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MOTIVATIONS

• Astronomical observations bring us many interesting objets...
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jets

planètes solaires 
et leur lunes

exoplanets

champs 
magnétiques 

cosmiques

• …but their study is really challenging: 
Mostly no evolution in the life time of a scientist 
No possibility to change conditions in a controlled way  
Many measurements are indirect 
Measurements limited to electromagnetic emission



HIGH POWER LASERS CAN HELP
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•This gave rise to laboratory astrophysics. Experiments allow to:

•Accessing the density/temperature regimes of some 
astrophysical objects

Deliver material properties useful for astronomical objects 
 Precise data not directly measurable in the universe

Study phenomena relevant to astrophysical objects on 
small temporal and spatial scales 

Study temporal evolution and modify boundary conditions



OUTLINE
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PLANETARY SCIENCE

What do we need to measure

How do we produce planetary conditions

ASTROPHYSICS

Examples of experiments 

• Magnetic field	


• Accretion shocks	


• Nested outflows

How do we probe them
Application to super earths and giant planets 



5PLANETARY SCIENCE

• Study the formation and evolution of planets

• Fast growing science due to exoplanets 
discovery

1523 planets discovered since1989 • Key questions 

 What is the nature of the iron core at the 
center of Earth and other terrestrial planets? 

What is the interior of Jupiter and the other 
giant planets?  

 Why Saturn’s luminosity is not comparable 
with its age?  

 Which kinds of planets exist outside our solar 
 system? 



6PLANETARY SCIENCE
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Layered structure and chemical  
composition defines properties

Main materials are hydrogen, helium, water, ammonia, CH4, iron and 
silicates with pressures up to 15 Mbar

At which conditions?
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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'

EOS ROLE IN PLANETARY STRUCTURE MODELS

Material properties are crucial to relate planetary models with the 
astronomical observations
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RESULTS'FOR'JUPITER'

M+ is earth mass, MZ envelop mass with heavy elements!
Sophisticated EOS models -> ≠ answers!

• gravitationnal collapse due to condensation 

• Accretion around solid mass 

No core 
Or very small 

Core  

INFLUENCE OF EOS: an example

• Equations of state in these regimes are very difficult to 
model • at the frontier between plasma physics and condensed matter : 

non ideal plasmas	


• perfect gas does not apply 	


• perturbation theory is invalid

• Results for JUPITER

• M⊕ is the earth mass, Mz envelop mass with 
heavy elements	



• Sophisticated EOS models  ≠answers

≠ formation scenarios

• Core 	


	

 ⇒ accretion around solid mass	



• No core or very small one 	


	

 ⇒ collapse due to condensation  
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Diamond(cell( Isothermal(Compression(

Chemical(explosions,(gas(guns(

High(power(lasers!
Shock(Compression(

Dynamic(way(

Sta<c(way(

P ≈ 0 - a few Mbar"

P ≈ 0 - hundreds of Mbar"

HOW  TO CREATE EXTREME STATES OF MATTER



! As the laser impact the solid target a hot low density plasma is 
created and releases into vacuum. As a reaction to this expansion a 
shock wave is launched in the target!

! The shock compresses and heat the sample!
! The pressure attaint depends on the laser characteristics
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time

compressed 
targetshock 

wave

low density plasma

Laser solid target

Today severals tens of Mbar

! A shock wave is a discontinuity in pressure, density and energy that 
propagates in a medium!

! We can generate a shock wave with lasers

LASER GENERATED SHOCK WAVE
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! Equation Of State (EOS) is the relation between the 
thermodynamics quantities :  f(P,E,ρ)=0
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Shock frontpiston

compressed 
matter	


P,ρ,E

non-
compressed 

matter	


P0,ρ0,E0

Up Us

mass
momentum

energy

ρ0US=ρ(US-UP)

ρ0US UP =P-P0

ρ0US (E-E0+UP
2/2)=PUP

3 equations et 5 parameters  ⇒

2 parameters in the same material ⇒ absolute measurement
1 parameter in 2 material one of 
which in well known (Al) ⇒ relative measurement

⇒ We need to measure 2 quantities to close the system

! Conservation relations (Hugoniot-Rankine):

SHOCK WAVE AND Equation Of State
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WHAT DO WE MEASURE

•Classical approach: VISIBLE DIAGNOSTICS 
Shock velocity 
Particle velocity

Reflectivity/  conductivity

EOS

TemperatureGrey body 

Velocity interferometers 
(doppler effect)

Self emission 
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WHAT DO WE MEASURE

•Classical approach: VISIBLE DIAGNOSTICS 
Shock velocity 
Particle velocity

Reflectivity/  conductivity

EOS

TemperatureGrey body 

Velocity interferometers 
(doppler effect)

Self emission 

•More recent: X-RAY & Particle DIAGNOSTICS (microscopic probe)

X-ray radiography

X-ray Absorption Near Edge Spectroscopy
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Electronic  
structure

X-ray diffraction

X-Ray Thomson Scattering 

Mass density

Temperature 
Electronic density 

Ionic structure  
phase transitions

Transit distance ~300 µm

80 µm



13TYPICAL EXPERIMENTAL SET-UP
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LULI 2000 LASER

•2x 1kJ@1054nm (IR) 0.5-10ns!
•1kJ@1054nm (IR), 0.5-3ns + 100J@1054nm, 1-5ps!
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THE EXPERIMENTAL HALL



16THE EXPERIMENTAL CHAMBER



17Ex. IRON : OUR EARTH but also FURTHER EARTHS

•Iron is the main component of Earth’s core 
•Magnetic field +seismic wakes trajectories give us informations on internal structure: 

       Earth’s core is made of a solid core surrounded by liquid iron 

•Life on super earths? B field (liquid iron) sustaining a magnetosphere  
!

•The presence of molten metallic cores is less likely for as the size of terrestrial 
planets increases.

Necessity to explore Iron melting curve P(T)

Which is the iron melting temperature at the 
solid/liquid boundary? (P=3,3 Mbar) !

! Puissance émise par le noyau !
! ⇒Geodynamo + évolution



18SHOCKED IRON 

•SOP •VISAR! The simultaneous measurement of the velocity 
and self emission allows to fill the 
temperature-pressure diagram

6

the principal Hugoniot of Fe.

Tateno et al.!
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2000

4000

6000

8000

1 104

1,2 104

0 100 200 300 400

DAC Phase Boundaries Anzellini et al. 2013

This work ( HCP Fe)
This work (liquid Fe)

Melting Curve Alfé et al. 2009
Melting Curve Bouchet et al. 2013

Melting point Q. Williams et al. 1991
Melting point J.M. Brown et al., 1986

Melting point J.H. Nguyen et al., 2004
Melting point C.S. Yoo et al. 1993

HCP from Y. Ping et al 2013
Melting point G. Huser et al., 2005

DAC Phase Boundaries Boehler 1993 
Melting Curve Belonoshko el al. 2000

Te
m

pe
ra

tu
re

 (K
)

Pressure (GPa)

ICB

FIG. 7. Iron phase diagram: Our results (red open squares
for solid hcp and red full square for liquid Fe) are com-
pared with previous results and extrapolation obtained in
the litterature from diamond anvil cell compression [4, 6, 38],
shock-waves experiments [8–13], and ab-initio simulations [1–
3]. The ICB pressure of 330 GPa is shown with a dashed blue
line.

Iron phase diagram and discussion

If we consider that the change of the pre-edge in the
XANES spectra allows us to distinguish solid or liquid
iron, we can infer the nature of iron at the indicated
points on the iron phase diagram in figure 7. This is
shown together with previous experimental and theoret-
ical data. Our interpretation indicates that at 260 GPa,
iron would already be molten. Optical diagnostics cou-
pled with hydrodynamic simulations give an associated
temperature of 5680 K(± 700) suggesting that the melt-
ing curve of iron is below 5680 K at 260 GPa (upper limit
of 5915 K deduced from the error bars). Once error bars
are taken into account, the observation of solid or liq-
uid iron along the Hugoniot using the XANES criterion
is consistent with most existing data or models about
iron melting [1, 2, 4, 6, 11, 12] except for shock wave
measurements based on self emission diagnostics [8–10],
which gave a Hugoniot melting temperature of 6700 K at
260 GPa [8].

A possibility for explaining this discrepancy is that
methods probing bulk samples, such as X-ray absorption
used in the present study could be less sensitive to
shock overheating than optical surface diagnostics that
probe only the shock front. Indeed, shock overheating

occurs when the temperature rises faster than the rate
of atom rearrangement required for phase transition
[5]. While optical diagnostics may probe time scales
corresponding to the rise of temperature in the shock
front and therefore be more sensitive to kinetics, here
we probe the bulk of the material a few hundreds of
picoseconds after the shock breakout from Fe, when the
overall sample is under compression and still presents
uniform pressure and temperature. A more advanced
answer to this question could be given by measuring
directly the temperature from both optical and X-ray
diagnostics as well as simultaneously detecting the
melting with X-ray diagnostics.

To conclude, our results open new perspectives for
performing ultrafast X-ray absorption measurements
on laser compressed materials. We emphasize that this
study provides new structural data along the principal
Hugoniot of laser compressed iron by providing X-ray
absorption measurements at the Fe K-edge.
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! Change in structure with pressure:!
Diffraction measurements. Phase 
transitions+melting



19EX. WATER : OUR GIANT PLANETS

! The magnetic field of these two planets is more intense 
than expected and it is asymmetric (Voyager 2).

Contexte astrophysique

Vers le Soleil

Axe de rotation

Equateur

Axe magnétique

Vers le Soleil

Axe magnétique

Equateur

Axe de rotation

S

N

N

S

Uranus Neptune

Manteau d’Uranus et Neptune = «glaces chaudes» composées de H2O, NH3, CH4.
Le champ magnétique de ces deux planètes est plus intense que prévu, et
asymétrique (sonde Voyager 2).
Existence d’une zone fluide, conductrice de courant électrique, capable d’expliquer

le champ magnétique par effet dynamo?

– p.5/61

! Is there a fluid conducting region, able to explain this B field by dynamo effect?

! Water (ices) at pressure of ~7Mbar



20SHOCKED WATER 

Cibles
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CH Al H O2

9°

LA
SE

R

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

VISAR 
beam

Propriétés optiques de l’eau

Transparente Opaque Réfléchissante
P ≤ 0,5 Mbar 0,5 Mbar ≤ P ≤ 1 Mbar P ≥ 1 Mbar

– p.39/61

•Transparent  
P⩽ 0.5Mbar

•Opaque  
0.5⩽ P⩽ 1 Mbar

•Reflecting  
P⩾ 1 Mbar

! Different properties as pressure is risen 
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ASTROPHYSICS

Example of experiments 

• Magnetic field	


• Accretion shocks	


• Nested outflows

PLANETARY SCIENCE

What do we need to measure

How do we produce planetary conditions
How do we probe them
Application to super earths and giant planets 

Scaling laws



22SCALING LAWS
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10-3 m
ns-10 ns 1000 ys

1016 m 

laboratory

15-20 orders of 
magnitude

some
Well designed experiments to simulate in   

the two systems will show the same scaled evolution⇒

!
•same equations (same physics) and boundary conditions 
•scaling laws (dimensionless numbers)

‣ test astrophysical models/codes 

‣ direct characterisation (a part) of the phenomenon

astrophysical phenomena
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Astrophysical jets are extremely collimated matter flows common to very 
different objects 

AGN

How do they stay collimated on such large distances? 

radiative losses

magnetic fields  but

interaction with IGM

•no direct observational evidence for the 
dynamical role of B  

•how far from the star B remains dynamically 
important? 

•an outer boundary pressure to the magnetic coil 
to maintain the jet collimated?

YSO

YSO

ASTROPHYSICAL JETS



24NESTED OUTFLOWS

M87

•Often jets are associated with accretion disk + Jets propagate in winds  

67:40

67:45

67:50

67:55

20:46 20:45

PV Cephei

HH 315B

HH 315C

HH 315D

HH 215P1
 HH 215P2

HH 415

HH 315E

HH 315F

HH 315A

1 pc

     NRAO 12m 
12CO(2-1) Beam

OTF map
 border

α (1950)

δ 
(1

95
0)

HH315 12CO(2-1) Outflow

Arce et al. 1998

Asada&Nakamura 2012, !
Ghisellini et al 2005, !
Xie et al 2012

AGN:  !
Evidence of accretion disk in the 
form of Ultra Fast Outflows (UFO) 
helping collimating the inner jet.   !!
!
Observational evidence of structured 
jet: simultaneous presence of an inner 
highly relativistic jet, and an outer, 
more massive, mildly relativistic 
plasma.

Tombesi et al. 2012

•Very high accretion rate disks needed 
to account for the observed jets 
properties

Credit: NASA/ESA & Valentin 
Bujarrabal

Blackman&Lucchini 2014 

PNe- PPNe:

Binary is emerging as the preferred 
method for shaping PNe

•Fast collimated winds sweep into a 
slower denser wind ejected most 
strongly during the PPN phase 

Soker 1998, 2006

Bujarrabal et al. 2001, !
Rizzo et al. 2013

Connection 
between outflow 
and environment 

well established 

YSO



24NESTED OUTFLOWS

M87

•Often jets are associated with accretion disk + Jets propagate in winds  

67:40
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Asada&Nakamura 2012, !
Ghisellini et al 2005, !
Xie et al 2012

AGN:  !
Evidence of accretion disk in the 
form of Ultra Fast Outflows (UFO) 
helping collimating the inner jet.   !!
!
Observational evidence of structured 
jet: simultaneous presence of an inner 
highly relativistic jet, and an outer, 
more massive, mildly relativistic 
plasma.

Tombesi et al. 2012

•Very high accretion rate disks needed 
to account for the observed jets 
properties

Credit: NASA/ESA & Valentin 
Bujarrabal

Blackman&Lucchini 2014 

PNe- PPNe:

Binary is emerging as the preferred 
method for shaping PNe

•Fast collimated winds sweep into a 
slower denser wind ejected most 
strongly during the PPN phase 

Soker 1998, 2006

Bujarrabal et al. 2001, !
Rizzo et al. 2013

Connection 
between outflow 
and environment 

well established 

YSO

How different time-dependent ambient thermal and ram pressures 
affect jet collimation?
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• Create nested (surrounding) outflows (dynamic “wind”) from laser plasma 
interaction!

Spatially shaping the laser focal spot 	



Specific target 
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Data from rear-side Gated 
Optical Imager!
Snapshot of 2D emission

CH

Fe

OUR EXPERIMENTAL APPROACH 

• Targets!
• inner Fe dot 	



• outer CH ring	



• common CH-Al pusher

• Focal Spot (Phase Plates)!
• inner dot (100µm) 	



• outer ring (75µm)



26REAR SIDE TIME RESOLVED OPTICAL EMISSION 

• Light emitted from rear side @ 450nm

Fe dot only, NO CH ring

t

Fe dot + 15 µm CH ring

-high emission!
-iron seems constrained

20ns

•Emission from the 
expanding plasma after 
shock breaks out.!
•Lateral expansion 

• Shock transit in CH 
(transparent)!

•Collision between 
CHFe:!

!
!

•Collision between 
CH-CH at later times



27XRAY RADIOGRAPHY

35ns 35ns 35ns

Fe dot only, NO CH ring Fe + 15µm CH ring Fe + 50µm CH ring

Quasi spherical expansion Lateral expansion highly suppressed

Fe steps CH steps

Hard X-rays (Cu Kα @~8 keV) ⇒ CH is transparent, Fe morphology



28XRAY RADIOGRAPHY TIME EVOLUTION 

• Different phases :!
❖ expansion!
❖ collision with CH -  high absorption layers at the iron edge (in d. nicely visible) !
❖ focusing on axis - convergence point (d.- e.)!
❖ collimate propagation up to 80 ns (f.-g.)

Fe + 15µm CH ring
Yurchak et al. PRL 2014



29DYNAMICS OF THE IRON FLOW 

❖ The iron expands 
linerly along the 
propagation axis:  from 
few 100µm at early 
times to mm size!

❖ Iron shrinks in the 
radial direction 
(focusing)

Axial extent Radial extent 

AR
• Aspect ratio (AR=l/d)!

❖ Quasi spherical expansion without 
wind!

❖ Rapid increase in the AR with time 
when wind is added (more rapid for 
denser wind)!

❖ Saturation to a constant regime which 
is kept for long delays 
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• FLASH code 
❖ Multi-physics AMR code 

developed by the FLASH center 
at the University of Chicago!

❖ Extensively used in astrophysics!

❖ Recently extended to include 
high-energy density physics 
capabilities!

❖ IL calibrated with experimental 
optical data: shock velocities and 
breakout timings (transverse and 
rear side SOPs), electron density 
(interferometry) and morphology 
(shadowgraphy)

HYDRODYNAMIC SIMULATIONS
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• FLASH code 
❖ Multi-physics AMR code 

developed by the FLASH center 
at the University of Chicago!

❖ Extensively used in astrophysics!

❖ Recently extended to include 
high-energy density physics 
capabilities!

❖ IL calibrated with experimental 
optical data: shock velocities and 
breakout timings (transverse and 
rear side SOPs), electron density 
(interferometry) and morphology 
(shadowgraphy)

HYDRODYNAMIC SIMULATIONS



31SYNTHETIC X-RAY RADIOGRAPHY
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❖ Evidence of the formation of a shock in the collision: !
2 pressure jumps, 3 density discontinuities!

❖ Synthetic X-ray radiographies in really good agreement with the experiment :!
-presence of the iron jet!
-its time evolution: expansion+collision+focusing!
-convergence point!
-higher absorption layer at iron edge



32SHOCK FOCUSING INERTIAL CONFINEMENT(SFIC)

❖ The expanding Iron strikes the Shock surface at an oblique angle!
Hugoniot-Rankine relations for obliques shocks: only the normal component of the velocity is affected

❖ The shape of the shock determines how the iron is deviated at the  shock front!
! CH breaks out before Fe forming a converging conical shock in the collision

Experimental Demonstration of an Inertial Collimation Mechanism in Nested Outflows

R. Yurchak,1 A. Ravasio,1,* A. Pelka,1 S. Pikuz, Jr.,2 E. Falize,3 T. Vinci,1 M. Koenig,1 B. Loupias,3

A. Benuzzi-Mounaix,1 M. Fatenejad,4 P. Tzeferacos,4 D. Q. Lamb,4 and E. G. Blackman5
1LULI, Ecole Polytechnique, CNRS, CEA, UPMC, Route de Saclay, 91128 Palaiseau, France
2Joint Institute for High Temperatures RAS, 13-2 Izhorskaya street, Moscow 125412, Russia

3CEA-DAM-DIF, F-91297 Arpajon, France
4Flash Center for Computational Science, University of Chicago, Chicago, Illinois 60637, USA

5Department of Physics and Astronomy, University of Rochester, Rochester, New York 14627, USA
(Received 20 December 2013; published 14 April 2014)

Interaction between a central outflow and a surrounding wind is common in astrophysical sources
powered by accretion. Understanding how the interaction might help to collimate the inner central outflow
is of interest for assessing astrophysical jet formation paradigms. In this context, we studied the interaction
between two nested supersonic plasma flows generated by focusing a long-pulse high-energy laser beam
onto a solid target. A nested geometry was created by shaping the energy distribution at the focal spot with
a dedicated phase plate. Optical and x-ray diagnostics were used to study the interacting flows.
Experimental results and numerical hydrodynamic simulations indeed show the formation of strongly
collimated jets. Our work experimentally confirms the “shock-focused inertial confinement” mechanism
proposed in previous theoretical astrophysics investigations.

DOI: 10.1103/PhysRevLett.112.155001 PACS numbers: 52.72.+v, 52.50.Lp, 52.70.La, 98.38.Fs

Introduction.—Supersonic jets are common in astro-
physics, emanating from such sources as newly forming
young stellar objects (YSOs) [1], active galactic nuclei
(AGN) [2,3], planetary and preplanetary nebulae (PPN and
PPN) [4], and microquasars [5]. Their sustained collimation
over large distances is not yet completely understood. Both
magnetohydrodynamic (MHD) and hydrodynamic (HD)
processes may be important. Often the jets propagate within
a surrounding wind or envelope, as observed in YSOs [6],
AGN [7], and PN, where fast collimated winds sweep into a
slower denser wind ejected most strongly during the PPN
phase [8,9]. For YSOs and AGN a direct connection
between disks and jets has been established and there is
emerging consensus for such in the PPN or PN context as
well [10–12]. The question of how different time-dependent
ambient thermal and ram pressures affect jet collimation
arises quite generally [13–17].
The role of the ambient medium can be important even if

the inner outflows are magnetically driven [18,19]. Recent
3D MHD simulations of laser-driven plasma experiments
have looked at the possible magnetic field collimation of
wide-angle winds into HD jets [20] and interpreted this as
analogous to hydrodynamic collimation of an inner flow by
a torus. Astrophysical jet launch regions are generally not
observationally resolved, being obscured by high opacities.
It is therefore valuable to distill the distinct physics of MHD
and HD effects via alternative methods.
Combined with numerical simulations and theory,

experiments bring new contributions to the subject.
Some jet propagation and collimation mechanisms
within steady ambient backgrounds have been studied

experimentally [21–23]. Crosswinds were also used to
study jet deflection and C-shaped structures [24]. Here we
present results from a new experimental approach aimed at
investigating the time-dependent HD collimation of an
inner isotropically supersonic expanding plasma by a
surrounding time-evolving supersonic ambient flow.
Experimental setup.—The experiment was performed

on the LULI2000 laser facility at the LULI Laboratory, in
France. The setup is shown schematically in Fig. 1. A
long-pulse (τL ∼ 1.5 ns) high-energy (EL ∼ 400 J at
λL ¼ 527 nm) laser beam was used to produce supersonic
plasma flows via interaction with solid targets. To create the
nested configuration, we have designed a phase plate able
to generate a laser energy distribution with a (100 μm)
central circular spot and a thinner (75 μm) outer ring.
Targets manufactured to match this pattern were made of a
central iron disk (15 μm thick Fe) and a peripheral plastic
ring (CH, also 15 μm thick), sitting on a CH-Al pusher.
Upon laser impact, a shock wave is launched in the pusher
and transmitted to the Fe and CH layers. Once this shock
reaches the rear side of the target, supersonic plasmas are
formed from the outer plastic ring and from the central
iron disk.
To probe the interacting flows, we used rear-side and

transverse optical diagnostics, in addition to transverse
x-ray radiography. Optical probes were applied to the low-
density CH plasma and x rays were used to characterize the
inner iron flow, which is opaque to optical radiation.
Transverse optical diagnostics included time-resolved
self-emission, shadowography, and interferometry, while
time-resolved 1D self-emission and 2D self-emission
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• Focusing effect

• Iron flow is strongly deflected at the 
front shock
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33FOCUSING vs NON FOCUSING

❖ By changing the dynamics we change the shock shape 
❖ Done with Fe-V targets: varying thickness to vary the mutual timing (CH too fast!!)
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❖ Many theoretical works ans simulations from the 80’s-‘90s…

© 1992 Nature  Publishing Group
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FIG. 10.ÈShock focusing : model A. Shown are con-selected log
10

o
tours identifying the wind shock and contact discontinuity. Also shown are
velocity vectors for computational zones immediately downs stream of the
wind shock The density contours are log10 o \ ([20.95, [20.9,(v\ v

w
).

[20.85, [20.2, [20.0, [19.8, [19.6, [19.2, and [19.0).

demonstrate below, Ñow focusing by the wind shock can be
an important component of the collimation process con-
taining the potential to produce fully supersonic jets
without the presence of a de Laval nozzle.

5.3. Properties of the Inner Shock
It is difficult to make an a priori determination of the

wind shock shape based only on initial conditions. The
degree to which the wind shock departs from spherical sym-
metry will be determined by nonlinear feedback, in terms of
both thermal and ram pressures, from the evolving bubble.
It is not yet clear how to calculate the characteristics of this
feedback analytically. Because of this difficulty almost all
analytical treatments of aspherical wind-blown bubble evo-
lution have assumed the inner shock to be spherical (see,
e.g., et al. Low & McCray In con-Smith 1983 ; Mac 1988).
trast, almost every study of these systems relying on numeri-
cal simulations has shown the inner shock to be aspherical
to some degree Low, McCray, & Norman(Mac 1988 ;

& LundquistBlondin 1993).
Assume the shock takes on an elliptical geometry with

ellipticity e deÐned by To determine theequation (19).
degree of focusing in the postwind shock Ñow we must solve
the oblique shock jump conditions. Here we repeat and
extend the analysis of Working in sphericalIcke (1988).
coordinates, the angle (b) between the ellipse and radially
directed wind will be a function of polar angle (h) and is
given by

b \ h ] arctan
A e2
tan h

B
. (27)

Because the wind shock is aspherical, the radial distance at
which the wind will encounter the shock depends on lati-
tude. Thus the geometrical dilution of the wind will cause
the preshock Ñow variables to be functions of the polar

FIG. 11.ÈShock focusing : analytical model. Postshock Ñow variables as a function of polar angle for three elliptical (prolate) shocks of di†ering ellipticity.
These plots are for a wind velocity of 250 km s~1 and a wind density at the equator of 200 cm~3. Upper left : total deÑection angle. Upper right : Mach number
M. L ower left : gas pressure P. Upper right : velocity v. The ellipticities of the shocks are e\ 0.3 (dotted line), e\ 0.5 (dashed line), e\ 0.8 (dash-dotted line). In
the plot of total deÑection angle the solid line corresponds to s \ h. All points to the left of this line have postshock velocity vectors that are fully focused, i.e.,
they point toward the z-axis.

Outflow collimation in YSOs 9

Figure 4. The velocity field for run A at t = 225 years. The length of the vectors is proportional to the absolute value of the velocity.
The maximum value is 350 km s−1 and the minimum 0 km s−1. One can see the focusing at the base of the jet and near the internal
working surface.

Figure 5. Comparison between runs B and C. The grey scales show log10 density contours for run B (t = 210 years) and run C (t =
80 years). In run C the ‘cool jet’ has been overtaken by the ‘hot jet’ and the whole structure is much narrower. The minimum/maximum
pairs in units of cm−3 are (39.0, 2.11 × 106) and (12.0, 3.90 × 106).

c⃝ 1997 RAS, MNRAS 000, 1–13
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❖ …but never be verified: occurring in the innermost  regions where the high opacity makes direct 
observations difficult. Our work gives an experimental confirmation. 

Sanders, ApJ 1983 Icke et al. Nature 1992

Frank&Mellema 1996

Mellema&Frank 1997
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FFrank&Noriega-Crespo A&A 1994



35SIMILARITY PROPERTIES

❖Dimensionless analysis: highly collimated (AR ∼ 5) supersonic flow (M ∼ 10) in a pure HD regime 
where radiative (χ ≫ 1) and microphysical conductive (Pe ≫ 1) effects are negligible

❖ YSO jets are the most similar to the experiment, except for cooling 

❖ In PPN young jets of low density seem to interact with the denser wind of the post-AGB 
star η>1

❖ AGN also have η>1 and more important they are relativistic β≈1



36COLLAPSING OF CH PLASMA
❖ As the CH overcomes the Iron, it collapses on axes 

1 mm

❖ A very collimated mm-size CH jet is observed in both optical diagnostic and simulations 

❖ FLASH ❖ SHADOWGRAPHY ❖ INTERFEROMETRY



37COSMIC MAGNETIC FIELD

The B fields play a role in numerous physical processes in the 
universe: 

•Origin of energetic cosmic rays

•“Fluid” like properties and behavior of cosmic plasma affecting 
transport properties (thermal conduction, viscosity, resistivity, 
etc..)

•Star formation and possibly determine the typical star mass

•Accretion and ejection flows
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Astronomical observations (Zeeman splitting, Synchrotron radiation, Faraday Rotation) indicate B 
fields in all observed objects, correlated on scales of the order of the object size 
and probably also present in voids outside galaxies and galaxy clusters   	



Abell 2382

!
•IGM: B~fG

•Galaxies: B~ µG, lcorr~kpc

•Galaxy clusters:  B~ µG, lcorr~100 kpc	



•Quasars: B~few µG, lcorr~kpc	



Zweibel 1997, Han 2007, ...

Carilli and Taylor 2002,Guidetti et al. 2007,...

Athreya et al. 1998, Pentericci et al. 2002, Kronberg et al. 2007

Neronov and  Vovk 2010, ...

Our goal is to understand magnetic field 
generation in relation to shock waves!

!"
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Magnetic fields are ubiquitous in 

astrophysical environments 
The large scale structure of the 

Universe 
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exclude the possibility that the source is
tracing (compressed) fossil radio plasma from a
radio source whose jets are now off (19, 20). The
integrated radio spectra of such fossil sources are
very steep (a < −1.5) and curved, because the
radio-emitting plasma is old and has undergone
synchrotron and inverse Compton losses. In addi-
tion, the shell-like (and not lobe-like) morphol-
ogy does not support the above scenario.

Instead, all the observed properties of the relic
perfectly match those of electrons accelerated at
large-scale shocks via diffusive shock accelera-
tion. The characteristics of the bright relic pro-
vide evidence that (at least some) relics are direct
tracers of shock waves; moreover, the narrow
width of the relic provides a way to determine
the magnetic field strength at the location of the
shock, using arguments similar to those that
have been used for supernova remnants (21).

The configuration of the relic arises naturally
for a head-on binary cluster merger of roughly
equal masses, without much substructure, in
the plane of the sky with the shock waves seen
edge-on. The polarization fraction of 50% or
larger can only be explained by an angle of less
than 30° between the line of sight and the shock
surface (10). Moreover, because there is evidence
for spectral aging across the relic, only part of the
width can be caused by projection effects.

The amount of spectral aging by synchrotron
and inverse Compton losses is determined by the
magnetic field strength B, the equivalent magnetic
field strength of the cosmic microwave back-
ground BCMB, and the observed frequency. The
result is a downward spectral curvature result-
ing in a steeper spectral index in the post-shock
region (i.e., lower a). For a relic seen edge-on, the
downstream luminosity and spectral index profiles
thus directly reflect the aging of the relativistic
electrons (22). To first approximation, the width of
the relic (lrelic) is determined by a characteristic
time scale (tsync) due to spectral aging, and by the
downstream velocity (vd): lrelic ≈ tsync × vd, where
tsync º [B1/2/(B2 + BCMB

2)] × [n(1 + z)]−1/2.
Conversely, from the width of the relic and its
downstream velocity, a direct measurement of the
magnetic field at the location of the shock can be
obtained. Using standard shock jump conditions,
it is possible to determine the downstream veloc-
ity from the Mach number and the downstream
plasma temperature.

The spectral index at the front of the relic is
−0.6 T 0.05, which gives a Mach number of
4:6þ1:3

−0:9 for the shock (14) in the linear regime.
Using the Lx − T scaling relation for clusters (23),
we estimate the average temperature of the ICM
to be ~9 keV. Behind the shock front, the tem-
perature is likely to be higher. Temperatures in
the range of 1.5 to 2.5 times the average value
have previously been observed (24). The derived
Mach number and the advocated temperature
range imply downstream velocities between 900
and 1200 km s−1 (we used an adiabatic expo-
nent of 5/3). For the remainder we adopt a value
of 1000 km s−1. Using the redshift, downstream

velocity, spectral index, and characteristic syn-
chrotron time scale, the width of the relic (in
kpc) can be derived as

lrelic, 610 MHz ≈ 1:2" 103
B1=2

B2 þ B2
CMB

ð1Þ

where B and BCMB are in units of mG. Because
BCMB is known, the measurement of lrelic from
the radio maps directly constrains the magnetic
field. From the 610-MHz image (the image with
the best signal-to-noise ratio and highest angular
resolution), the relic has a deconvolved width (full
width at half maximum) of 55 kpc (Fig. 4). Be-
cause Eq. 1 has two solutions, the strength of the

magnetic field is 5 or 1.2 mG. However, projection
effects can increase the observed width of the relic
and affect the derived magnetic field strength.
Therefore, the true intrinsic width of the relic
could be smaller, which implies that B ≥ 5 mG or
≤ 1.2 mG (Eq. 1). We investigated the effects of
projection using a curvature radius of 1.5 Mpc,
the projected distance from the cluster center.
Instead of using Eq. 1, we computed full radio
profiles (25) for different angles subtended by a
spherical shock front into the plane of the sky
(Y; the total angle subtended is 2Y for a shell-
like relic). The profile for Y = 10° and B = 5 mG
agrees best with the observations (Fig. 4). For
Y = 15°, B is 7 mG or 0.6 mG. Values ofY larger

Fig. 2. GMRT 610-MHz
radio image. The im-
age has a RMS noise of
23 mJy beam−1 and a res-
olution of 4.8 arc sec ×
3.9 arc sec. Colors repre-
sent intensity of radio
emission.

200 kpc

Fig. 3. Radio spectral
index and polarization
maps. (A) The spectral
index was determined
using matched observa-
tions at 2.3, 1.7, 1.4, 1.2,
and 0.61 GHz, fitting a
power-law radio spectrum
to the flux density mea-
surements. The map has
a resolution of 16.7 arc
sec × 12.7 arc sec. Con-
tours are from the WSRT
1.4-GHz image and are
drawn at levels of 1, 4,
16, … × 36 mJy per
beam. (B) The polariza-
tion electric field vector
map was obtained with
the VLA at a frequency of
4.9 GHz and has a res-
olution of 5.2 arc sec ×
5.1 arc sec. The contours
are from Fig. 2 and are
drawn at levels of 1, 4,
16, … × 70 mJy per
beam. The length of the
vectors is proportional
the polarization fraction,
which is the ratio be-
tween the total intensity
and total polarized inten-
sity. A reference vector for 100% polarization is shown in the upper left corner. The vectors were
corrected for the effects of Faraday rotation using a Faraday depth of −140 rad m−2 determined from
WSRT observations at 1.2 to 1.8 GHz.
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!"#$%&'()*+,-$./$!&-&*+0$12"3!WHAT ARE THEIR ORIGINS? 
•How do such ordered large-scale fields arise in galaxies and clusters?
•An initial primordial magnetic field seed then amplified? 
•If so, what is the primordial seed?
•And what are the amplification mechanisms?

AN INTRIGUING PHENOMENON
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Gas accretion onto clusters generates 
shock waves

!!"

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

508 GNEDIN, FERRARA, & ZWEIBEL Vol. 539

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 

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

Ryu et al.  ApJ 2003

© Projet Horizon (2005-2008)

MAGNETIC FIELDS AT PROTOGALACTIC SHOCK 
WAVES
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41TRANSVERSE DIAGNOSTICS

!"#

Electron density is extracted from 
interferometry via Abel inversion!

!  Abel inversion requires cylindrical symmetry!

!  Radial electron density profile is extracted from the data!

!  Small fringe shifts for the lower pressure case (closer to the detection 

limit)!
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From fringe shift we can get the radial electron 
density profile

From shadowgraphy we can get the shock 
morphology  



42MAGNETIC INDUCTION COILS

!"#

Magnetic field at shock position is measured with 
3-axis induction coils!

!"#$%&'()(**(+,-./#

!  Induction coils are placed at ~30 mm from 
sample position and measure B-field as shock 
reaches their position!
!  Twisted pairs used to avoid EM pickup!
!  Coil voltage proportional to first derivative 
of B field !
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➔  Induction coils are placed at ~30 mm from ample 
position and measure B-field as shock reaches their 
position 	



➔  Twisted pairs used to avoid EM pickup 	



➔  Coil voltage proportional to first derivative of B 
field
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Magnetic field at shock position is measured with 
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43MAGNETIC FIELD MEASUREMENTS

!"#

Measured magnetic field in the range 10-30 G!

!  Field is larger at earlier times!

!  Field is predominantly in the perpendicular direction!

!  Second bump in 2-beam case likely due to ejected material from target!

Field is larger at earlier times 	


➔ Field is predominantly in the perpendicular direction 	


➔Second bump in 2-beam case likely due to ejected material from target



44BIERMANN BATTERY AT CURVED SHOCK FRONT

∆Ne

∆Ne
T1

T2

∆Te
laser

 Non spherical shock generates vorticity

Biermann battery via shock vorticity associated to a shock asymmetry 

Gives field in the range 10-30 G

�vsh
�S � �vsh/r

experimentally 	


~0.1-0.3 

hydro sim ~3

Vorticity can generate magnetic field



45SCALING TO PROTOGALACTIC SHOCKS

Because of viscous dissipation, similarity is 
achieved at scales L>5 µm (L>25pc)

!"#

We have scaled the experiment to the IGM!
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!"#

We have scaled the experiment to the IGM!
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B ~! ~1/ t

Our results scaled to protogalactic structures indicate that B fields of 
B~10-21G can be generated at shock fronts changing curvature of few 
tens of per cent on scaled of around one megaparsec  

R.M.Kulsrud et al.  Astrophys. J. 480, 481 (1997)

First experimental confirmation of theoretical estimation  



46WHAT’S NEXT

Comsological seed fields (10-21 G) from Biermann battery are considerably 
smaller than present day astronomical observations (~1µG)

Plasma instabilities can drive 
stronger fields  (Weibel)	



The initial seed is amplified by  dynamo 
or turbulence

!"#

What next?!
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Weibel mediated density 
filaments 

Color represents the 

density 

PIC simulation by A. Spitkovsky 

><=!*1!.)?@!A7'*,7*!-BCCD4!

Two possible research axis: ‣different generation mechanism
‣amplification

!"#

What next?!

! #$%&'%(%)*+,(#&--.#/-(.&#012341#56#78%'#9*-8',::#;,<-8=#,8-#+%:&*.-8,;(=#

&',((-8#>?,:#@8-&-:>3.,=#,&>8%:%'*+,(#%;&-8A,B%:&#0C1#D5#*:#),(,E=#+(F&>-8&6#

! !"#$!%$&&'()*!$%+$,&!-./$,0!$12*3&45!

o !6).&/.!',&1.(')'+*&!7.,!83'9*!&13$,0*3!:*)8&!-;*'(*)4!!

o !"2*!','+.)!&**8!'&!./%)':*8!(<!8<,./$!$3!1=3(=)*,7*!

Weibel mediated density 
filaments 

Color represents the 

density 

PIC simulation by A. Spitkovsky 

><=!*1!.)?@!A7'*,7*!-BCCD4!



47CONCLUSIONS

• High power laser can help in reproducing pressure and 
temperature conditions typical of astrophysical objects

• Laboratory astrophysics can help in getting interesting 
hints on : 

• materials behaviour for planetology studies 
• the dynamics of (a part of) an astrophysical  

phenomenon through scaled experiments



48COLLABORATIONS
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Comment obtenir un point sur l’EOS ?!HOW TO OBTAIN AN EOS POINT
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First relative measurement!

M. Koenig et al., PRL, 1995!

Demonstration of precise EOS data with  
"small" laser E ≈ 100 J!

4.5 Mbar< PAl < 16 Mbar!
10 Mbar < P < 37 Mbar!

Experiment!

___  Theory!

RELATIVE MEASUREMENTS


