

Steel
obstacle

200 μm

CH/Ti or CH/CHBr foil

laser drive, kJ, ns 

40 μm plastic tube

Fig. 7.6 – Analogy between the astrophysical accretion column and its scaled version
in the laboratory, used in the Polar project.

In the original experimental design proposed in the Polar project, a high power laser is
used to drive a supersonic plasma flow, collimated by a thin plastic tube, that impacts on
a solid obstacle at the tube’s end and thus creates a reverse radiative shock (see Fig. 7.6b).
Such a flow is produced by the rear-side breakout of a strong shock wave inside a multi-layer
foil target, composed, for instance, of a plastic ablator and a Titanium (or a Brominated
plastic) pusher. This design was used to study for the first time accretion shocks in laboratory,
in conditions relevant for astrophysics (Falize et al., 2012).

Multiple experiments were undertaken on different facilities in the context of the Po-
lar project. The proof of principle for the Polar experimental set-up was demonstrated
using the LULI2000 laser in France that can deliver 400 J of laser light at 2ω in a 1.5 ns pulse.
Several experimental configurations were tested, including different materials for the pusher
and the obstacle as well as different tube lengths, as will be discussed further on. The available
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laser energy however was insufficient to generate a plasma flow with velocities required by
scaling laws. For instance, with the CH/Ti bi-layer targets, flow velocities of 80 km/s were
measured, corresponding to a post-shock temperature of 15 eV, while full astrophysical scaling
would require velocities of 350 km/s with a reverse shock temperatures of 300 eV (Busschaert
et al., 2013), as illustrated on Fig. 7.7.

The scaling of the Polar set-up to kilo-joule laser energies was subsequently carried out
on the GEKKO XII laser (ILE) in collaboration with Sakawa et al. (Osaka University, Japan).
This allowed to test the tube properties at higher flow velocities and impact pressures as well
as provide experimental points for RHD simulations. Finally, an experimental campaign on
the Orion laser facility at AWE, UK led by Gregori et al. (Oxford University, UK) allowed to
investigate accretion shock dynamics under conditions reaching toward complete astrophysical
similitude. As was mentioned in section 5.1.2, the Orion laser can delivers 2.0 kJ of laser
energy at 3ω in a 1 ns pulse. This allowed to reach flow velocities of the order of 100 km/s,
with an estimated post shock temperature of 30− 40 eV.

7.2.2 LULI2000 experimental campaigns

Experimental set-up

The experimental set-up used for the Polar experimental campaigns of March 2012 and
March 2013 at the LULI2000 laser is illustrated in Figure 7.8. A supersonic plasma flow
is created when a bi-layer foil target is irradiated with the long pulse (1 ns) beam of the
LULI2000 laser, focused through a HPP phase plate, producing a flat-top (400 µm in diameter)
focal spot. Multiple diagnostics probe the region of the impact of the flow with the obstacle
in order to provide a comprehensive picture of the reverse shock dynamics and estimate its
characteristic parameters.

The flow was imaged with a shadowgraphy diagnostic at 532 nm, using the LULI Quantaray
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Fig. 7.8 – Schematic of the experimental set-up for the LULI2000 Polar campaign.

probe laser beam of a few mJ with a ∼ 7 ns pulse. Plasma self-emission was recorded
transversally to the tube, and additionally at the rear-side, when transparent (Quartz)
obstacles were used, both with streaked (SOP) 1D and gated in time 2D detectors (GOI).
Finally, a short-pulse pico-second laser beam of a few Joules was used to produce an intense
K-α X-ray source for the transverse point-projection X-ray radiography. Chlorinated plastic
and Titanium foils were used for the X-ray backlighter targets, with corresponding K-α line
emission energies of 2.7 and 4.5 keV respectively.

In these two experimental campaigns, various target configurations were tested, including
different target materials, tube lengths and obstacle types. The primary objectives of this
parametric study was to obtain a good contrast on the X-ray radiographs of the reverse
shock as well as to study how the obstacle material influences the impact dynamics. In the
following, we will discuss experimental results obtained with bi-layer targets, using a plastic
(polystyrene or polyimide) ablator with a high-Z material (Titanium, Tin or Brominated
plastic) pusher (see Fig. 7.1). Multiple shots were also taken with cone targets filled with a
low density foam, that provides a mass reservoir allowing to reduce the density gradient of
the incoming flow and to reach higher flow velocities, as discussed by Busschaert (2013). The
plasma was contained with either a 45 µm thick and 540 µm inner diameter PMMA tube
or a 50 µm thick, 500 µm inner diameter polyimide (PI) tube. Both 2.5 and 3.5 mm long
plastic tubes were used.

Target
Ablator Pusher Mass Tube Obstacle

name L [µm] mat. L [µm] mat.
∑
ρiLi mat. mat.

LULI2000 CH/Ti 10 PI 5 Ti 37 PMMA PS, SiO2, Fe
CH/Sn 10 PI 5 Sn 53 PMMA Fe

CH/CHBr 25 PI 25 CHBr 70 PI SiO2, Fe
Orion CH/CHBr 25 PI 25 CHBr 70 PI SiO2

CH/CHAu 25 PI 25 CHAu 70 PI SiO2

Table 7.1 – Overview of target parameters for different experimental campaigns,
where L stands for the thickness of ablator and pusher foils and mat. is
the corresponding material. Polystyrene (PS) and polyimide (PI) are
referred to by their abbreviation.
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Fig. 7.9 – Flow propagation inside the Polar tube imaged with shadowgraphy (a-f)
and visible self-emission diagnostics (g-n).

Optical diagnostics data

In this experiment, the dynamics of the flow was observed with multiple transverse and
rear-side visible diagnostics.

For instance, Figure 7.9a-f. presents the propagation of the plasma flow inside the tube,
with a time-series of shadowgraph images taken for different CH/Ti shots1. As the flow
fully fills the tube, the plasma density increases above a few 0.01nc, and as discussed in
section 5.3.1, the probe beam rays are deflected or absorbed, resulting in a dark region on the
produced image.

Plasma self-emission images, recorded onto a GOI camera (Fig. 7.9g-n), similarly demon-
strate the flow propagation inside the tube, where the brightness of the recorded image is
correlated with the plasma temperature, as discussed in section 5.3.3. In addition, we observe
the formation of a bright region before the obstacle (Fig. 7.9h,l) that is suggestive of the
formation of a reverse shock during impact of the flow onto the obstacle. Finally, at late
times, the tube walls explode due to the high pressures at the impact with the obstacle, as
illustrated in Fig. 7.9f,n.

Since transverse optical diagnostics suggest a fairly good 1D behaviour of the experiment,
in the following we will mostly discuss Streaked Optical Pyrometry (SOP) images, with the
imaging slit aligned along the tube axis. Indeed, SOP provides a better time-resolution of the
flow dynamics than gated self-emission diagnostic, producing only one image per laser shot,
as we didn’t have access to a framing camera in this experimental campaign.

In addition, it should be noted that the shot to shot variation of laser parameters, and the
target manufacturing precision, poses its own challenges when comparing data from different

1In the following, shots are referenced by a cxy number, where c stands for the number of the experimental
campaign, and xy is the shot number.
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shots. For instance, Fig. 7.9m (shot 016) shows a larger plasma expansion than Fig.7.9l. (shot
004), although this image is taken 1 ns earlier. This is due to a higher laser energy E0 = 448 J
for shot 004, as compared to E0 = 388 J for shot 016, resulting in higher flow velocities.
For this reason, when possible, it is preferable to record as much information as possible
from every single shot, instead of performing time series where several parameters can fluctuate.

Indeed, the scenario of the flow evolution in the experiment can be illustrated with trans-
verse Streaked Optical Pyrometry (SOP) data (Fig. 7.10a.) and corroborated by 1D radiation
hydrodynamic simulations, presented in Fig. 7.11. In this section, we will predominately
discuss the brominated plastic (CH/CHBr) targets with Quartz obstacles, although similar
analysis is also valid for other types of bilayer targets (CH/Ti and CH/Sn) as well as other
types of obstacles. The following phases can be then set apart in the flow evolution:

1. The release of the shock wave, generated by the laser drive at the rear-side of the
target produces a supersonic plasma flow inside the tube. This flow follows a self-similar
expansion at a constant velocity with a density gradient and a linear velocity distribution
in the flow. The radiation emitted by the expanding plasma with a temperature of
∼ 0.4− 1.0 eV for CH/CHBr targets, according to RHD simulations, is recorded by the
SOP diagnostic, demonstrating an incoming flow velocity uf,sop ≈ 53± 5 km/s. Given
the typical sound speed cs ≈ 10

√
γZT e [eV]/Ā ≈ 6 km/s, the incoming flow is thus

supersonic with a Mach number M ∼ 8.

2. The collision of the flow with the obstacle compresses and heats the material, resulting
in a bright emission region visible on the transverse SOP diagnostic, starting at the
collision time (tcol).

3. Simulations of this experiment, presented in Fig. 7.11, indicate that at collision both a
reverse shock and a transmitted shock are generated. Indeed, transverse SOP diagnostic
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demonstrate a higher temperature region, propagating outwards from the collision
with the obstacle with a velocity us,sop ≈ −21± 4 km/s, suggestive of a reverse shock
formation. Assuming that the velocities uf,sop and us,sop, observed on the transverse
SOP diagnostic are representative of the incoming flow velocity (uf) and the reverse
shock velocity (us), as discussed in section 7.2.3, the Mach number of the reverse shock
can be calculated as,

M =
uf − us
cs

≈ uf,sop − us,sop
cs

, (7.10)

where cs is the sound speed of the incoming flow. For instance, with the above parameters,
the numerical value for the Mach number of the reverse shock is M ≈ 12.

In addition, the collision with the obstacle can be followed on the rear-side SOP
diagnostic in the case when the obstacle is made of a material transparent to visible
light (e.g. Quartz or CH), as illustrated in Fig. 7.10b. The collision corresponds to a
spike in emission on the SOP image followed by an attenuation of the signal, as the
observable surface transitions from a plasma at a few eV to less than 0.1 eV for the
shock in Quartz, according to 1D RHD simulations.

4. Finally, the compression of the flow at the obstacle leads to large pressures that result
in the explosion of the tube at ttexp, typically 20 to 40 ns after the collision time (tcol).
Indeed, the deformation of the tube is a factor that limits the validity of 1D models,
and can account, for instance, for the slowing down of the reverse shock in Fig. 7.10a,
as opposed to its acceleration in 1D simulations (Fig. 7.11).

The transverse SOP data for CH/Sn and CH/Ti targets, presented in Fig. 7.12, shows
similar features to the ones observed with the previously discussed CH/CHBr targets. However,
instead of a bright emission region associated with the reverse shock formation in CH/Ti
targets, a darker region is observed (Busschaert, 2013). A possible explanation for these
observations is that the PPMA tube is ionised at the impact of the flow with the obstacle,

157



CHAPTER 7. POLAR PROJECT: ACCRETION SHOCKS IN MAGNETIC CATACLYSMIC VARIABLES

obstaclePosition

←
−

T
im

e

Shot 19
CH/Ti, CH obst
2256 µm PPMA tube
50.0 ns window

500 µm

obstaclePosition

←
−

T
im

e

Shot 20
CH/Sn, Steel obst
2242 µm PPMA tube
100.0 ns window

u
f,sop = 82 ± 5 km/s

u
f,sop = 57 ± 5  km/s

a) b)

Fig. 7.12 – Comparison between transverse SOP data for CH/Ti and CH/Sn targets.

thus becoming opaque to the visible light. Although, the exact phenomena as well as the
difference with the CH/Sn targets that do not show this behaviour remains under consideration.

Systematic analysis of the transverse SOP data

Having presented the characteristic parameters that can be measured from transverse SOP
images, we will now perform a systematic analysis of May 2012 and March 2013 experimental
campaigns. For instance, Figure 7.13a illustrates the variation of the flow velocity (uf,sop)
as a function of the laser energy (E0) for different target configurations. Thus, the typical
flow velocity is 100 km/s for CH/Ti targets, 80 km/s for CH/Sn targets, and 60 km/s for the
CH/CHBr targets. In first approximation, the kinetic energy (Ek) of the flow inside the tube
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can be estimated as a fraction of the total laser energy (E0), thus yielding an expression for
the flow velocity (uf),

Ek ∼ mt u
2
f S0 ∝ E0 =⇒ uf ∼ uf,sop ∝

√
E0

mt
, (7.11)

where S0 is the laser focal spot area and mt =
∑

i ρiLi is the areal mass of the target composed
of n layers of thickness Li and initial density ρi. This assumes that the ablated mass is small
compared to the total target mass.

At the same laser energy, the difference in flow velocity between different targets is thus
due to their mass (cf. Tab. 7.1), the CH/CHBr targets being the heaviest having been designed
for higher energy facilities (GEKKO XII and Orion). Indeed, renormalizing the flow velocity
by
√
mt yields sensibly similar values. While the relation uf ∝

√
E0 appears to be a good

approximation for the flow velocity, a shot to shot fluctuation by as much as 20% is observed,
unaccounted for by the error bars of the slope calculation with the SOP images. This can be
explained by the variations in the laser alignment, and in the target mass, due to uncertainties
of ablator and pusher foil thickness (δLi = 1 µm). The corresponding uncertainty on the
target mass (mt) is then,

δmt =

(∑
i

(ρi δLi)
2

)1/2

, (7.12)

assuming independent (and thus uncorrelated) uncertainties for different target layers. For
instance, for CH/Ti targets this result in a 20 % uncertainty on the target mass (mt), which
translates into an additional uncertainty of up to 7 % of the flow velocity (uf).

In a different approach, the incoming flow velocity can be calculated by dividing the tube
length (Ltube) by the collision time (tcol), as illustrated in Fig. 7.13b. Indeed, verifying that
uf,sop ≈ Ltube/tcol, with a small offset, ensures that experimental parameters such as tube
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length, transverse SOP time window, spatial magnification and synchronisation were recorded
correctly.

In the following, we will use the flow velocity as the most relevant parameters for the impact
dynamics that accounts for variations of the laser energy, alignment and target manufacturing
precision. The reverse shock velocity (us,sop), and the tube explosion time (ttexp), as measured
by the SOP diagnostic are represented in Figure 7.14 for different target configurations. On
average a reverse shock velocity us,sop = 15− 25 km/s was measured and no evidence of the
influence of the obstacle material was shown. One can refer to the thesis work by Busschaert
(2013) for a numerical study of the influence of the obstacle material on the reverse shock
dynamics. In general, shorter tube length resulted in a faster reverse shock velocity. The
influence of the incoming flow velocity is more tenuous. Thus while, regardless of pusher
material, the reverse shock velocity appears to be positively correlated with the incoming flow
velocity, CH/CHBr targets demonstrated opposite correlation. Although, large error bars and
the low number of data points make it difficult to reach statistically significant conclusions in
this study.

According to the SOP data, tube explosion occurs 20 to 50 ns after the collision time. A
linear behaviour with respect to the incident flow velocity is manifested, while the pusher and
obstacle material do not have a noticeable influence. Since in shorter tubes the expanding flow
occupies a smaller volume, and therefore has on average higher densities, the tube explosion
occurs earlier in 2.5 mm long tubes as compared to the 3.5 mm ones.

X-ray radiography

In the previous section, we have effectively adopted a one-dimensional view of the flow dynamic,
as suggested by the visible diagnostics. However, visible diagnostics do not allow to probe
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Fig. 7.15 – (a,c,e) Experimental radiographs for CH/Ti targets, obtained with Cl
K-α backlighter at 2.62 keV. (b) Experimental radiograph hinting at
the reverse shock formation in CH/CHBr targets (shot 133), particularly
noticeable with the line-out (d).
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directly the reverse shock morphology, since it corresponds to a region that is denser than the
critical density of the probe beam (2ω).

In the LULI2000 experimental campaigns, an X-ray radiography diagnostic was used to
image the region of the target where the supersonic flow impacts on the obstacle. The X-ray
source was produced with a short pulse laser beam (10 J, 5 ps, 2ω), focused with an f/4
off-axis parabola in a ∼ 20 µm focal spot onto a chlorinated plastic (PVDC) or titanium
foil, producing intense and quasi-monochromatic K-α line emission with an energy of 2.62 or
4.51 keV, respectively.

The diagnostic design for X-ray radiography in Polar targets relies on choosing a
backlighter material with a K-α line emission that can pass through the tube walls (〈ρl〉 ∼
100 g.cm3.µm), while at the same time present enough contrast in the pusher material for
the reverse shock formation (〈ρl〉 ∼ 20 g.cm3.µm). The choice of the backlighter and pusher
materials must thus be carefully considered with respect to their respective X-ray absorption.
In the present experimental set-up, a 50 µm thick PI (or PMMA) tube acts as a high-pass
filter for the X-ray radiation, with an effective cut-off energy ∼ 2 keV. Besides, in first
approximation and ignoring the spectral edges, the X-ray absorption of a material increases
with its atomic number and decreases with the photon energy. Thus, a design featuring an
X-ray source with an energy only slightly higher than the tube cut-off limit, combined with a
high Z pusher, is preferred. Among the materials available for the target manufacturing, a
chlorine X-ray backlighter, combined with titanium (ZTi = 22), brominated plastic (ZBr = 34),
or tin (ZSn = 50) pushers were shown to present a good compromise.

Nevertheless, contrary to the preliminary estimations, and despite significant effort directed
at optimising the radiation source, the X-ray radiography data obtained in the 2012 and
2013 Polar campaigns at the LULI2000 laser did not allow a clear observation of reverse
shock formation2 For the CH/Ti targets both the deformation of the obstacle after the
impact (Fig. 7.15a,c) and the subsequent tube explosion (Fig. 7.15e) were observed, however,

2This could be partially due to a low X-ray conversion, resulting form a large angle between the short
pulse laser beam and the backlighter target (see Fig. 7.8). In addition, the analysis filter absorption on the
Image plate (IP) indicated a significant Bremsstrahlung component in the X-ray spectrum, together with the
presence of hot electrons, both lowering the signal to noise ratio for the relevant K-α line emission.
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the reverse shock was not conclusively imaged. In the case of CH/CHBr targets, a drop in
absorption suggestive of the reverse shock structure was observed (see Fig. 7.15b,d), although
with a very low contrast.

It should be noted that a number of obtained 2D radiography images are visually indis-
tinguishable from an empty tube, because in the contrast profile one cannot differentiate
absorption gradients due to the tube from those due to the plasma. Instead, by examining the
absorption line-outs across the tube, both effects can be separated, thus estimating the plasma
density inside the tube. For instance, Fig. 7.16a presents experimental absorption profiles at
early times, before the flow reaches the obstacle, that are coherent with analytical calculations
for an empty tube (Fig. 7.15b.). On the contrary, line-outs taken later in time (Fig. 7.15c.),
demonstrate flatter profiles that are consistent with the tube being filled with a CHBr plasma
with a density ρ = 10–30 mg.cm−3.

Multiple factors that can account for the observed low contrast of the reverse shock in the
experimental images:

• The quality of the X-ray source, and in particular, the relative amount of the thermal
bremsstrahlung emission as well as the contribution of hot electrons, both present in
the this experiment. In addition, the finite spatial resolution of the X-ray radiography
diagnostic (σ ∼ 30− 50) results in smoothing of sharp discontinuities, such as shocks,
on the obtained X-ray radiography image.

• Lower flow densities when compared to estimations, or 2D effects reducing the radial
extent of the shocked region, can lead to reduced 〈ρl〉 values for the post-shock plasma.
Since the X-ray absorption evolves as e−κν〈ρl〉, a relatively small decrease in the 〈ρl〉
value can bring the reverse shock contrast below the detection limit.

• Finally, if the reverse shock does not propagate further from the obstacle it can be
masked in the X-ray radiography by the turbulent behaviour at the explosion of the tube.
Additionally, this can also lead to a narrow time window for a possible shock observation,
sufficiently late so that denser flow reaches the obstacle, but before a significant tube
deformation. The latter point depends on the return shock trajectory, with respect to
the time-scales of the tube deformation.

The first point was addressed by measuring the spectrum of the X-ray source with a
spectrometer, or inferring the bremsstrahlung contribution from the filter absorptions on the
IP, while hot electrons were attenuated with suitable filters. The viability of the remaining
two points will be discussed in the following section, using radiation hydrodynamic simulations
of the experiment.

Numerical simulations

The use of a tube in the Polar set-up to collimate the flow is a natural extension of the shock
tube experiments, that aim to study shock physics in a simple one dimensional configuration.
In the case of the Polar set-up, however, the tube produces a number of 2D effects, as
demonstrated by radiation hydrodynamic simulations, that need to be accounted for in order
to understand the obtained experimental results. In the following we present the results of
2D axis-symmetrical FLASH code simulations, using 3rd order HLLC directionally unsplit
hydrodynamic solver, Lee & More (1984) electrical conductivity, 32 group radiation transfer
in the diffusion approximation and a combination of SESAME and IONMIX EoS tables. The
effective Adaptive Mesh Refinement (AMR) resolution for these runs was ∆x = 4.0 µm, with
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Fig. 7.17 – Radiation hydrodynamic simulations of the CH/Ti targets in the
LULI2000 experimental campaign, presenting (a) target schematics (b-
g) a time series of temperature and density maps, as well as (h-i) X-ray
absorption together with (j) flow velocity and sound speed taken at
t = 50 ns.

a total of 250 · 103 simulation cells.

The flow evolution for CH/Ti targets, irradiated by the LULI2000 laser drive is presented
in Figure 7.17. A 50 µm thick and 3.5 mm long PMMA tube with a 400 µm inner diameter,
closed by a steel obstacle at its end, was used in this design. With a numerical laser intensity
I0 = 1014 W.cm−2, the supersonic flow inside the tube propagates at a velocity uf = 80 km/s,
with a collision time at tcol = 36 ns, and a tube explosion time ttexp = 52 ns.

At early times of the flow propagation, radiation ablation of tube walls ahead of the flow
is observed (Fig. 7.17b.). Furthermore, we notice the formation of wall shocks having an axial
velocity of 10 km/s, that converge in a conical shock on the symmetry axis (Fig. 7.17c.).
Indeed, the intuitive perception, that the tube should collimate the flow producing a uniform
plasma, corresponds to the subsonic case. In the considered set-up the incoming flow has a
typical sound speed of 5 km/s, meaning that sound waves would take up to 60 ns to propagate
from the centre of the tube to its inner boundaries, which is larger than the collision time.
Thus, given the time-scales of the experiment, transverse shock waves (as opposed to sound
waves) reflected from the tube walls provide the only mean of re-collimation for the plasma
flow.
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absorption together with (j) flow velocity and sound speed taken at
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As the flow reaches the obstacle the material is compressed, producing a radiative flash
that preheats the incoming flow (Fig. 7.17d.). A reverse shock with a radiative precursor is
thus formed, propagating outwards from the obstacle due to mass conservation. In addition,
oblique reverse shock waves in contact with the tube walls are created ahead of the reverse
shock (Fig. 7.17e.). Synthetic X-radiography performed with Chlorinated plastic (PVDC)
and Titanium backlighters demonstrate that the reverse shock structures should produce a
detectable absorption in CH/Ti targets, although spatial resolution of the diagnostic and the
turbulence developing at the tube explosion can potentially decrease its contrast and visibility.

The CH/CHBr targets consist of a 25 µm thick polyimide (PI) ablator with a 25 µm thick
TMPTA pusher, doped 30% by mass in Bromine. A similar design to the CH/Ti targets is used,
except for a wider 550 µm inner diameter polyimide (PI) tube and different pusher and ablator,
while keeping the washer dimensions and the laser focal spot size identical (Fig. 7.18.a.). As
was previously mentioned, because of its larger mass, lower flow velocities uf ∼ 50 km/s are
observed (Fig. 7.18j). The most striking difference with the previous set-up is the generation of
additional wall shocks due to the mismatch between the washer and the tube inner diameters.
As a result, the flow impacting the obstacle has a hollow density profile, with most of the
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density located near the tube walls. Since the shock velocity us ∝
√
P1/ρ0, where P1 is the

post-shock pressure and ρ0 the incoming flow density, the propagation of oblique shocks is
slowed down while the reverse shock velocity is increased on the axis in the low density region.
Finally, because the incoming flow on the axis has densities of only 10−3 g.cm−3, as compared
to 10−2 g.cm−3 in the previous set-up, the reverse shock structure imaged with synthetic
X-ray radiography is not distinguishable from the background.

In conclusion, timing and structure of wall shocks are fundamental in order to create a
reverse shock with a sufficient density to be successfully imaged with the X-ray radiography
diagnostic. Thus, bad wall shock timing appears to be at present the most likely explanation
for the weak contrast on X-ray radiography images, observed for CH/CHBr targets in the
LULI2000 Polar campaign.

The LULI2000 campaigns provided a proof of concept for studying accretion shocks in
laboratory using high power lasers. However, as was mentioned earlier, the obtained flow
velocities did not allow to generate a reverse shock with a sufficient post-shock temperature
to reach astrophysical similitude (see Fig. 7.7). Thus, the subsequent phase in Polar project
consisted in adapting the experimental design to higher energy laser facilities. In particular,
several Polar shots were performed on the GEKKO XII laser, in order to provide calibration
data for numerical codes at higher laser irradiations. Finally, an experimental Polar campaign
was performed on the multi-kilojoule Orion facility in November 2013 and February 2014,
which is discussed in the following section.

7.2.3 Orion Experiment

Experimental set-up

The experimental configuration used in the Polar experiment on the Orion laser facility is
presented in Figure 7.19.

The plasma flow is launched inside the tube with a laser drive consisting of 5 beams, focused
into a 600 µm spot, each carrying 400 J (2 kJ in total) of laser light at 3ω in a 1.0 ns pulse. In
addition, the backlighter target is irradiated with two long pulse ( 500 ps) laser beams (150 J
in total) onto a 500 µm focal spot, producing an X-ray source for the transverse radiography
diagnostic. The laser target was similar to the one used in the LULI2000 campaign, with a
25 µm thick polyimide (PI) ablator, a 25 µm thick high-Z pusher, a 3.5 mm long and 50 µm

          SOP and framed 
                    self-emission
                          diagnostics 

Laser drive,
2 kJ, 3ω, 1.0 ns
600 µm HPP

Backlighter beam
150J, 500 ps,
I0 = 2 1014 W.cm-2
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Laser target
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a) b)

Fig. 7.19 – (a) The experimental set up for the POLAR experiment on the Orion
laser facility and (b) an image of the target (Spindloe et al., 2015).
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Fig. 7.20 – Visible self-emission, recorded onto a framing camera for shot 123.

thick PI tube, having a 550 µm inner diameter, and sealed by a steel obstacle (cf. Fig. 7.19a
for a detailed target schematic). Three pusher configurations where used: Brominated plastic,
as for the LULI2000 campaign, plastic doped with Chlorine, chosen for the X-ray absorption
spectroscopy diagnostic, and a pusher composed of successive layers of 6 µm thick plastic with
300 nm thick gold, that were expected to produce homogeneous CHAu flow by Rayleigh-Taylor
(RT) instability, resulting in higher X-ray absorption and increased radiative effects. The
results obtained with CH/CHAu targets were presented by Cross et al. (2015), while in
the following we will mostly discuss the CH/CHBr targets. In some targets ∼ 1 mm wide
horizontal slits were cut in the tube along the field of view of the X-ray radiography diagnostic
to allow imaging the flow impact, unimpeded by the tube. Additional details regarding the
target design and manufacturing were discussed by Spindloe et al. (2015).

Primary experimental diagnostics consisted of the transverse Streaked Optical Pyrometry
(SOP) and framed visible self-emission, together with the X-ray radiography.

The slit in the SOP diagnostic was aligned with the symmetry axis of the tube in order to
measure longitudinal flow velocity, with 50, 100 or 250 ns time windows. Two dimensional
self-emission was recorded onto a framing camera, with an integration time of 2 to 5 ns and a
delay of 0 or 5 ns between the eight recorded frames.

The X-ray source, generated with the long pulse beams, consists predominantly of the He-α
emission line of the backlighter material. In particular, for a Chlorinated plastic backlighter,
the He-α line has a photon energy of 2.78 keV, which is 0.14 keV higher than the equivalent
K-α source. A 15 µm wide pin-hole was attached to the backlighter in order to reduce
the extent of the X-ray source and thus provide a good spatial resolution (σ ∼ 15 µm).
Appropriate filters were put on the image plate to attenuate X-rays outside of the relevant
2–4.5 keV spectral window (cf. section 5.4).

Experimental results

The results of 2D visible self-emission, recorded with an eight frame camera are presented in
Figure 7.20 for shot 123. The propagation of the flow with a typical velocity uf,sop = 90 km/s
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Fig. 7.21 – X-ray radiographs using Chlorine backlighter, showing the impact of the
flow with the obstacle, for CH/CHBr (a, c, e) and CH/CHAu (b, d, f)
targets.

can thus be followed inside the tube (Fig. 7.20a-e). In addition, we observe the plasma flow
exiting the tube through the lateral slits near the obstacle. The observed two dimensional
structures of the self-emission is thus more complex than in the LULI2000 experimental
campaign, and the analysis of transverse SOP data is therefore more challenging in this case,
as different features in the self-emission line-out along the tube need to be identified.

On the contrary, very clear and reproducible observations of the reverse shock structure
were obtained with the X-ray radiography diagnostic, both for the CH/CHBr and CH/CHAu
targets (see Fig. 7.21). The use of a slit near the obstacle contributed to obtain a better contrast
and prevented the overlaying of the reverse shock image with the details of the exploding tube.
In addition to the reverse shock, several characteristic features of the flow can be identified,
notably the wall shocks (Fig. 7.21a-b.), and the reverse oblique shocks (Fig. 7.21d).

Experimental determination of the reverse shock properties

The most comprehensive analysis of the reverse shock parameters is obtained with multi-
dimensional radiation hydrodynamic (RHD) simulations of the experiment, as we will discuss
in the following section. However, such code are extremely complex, involve numerous physical
models, and in the first approximation it is worthwhile to analyse the experimental results
with simple physical arguments. In particular, Rankine-Hugoniot (RH) relations allow to
calculate the post-shock properties in non-radiative steady-state regime.

In this section, we present a typical workflow that can be used to estimate the post-
shock properties with semi-analytical calculations. While we will mostly consider the polar
experiment, a similar approach can also be applied to other laboratory astrophysics experiment,
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lar experiment.

and notably the one presented in chapter 6.
The physical parameters that determine the reverse shock dynamics are represented in

Figure 7.22. The upstream and downstream quantities for the shock are referenced with a
subscript 1 and 2, respectively. In the present set-up, because the incoming flow results from
a self-similar plasma expansion that follow a ballistic (i.e. constant velocity) propagation, at
a given observation time (tobs), one can simply calculate the incoming flow velocity (uf) as,

uf(tobs, hs) =
L− hs
tobs − tsb

, (7.13)

where L is the tube length, hs the reverse-shock position and tsb the rear-side shock break-
out time, typically tsb = 1 ± 0.5 ns for the considered targets. The Equation 7.14 shows
good agreement with hydrodynamic simulations (∼ 4% error bar), and is thus simpler and
more precise than flow velocity estimations, assuming self-similar expansion, from the SOP
measurements,

uf(tobs, hs) = uf,sop
L− hs
L

tobs − tsb
tsop,coll

, with tsop,coll =
L

uf,sop
, (7.14)

where the SOP velocity (uf,sop) has typically 10% error bars.
The shock velocity in the laboratory frame (us), can be calculated either from reverse-shock

trajectory as given by the SOP diagnostic, or estimated from successive radiography images
of the reverse shock. The shock velocity in the reference of the upstream fluid is then,

Ds = |uf|+ |us|. (7.15)

In the strong-shock limit, the downstream shock temperature (T s) is expressed (Drake,
2006) as,

Ts =
Āmp

1 + Z̄(ρ2, T s)
D2
s

2(γ(ρ2, Ts)− 1)

(γ(ρ2, T s) + 1)2 , (7.16)

where Ā, Z̄(ρ2, T s) and γ(ρ2, T s) are, respectively, the mean atomic mass, the mean ionization
and the adiabatic index of the downstream medium. In our implementation, the mean
ionisation (Z̄) is calculated with the Thomas-Fermi model (Atzeni & Meyer ter Vehn, 2004),
while the adiabatic index is calculated taking partial derivatives in SESAME or FEOS Equation
of State (EoS) tables, γ = 1 + E

P
∂P
∂E

∣∣
S
(cf. chapter 3), using the pyeospac module, that I

developed. Thus, since the post-shock temperature is implicitly defined by the Eq. (7.16), we
calculate it iteratively, given a value of post-shock density (ρ2), and a shock velocity (Ds). For
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instance, for shot 124, represented in Figure 7.21c, with a broad assumption on the post-shock
density ρ2 = 0.2 ± 0.19 g.cm−3, and an estimated shock velocity Ds = 93 ± 6 km/s , the
resulting post-shock temperature is T s = 32±4 eV. As illustrated in Table 7.2, the post-shock
temperature (T s) decreases with observation time, as the shock velocity (Ds) decays.

Error propagation is performed with the uncertainties package (Lebigot, 2015), that
relies on the linear error propagation model for analytical functions, and uses fast differ-
entiation (i.e. finite differences with an adaptive step size) to calculate the derivatives of
numerical functions. Linear sensitivity calculations (cf. Equation (2.40)) show that post-shock
temperature (T s) is mostly sensitive to the shock velocity (Ds):

ξρ2(Ts) = 0.07, ξDs(Ts) = 1.7 . (7.17)

For instance, if we measure the shock velocity (Ds) with a 10% uncertainty and the post
shock density is roughly estimated with a 80% uncertainty, according to (7.17) the error bar
on the post shock temperature (Ts) would only be 0.07 · 0.8 + 1.7 · 0.1 = 22%. The sensitivity
to the post-shock density is negligible since it corresponds to non-linear effects of the EoS,
that are of the second-order in the considered plasma conditions.

It should be emphasised that the Equation (7.16), is probably the single most useful
practical formula for Polar experiments described in this chapter. Indeed, simply with a
measured shock velocity (Ds) and an order of magnitude for the post-shock density (ρ2), it
provides a reasonable estimation of the post-shock temperature (Ts) with a non-ideal Equation
of State (EoS).

In addition, experimental measurement of the compression ratio associated with the reverse
shock can be used to estimate the upstream Mach number, sound speed and temperature.
Indeed, the compression ratio (rs) for a hydrodynamic shock wave can be written as (Mihalas
& Mihalas, 1999, p.236):

rs =
ρ2

ρ1
=

(γ + 1)M2

2 + (γ − 1)M2
, (7.18)

where M = us/cs,1 is the upstream Mach number. The Equation (7.18) can be reformulated
as,

M =
Ds

cs1
=

2 rs
(γ + 1)− rs(γ − 1)

. (7.19)

With the upstream sounds speed (cs1 = cs(ρ1, T1)) and the adiabatic index (γ = γ(ρ1, T1))
coupled to the upstream temperature and density through a tabulated EoS, we can similarly
solve the Equation (7.19) iteratively. Thus, given a compression ratio (rs), the measured
shock velocity (Ds), and an order of magnitude on the upstream density (ρ1), we can calculate
the upstream Mach number, sound speed and temperature.

For instance, the analysis of the X-ray radiograph in Fig.7.21c, suggests a compression
ratio ρ1/ρ0 = 3.7± 0.5. Together with the previously determined parameters (cf. Table 7.2)

Shot tobs hs uf us rs M cs1 T1 T s
[ns] [µm] [km/s] [km/s] [km/s] [eV] [eV]

109 40 70± 20 81± 4
23±5 3.7± 0.5 13± 10 7.9± 5.8 0.20± 0.06

39± 5
124 45 180± 30 70± 3 32± 4
126 50 350± 40 59± 3 26± 4

Table 7.2 – Determination of reverse shock parameters for CH/CHBr Polar targets
in the Orion experiment, with a broad assumption on the post-shock
density ρ2 = 0.2± 0.19 g.cm−3.
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we thus roughly estimate the upstream Mach number M = 13 ± 10, sound speed cs1 =
7.9± 5.9 km/s and temperature T1 = 0.20± 0.06 eV.

It should be noted that Equations (7.16) and (7.18) provide a physically insightful overview
of the relationship between different upstream and downstream quantities. However, ulti-
mately, they correspond to a strong-shock limit of the Rankine-Hugoniot (RH) equations,
with a polytropic EoS. A more general approach consist in solving directly the RH equations
coupled with tabulated EoS, as e.g. implemented by Kerley (1978) for the SESAME tables.
We have reimplemented Hugoniot calculations in the pyeospac module, since this opens
the possibility of including radiative effects in the optically thick regime to the energy and
momentum RH equations, as was proposed by Michaut et al. (2004) for ionized polytropic gases.

In the next section, we will discuss radiation hydrodynamic simulations of this experiment,
to explain the difference in the contrast of X-ray radiographs, when compared with the
LULI2000 campaign, which used an almost identical CH/CHBr target configuration.

Numerical simulations

Two dimensional axis-symmetric radiation hydrodynamic (RHD) simulations of this experiment
for CH/CHBr targets were performed with the FLASH code3. The corresponding target set-up
is presented in Figure 7.24a, and indeed the only differences with the LULI2000 experiment
are a wider polyimide washer (550 µm inner diameter), a more intense laser drive, with a
600 µm focal spot, and a copper cone shield (not represented, see Fig. 7.21b).

The flow follows a similar dynamics to the one described in section 7.2.2, with the creation
of wall shocks, the reverse shock and reverse oblique shocks (see Fig. 7.24b-g). Due to a higher
flow velocity (uf ∼ 100 km/s), the post-shock temperature is significantly higher than in the
LULI2000 case and reaches T s ≈ 30 eV, resulting in a more extended radiative precursor.

3In a collaborative effort, independent numerical studies of this experiment were also performed by
Graham et al. (AWE) and Busshaert et al. (CEA), particularly for the CH/CHAu targets, that we have not
considered here.
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Fig. 7.24 – Radiation hydrodynamic simulations of the CH/CHBr targets in the
Orion experimental campaign, presenting (a) target schematics (b-g,k-
m) time series of temperature and density maps, as well as (h-i,n-o) X-ray
absorption together with (j,p) flow velocity and sound speed taken at
t = 28 ns. Full Polar target is represented in Fig. (b-j), while the effect
of the slit in the tube is modelled in 2D in Fig. (k-p).

Most conspicuous however is a larger post-shock density ρ2 ∼ 0.1 g.cm−3, which results in an
easily detectable reverse-shock structure on the simulated X-ray radiographs, both with and
without the slit in the tube (Fig. 7.24h,i). This difference is due in part to a larger focal spot
that drives (600/400)2 = 2.25 times more pusher mass inside the tube than in the LULI2000
set-up. Very important is also the convergence of wall shocks on the tube axis shortly before
the collision, thus forming a collimated flow, unlike the hollow shaped density distribution
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observed in the LULI2000 simulations. The washer geometry with respect to the size of the
focal spot of the laser is therefore critical for the launch of the flow inside the tube, as is the
timing of wall shocks.

A line-out along the tube for the typical observation time of the reverse shock (t = 28 ns),
is presented in Figure 7.25. As was discussed earlier, the collision of the CHBr flow onto the
obstacle produces a reverse shock in the CHBr material together with a transmitted shock
inside the Steel obstacle (7.25a). With the considered flow velocities, the reverse shock feature
a radiative precursor extending to ∼ 100 µm, with an electron temperature spike (Fig. 7.25b.),
characteristic of a radiative shock in an optically thick medium (Drake, 2006). The radiative
temperature extends ahead of the precursor, delimited by the electron temperature spike,
which is suggestive that the matter is heated by radiative transfer.

Further examination of the reverse radiative shock propagation can be achieved, with
visualisations of the spectral distribution of the radiative flux in the simulation, as presented
in Figure 7.25c. At this point, it can be useful to remind that a material at Local Thermal
Equilibrium (LTE) with a temperature T e, emits radiation following a Planckian spectral
distribution with a maximum radiation intensity at 2.8T e (Plank mean, see section 4.2.3).
Thus, the incoming CH flow with a temperature of 5 eV show the most intense emission for
photons around 15 eV, while the post-shock region in CHBr with a temperature of 40 eV emits
radiation with a maximum intensity at 120 eV. A region which does not present a radiative
field at equilibrium is the one located ahead of the precursor, where two radiative groups, with
photons between 100 and 250 eV, contribute to increase the overall radiative temperature of
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the material (T rad). This photon range corresponds to a mean free path λmfp,CHBr ∼ 200 µm
for the incoming CHBr plasma, shortly before the Carbon K-edge. Indeed, these two radiative
groups are responsible for the propagation of the radiative precursor ahead of the reverse
shock, while the associated mean free path provides an estimation of its spatial extent.

The current simulations were performed using a logarithmically spaced radiative grid with
32 radiation groups. As a side note, if we were aiming to describe more exactly the radiative
precursor associated with the reverse shock, we would need to refine better the radiative grid
in the 100–250 eV photon range, as was discussed in section 4.3.

The addition of the slit in the tube before the obstacle allowed to improve the observation
of the reverse shock structure with the X-ray radiography diagnostic, as we presented earlier.
However, this addition also broke the cylindrical symmetry of the target, thus making the
numerical modelling of the experiment more challenging. Indeed, to fully assess the influence
of the slit in the tube on the reverse shock dynamics, one would need to perform 3D radiation
hydrodynamic simulations. While certainly possible, this approach is computationally costly,
and we have not deemed it to be cost-effective in this case. Instead, we considered the two
limit cases: modelling the tube entirely, and removing 1 mm of tube near the obstacle. Since,
real targets constitute an intermediary situation, with approximately 30% of the tube wall
surface removed, it is reasonable to expect for the real solution to be bound by these two limit
cases.

Simulation of the CH/CHBr target with a whole tube were discussed extensively earlier
and they are presented in Figure 7.24b-j. In the case when part of the tube is removed near
the obstacle, the material can escape the tube and less mass accumulation in the post-shock
region occurs (Fig. 7.24k-p). As a result, the reverse-shock is formed, however it remains
closer to the obstacle, although in both cases adequate contrast on the X-ray radiography is
observed.

Qualitatively, the difference in the reverse shock dynamics for these two cases is illustrated
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in Figure 7.26. Thus, with a complete tube, the reverse shock propagates continuously away
from the obstacle even after the tube explosion. On the contrary, initially removing the tube
leads to a stationary reverse shock approximately 300 µm from the obstacle. The second case
also shows post-shock temperatures systematically lower by 3–5 eV.

Overall, the reverse-shock evolution is almost identical in both cases for the first 10 ns
after the collision, up to a distance of 200 µm from the obstacle. However, at later times, the
addition of the slit to the tube slows significantly the reverse shock propagation which results
in marginally lower post-shock temperatures.

We have also independently calculated the post-shock temperature with the Equa-
tion (7.16), with for only input the simulated shock trajectory and assuming a downstream
density ρ2 = 0.2± 0.19 g.cm−3. While this calculation shows similar tendency and asymptotic
behaviour, the resulting values are generally higher, because the RH equation do not take
into account radiative losses that would cool down the downstream medium. Nevertheless,
this analysis emphasises that experimentally measuring the reverse shock trajectory provides
sufficient input to make a first-order estimation of the post-shock temperature.

7.3 Alternative means of flow collimation

7.3.1 Physical arguments

In the previous section, we have demonstrated that accretion shocks in mCV can be successfully
studied in laboratory with high power lasers, using a target design where a supersonic plasma
flow is collimated by a plastic tube and impacts a solid obstacle, creating a reverse radiative
shock (Fig. 7.27a). Such design is conceptually appealing for a number of reasons. First,
it aims to propose a configuration that can be studied in 1D. Besides, it corresponds to
an evolution of shock tube targets, with a possible transfer of knowledge both for target
manufacturing and for experimental diagnostics. Finally, interesting analogies can even be
drawn with the Intertial Confinement Fusion (ICF) field, if we view this target as a plane
equivalent of a spherical implosion of a directly driven ICF capsule, not filled with the fuel,
suggesting its relevance for the HEDP field in general.

Nevertheless, these experimental campaigns also brought to light several critical limitations
of the proposed target. In particular, 2D effects such as wall shocks and tube explosion near
the obstacle cannot be disregarded, and their correct modelling may even be determinant
to the success of the experiment (cf. CH/CHBr targets in the LULI2000 Polar campaign).
The analysis of the self-emission diagnostic is rendered more complex by the presence of the
tube, and the plasma/walls interaction. Most importantly, the internal conditions of the
dense post-shock region can only be directly probed with X-ray based diagnostics, including
X-ray radiography, absorption spectroscopy or Thomson scattering diagnostics. However, the
presence of the plastic tube makes the analysis of any such diagnostics extremely challenging.
Indeed, for any X-ray diagnostic sensitive to the material density (ρ), we can define the
projected signal to noise ratio (SNR〈ρl〉) as,

SNR〈ρl〉 =
〈ρl〉 rs
〈ρl〉 conf

(7.20)

where 〈ρl〉 rs is the areal density of the region of interest (e.g. the reverse shock), while 〈ρl〉 conf
is that of the confinement medium (e.g. the plastic tube). In the case of the Polar tube
set up, SNR〈ρl〉 . 0.3 under the optimal conditions. Even with such low signal to noise
ratio (SNR), it is possible to probe the region of interest, choosing a suitable combination of
tube and pusher materials together with the appropriate X-ray source spectrum. However, in
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Fig. 7.27 – Comparison of an astrophysical accretion column (a) with different ways
of achieving flow collimation in laboratory including using a tube (b), a
convergent geometry with a cylindrical shock wave (c) and an external
magnetic field (d).

order to obtain satisfactory signal in such configuration, a very extensive experimental and
processing effort is necessary. In particular, typical design assumes an ideal X-ray source with
an intense K-α or H-α line emission, while in reality it would be superposed with a continuous
bremsstrahlung component that is difficult to filter for soft X-rays.

In addition to optimizing the original Polar target set-up, we have thus considered
alternatives configurations that do not rely on a plastic tube for flow collimation. In the
Orion experimental campaign, such approach was already partially taken, with manufactured
slits along the tube in the vicinity of the obstacle. While showing very promising results, this
solution has the drawback of breaking the cylindrical symmetry of the set up, making its
analysis and modelling more challenging.

The plastic tube serves two distinct purposes in Polar targets: it ensures the initial
collimation of the flow, as well as the temporary confinement of the matter behind the reverse
shock after the collision, resulting in higher post-shock temperature, shock velocities and larger
radiative effects. The first point, is however not fully correct, as it emanates from a sub-sonic
intuition. Indeed, for the considered flows, the hydrodynamic time thydro ∼ R/cs ≈ 30 ns is
typically of the same order of magnitude as the collision time tcoll = L/uf ≈ 50 ns, where R
is the tube radius, L the distance from pusher to the obstacle, cs the sound speed and uf the
flow speed. As a result, provided that the flow is launched in a collimated fashion, it will
propagate toward obstacle with negligible radial expansion. From a purely HEDP point of
view, one can thus use any of the collimation mechanisms to produce laser driven, collimated
plasma jets, described in Section 6.1.2. The resulting aspect ratio for the flow might not
be as high as for tube based collimation approaches, however one would have undoubtedly
SNR〈ρl〉 & 1, making the reverse-shock observations more straightforward.

This approach does not address the second point, however. Indeed, due to lateral mass
loss, the reverse shock will not propagate away from the target, but instead would become
stationary, as we demonstrated in Fig. 7.26a. Although this would result in marginally lower
post-shock temperatures, the overall effect is positive since this situation corresponds to
the astrophysical case. In the following section, we will provide a proof of concept for this
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approach, using internally collimated outflows.

Alternatively one can attempt to reproduce more closely the astrophysical situation by
collimating the plasma flow with an external magnetic field, as it occurs in magnetised white
dwarfs. While at present we cannot reach an absolute radiative MHD scaling for accretion
shocks in laboratory (Busschaert, 2013), as this would require unattainable 65 kT magnetic
fields, this approach allows simultaneously to confine the flow, reach a steady-state reverse
shock and magnetically compress the post-shock region to larger pressures/temperatures.
This approach will be presented in detail in section 7.3.3.

7.3.2 Inertial flow collimation

General approach

In order to overcome the experimental difficulties associated with the observation of a reverse
shock formation inside a high density plastic tube, in 2014 we have proposed a different
experimental design that does not require a tube to collimate the plasma flow. The preceding
Nested Outflows experimental campaign, presented in chapter 6, demonstrated that irradiating
a foil target with ring-shaped laser focal spot lead to the creation of a supersonic collimated
flow. Indeed, the collision of the expanding plasma on the axis results in the formation of a
cylindrical shock wave on the symmetry axis, that is slowly expanding within the time-scales

               Laser beam
with a ring shaped spatial profile

CH/CHBr foil

    rear side
shock breakout collimated flow

on the axis

Inhomogenities
due to a hot spot
in the laser beam

Steel obstacle
Stationary reverse
shock formation

Cylindrical shockSteel obstacle

CH/CHBr foil

Reverse shock
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Fig. 7.28 – (a) Density map in a preliminary 3D radiation hydrodynamic simulations
of inertially collimated flow with a steel obstacle (Turing BG/Q, 32 · 106

cells, 1024 CPU cores, 30 hours) (b) Synthetic radiographs from 2D
axis-symmetric simulations, using a Chlorine X-ray backlighter with K-α
line emission (2.7 keV).
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of the experiment (Fig. 7.27c).
Placing an obstacle on the path of the jet can then produce a stationary reverse shock in

the jet, and the excess of mass is evacuated on the sides, resulting in a secondary shock in the
ambient, lower density, flow that wraps around the obstacle. Although, the aspect ratio of
the flow is lower than with tube based collimation, with the presence of a widespread plasma
gradient surrounding the denser central part of the flow the reverse shock structure when
probed with X-ray radiography diagnostics has a projected signal to noise ratio SNR〈ρl〉 & 2
(Fig. 7.28b).

The principle of this experiment was demonstrated with radiation hydrodynamic simula-
tions using the FLASH code (see Fig. 7.28a) and confirmed experimentally on the LULI2000
facility, as we will discuss in the following section.

Experimental proof of principle

During the Nested Outflows experimental campaign on the LULI2000 laser (cf. chapter 6),
we have performed an experimental demonstration of the reverse shock formation with an
inertially collimated flow. Although at the time we did not have access to a phase plate that
could produce the required laser irradiation with a ring-shaped focal spot, which resulted in
a more complex target geometry than the one described in the previous section. Thus, we
have used a phase plate producing a ring-shaped focal spot superposed with a central disk
pattern (Fig. 6.7). The laser target was similar to the one illustrated in Fig. 6.6, with an inner
region composed of polyimide/Al/Fe layers, with respective thickness of 10, 1, 15 µm and an
outer region composed of 10 µm thick polyimide and 1 µm thick aluminium. A cylindrical
carbon obstacle, 200 µm in diameter, was placed at a distance L = 1 or 2 mm from the laser
target.

Such target geometry presented a two phase flow evolution. In the first phase, a supersonic
plastic flow, with a denser central core, impacted the obstacle, as illustrated by the shadowg-
raphy images (Fig. 7.30a-b). This resulted in the subsequent formation of a reverse shock in
plastic (Fig. 7.30c-d). SOP measurement indicate incoming flow velocities uf,sop ≈ 160 km/s,
with a quasi-stationary reverse shock, having a velocity us,sop ≈ −8 km/s. In the case when
the reverse shock was imaged in Fig. 7.29c-d, the timing can be used to estimate the flow
velocity uf(tobs) = 80 − 90 km/s, with the Eq. (7.14), while the reverse-shock velocity (us)
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Fig. 7.29 – Transverse Streaked Optical Pyrometry (SOP) imaging the collision of
a supersonic plastic flow with an obstacle at L = 2000 µm, with the
formation of a reverse shock.
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Fig. 7.30 – Impact of a supersonic plastic (CH) and Iron (Fe) flows onto a carbon
obstacle, observed, respectively, with the shadowgraphy (a-e) and the
X-ray radiography diagnostics (f-l).

is measured from its trajectory on the SOP images. This allows to estimate the post-shock
temperature T s ≈ 30 eV with the Rankine-Hugoniot (RH) relations (cf. Fig. 7.23). Because
the experimental set-up was not initially designed for these targets, we have regrettably not
been able to image the reverse shock in plastic with the X-ray radiography diagnostic.

In a second phase, approximately 100 ns later, an Iron flow, highly collimated by the Shock
Focused Inertial Confinement (SFIC) mechanism (cf. chapter 6), impacted on the obstacle.
X-ray radiography images, obtained with a Copper X-ray backligther (line emission at 8 keV),
demonstrated both the formation of a reverse shock in the Iron flow, and the propagation
of the transmitted shock inside the Carbon obstacle (Fig. 7.29). Since the reverse shock is
imaged at much later times, the flow velocity in iron is lower uf ≈ 20 km/s, resulting in
much lower post-shock temperatures T s = 6± 1 eV. This second phase, is thus conceptually
not suitable for generating radiative reverse shocks. Nevertheless, the resulting plasma flow
presents interesting 2D dynamics (in particular the obstacle deformation) which could be
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used, for instance, for code validation in the low temperature regime.

7.3.3 MHD collimation

The mechanism of laboratory jet collimation by an axial magnetic field was discussed at
length, for instance, by Ciardi et al. (2013). In this section, we outline general considerations,
useful for the experimental target design in laser experiments, as to the conditions necessary
for achieving a collimated plasma flows in a laboratory with an axial magnetic field.

The effect of an ambient magnetic field on the plasma dynamics can be characterised with
two dimensionless parameters, discussed in chapter 1. For convenience, since in this section
we consider supersonic flows characterised by a Mach number (M), we also define the reduced
magnetic Reynolds number,

R̃m =
Rm

M
=
cs L

η
, (7.21)

which has the advantage of removing the dependence on the flow velocity, and being determined
exclusively by the local plasma conditions (ρ, T ).

For instance, if we consider a supersonic plastic (CH) flow, Figure 7.31a. demonstrates that
it would be collimated by an ambient magnetic field of B = 20 T only in the low temperature
and low density region β < 1. In addition, in order to have a noticeable impact on the
flow dynamics, the magnetic field must diffuse in the plasma slower than the characteristic
flow velocity, i.e. Rm ≥ 1. This corresponds to the high temperature region, represented in
Figure 7.31b.

The combination of these two conditions thus constrain the density and temperature
of a supersonic flow with a Mach number (M), that can be collimated by a magnetic field
B = 20 T (see Fig. 7.32). This in turn constrains the experimental target design, generally
favouring lower density flows, which, is in line with the analysis in section 7.4.3.
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Fig. 7.31 – Maps of the magnetic β number and the reduced magnetic Reynolds
number (R̃m = Rm/M) in the ρ–T e plane for plastic (CH), with a
magnetic field B = 20 T, and a characteristic distance L = 100 µm. The
internal pressure and sound speed are calculated from the SESAME 7593
table, while the electric conductivity is given by the Lee & More (1984)
model.
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Fig. 7.32 – Plasma conditions (in blue) of a supersonic plastic flow that can be
collimation by an external magnetic field B = 20 T, as a function of the
Mach number (M).

Two main experimental approaches can be mentioned in this respect: the front side
plasma expansion (Ciardi, Albertazzi, et. al.) characterised by an initial Mach number
M ∼ 1, and the rear side target expansion, with a Mach number M ∼ 10. It should be noted
that while in both cases the initial collimation of the flow can be ensured by the magnetic
field, the collision of such flows with an obstacle mostly follows a radiation hydrodynamic
description, since the post shock medium corresponds to a higher temperature and density
region where β � 1. As a result, unless one can achieve magnetic fields of a few 100 T in a
laboratory environment (e.g. Fujioka et al. (2013)) , the study of the reverse-shock dynamic
with magnetically collimated flows is not conceptually very different from those that rely of a
different collimation mechanism (e.g. hydrodynamic, or using a tube).

7.4 Astrophysical relevance and future developments

7.4.1 Astrophysical relevance

For several years the Polar project aimed to study scaled accretion shocks in laboratory
using high power laser facilities. In this section, we have presented the results obtained for
CH/CHBr targets both at the LULI2000 and Orion laser facilities. The observation of the
reverse shock was particularly challenging with the X-ray radiography diagnostic, and for this
purpose, target design, guided by multi-dimensional radiation hydrodynamic simulations was
shown to be crucial.

180



7.4. ASTROPHYSICAL RELEVANCE AND FUTURE DEVELOPMENTS

Fluid parameter LULI2000 facility ORION facility Lab. scaling MCV shock
Velocity (km.s−1) 50 100 300 1000

Density (g.cm−3) 2 · 10−2 0.2 0.2 10−8

Temperature (eV) 15 40 350 104

Mach number (M) 10 20 20 > 10

ξ parameter 1 1 · 10−2 5 · 10−2 � 1

Boltzmann number (Bo) 15 0.3 5 � 1

Mihalas number (Rmh) 2 · 104 6 · 103 5 · 102 � 1

Table 7.3 – Similarity properties of LULI2000 and Orion experiments for CH/CHBr
targets with astrophysical accretion columns in MCVs (Busschaert et al.,
2013).

The typical parameters for the presented LULI2000 and Orion experiments, are listed
in Table 7.3. For the CH/CHBr targets, the flow velocity was thus doubled from 50 to
100 km/s between these two laser facilities. This resulted in significantly higher post-shock
temperatures (T e ≈ 40 eV) and increased radiative effects (Bo ∼ 0.3). Although, because
the temperature, and therefore the sound speed, of the incoming flow increased together
with the flow velocity, the reverse shock in both cases has a similar Mach number M ≈ 10.
The necessary plasma conditions for a fully scaled astrophysical column in laboratory was
calculated by Busschaert et al. (2013), and would require flow velocities of the order of
300 km/s. Future work would be focused either on the optimisation of the existing target
design in order to reach such regime, or in adapting the current target for more energetic laser
drive, as we will discuss in the following section.

In polar laboratory astrophysics experiments complex radiation hydrodynamics environ-
ment is generated that contributes both to our understanding of accretion columns in Magnetic
Cataclysmic Variable (MCV) stars, but also provide experimental data for the validation of
HEDP simulation codes.

7.4.2 Fully similar reverse-shock formation

Here, we consider a somewhat idealized set-up, consisting of a fully collimated and uniform
plastic (CH) flow (ρ1 = 0.05 g.cm−3) that impacts a steel obstacle with flow velocity uf =
350 km/s (Fig. 7.33a). This corresponds to a fully scaled radiation hydrodynamic description
of a bremsstrahlung dominated MCV accretion column in laboratory conditions (see Table. 7.3).
As predicted by the Rankine-Hugoniot (RH) conditions, the reverse shock temperature reaches
T s ≈ 300 eV, with a post-shock density ρ2 ∼ 0.3 g.cm−3. Since matter is evacuated on either
side of the obstacle, after the collision, the reverse shock is fully stationary. A radiative
precursor, extending ∼ 100 µm, into the CH fluid ahead of the shock is observed.

The magnetohydrodynamic (MHD) simulation presented in Figure 7.33, was initialized
with an axial magnetic field B0 = 20 T, in order to account, for instance, for the initial
flow collimation mechanism (cf. section 7.3.3)4. Since the considered plasma conditions
present large magnetic Reynolds numbers (Rem � 10), the magnetic field lines are compressed
together with the fluid, when the flow impacts the obstacle 7.33f, reaching up to |B| ≈ 40 T.
Nevertheless, the high magnetic beta values (β & 1) in the collision region, result in weak

4It should be noted, however, that in this initialisation procedure, magnetic field is initially present in the
incoming flow, which is not representative of magnetically collimated flows, where the magnetic field lines
are compressed by the plasma expansion, producing a confinement pressure, but do not diffuse inside the
plasma (Ciardi et al., 2013)
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influence of the magnetic field on the reverse shock dynamics, which, apart for higher velocities
and temperatures, is overall similar to the one observed in the experiments presented earlier.

Although, in the present case, the obstacle is strongly eroded by the flow, which can poten-
tially lead to the obfuscation of the reverse shock, surrounded by the obstacle material on the
X-ray radiography diagnostic (Fig. 7.33e). This is particularly relevant if the flow characteristic
radius is smaller than that of the obstacle, either inherently due to the experimental design (e.g.
flow collimation with a cylindrical shock), or if the incoming flow is further collimated by the
material escaping on the sides (Fig. 7.33c-d). The relevant parameter for the obstacle erosion
is ρobst/ρ1, and therefore to mitigate this phenomena we can either consider lower density
incoming flows, or increase the obstacle density using e.g. a Tungsten (ρobst = 19 g.cm−3)
instead of an Steel (ρobst = 7.8 g.cm−3) material, as was done for the 2012 LULI2000 campaign.

The question is then how we can experimentally produce plasma flow velocities uf =
350 km/s, necessary to reach the astrophysical scaling. Looking at Figure 7.7, it is tempting
to say that this could be achieved by simply increasing the laser energy. For instance, if we
estimate the flow velocity to be uf = 70 km/s on the Orion facility (see Table 7.2) with a 2 kJ
laser drive, identical experimental set-up with a 2 · (350/70)2 ∼ 100 kJ laser drive should allow
to reach the desired regime. However, such 1D considerations are not fully correct. First,
because the decrease in the laser absorption with the laser intensity (cf. Fig. 2.13a) is not
taken into account. More importantly 50 kJ over a 600 µm focal spot, in a 1 ns laser pulse

a. 3 ns b. 5 ns

500 µm

c. 8 ns d. 12 ns

e. 8 ns f. 8 ns

Density [g/cm3] Temperature [eV]

X-ray absorption B-field [T]

Steel obstacle 
ρobst = 7.8 g.cm-2

CH flow 
ρ1=0.05 g.cm-2

350 km/s 

Cl K-α backlighter (2.8 keV) 

External B-field: B0 = 20 T

Reverse
shock

Transmitted
shock

Compression
of  B-field lines

Fig. 7.33 – 2D MDH simulations of a standing reverse shock, verifying the radiation-
hydrodynamics scaling with respect to an accretion column in MCV.
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corresponds to intensities I0 = 2 · 1016 W.cm−2, which would result in a significant obstacle
preheat both by hot electrons and by hard X-rays, generated during the laser interaction.
Therefore, for laser energies above a few kJ , Polar targets cannot be efficiently driven by
direct laser irradiation. Instead, the use of a hohlraum to radiatively drive the supersonic
plasma flow, as proposed by Falize et al., presents better opportunities in this regime.

7.4.3 Scaling of the experimental targets

Alternatively, if we are limited to a sub-kJ laser drive, as for instance on the LULI2000 facility,
we can, nevertheless, optimize the target design, in order to produce faster flows that would
approach astrophysical similitude conditions, as we will discuss further on. The experimental
parameters that are taken into account in the optimisation are represented in Figure 7.34.

This analysis does not aim to be rigorously exact, but rather intends to practically
illustrate the relationships between the experimental target parameters and the resulting flow
and reverse-shock properties. In this section, we make abstraction of the initial collimation
mechanism for the flow, and assume that its unique consequence is to produce a flow with a
given aspect ratio (AR). The presented arguments thus applies to all previously presented
experimental configurations, including tube collimated flows (section 7.2.2), flows collimated by
hydrodynamic mechanisms (section 7.3.2) and MHD mechanisms (section 7.3.3). For instance,
in the case of a collimation with a plastic tube, Dlaser ≈ Dwash = Dobst and AR = Lobst/Dobst
(see Fig. 7.34).

In this problem, we aim to reach the astrophysical similitude conditions for the reverse shock
(ρ2 = 0.2 g.cm−3, T s = 300 eV), with a limited total laser energy (E0 = 400 J), and under the
constraints that the reverse shock is observable with X-ray radiography (i.e. SNR〈ρl〉 > 1) and
that the X-ray preheat of the obstacle is negligible. As we have discussed in section 7.2.3, the
velocity and density profiles of the incoming flow present continuous gradients, and therefore
for a given experimental target we cannot define a single value for the post shock density and
temperature, since both depend on the observation time (tobs). Nevertheless, we can discuss
the effect of different target parameters on the reverse-shock dynamics, at a given observation
time. We will use the CH/CHBr set-up for the LULI2000 facility as a starting point for this
study,

Dlaser = Dwash = 400 µm ≈ Dobst, Lpush = 50 µm, Lobst = 3000 µm, (7.22)

which given a total laser energy E0 = 400 J in a ∆t = 1.5 ns pulse, yields a laser intensity
I0 = 2 · 1014 W.cm−2. According to radiation hydrodynamics simulations (Fig. 7.18) at
tobs = 53 ns, the incoming flow has a velocity uf ∼ 50 km/s. In the following, we will refer to
the scaled quantities with a tilde (∼) notation.

As we discussed earlier, in first approximation, the flow velocity (uf), verifies:

uf ∝ I1/2
0 (ρpushLpush)−1/2, (7.23)

assuming that the ablated mass is negligible with respect to the total target mass5. Thus,
increasing the laser intensity by choosing a smaller focal spot (D̃laser = D̃wash = 200 µm), and
manufacturing a thinner pusher (L̃push = 10 µm), could be used to increase the flow velocity
by factor of up to 5.

Of course, thinner targets will also result in a lower incoming flow density (ρ1), since mass
conservation implies:

5In 1D radiation hydrodynamics simulations of the Polar experiment, we have rather observed uf ∝ L−1
push.

The power exponents in the Eq. 7.23 are thus given only as a rough indication.
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Fig. 7.34 – Generalised representation of a Polar experimental setup, with charac-
teristic target parameters.

ρ1 ∝ (ρpushLpush)

(
DwashAR
Lobst

)2

. (7.24)

This, however, can be mitigated by putting the obstacle closer: i.e. L̃obst = Lobst

√
Lpush

L̃push

Dwash
D̃wash

∼
600 µm, assuming a constant aspect ratio for the flow.

Assuming that at collision, the lateral extent of the flow is larger than the obstacle size (i.e.
AR < Lobst

Dobst
), with simple geometrical arguments, we can approximate the signal to noise ratio

for the areal density as,

SNR〈ρl〉 =
〈ρl〉 rs
〈ρl〉 conf

∼ βρ1Dobst

ρ1
Lobst
AR − ρ1Dobst

=
β

1
AR

Lobst
Dobst

− 1
, (7.25)

where β is the compression ratio for the reverse shock (β ∼ 4–5). The condition, SNR〈ρl〉 > 1,
then sets a lower bound for the obstacle sizeDobst >

Lobst
AR(β+1) & Lobst

6 , that ensures a favourable
observation of the reverse shock with the X-ray radiography diagnostic.

Following, the above logic it should be possible to reach any value flow velocity, with
thinner targets, a smaller laser focal spot and a closer obstacle. This is, indubitably untrue,
first because the assumptions for the Eq. (7.23) are broken for thinner targets, and more
importantly because the preheat of the obstacle by the X-rays emitted from the coronal
plasma becomes non negligible. In the following, we will assume that the washer is made
of a high Z material and fully absorbs X-ray radiation in the relevant spectral range. The
eventual obstacle preheat is then solely due to photons emitted by the coronal plasma that
pass through the pusher foil (see Fig. 7.34).

The radiative flux arriving onto the obstacle per unit of its surface, can then be approxi-
mately modelled as,

F rad,obst ∝
D2

wash
D2

obst
(σBT

4
c)TrF push→obst (7.26)

where σBT 4
c is the total power radiated by the coronal plasma, assumed isothermal, with

a temperature (T c), in the black body approximation according to the Stephan-Boltzmann
law. The coronal temperature (T c) can be estimated according to Mora (1982) with T c ∼
2 keV

[
I0

1014 W.cm−2

]1/2 [ λ0
1 µm

]1/2
(see Table 1.1).
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Fig. 7.35 – Radiative view factor between the pusher and the obstacle, modelled by
coaxial parallel disks, in the case when Dobst = Dwash (Incropera et al.,
1981).

In addition, the X-ray transmission of the pusher,

Tr =

∫
ν ην(T c) exp [−κν,push ρpush Lpush] dν∫

ν ην(T c)dν
, 0 ≤ Tr ≤ 1, (7.27)

depends both on its cold opacity (κν,push) and on the spectral distribution of the X-ray
radiation (ην(T c)). Assuming that the latter follows a Plank distribution, we can numerically
integrate the Equation (7.27) for a given pusher material. In general, however, Tr is negatively
correlated with the pusher thickness (Lpush) and atomic number (Zpush), while being positively
correlated with the X-ray energy defined by a temperature (T c), and therefore the laser
intensity (I0).

Finally, the view factor (F push→obst) models the fraction of photons emitted through the
pusher, that reach the obstacle, according to three dimensional geometric considerations.
For instance, the view factor in a pusher/obstacle configuration6 is given by Incropera et al.
(1981):

F push→obst =
1

2

S −
√
S2 − 4

(
Dobst

Dwash

)2
 with S =

4L2
obst +D2

obst +D2
wash

D2
wash

, (7.28)

where Dwash, Dobst and Lobst parameters are defined in Fig. 7.34. In general, 0 ≤ F push→obst ≤
1 and we can verify the limit case F push→obst = 1 when Lobst → 0 or Dobst = Dwash → +∞.
With the assumption Dobst = Dwash, the Eq. (7.28) can be significantly simplified and
expressed with respect to the Lobst/Dobst ratio, as illustrated in Figure. 7.34.

In conclusion, a scaled experimental set-up characterised by,

D̃laser = D̃wash = 200 µm, D̃obst = 400 µm, L̃push = 10 µm, L̃obst = 600 µm (7.29)

shows a significant increase in the flow velocity (uf), and therefore in the post-shock tempera-
ture (T s), while insuring a sufficient density of the incoming flow (ρ1) and X-ray absorption
conditions (SNR〈ρl〉). However, according to Eq. (7.26), it is also associated with an increase

6As a side note, 1D radiation hydrodynamic simulations of the Polar experiment, also overestimate the
obstacle preheat with respect to the 2D/3D case by this geometric factor.
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by a factor of ∼ 1
22
·24 ·1 ·10 = 40 of the radiative flux per unit surface preheating the obstacle

(in conservative estimations). Thus a compromise must be found between thin, high velocity
targets, and sufficiently low preheat levels.

In this analysis, we have deliberately ignored a number of details and physical phenomena
in order to present a simplified overview of the target design process. Therefore, while this
approach provides useful indications as to the relationship between the target dimensions and
the resulting flow parameters, the obtained conclusions have to be validated with detailed
multidimensional radiation hydrodynamic simulations.

Conclusions

In this chapter, we have reviewed recent numerical and experimental results of laboratory
astrophysics experiments studying accretion shocks in magnetic Cataclysmic Variables (MCV).
After describing the scientific context of such astrophysical object, we have presented the
Polar project which aims their study in laboratory, with appropriate scaling laws, using high
power lasers. Complementing earlier work within this multi-year project, we have discussed
results from the LULI2000 and Orion experimental campaigns, with a focus on CH/CHBr
laser targets. Using a combination of visible and X-ray diagnostics the radiative reverse
shock was diagnosed, and its properties determined both with a semi-analytical analysis and,
indirectly, from multi-dimensional radiation hydrodynamic simulations. Although, at present
we have not yet reached a regime that presents a complete RHD similitude with the accretion
column in MCV.

Three major research axis could be proposed for future work. First, to adapt the current
experimental set-up to higher energy laser facilities, in order to reach the similitude conditions
for the reverse shock. Thus an experimental campaign on NIF was proposed by Falize et
al. Secondly, to scale down the current target in order to reach higher flow velocities and
therefore post-shock temperatures using sub-kJ laser facilities. Although significant challenges
related to obstacle preheat would need to be addressed. Finally, in relationship with the latter
point, we could further investigate alternative means of initial flow collimation, including
hydrodynamic and MHD approaches, that would contribute to a simpler observation of the
reverse-shock dynamics in the laboratory experiments.
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Conclusions

In this work, we present a numerical and experimental study of accretion-ejection phenomena
in laboratory astrophysics. The general approach consisted in producing a scaled version
of these phenomena in laboratory using high power laser facilities. The similitude between
the laboratory and astrophysical conditions is ensured by the theoretical work on scaling
laws (Falize et al.). In this context, personally, I contributed to performing laboratory astro-
physics experiments within an international multidisciplinary research collaboration, and to
the development of simulation tools necessary to analyse and design such experiments.

In the first part, we have discussed the use of Radiation Hydrodynamics (RHD) codes
to model High Energy Density (HED) laser experiments. Thus, after presenting the general
physical principles in RHD simulations, a code to code comparison study between FLASH,
MULTI (1D) and DUED (2D) codes was performed for a simple case of a foil target irradiation
by a high power laser.

We have also assessed the influence of the pre-calculated material properties (equation of
state, opacities) on the simulation output. In particular, the case of a non-convex equation
of state that can occur near phase transitions was considered, and we validated the FLASH
code in such conditions using classical test cases. Indeed, it was demonstrated that associated
phenomena may be relevant for experiments featuring laser driven flows, created by shock
unloading, that we discuss in this thesis work. Finally, an approach for adaptively constructing
the radiative grid in the opacity tables was examined. Using a benchmark simulation modeling
the X-ray preheat in laser driven shocks, we demonstrated that such methods allow for a
faster convergence of the multi-group radiation transfer, thus allowing to reduce the necessary
computational resources, particularly in 2D and 3D RHD simulations.

In conclusion, we can emphasize that the use of modular, modern and, when possible,
open-sourced RHD codes is fundamental for the field of laboratory astrophysics and, more
generally, for academic HED laser experiments. In this context, I have also developed and
contributed to a number of numerical tools, listed on page 190, that are available for the wider
HED community and can be used to analyse laboratory astrophysics experiments, post-process
RHD simulations, and work with tabulated opacity and EoS.

In the second part, we reviewed the laser facilities and the experimental diagnostics that
are used in our experiments. Then, we present two distinct laboratory astrophysics studies,
based on the fact that in several astrophysical systems, accretion phenomenon is associated
with ejection mechanisms, to evacuate the extra energy and angular momentum acquired by
accretion.
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First, we considered the interaction of plasma winds with jets that could be relevant for
Young Stellar Object (YSO), Active Galactic Nuclei (AGN) as well as Planetary and Pre-
Planetary Nebulae (PN, PPN). Indeed, while the generally accepted model for jet launch and
propagation in these systems involve a magnetohydrodynamic (MHD) description, the purely
hydrodynamic interaction of the jet originated from the compact object and the ambient wind
remains a pertinent topic. In particular, in chapter 6, we presented a laboratory astrophysics
experiment performing a demonstration of the Shock Focused Inertial Confinement (SFIC)
mechanism. The relevance of this experiment to the above mentioned astrophysical objects
was supported by comparing the dimensionless parameters characterising the plasma flow in
both cases.

Finally, in the last chapter, we present recent results from the Polar project that aims
to study accretion shocks in magnetic Cataclysmic Variables (mCV) using high power laser
facilities. Based on the theoretical work on scaling laws for bremsstrahlung dominated
accretion columns in the radiative hydrodynamic and the radiative magnetohydrodynamic
descriptions (Falize, Busschaert, et al.), we have discussed the experimental Polar setup,
focusing on the bi-layer CH/CHBr laser targets. Experimental results obtained on the
LULI2000 and Orion laser facilities were thus reviewed. In particular, we demonstrated
that the reverse shock could be successfully probed using a combination of visible and X-ray
diagnostics. The post-shock properties were determined with a semi-analytical Rankine-
Hugoniot model and compared with multi-dimensional RHD simulations. In addition, we have
discussed experimental limitations of the current Polar target, where the flow is collimated
by a plastic tube. Thus, possible alternative approaches for the initial collimation of the flow,
include designing targets with convergent geometries (i.e. where the plasma flow collides on
the symmetry axis producing a denser jet) or flow confinement by an external magnetic field.
Finally, we have shown that in order to reach a fully similar regime for the reverse shock
between the mCV accretion column and the laboratory experiments, two main approaches
could be considered. The first one requires to increase the energy of the laser drive, and
indeed a NIF proposal was submitted for this experiment in 2015. As to the second approach,
it consist in decreasing the size the existing Polar targets, while keeping a kilojoule laser
drive. Although significant challenges need to be addressed, in this second case, both for the
obstacle preheat and for the homogeneity of the incoming flow.
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Developed software tools

1. hedp: A python module to analyse HED experiments and hydrodynamic simulations.
github.com/luli/hedp

2. PyEOSPAC: A python wrapper for the EOSPAC6 and FEOS libraries for a user-
friendly EoS handling. github.com/luli/pyeospac

Open source software contributions

1. opacplot2: Package for reading, manipulating, and plotting EOS and Opacity data.
github.com/luli/opacplot2

2. pyBASEX: A Python implementation of the BASEX algorithm by Dribinski et al.
(2002). github.com/DanHickstein/pyBASEX

3. shaplets: A python module for fitting and decomposing images (FITS, PNG, JPEG)
into shapelet coefficients using Hermite and Laguerre polynomials (Refregier, 2003).
github.com/griffinfoster/shapelets

4. PyKrige: Kriging Toolkit for Python.
github.com/bsmurphy/PyKrige

5. Preliminary implementation of the EOSPAC interface for the FLASH code:
github.com/luli/flash-eospack-interface

Software packages used in this work

1. yt: A Multi-code Analysis Toolkit for Astrophysical Simulation Data (Turk et al., 2010).
yt-project.org/

2. VisIt: an open source interactive parallel visualization and graphical analysis tool for
viewing scientific data. visit.llnl.gov/

3. Neutrino: A light, expandable and full featured image analysis tool for research.
github.com/aflux/neutrino

4. EOSPAC 6: a collection of C routines that can be used to access the Sesame data
library (Pimentel, 2013). laws.lanl.gov/projects/data/eos.html

5. FEOS: a Frankfurt equation-of-state package (Faik et al., 2012).
th.physik.uni-frankfurt.de/∼faik/feos.php?lang=eng

6. PROPACEOS: PRism OPACity and Equation Of State code.
www.prism-cs.com/Software/PROPACEOS/PROPACEOS.htm

7. MULTI: A computer code for one-dimensional multigroup radiation hydrodynam-
ics (Ramis et al., 1988).

8. DUED: Two dimensional lagrangian radiation hydrodynamics code (Atzeni, 1987).
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