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Inertial Confinement Fusion

D+T ⇒ 4He (3.5 MeV) + n(14.1 MeV)
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Development of HIGH POWER PULSED MACHINES : Z-PINCHES, HIGH ENERGY  
LASER

Very high compressions and temperatures required



High Energy lasers: an opportunity 
for astrophysics
Generation of ultra-dense-matter to high temperature plasmas, including a variety of 
astrophysical objects



Two large facilities in France
❖ LULI 2000:  the most powerful academic 

laser in EUROPE (Region parisienne)

‣ 2 beams 2KJ, 1.5ns
‣ 1KJ beam, 1.5ns + 100J 1 ps (probes)

❖ LMJ:  the most powerful laser in EUROPE 
(Aquitaine)

‣ LMJ: 176 beams, 1.3 MJ, 1.5ns
‣ PETAL: 1KJ 1 ps

❖LIL (2002-2014) :  
prototype LMJ quad-9kJ

❖APOLLON 
(2018-2019?) : 100J, 15fs
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Outline

❖ Which conditions
❖ Which diagnostics
❖ Overview of lab-astro experiments in France
❖ Examples of experiments:

‣ EOS

‣ POLAR



Which plasmas we can generate?

Shock

Hot 
plasma

Cold 
target

Laser

1. Coronal 
plasma: 
Ne<1021cm-3
Te~keV

2. Shock 
compression 
Ne~1021-1023cm-3
Te~0.1-100eV

3. Release plasma
Ne<10^23
Te<eV
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Laboratory astrophysics 

❖ IDENTICAL : the physics is exactly the same. They furnish precise 
data, which are not directly measurable in space. EOS, Opacities, x.

❖ SIMILAR : they are defined by precise scaling laws. Possibility to 
study temporal evolution and modify initial and boundary 
conditions. POLAR, Jets, Shocks and instabilities, accretion in  YSO

❖ RESSEMBLANT : we do not have scaling laws, but we can explore 
the mechanism and get insight of the major Self-generated B fields, 
particle acceleration, relativistic plasmas, Nucleosynthesis in lab, magnetic 
reconnection 

Three different kind of experiences



Few observational constraints

gravitational and 
centrifugal potential 

©Collins

see also F. Subiran talk 

Identical 1- EOS
Over nearly 2000 known planets, most have internal pressure between 1Mbar to 10 

Gbar

Planetary models need EOS at high P-T conditions

Huser, Henry, Denoeud, Bolis, Guarguagini, etc..PhD



Identical 2-OPACITY

Fe

Stars longevity partially determined by stellar opacity

but opacity calculations often disagree 
→ experimental measurements in astrophysical 
relevant conditions are needed.
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Interaction with an ambient gas
Yurchak PhD

Albertazzi PhD

in the laboratory to an equivalent ~6 years in
the natural environment, during which it prop-
agates over ~600 astronomical units (AU). Hence,
even over short time scales (<100 ns), the exper-
iment has the ability to sample the stationary
morphology of an astrophysical outflow. To-
roidal magnetic fields, which are self-generated
in the plasma outflow owing to crossed density
and temperature gradients (14), have a low am-
plitude in our study, because of the low laser in-
tensity that we used (see methods). At the same
time, they are limited to zones close (<0.5 mm)
to the target surface and thus are not able to
confine the flow beyond that (Fig. 1D): The plas-
ma then freely expands at a wide angle. In short,
this experimental configuration mimics well the
expansion of one hemisphere of a naturally occur-
ring YSO spherical wind that emerges at large
distances from the disk, where acceleration is
complete and gravitational effects are unimportant.
A steady (i.e., with duration >5 ms) and ho-

mogeneous axial magnetic field can be applied
to the laboratory plasma (see methods). The mag-
netic field extends over a large volume (3 cm in
length and 1 cm in diameter) with a strength of
up to 0.4 MG (15). The plasma flow in this case
is well approximated by ideal MHD (16), en-
suring its relevance as a scaled astrophysical
plasma. Indeed, the dimensionless Reynolds (Re),
magnetic Reynolds (ReM), and Peclet (Pe) num-
bers are much larger than unity (Re ~ 104 to 105;
ReM ~50; Pe ~ 3 to 5). This implies that the ad-
vective transport of momentum, magnetic field,
and thermal energy dominates over diffusive trans-
port, as expected in a YSO outflow. The strength
of the magnetic field in which the plasma is
embedded is much larger than in the astrophys-
ical environment (on the order of milligauss)
(10), to compensate for the shortness of the
space and the time scales of the experiment. This
means that the ratio of the plasma’s kinetic ram
pressure to magnetic pressure will transition
from >>1 to <<1 over a few millimeters, while it
does the same over a few tens of astronomical
units in a YSO.
The typical morphology of our laboratory plas-

ma, when applying the axial magnetic field to
it, is shown in Fig. 1B. We present a measure-
ment of the integrated electron density along
the line of sight of the expanding plasma ob-
tained through transverse optical laser probing.
The axial magnetic field has a profound effect
on the collimation of the laser-produced plasma
flow, thus leading to the emergence of a nar-
row jet with an aspect ratio of >10 that is main-
tained over the entire homogeneous magnetic
field region with little variation in density. Such
tight collimation is also observed when imaging
the x-ray emission in the kilo–electronvolt range
originating from the plasma (see methods) and
is in excellent agreement with our earlier MHD
numerical investigations (12). We emphasize that
even laser experiments specifically designed to
produce jets from radiatively cooled, unmagne-
tized plasmas do not exhibit such morphology
and have in fact much lower aspect ratios (17–19).
The mechanism leading to the tight magnetic

collimation of the plasma plume is illustrated
in Fig. 1, C and D. We also present 3D resistive
MHD numerical simulations using the param-
eters of the experiment (Fig. 2; see methods).
When the laboratory plasma expands in the
presence of a magnetic field (Fig. 1C), one clearly

observes the formation of a converging cavity
with an outer shell of higher electron density.
We stress that neither the cavity nor the jet is
observed when no magnetic field is applied
(Fig. 1D). The formation of this shell is the con-
sequence of the accumulation and heating of
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Fig. 1. Laboratory demonstration of jet formation by axial magnetic field. (A) Cartoon of the
experiment and of the jet-formation mechanism. (B) Integrated plasma density measured 20 ns
after the laser irradiation (from the right) of a plastic (CH) target (left) immersed in the z-oriented
[see (A)] 0.2-MG magnetic field. Four images obtained with different target positions are used [see
(F)]. Shaded areas indicate linear interpolation in between observed sections of the jet (in the middle
section, flow gradients, converging on the left and diverging on the right, indicate the presence of a
refocusing intermediate point). (C and D) Abel inverted density maps (the color map applies to both
images) with (C) and without (D) a magnetic field; and (E) profiles [along the dashed lines shown in
(C) and (D)] show the cavity region, and plasma convergence on-axis that is induced by the
magnetic field. The error bars in (E) represent the difference in the plasma density retrieved by Abel
inversion from the upper and lower measured phase maps (see methods). (F) Target and magnetic
field arrangement used in the experiment.

RESEARCH | REPORTS

PRL 2014

‣Collimation by B field
Science 2014

Supersonic-Jet Experiments Using a High-Energy Laser

B. Loupias,1,* M. Koenig,1 E. Falize,2,3 S. Bouquet,2,3 N. Ozaki,1,4 A. Benuzzi-Mounaix,1 T. Vinci,1 C. Michaut,3

M. Rabec le Goahec,1 W. Nazarov,5 C. Courtois,2 Y. Aglitskiy,6 A. Ya. Faenov,7 and T. Pikuz7

1LULI, Ecole Polytechnique, CNRS, CEA, UPMC, Route de Saclay, 91128 Palaiseau, France
2CEA/DIF/DPTA BP 12, 91680 Bruyeres-le-Chatel, France
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In this Letter, laboratory astrophysical jet experiments performed with the LULI2000 laser facility are
presented. High speed plasma jets (150 km ! s"1) are generated using foam-filled cone targets. Accurate
experimental characterization of the plasma jet is performed by measuring its time evolution and
exploring various target parameters. Key jet parameters such as propagation and radial velocities,
temperature, and density are obtained. For the first time, the required dimensionless quantities are
experimentally determined on a single-shot basis. Although the jets evolve in vacuum, most of the
scaling parameters are relevant to astrophysical conditions.

DOI: 10.1103/PhysRevLett.99.265001 PACS numbers: 52.72.+v, 52.50.Lp, 52.70.La, 98.38.Fs

High-energy density facilities, such as high power lasers
or Z pinches, enable the exploration of extreme states of
matter as found in several astrophysical objects. Using
appropriate diagnostics, measurements of such conditions
and their time evolution allow to validate and to test
theoretical models and simulation codes [1]. This approach
has been already used to perform plasma jets studies [2–
4]. Astrophysical jet dynamics are affected by many physi-
cal phenomena such as radiation [5,6], magnetic fields [7],
and interaction with interstellar medium [8]. The complex-
ity of jet evolution theories and simulations needs com-
parisons with controlled data. For that reason laboratory
experiments help to answer basic questions like, for in-
stance, how do some jets stay collimated over the large
distances observed?

In this Letter, we show it is possible to launch a super-
sonic jet with a new flexible target (see Fig. 1) which can be
used with any high-energy long pulse laser facility. To
control and to accurately diagnose the jet, it is generated
at the rear side of the target. For jets created on the laser
side as in [9], their interaction with the laser beam can
induce spurious effects and modify their evolution [10].
This also removes options for exploring jet propagation in
ambient media. This point is of special interest to produce
plasma jets which can be scaled to astrophysical ones, i.e.,
in such a way to be hydrodynamically and radiatively
similar to their astrophysical counterpart. Similarity con-
straints are achieved if dimensionless numbers for labora-
tory jets have the same order of magnitude as astrophysical
ones [11]. The Mach number (M), the cooling parameter
(!), and the jet-to-ambient density ratio (") describe global
properties of jets. For a fluid description of plasmas,

Reynolds (Re) and Peclet (Pe) numbers as well as the
localization parameter (#) have to be evaluated. The key
point for an astrophysical experiment is the determination
of all these parameters, and we measured the jet velocity
Vjet, its radial evolution [R#t$ and VR], temperature Tjet#t$,
and electronic density ne#t$ to achieve this goal. Time-
resolved diagnostics have been used to investigate evolu-
tion of these quantities, which is a required income to
validate models.

The two LULI2000 kJ nanosecond beams were con-
verted to the second harmonic to drive a strong shock
through the foam as described in Fig. 1. The beams were
focused with a 500 $m focal spot diameter and the pulse
duration was 1.5 ns (square), giving a maximum intensity
IL % 1014 W=cm2. The shock was generated in a two layer
target. A first 20 $m plastic (CH) layer acts as ablator-

FIG. 1 (color online). Foam-filled cone target process. The
cone entrance has a 500 $m diameter (exit diameter 100 $m)
and thickness is 250 $m. (a) The laser is focused on the pusher.
(b) It drives a shock into the foam. (c) The shock is guided in the
cone and a high velocity plasma jet flow is generated.
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Collimation by an ambient wind
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Similar 1- Plasma jets 



Similar 2- Strong shock & Hydro instabilities 
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Radiative shocks & with molecular clouds

Hydrodynamic instabilities:

Invariance d'échelle

Astrophysique de Laboratoire 
Groupe PHYHDEL

CHOCS RADIATIFS

L'astrophysique de Laboratoire est une discipline en plein essor nécessitant des installations laser de haute énergie
Seules deux installations complètement ouvertes à proposition existent dans le monde ayant une énergie > 2 kJ

Nanosecond pulses 
(10-9 s)
E >2 kJ energy
Petawatt peak 
powers (1015 W)

Short Pulse ≥ 
100-2 kJ, 1 ps

GEKKO

LULI2000

Quelle Astrophysique ?

�Identique -> Planetologie
�Similaire (lois d'échelle) -> High Mach number flows
�Ressemble -> rayons cosmiques, Plasmas relativistes, …

y g yRayleigh‐Taylor

Crab Nebula,
Hubble 2005
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Radiographie X

Des instabilités hydrodynamiques présentes 
dans les restes de supernova reproduites en 

laboratoire.

zDes cibles pré‐modulées
zUne mousse pour la décélération de 
l’interface choquée.

De nombreux diagnostics dont une 
radiographie X produite par Pico2000

pDes résultats comparables aux simulations.

Mousse

Cible modulée

Simulation

laser

laser

Rayon X

laser

The FLASH code:  open‐source multi‐physics code        

� Hydrodynamics and Magnetohydrodynamics (MHD) in 1D / 2D / 3D 
� Riemann solvers: Roe, HLL, HLLC, . . . with high order schemes 
� Adaptive Mesh Refinement (AMR)
� Massively parallel

� Multi‐material, 3‐temperatures fluid (Te , Ti, Tr) 
� Radiation transfer (multigroup diffusion approximation) 
� Heat conduction (flux‐limited)
� Laser energy deposition (ray tracing) 
� Equation of State (EoS) and Opacities

Core functionality HEDP modules

POLAR
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Shock Front

Radiative
precursor

Gas : Xe 31 mbar

Interferometry GOI

t = 13 ns

0.5 ns
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t = 8 ns t = 13 ns t = 17 ns

LAS
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ER

d’analyser et de préparer la campagne expérimentale LMJ (2020).

Les simulations d’hydrodynamique radiative 2D
reproduisent bien l’expérience : elles permettent

d’analyser et de préparer la campagne expérimentale LMJ (2020).
1x1017

5x1019

1x1020

Alma (ESA/NAOJ/NRAO)/ A. Angelich.
Visible light : The NASA/ESA telescope

LASER

Micro‐ballon (obstacle)Cellule remplie 
de Xenon

Les installations lasers de haute énergie 
permettent de créer

des chocs radiatifs, étudiés grâce à différents 
diagnostics (interférométrie, etc)

Les chocs radiatifs sont présents dans de
nombreux objets astrophysiques: jets, explosions
de supernovae, …, La température est si
importante que le rayonnement joue un grand rôle
dans l’hydrodynamique du système.
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�Ressemble -> rayons cosmiques, Plasmas relativistes, …

y g yRayleigh‐Taylor

Crab Nebula,
Hubble 2005

LA
SE
R 1.5 ns

500 J

Radiographie X

Des instabilités hydrodynamiques présentes 
dans les restes de supernova reproduites en 

laboratoire.

zDes cibles pré‐modulées
zUne mousse pour la décélération de 
l’interface choquée.

De nombreux diagnostics dont une 
radiographie X produite par Pico2000

pDes résultats comparables aux simulations.

Mousse

Cible modulée

Simulation

laser

laser

Rayon X

laser

The FLASH code:  open‐source multi‐physics code        

� Hydrodynamics and Magnetohydrodynamics (MHD) in 1D / 2D / 3D 
� Riemann solvers: Roe, HLL, HLLC, . . . with high order schemes 
� Adaptive Mesh Refinement (AMR)
� Massively parallel

� Multi‐material, 3‐temperatures fluid (Te , Ti, Tr) 
� Radiation transfer (multigroup diffusion approximation) 
� Heat conduction (flux‐limited)
� Laser energy deposition (ray tracing) 
� Equation of State (EoS) and Opacities

Core functionality HEDP modules

POLAR

LASER

Obstacle

Shock Front

Radiative
precursor

Gas : Xe 31 mbar

Interferometry GOI

t = 13 ns

0.5 ns
1.2 kJ

t = 8 ns t = 13 ns t = 17 ns

LAS
ER
LAS
ER

d’analyser et de préparer la campagne expérimentale LMJ (2020).

Les simulations d’hydrodynamique radiative 2D
reproduisent bien l’expérience : elles permettent

d’analyser et de préparer la campagne expérimentale LMJ (2020).
1x1017

5x1019

1x1020

Alma (ESA/NAOJ/NRAO)/ A. Angelich.
Visible light : The NASA/ESA telescope

LASER

Micro‐ballon (obstacle)Cellule remplie 
de Xenon

Les installations lasers de haute énergie 
permettent de créer

des chocs radiatifs, étudiés grâce à différents 
diagnostics (interférométrie, etc)

Les chocs radiatifs sont présents dans de
nombreux objets astrophysiques: jets, explosions
de supernovae, …, La température est si
importante que le rayonnement joue un grand rôle
dans l’hydrodynamique du système.

Copyright Animea/F. Durillon

laser

B= 15 T

Processus d’accrétion dans les 
variables cataclysmiques de 
type POLAR reproduits en 

laboratoire 

Collimation au moyen 
d’un tube : Expérience 

ORION

Collimation au moyen 
d’un champ magnétique 

: Expérience LULI

pExpérience ORION
Set‐up Experiment

Simulations

pExpérience LULI

Collimation par un champ 
magnétique externe de 10 ou 

15 T

PRL 2017see also Singh talk 



Sci. Adv. 2017Revet PhD

Similar 3- Accretion dynamics 

In YSO: magnetised accretion dynamics

Soft x-rays absorbed in the dense shell

In POLAR: accretion column 

Generation, dynamics and stability of 
reverse shock

Yurchak, BoPhD HEDP 2012, Nat Com 2016,2018…



Ressemblant 1- Self generated B fields

MAGNETIC FIELDS AT PROTOGALACTIC SHOCK WAVES

Introduction Our interest

Gas accretion onto clusters generates 
shock waves

!!"

MHD simulations indicates that accretion shocks 
during structure formation generates magnetic fields!

!!"#$%&$'$()*+'"%)&,'+-$.%"%/$0"*,1234").531(+'+*-*"%/$*6%"0)5/"1+4))"7!"89*"
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FIG. 3.ÈMagnetic �eld strength contours of a slice with a thickness of 2
h~1 Mpc (or 8 cells) at z \ 2. The contour lines with magnetic �eld
strength higher than 8 ] 10~23 G are shown with levels 8 ] 10~23 ] 10k
and k \ 0, 0.1, 0.2, . . . , 2. The upper panel shows the whole region of
32 ] 32 h~1 Mpc, while the lower panel shows the magni�ed region of
10 ] 10 h~1 Mpc.

prising since the equation for the evolution of [x/1 ] s is
identical to that for except for dissipativexcyc \ eB/mH c,
terms.

By taking the curl of the equation of motion in the form

L¿
Lt

[ ¿ Â ($ Â ¿) ] 1
2

+¿2 \ [ +p
o ] l+2¿ , (6)

where l is the kinematic viscosity, one gets

Lx
Lt

\ $ Â (¿ Â x) [ +p ] +o
o2 ] l+2x . (7)

Now we see, on comparing withequation (7) equation (4),
that if dissipative processes are ignored (conditions well
satis�ed except during the later stages of the simulation),
and if we assume that both and x are initially zero,xcyc

then we should have

xcyc \ [ x

(1 ] s)
, (8)

a remarkable result.
It must be appreciated that the +p ] +o term is zero until

some pressure is generated, since usually p is very small
initially in the simulation. The generation of p happens gen-
erally in shocks where viscosity is certainly important. It
can be argued that the jump in and [x/(1 ] s) acrossxcyca shock should be equal since, if we could treat equation (7)
as valid through the shock, the integral of l+2x is probably
small. Thus, and x satisfy essentially the same equationxcyceven in the shock.

A check of the above relation is presented in Figure 4.
The magnitudes of these two quantities are displayed on a
logarithmic scale. Each point represents the two quantities
in each cell. The magnitudes in one among eight neighbor-
ing cells were plotted. Here was used again. If theh \ 12relation in holds exactly, all these points shouldequation (8)
lie on the line of unit slope. The deviation for small values is
presumably due to the di†erent dissipation rates that are
not taken into account in the derivation of this relation. At
larger values, the correlation is much better, as is to be
expected. The rough agreement of and x/(1 ] s) atxcycleast for larger values tends to support the relation in
equation (8).

Eventually, viscosity does become important, and x
tends to saturate in mean square average. However, since
the twisting of the magnetic �eld by the term$ Â (¿ Â B)
persists, one expects that B will continue to grow. This fact
is supported by G. K. BatchellorÏs discussion in his early
paper Thus, it is indeed surprising that B(Batchellor 1950).
seems to saturate at the same time and with the same ampli-
tude as x does. Is it a coincidence that numerical resistivity
becomes important at the same time that viscosity does?

FIG. 4.ÈMagnitude of x/(1 ] s) plotted against that of on axcyclogarithmic scale. Each point represents the values in each cell. One among
eight neighboring cells were plotted. The predicted relation is the 45¡
straight line. The correlation is quite good for the larger values.

Kulsrud et al., ApJ 1997 

Magnetic field strength!

10-21 G!
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FIG. 1.ÈEvolution of the mass-weighted (bold lines) and volume-
weighted (thin lines) mean magnetic Ðeld strength (top) and the comoving
mean free path to ionizing radiation (bottom) for runs A (solid lines), B
(dotted lines), and C (dashed lines).

does not lead to a substantial underestimate of the magnetic
Ðeld strength produced in our simulations. This test is not,
however, completely conclusive because of the excess small-
scale power present in run C, and therefore we cannot
exclude the possibility that numerical di†usion a†ects our
results on a several tens of percent level. However, since we
focus in this paper on the general semiqualitative descrip-
tion of the generation of the primordial magnetic Ðeld, we
can tolerate a factor of 2 uncertainty in our calculations.

We point out here that the mean Ðeld strength generated
in our simulations exceeds the value found by Kulsrud et al.
(1997) by about 2 orders of magnitude. We will elaborate on
this di†erence in the next subsection.

The evolution of the mean Ðeld clearly exhibits two dis-
tinct regimes : before the overlap of the H II regions at z \ 7
(characterized by a sharp increase in the mean free path of
ionizing photons), the mean Ðeld grows with time, but after
the overlap its growth slows down appreciably. We attempt
to understand this behavior by considering which terms in
equation (1) are dominant at a given time. Figure 2 shows
four solutions to equation (1) for the large simulation : the
solid lines mark the full solutions (either mass- or volume-
weighted), the same one as shown in the previous Ðgure ; the
long-dashed line shows a solution with the Compton drag
term omitted ; the dashed line shows a solution with both
the Compton drag term and the stretching term omitted ;
and the dotted line shows a solution with both the
Compton drag term and the compression term omitted. We
can immediately conclude that stretching by itself makes an
insigniÐcant contribution, whereas compression is the dom-
inant term after the overlap of the H II regions, and the
Biermann battery is responsible for the initial growth of the
Ðeld during the pre-reionization stage. The Compton drag
term is only important for z [ 16, when the magnetic Ðeld is
less than about 5 ] 10~23 G. Using our estimate (eq. [3])
we Ðnd that at this moment the induction term is about
10% of the Compton drag, and the comparison between the

FIG. 2.ÈEvolution of the mass-weighted (bold lines) and volume-
weighted (thin lines) mean magnetic Ðeld strength in the full calculation
(solid lines), with the Compton drag term omitted (long-dashed line), with
the stretching and the Compton drag terms omitted (short-dashed line), and
with the compression and the Compton drag terms omitted (dotted line).

dotted and solid lines in Figure 2 shows that the Biermann
battery at that time is on average about 10 times more
important than the induction term, in agreement with our
estimate (eq. [3]).

Since compression is the dominant term at lower red-
shifts, we expect that the magnetic Ðeld has to be closely
related to the gas density. The battery term has a similar
e†ect, as ionization fronts tend to move slowly in regions of
high gas density. Figure 3 illustrates this point. In this Ðgure
we show the joint mass-weighted distribution of the gas
density and the magnetic Ðeld strength for all Ñuid elements
in the large simulation. As one can see, there is a strong

FIG. 3.ÈJoint mass-weighted distribution of the gas density and the
magnetic Ðeld strength at z \ 4.

Gnedin et al., ApJ 2000 

MHD simulations indicates that 
cosmological shocks generate B fields

Cosmological simulations show curved 
intergalactic shocks with B field of 10-21 G 

As a result of gravitational 
instability, matter forms a web-
like structure made of filaments 
and clusters.

Forum ILP - Ile De Ré, September 28th 2012 

Ryu et al.  ApJ 2003

© Projet Horizon (2005-2008)

Friday, September 28, 2012

B field generation at 
cosmological front shocks

Laboratory measurement of self generated B field at 
shock front

Nature. 2012,  Nat Phys 2014



2,8ns 3,8ns 4,8ns 

3,8ns 4,3ns 2,8ns 

MR is only 
triggered at 
this time = 
delayed 

w/o	guide	
field	!	MR	
triggered	
early	

with	guide	
field	(!=30°)	
!	MR	
delayed	

Bolanos PhD

Ressemblant 2- Magnetic Reconnection 

Influence of guided fields in MR Protons beams to map the B field topology in t

Guided fields delay the triggering of MR



Facility	 Peak	 neutron	 flux	
(neutrons/[cm2.s])	

Average	 neutron	 flux	
(neutrons/[cm2.s])	

N e u t r o n	
b u n c h	
duraBon	(ns)	

R e p e B B o n	
rate	(Hz)	

ILL	(reactor)	 ~1015	 ~1015	 (conBnuous)	 (conBnuous)	

SNS	(accelerator)	 ~1016	 ~1012	 ~1	µs	 60	

Present-day	lasers	 1018-1019		 5×105-5×106		 ~1	ns	 	5×10-4		
(1	shot/30’)	

PetaWa6	lasers	
(“APOLLON”)	

1022-5×1024		 1011-5×1013	 ~1	ns	 1.6×10-2		
(1	shot/min)	

high-flux	
neutrons	

Laser-
generated	
plasma	

Laser-driven	
high-density,	
ultra-short	
proton	beam	

+	
Spalla;on	
process	

Ressemblant 3- Nucleosynthesis 

Ultra high brightness neutrons to study 
nucleosynthesis in the lab 

Studying of r-processes in lab and 
plasmas 

Vassura PhD

perspectives



Ressemblant 4- Collisionless 
shocks & particles acceleration  

 Laser

Ion-Weibel  
magnetic field !

PIC codes:  The ion-Weibel instability can be investigated 
with soon-available lasers

Focal spot !

Laser!

S-pol!

Grassi PhD PRE 2017

(PETAL, Apollon)

perspectives



Few observational constraints

gravitational and 
centrifugal potential 

Structure' of' giant' planets' is' governed' by' the' following' hydrosta7c,'
thermodynamic,'mass'conserva7on'equa7ons:'

P''is'pressure,'ρ'the'density,'T'the'temperature'and'V'&'Q'gravita7onal'&'
centrifugal'poten7als.'For'giant'planets'Q'≈'0.1'V.'''

r'is'the'radius'with'origin'at'the'centre'of'the'planet,'θ'the'angle'with'respect'to'the'rota7on'axis,'
&'ω'the'rota7on'frequency'at'point'r.''

To#close#the#system#we#need#EOS;#i.e.#f(ρ,T,P)#=#0##

Few#observaAonal#constrains#

gravita7onal''
&''

centrifugal'poten7als'

©Collins

Identical 1- EOS
Over nearly 2000 known planets, most have internal pressure between 1Mbar to 10 

Gbar

Planetary models need EOS at high P-T conditions: Pb in the EOS leave lacunae in 
the understanding of planetary physics 

Huser, Henry, Denoeud, Bolis, Guarguagini, etc..PhD



Laser compression and EOS

mass

energy

ρ0US=ρ(US-UP)
ρ0US UP =P-P0

ρ0US (E-E0+UP2/2)=PUP

3 equations et 5 parameters  

• 2 parameters in the sample ⇒ absolute EOS measurement

⇒ We need to measure 2 quantities

US (sample), Up (sample)

momentum

VISAR
ρ, X-ray radiography, XRD

Rankine-Hugoniot link material properties and shock quantities

Connaître l'état d’un matériau

masse

moment

énergie

Relations de conservation (Hugoniot-Rankine):

ρ0US=ρ(US-UP)

ρ0US UP =P-P0

ρ0US (E-E0+UP
2/2)=PUP

3 équations et 5 inconnues  

Il faut mesurer 2 grandeurs pour résoudre le système

⇒

l’EOS f(P,E,ρ)=0 relation entre les grandeurs thermodynamiques

Front de chocpiston

matière 
comprimée

P,ρ,E

matière non 
comprimée

P0,ρ0,E0

Up Us

2 paramètres dans le même matériau  ⇒ mesure absolue 

1 paramètre dans 2 matériaux dont 1 
bien connu  

⇒ mesure relative 

EOS dans le régime de WDM sont mal connues          

mesures ⇒

Wednesday 4 May 16

Piston Shock front

compressed 
matter
P,E,ρ

Un compressed 
matter
P0,E0,ρ0



VISAR & EOS
Cibles
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Fenetre
de saphir

^

Ablateur = plastique (CH), minimise le préchauffage
Piston = aluminium (Al), avec une marche
Cellule d’eau
Fenêtre de saphir inclinée

– p.20/61

C-H-N-O: (P, ⇢) measurement
up to 3 Mbar
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Good agreement with previous results
(ibid.; Radousky JCP, 1990)

C-H-N-O: our fit agrees with literature
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our data
our fit

Nellis 97
Ozaki (p.c.)

Linear fit agrees with literature (Nellis et al. J. Chem. Phys., 1997;
Ozaki pers. communic., 2016)

VISAR DATA (Doppler interferometry)

H2O-CHNO mixtures : metallic behaviour at high P



VISAR: reflectivity&absorption (e- conductivity)

CHNO conductivity is higher than H2O at 1Mbar: implication for Uranus and 
Neptune dynamos

    Input for planetary dynamo models 



In situ microscopic measurements
Xray Absorption Near Edge 
Spectroscopy: electronic structure

Edge shift: gap closure dynamics at 
high P/T in Quartz

X-Ray Diffraction: ionic structure

Phase transitions at high P/T conditions 
and dynamics

IRON: BCC-HCP transition

QUARTZ: Transition to high P phase stishovite
Cold SiO2 60GPa: stishovite 120GPa: melted



Beyond the Hugoniot: lower T 

Super Earth thermal profiles

Hugoniot

Shock compression leads to too high temperatures: laser pulse shaping to get quasi 
isentropic compression  

High P planetary conditions become accessible 



Beyond the Hugoniot: lower T 

Super Earth thermal profiles

Hugoniot

Shock compression leads to too high temperatures: laser pulse shaping to get quasi 
isentropic compression  

High P planetary conditions become accessible 
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Super Earth thermal profiles

Hugoniot

Shock compression leads to too high temperatures: laser pulse shaping to get quasi 
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High P planetary conditions become accessible 



Beyond the Hugoniot: lower T 

Super Earth thermal profiles

Hugoniot

Shock compression leads to too high temperatures: laser pulse shaping to get quasi 
isentropic compression  

High P planetary conditions become accessible 



Quasi isentropic compression 
LIL experiment: 7Mbar, 8500K  



Quasi isentropic compression 

Ramp compression of iron in the TPa 
regime: a way to investigate super-
earths’ interiors. 
Summary 
The phase diagram of iron at high pressures (> 1 TPa) and moderate temperatures (<15000 K) 
is of fundamental interest for planetary science, in particular for large earth-like exoplanets 
(“super-earth”) interiors.  
The proposed experiment will use a combination of laser driven shock and ramp compression 
to compress an iron sample to these extreme conditions. 
Using optical (VISAR, SOP) and x-ray (diffraction) diagnostics will allow us to determine 
both macroscopic (pressure, density and temperature) and microscopic (crystal structure, 
melting) parameters simultaneously. 

Scientific context 
Iron is the major component of the Earth’s core. The crystallization of liquid iron at the inner 
core-outer core boundary at a pressure of 330 GPa is one of the major energy sources for 
convection in the outer core driving the Earth’s magnetic field. The temperature at this 
boundary is also the anchoring point of a highly debated Earth’s core temperature profile as is 
in general the melting line [1] [2]. Extrapolations from low-pressure measurements to above 
300 GPa indeed yield a disagreement of more than thousand degrees. Furthermore, the 
discovery of large rocky exoplanets with similar chemical composition as the Earth (super-
earth) underlines the importance of the melting line and solid-solid phase transitions at 
pressures above 1 TPa. These are necessary to describe their internal structure and predict the 
existence of a magnetic field, an important parameter to determine the habitability of such 
exoplanets [3].  
Thus detailed knowledge of the phase diagram of iron at pressures from 300 GPa to 1.5 TPa 
and temperatures from 5000 to 15000 K is 
of fundamental interest to model the 
internal structure of such planets and their 
evolution. 
While iron has been studied by means of 
calculations in this parameter range [4] [?], 
there are no experimental data available to 
validate these calculations. Indeed, most of 
the experimental studies in this pressure 
domain have been performed along the 
shock Hugoniot, reaching far higher 
temperatures, too elevated for the present 
regime of interest (see Figure 1) [?]. There 
have also been studies with ramp 
compression [5] and multiple shocks [6] to 
reach states more relevant for planetary 
interiors, but maximum pressures were 

Figure 1: Phase diagram calculated by Stixrude,  and schmatic 
path for a shock (red) and a cold isentropic compression (blue) 
and the combination of shock and ramp compression used in 
this experiment (yellow) 
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LMJ expriment (accepted for 2019): quasi isentropic compression+XRD
access to both macroscopic and microscopic of high pressures conditions relevant for 

Super Earth interiors

LIL experiment: 7Mbar, 8500K  



SIMILARITY: POLAR 
In POLAR: cataclysmic variable 
with B>10MG 

Strong B field prevents the accretion 
disk formation: accretion column  

Impact of supersonic flow with the white dwarf photosphere: reverse radiative shock



SIMILARITY: POLAR 

Falize et al. ApSS 2009, 
Falize et al. ApJ 2011

The stationary position of the reverse shock hs :

hs ≈νS × tcool

νS ~ 1000 km/s
tcool ~ 1s

νS ~ 100 km/s
tcool ~ 1ns

hS ~ 1000 km

hS ~ 100 µm

challenging to resolve

easily observable in 
laboratory 

GOAL of the POLAR project: reproduce and study scaled models of accretion 
process in laboratory.

Falize et al. ApSS 2011

Exact scaling laws exist for different accretion column regimes



First experiment
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ith

the
experim

ental
setup

are
show

n
in

Fig.
2.

The
LU

LI2000
high-energy

long
pulse

beam
is

characterized
by

E
w

300
Jat2

u
(l

L ¼
527

nm
)w

ith
a
typicalpulse

length
of1.5

ns.
To

im
prove

both
shock

and
plasm

a
uniform

ity,
the

beam
w
as

spatially
sm

oothed
by

a
hybrid

phase
plate

(H
PP)and

itw
as

focused
on

a
400

mm
flat

top
focal

spot,
resulting

in
intensities

of
IL
w

10
14

W
cm

!
2.The

pusher
is

adapted
to

these
laser

character-
istics

and
m
ade

up
of

9
mm

thick
plastic

(CH
)
and

5
mm

Titanium
(Ti).In

orderto
optim

ize
the

reverse
shock

form
ation

forthese
laser

conditions,
w
e

adopted
a

2
m
m

PM
M
A

tube
as

a
results

of
num

ericalstudies.
Tw

o
sets

ofdiagnostics
have

been
im

plem
ented

to
characterize

the
plasm

a
flow

,im
pact

and
reverse

shock
evolution.The

use
of

a
quartz

w
indow

allow
ed

us
to

use
rear

side
diagnostics.

These
include

a
tim

e-resolved
optical

self-em
ission

(rear
SO

P),
w
hich

gave
us

the
im

pact
tim

e
and

the
propagation

path
of

the
shock

transm
itted

in
the

quartz.A
second

setoftransverse
(perpendicular

to
the

flow
propagation)

diagnostics
w
as

also
em

ployed.
This

involved
tim

e-resolved
1D

and
2D

self-em
ission

snapshots
ob-

tained
by

using
a
streak

cam
era

and
a
fast

gated
optical

im
ager

(G
O
I)respectively.From

streaked
transverse

em
ission

w
e
w
ere

able
to

diagnose
the

flow
propagation

through
the

tube,infer
a
m
ean

velocity
and

determ
ine

the
im

pact
tim

e.A
low

-energy
probe

beam
(100

m
J,8

ns
pulse

length)coupled
to

tw
o
G
O
Is
w
as

also
used

to
get

shadow
graphy

and
interferom

etry
snapshots.These

w
ere

used
to

diagnose
the

plasm
a
propagation

and
control

the
tube

behaviour.
The

w
hole

ensem
ble

of
diagnostics

allow
s
us

to
cross-check

the
consistency

of
the

results
and

get
a
satisfactory

characterisation
of

the
accreting

plasm
a.

3.
Laboratory

accretion
plasm

as,tran
sm

itted
an

d
reverse

sh
ock

s
dyn

am
ics

3.1.
Laboratory

accretion
plasm

as
dynam

ics

First,
it

is
fundam

ental
to

characterize
the

plasm
a
dynam

ics
before

the
collision

since
its

physicalproperties
govern

the
reverse

Fig.1.
(a)Targetdesign

and
astrophysicalanalogy.(b,c,d)Propagation

ofthe
laboratory

accreting
flow

s
into

the
tube

at
different

tim
es

obtained
w
ith

the
radiation

hydrody-
nam

ics
laser

code
FCI2.

Fig.
2.

Experim
ental

setup.
The

target
design

is
show

n
and

the
diagnostics

are
described

in
the

text.

É.Falize
et

al./
H
igh

Energy
D
ensity

Physics
8
(2012)

1
e
4

2

Stainless	steal		
obstacle	

	CH	foam	

CH	tube	

First evidence of reverse shock (optical) [E.	Falize	et	al.	HEDP,	8	(2012)] Not fully similar : radiation 



B field collimation 

B field ~15 T X-ray radiography MHD simulations

Albertazzi et al. (2018)]

Direct density measurement of the return shock density: B collimation, no tube



Towards full similarity : LMJ 
Emeric.Falize@CEA.fr

Radia%ve	zone	0.01	g.cm-3		-	120	eV	

Required	regime	according	to	the	scaling	laws	

Fluid parameter	 Astrophysics	 MJ experiment	
Velocity (km.s-1)	 1000 	 300	
Density (g.cm-3)	 10-8	 0.01-0.05	
Temperature (eV)	 104	 100-130	
Mach number	 > 10	 10	
Χ parameter	 10-3-10-1	  10-2	

Scaling	laws	applica,on	:		
Experimental	simula/on	of	AM	Herculis	with	a	white	

dwarf	mass	of	0.4	Ms	and	dM/dt	=	3.0	1016	g/s	

temperature 
density 

ob
sta

cle
	

Accre,on	shock	

Radia,ve	region	

Density and temperature profiles

Ex
pe

rim
en

t
A

st
ro

ph
ys

ic
s



Wide impact on the community

       2011: 8 shots on 1 facility
Vitesse (km/s) 

500 

400 

300 

200 

100 

tref/thyd	

  2016: 55 shots on 4 facilities
worldwide

Vitesse (km/s) 

500 

400 

300 

200 

100 

tref/thyd	Présenta/on	SF2A	PNHE	2016	



Conclusion 
❖ Laboratory astrophysics is a very active field in France 

(more and more labs involved)

❖ Started over two decades ago, it evolves very rapidly :

❖  New tools (e.x. strong pulsed magnetic fields) 

❖ New facilities (XFELs, PETAL-LMJ, Apollon)

❖ New exciting experiments
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❖ Started over two decades ago, it evolves very rapidly :

❖  New tools (e.x. strong pulsed magnetic fields) 

❖ New facilities (XFELs, PETAL-LMJ, Apollon)

❖ New exciting experiments


