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        LABORATORY ASTROPHYSICS 

1905 George Hale develops spectroscopy (stellar composition),  
redshift, dynamo effect, dielectric recombination… 

Today Plasma AstroPhysics is accessible with HDE lasers  
Stars & Planets… USA / France            NIF/LMJ       England  ORION 

 2003: Creation of the Institute Laser Plasma 
 2006: Creation of the master “Science of Fusion”  ITER / LMJ   30 students /year 

  two PhD students: Guillaume Loisel (now Post Doc Z machine Albuquerque)  
   Maelle Le Pennec 

We receive support from ANR: ANR OPACITY (lead: STC)  
   

The COST MP 1208 is dedicated to the development of the community around 
inertial fusion, related physics and  science including Laboratory Astrophysics. 
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LABORATORY ASTROPHYSICS WITH LASER FACILITIES 

Shocks,  
X emission 
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LASER MEGAJOULE AT CEA BORDEAUX  

20% of use for the  
academic community 
First shot at the end of this year 
First academic shot in 2017-2018 

At NIF we prepare an experiment with 
Los Alamos colleagues on oxygen 
And we prepare another one for LMJ 
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                APPLICATIONS FOR OUR COMMUNITY 
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    OPACITY (EOS) FOR STARS AND EOS FOR PLANETS 

Toward an understanding of the transport  
of energy and momentum in stars.  
SoHO/COROT/KEPLER  future PLATO  
Turck-Chièze et al. 2004, 2011, 2012,  
Basu et al. 2014 

Nearly 2000 detected 
planets, one Earth size 
detected by 
KEPLER… 

Toward a better determination of the internal 
structure of the exoplanets. 
COROT/KEPLER/ future   PLATO 
H2/D2: Loubeyre et al. 2012  
Fe/SiO2: Benuzzi-Mounaix et al. 2011 
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   EVIDENT RELATIONSHIP  
ASTROPHYSICS – INERTIAL FUSION FOR ENERGY 

Astrophysical Observations 

Modelling or 
simulations 

Experiments 
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    THE STELLAR OPACITY CALCULATIONS 

Millions	
  to	
  milliards	
  of	
  transi.ons	
  	
  

Rapidity and Accuracy 

Solar case with the code FLYCHK 
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Study	
  of	
  the	
  spectral	
  opaci2es	
  in	
  the	
  radia2ve	
  
zones	
  of	
  stars	
  

The	
  OPAC	
  consor.um	
  (France,	
  USA	
  ~30	
  peoples)	
  
CEA	
  DSM	
  +DAM,	
  CELIA,	
  LOS	
  ALAMOS	
  

Why	
  the	
  opacity	
  calcula2ons	
  coming	
  from	
  OPAL	
  and	
  OP	
  have	
  difficulty	
  to	
  
reproduce	
  the	
  mode	
  excita2on	
  in	
  massive	
  stars	
  ?	
  

Why	
  do	
  we	
  observe	
  a	
  large	
  difference	
  in	
  the	
  sound	
  speed	
  of	
  the	
  Sun	
  
between	
  seismic	
  results	
  and	
  SSM	
  predic2ons	
  ?	
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Examina2on	
  of	
  two	
  cases	
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  CEA/DSM/IRFU/SAp	
  

Simula2on	
  of	
  opacity	
  measurements	
  on	
  LMJ+PETAL	
  

	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
  	
  	
  	
  	
  	
  CEA/DSM/IRFU/SAp	
  

■  Theore2cal	
  and	
  experimental	
  studies	
  of	
  opacity	
  for	
  :	
  
–  The	
  iron	
  opacity	
  bump	
  in	
  the	
  envelopes	
  of	
  pulsa2ng	
  stars	
  of	
  8	
  to	
  
20	
  M	
  :	
  T≈200	
  000	
  K	
  and	
  ρ	
  ≈	
  10-­‐7-­‐10-­‐6	
  g/cm3	
  

–  Solar-­‐type	
  radia2ve	
  interiors	
  :	
  T	
  >	
  2.106	
  K	
  and	
  ρ	
  ≈	
  0.3	
  à	
  150	
  g/cm3	
  

Unique	
  laser	
  facili2es	
  in	
  Europe:	
  

-­‐LULI	
  2000	
  (Polytechnique,	
  Palaiseau)	
  

-­‐Laser	
  MégaJoule	
  	
  &	
  PETAL	
  (Bordeaux)	
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B-­‐Cephei	
  envelopes	
  	
  

	
  Case	
  I	
  studied	
  on	
  LULI	
  2000	
  

©	
  Palomar	
  Observatory	
  

COROT	
  	
  
(©CNES/NASA)	
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Le	
  contexte	
  sismique	
  (2)	
  

ν,	
  [c/d]	
  

Instability	
  modes	
  :	
  observed	
  modes	
  in	
  blue	
  
and	
  calculated	
  modes	
  in	
  red	
  and	
  black	
  
(From	
  Zdravkov	
  &	
  Pamyatnykh,	
  2009)	
  

Astrophysical	
  problem	
  

  Observed	
  modes	
  which	
  are	
  not	
  
predicted	
  by	
  stellar	
  models	
  

  These	
  modes	
  are	
  excited	
  by	
  the	
  iron	
  
group	
  opaci2es	
  by	
  κ-­‐mechanism	
  

➤ Understand	
  the	
  differences	
  
between	
  OP	
  and	
  OPAL	
  	
  

➤ New	
  calcula2ons	
  from	
  CEA	
  

and	
  Los	
  Alamos	
  

➤ Experiments	
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The	
  iron	
  bump	
  :	
  example	
  of	
  a	
  9Mstar	
  

Core	
  

4.6	
   5.3(17.2	
  eV)	
   6.3	
  

He	
  bump	
   Fe+Ni	
  bump	
  :	
  big	
  
varia2ons	
  with	
  age,	
  mass	
  
and	
  metallicity	
  

Convec2ve	
  zone	
  

Radia2ve	
  zone	
  
Envelope	
  

log(κ)	
  
Deep	
  iron	
  bump	
  

1	
  

9M 	
  

Age	
  6	
  

End	
  of	
  H	
  
burning	
  

9M 	
  

3

0.6

0.8

1

1.2

ra
d/

ad

Fig. 1 a: Temperature gradient ratio between a radiative

or convective region versus temperature for a 10 M⊙ star.

b: Temperature dependence of the total Rosseland mean

opacity for OP calculation (solid blue line) and OPAL cal-

culation (dashed red line). c: Relative contribution of the

heavy elements to the total opacity. d: Relative contribu-

tion of the light elements to the total opacity.

3 Radiative properties of more massive stars

When the stellar mass increases, the central tempera-

ture increases and consequently carbon, oxygen, nitro-

gen can penetrate the Coulomb barrier. In these con-

ditions the hydrogen burning is no longer dominated

by the weak interaction but by the strong interaction

where these elements act as catalysts. The nuclear

burning becomes more rapid, and the lifetime of these

stars decreases from billions to millions of years, the

central temperature increases strongly and the radia-

tive diffusion has no time to take place. The core of

these stars (> 1.5M⊙) becomes convective, while the

envelope is radiative. In the envelope, many elements

are partially ionized, so the detailed calculation of the

Rosseland mean opacity is even more complex because

many electronic shells are open and the bound-bound

processes are extremely important.

Figure 1 illustrates the case of a 10 M⊙ star. All the

species including iron are totally ionized in the center

of this star due to high temperature, 34 MK, and a rel-

atively low density of 8 g/cm3. The opacity is not as

high (Fig 1b) as in lighter stars, but the luminosity due

to the CNO cycle is so high that ∇rad is higher than

∇ad (Fig 1a). When the ratio of gradients is greater

than one, the region is convective; in the opposite case,

the region is radiative. The rest of the star is radiative

except in two small regions which correspond to the

partially ionized contribution of helium and hydrogen

at low temperatures (see Fig 1d) and of the iron-group

elements above 100,000 K (Fig 1c). Figure 2 shows that

the differences between OP and OPAL are particularly

important for Ni, Mn and Cr and that the contribu-

tion of Cr and Ni could be very important in the case

of OP. Therefore, we have begun comparisons between

different opacity calculations.

Two other processes are considered in the stellar

equations or in stellar pulsations. Both require a de-

tailed description of the sub-surface layers: the radia-

tive acceleration and the κ mechanism.

Fig. 2 Influence of the different elements of the iron group

to the total opacity and comparison between OP and OPAL

(same representation than Figure 1).

Radiative accelerations are crucial quantities to

study the diffusion of elements in stars and to un-

derstand the stellar photospheric abundances. They

strongly depend on the atomic properties of the dif-

ferent ions, so they largely depend on the quality of

the atomic data and on the knowledge of the ionization

stage of the different elements. For a detailed descrip-

tion of this process, we refer to the book dedicated to

G. Michaud, and in particular to the paper of Alecian

(2005). The expression for the radiative acceleration

is also given in Turck-Chièze et al. (2009). This pro-

cess must be taken into account in the description of

stellar envelopes, in addition to the gravitational set-

tling, turbulence and sometimes magnetic activity. For

radiative accelerations, one needs to know the detailed

monochromatic photon flux for all the processes (dif-

fusion, bound-bound, bound-free...) and for each ele-

ment. This information is not delivered by the OPAL

consortium (Iglesias & Rogers 1995) but is available for

the OP calculations (Seaton & Badnell 2004). Some

specific comparisons lead to 50% differences in the ra-

diative acceleration for the iron case in the opacity peak

region mentioned in Figs. 1 and 2 (Delahaye & Pin-

soneault 2006).

It is important to resolve this discrepancy to under-

stand the chemically peculiar stars and the thousands

of pulsators observed with COROT and Kepler. The

rapid variability of the above-mentioned opacities in the

stellar envelope generates the so-called κ mechanism

and maintains the pulsation in classical Cepheids (due

to partial ionization of helium) and for β Cephei stars

(due to the iron-group element ionization) (Dupret

2003).

Calculations for asteroseismology must predict the

theoretical acoustic modes in order to identify with-

out ambiguity the observed modes and to understand

the excitation of the modes. Several papers show the

diffculties for β Cephei stars (Pamyantnykh 1999; Bri-

quet et al. 2007; Degroote et al. 2010; Daszynska-

Daszkiewicz & Walczak 2010) and mention that an

increase of opacity will improve the interpretation of

the asteroseismic data.

Chapter 2

Abstract

I=I0e−
�
drκν(r)ρ(r)

κν(r)=κ(T (r), ρ(r), Xi(r), ν)

∇rad>∇ad

2

Schwarzschild	
  
criteria	
  

Le	
  Pennec	
  &	
  Turck-­‐Chièze,	
  
2013	
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Simula2on	
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  opacity	
  measurements	
  on	
  LMJ+PETAL	
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    STELLAR ENERGY TRANSFER: XUV EXPERIMENTS 

LTE experimental principle 
ns laser + ps laser 

Loisel et al. 2009 
Turck-Chièze et al. 2011, 2013, 2014 

LULI2000 

 laser of 170J 0.517 µm 0.6 -0.9ns  
+ pico second laser 12J 10-20 ps 

Τ =23 eV  (1 eV= 11600 K) 
Rho= some 10-3 g/cm3 

ΔT=15% 
Δρ=15% 

8.2 Dispositif expérimental 161
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Fig. 8.7 – Énergie à 2ω en fonction de l’énergie à ω pour le faisceau nanoseconde.

faisceau
nanoseconde

faisceau
picoseconde

échantillon

feuille backlight

cavités

backlight

Fig. 8.8 – Gauche : schéma de principe d’utilisation des cibles. Le faisceau nanoseconde (en vert) de
chauffage est focalisé sur le trou d’entrée laser φ 700 µm. La focalisation sur une feuille d’or du faisceau
picoseconde (en rouge) est à l’origine de la source de radiographie (backlighter en gris). Les trous de
diagnostic φ 550 µm définissent l’angle solide du flux de radiographie d’intérêt. Droite : photographie des
cibles, l’échantillon est déposé sur la totalité du trou du disque « oreille ».

diagnostic sur l’une des cavités. Il est percé en son centre d’un trou de diamètre légèrement
plus grand (∼ 570 µm) que le trou de diagnostic des cavités. Ce disque sert à recevoir
l’échantillon pour que celui-ci soit déposé de manière plane perpendiculairement à l’axe
de diagnostic et ne fripe pas. Compte tenu de la faible épaisseur du disque, la cible globale
est considérée comme symétrique par rapport au plan contenant l’échantillon.
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Chapitre 1

Brouillon formules

1
κR

=

�
dν

1

κtot
ν

dBν

dT�
dν

dBν

dT

=

�
dν

1

κa
ν(1− e

−hν
kT ) + κd

dBν

dT�
dν

dBν

dT

1

€ 

1
κR

=
WR(u)du
κ '(u)0

∞∫

WR(u) =
15u3e−u

π 41− e−u

u =
hν
kT

‘ L 

|  PAGE 14 
Sylvaine Turck-Chièze, HELAS VI /SoHO 28/ SPACEINN,  2014 



Le	
  contexte	
  sismique	
  (2)	
  Experiments	
  :	
  results	
  on	
  NICKEL	
  

– 12 –

as symmetrically as possible two gold cavities (hohlraum) that insert a foil of the considered

element (here iron and nickel), such original approach has been used in order to reduce

the gradient in the foil at the level of 10 % for both temperature and the density. So the

considered element is heated at an higher temperature than the required measurement,

typically 30 eV in the present case. After a delay chosen to get the required density and

temperature (this delay is determined by a simulation of the geometry and heating of the

experiment), a picosecond laser interacts with a backlighter gold foil to produce x rays in a

short pulse of 10-15 ps to probe the formed plasma. The ps laser probes the plasma at LTE

with a very small variation of temperature less than 4 % and of density at 10 % (must be

verified). Specific measurements have been realized during the campaigns on Cr, Ni, Fe, Cu

and Ge at two conditions, around 13 eV and around 22 eV for density of several mg/cm3,

which allow to check these elements for < Z > around 7-8. Unfortunately the lower

temperature has presented very low transmission spectra (in agreement with predictions)

or spectra dominated by the gold emission which does not allow any exploitation of this

information.

The transmission spectrum of the photons through the foil is defined by the following

expressions:

T(ν) =
Iν

Iν ref
= exp−κ(ν)ρ r

It results from the ratio of two measurements Iν and Iν ref obtained with and without

the foil between the two cavities and related to the frequency opacity κ(ν) through the

second expression where r is the thickness of the foil and ρ the density of the plasma. This

transmission is measured by a streak camera placed behind a specifically designed XUV-ray

spectrometer (Reverdin et al. 2013), see Loisel (2010) and Lepennec et al. (2014) for

details. The set up has been designed to cover the interesting photon energy region useful

for a good determination of the mean Rosseland value. So we explore the range 60-65 eV

up to 190 eV which is well adapted to the astrophysical cases. The spectral resolution of

Experience	
  &	
  SCO-­‐RCG	
  
(23eV,	
  2mg)	
  

Experience	
  &	
  OP	
  
(23eV,	
  2mg)	
  

Turck-­‐Chièze	
  et	
  al.,	
  2013	
  
Turck-­‐Chièze	
  et	
  al.,	
  2014	
  

Experience	
  &	
  
ATOMIC	
  

1eV=11604	
  K	
  

Texp=	
  24±	
  3eV	
  
ρexp=	
  2	
  ±	
  1	
  mg/cm3	
  

M.	
  LE	
  PENNEC	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
  	
  	
  	
  	
  	
  CEA/DSM/IRFU/SAp	
  

Simula2on	
  of	
  opacity	
  measurements	
  on	
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Experiments	
  :	
  results	
  on	
  IRON	
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  CEA/DSM/IRFU/SAp	
  

Experience	
  &	
  OPAL	
  
(21.65	
  eV,	
  1.58mg)	
  

Experience	
  &	
  SCO-­‐RCG,	
  ATOMIC	
  
(23	
  eV,	
  	
  2mg)	
  

Turck-­‐Chièze	
  et	
  al.,	
  2014	
  

  Increase	
  of	
  the	
  performance	
  of	
  the	
  calculators	
  Beuer	
  opacity	
  	
  

  In	
  the	
  present	
  situa2on	
  :	
  hybrid	
  codes	
  are	
  good	
  compromises	
  
  S2ll	
  two	
  elements	
  to	
  exploit	
  (Copper	
  and	
  Chromium)	
  

Turck-­‐Chièze,	
  Gilles,	
  Le	
  Pennec	
  et	
  al.,	
  2014,	
  ApJ,	
  soon	
  on	
  ADS	
  
Le	
  Pennec	
  et	
  al.,	
  2014a,	
  Phys.	
  Rev.	
  E,	
  in	
  prep.	
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Comparaison	
  de	
  différents	
  calculs	
  Le	
  contexte	
  sismique	
  (2)	
  New	
  calcula2ons	
  :	
  comparisons	
  
	
  Turck-­‐Chièze,	
  Gilles,	
  Le	
  Pennec	
  et	
  al.	
  ,HEDP,2013	
  

– 21 –
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Fig. 1.— Iron OP calculations compared to different ATOMIC calculations for T= 15 eV

and density of 5.5 10−3 g/cm3 and for T= 27 eV and density of 3.4 10−3 g/cm3.

Comparisons	
   at	
   15.3	
   eV	
   and	
   ρ=5.48	
   x	
   10-­‐3	
   cm-­‐3	
   (Turck-­‐
Chièze	
  et	
  al.	
  2014)	
  between	
  several	
  ATOMIC	
  opTons	
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➤ Hybrid	
  codes	
  SCO-­‐RCG	
  and	
  ATOMIC	
  
Combines	
  detailed	
  treatment	
  with	
  sta2s2cal	
  
treatment	
  in	
  func2on	
  of	
  the	
  transi2on	
  	
  

  Nickel	
  :	
  differences	
  up	
  to	
  a	
  factor	
  8	
  in	
  
Rosseland	
  mean	
  in	
  the	
  iron	
  bump	
  for	
  OP	
  

  Iron	
  :	
  differences	
  up	
  to	
  a	
  factor	
  2	
  in	
  Rosseland	
  
mean	
  values	
  but	
  s2ll	
  in	
  discussion	
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Sun	
  	
  
&	
  	
  

Solar-­‐type	
  stars	
  

NASA	
  SOHO	
  (©	
  NASA)	
  

Part	
  II	
  

©	
  NASA/ESA	
  

M.	
  LE	
  PENNEC	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
  	
  	
  	
  	
  	
  CEA/DSM/IRFU/SAp	
  

Simula2on	
  of	
  opacity	
  measurements	
  on	
  LMJ+PETAL	
  

	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
  	
  	
  	
  	
  	
  CEA/DSM/IRFU/SAp	
   18	
  
Sylvaine	
  Turck-­‐Chièze,	
  HELAS	
  VI	
  /SoHO	
  28/	
  

SPACEINN,	
  	
  2014	
  



Problem	
  to	
  solve	
  for	
  Sun	
  and	
  solar-­‐like	
  stars	
  
stars	
  

Discrepancies	
  between	
  the	
  seismic	
  
observa2ons,	
  neutrinos	
  	
  and	
  SSM	
  predic2ons	
  	
  

  	
  Macroscopic	
  processes	
  in	
  the	
  radia2ve	
  
zone	
  not	
  taken	
  into	
  account	
  in	
  the	
  
energe2c	
  balance	
  of	
  the	
  Sun	
  ?	
  

Turck-­‐Chièze,	
  Piau	
  &	
  Couvidat	
  2011,	
  	
  
Lopes	
  &	
  Turck-­‐Chièze,	
  ApJ	
  leW	
  2014	
  	
  	
  	
  
ΔΕ/Ε <5%; core fluctua2ons  ΔΤ/T<0.05%	
  

  Radia2ve	
  transfer	
  calcula2ons	
  not	
  
correctly	
  taken	
  into	
  account	
  
➤ Rosseland	
  mean	
  value	
  ?	
  
➤ Treatment	
  of	
  the	
  radia2ve	
  

accelera2on	
  which	
  limits	
  
gravita2onal	
  seuling	
  and	
  leads	
  to	
  
incorrect	
  internal	
  abundances	
  

  Both	
  ?	
  

RelaTve	
  difference	
  between	
  the	
  squared	
  of	
  the	
  sound	
  speed	
  
coming	
   from	
   seismology	
   (SoHO)	
   and	
   the	
   standard	
   model	
  
(red).	
   The	
   seismic	
   model	
   is	
   in	
   black	
   conTnuous	
   line	
   with	
  
error	
  bar	
  coming	
   from	
  seismic	
  observaTons.	
  Adapted	
   from	
  
Turck-­‐Chièze	
  et	
  al.	
  2011	
  

M.	
  LE	
  PENNEC	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
  	
  	
  	
  	
  	
  CEA/DSM/IRFU/SAp	
  

Simula2on	
  of	
  opacity	
  measurements	
  on	
  LMJ+PETAL	
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The	
  contributors	
  to	
  opacity	
  	
  

RelaTve	
  contribuTon	
  of	
  the	
  most	
  important	
  heavy	
  element	
  to	
  the	
  
total	
  opacity	
  (including	
  H	
  and	
  He)	
  for	
  the	
  internal	
  condiTons	
  of	
  the	
  
Sun,	
  using	
  OPAL	
  opaciTes	
  (Turck-­‐Chièze	
  et	
  al.	
  2010)	
  

The	
  most	
  important	
  contributors	
  to	
  global	
  opacity	
  
	
   	
  	
  

  Hydrogen	
  
  Helium	
  

  Iron	
  
  Oxygen	
  
  Silicon	
  

  Elements	
  to	
  inves2gate	
  in	
  priority	
  

most	
  abundant	
  

only	
  few	
  %	
  but	
  individually	
  
contribu2ng	
  up	
  to	
  30%	
  

L’équation d’état et les opacités gèrent  
partiellement la durée de vie des étoiles  

dT/dr = - 3/ 4ac [!" /T3]  
    [L(r)/ 4# r2]    

 zone radiative 

dT/dr = [$2-1/$2] T/P  dP/dr    
zone convective 

coefficient d’opacité 

Rôle important de la composition en éléments lourds 

! (T(r), "(r),Xi (r)) 

Turck-Chièze et al. Phys. Report 
1993 

	
  Rosseland	
  mean	
  evoluTon	
  along	
  the	
  	
  solar	
  profile.	
  	
  
from	
  Turck-­‐Chièze	
  et	
  al.	
  1993	
  

Reliability?	
  No	
  experimental	
  valida2on	
  un2l	
  now	
  on	
  
plasma	
  effects	
  and	
  atomic	
  physics...	
  

M.	
  LE	
  PENNEC	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
  	
  	
  	
  	
  	
  CEA/DSM/IRFU/SAp	
  

Simula2on	
  of	
  opacity	
  measurements	
  on	
  LMJ+PETAL	
  

	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
  	
  	
  	
  	
  	
  CEA/DSM/IRFU/SAp	
  

GN	
  1993	
   Asplund	
  et	
  al.2009	
  

Z/X	
  from	
  0.025	
  to	
  0.018	
  

20	
  
Sylvaine	
  Turck-­‐Chièze,	
  HELAS	
  VI	
  /SoHO	
  28/	
  

SPACEINN,	
  	
  2014	
  



	
  The	
  OPAS	
  code:	
  
new	
  calcula2ons	
  for	
  Sun	
  and	
  solar-­‐like	
  stars	
  	
  

Reliability?	
  No	
  experimental	
  valida2on	
  un2l	
  now	
  on	
  
plasma	
  effects	
  and	
  atomic	
  physics...	
  

M.	
  LE	
  PENNEC	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
  	
  	
  	
  	
  	
  CEA/DSM/IRFU/SAp	
  

Simula2on	
  of	
  opacity	
  measurements	
  on	
  LMJ+PETAL	
  

	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
  	
  	
  	
  	
  	
  CEA/DSM/IRFU/SAp	
  

ρ	
  (g/cm3)	
  

bound-­‐bound	
  
treatment	
  

excited	
  states	
  
accoun2ng	
  

mauer	
  
modelling	
  

κ R
	
  (c
m

2 /
g)
	
  

Fe	
  @	
  kBT	
  =	
  100	
  eV	
  

(15	
  opacity	
  codes)	
  

Blancard,	
  Cosse,	
  Faussurier	
  2011	
  

22	
  elements,	
  21142	
  points	
  	
  
1	
  Tbytes	
  of	
  informa2on	
  
32	
  billions	
  of	
  lines	
  

First	
  results	
  large	
  differences	
  with	
  OP	
  
but	
  only	
  some	
  %	
  with	
  OPAL	
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Experimental	
  Challenge	
  :	
  Reproducing	
  solar	
  condi2ons	
  at	
  LTE 

Temperature	
  and	
  free	
  electron	
  density	
  at	
  different	
  depths	
  of	
  the	
  Sun	
  
(MESA	
  models	
  and	
  Couvidat	
  et	
  al.,	
  2003)	
  

Domain	
   of	
   temperature	
   and	
   density	
   of	
   the	
  
Sun,	
   the	
  NaTonal	
   IgniTon	
  Facility	
   (LLNL,	
  USA)	
  
(pink).	
   The	
   green	
   point	
   represent	
   the	
  
condiTons	
  reached	
  by	
  the	
  Z	
  pinch	
  experiments	
  
on	
   iron	
   :	
   4	
   x	
   1022	
   cm-­‐3	
   and	
   195	
   eV.	
   Adapted	
  
from	
   the	
   NRC	
   Report	
   :	
   High	
   Energy	
   Density	
  
Physics	
   :	
   The	
   X-­‐Games	
   of	
   Contemporary	
  
Science	
  

1eV=11604	
  K	
  

NIF	
  &	
  LMJ	
  
domains	
  Z	
  experiment	
  

Present	
  
Sun	
  	
  

LULI	
  2000	
  
domain	
  

Tachocline	
  
(transi2on	
  radia2on-­‐convec2on)	
  

Introduction Preparation of an experiment Simulation

Solar conditions

Iron case

Oxygen case

Silicon case

Solar radius (r/R⊙) T (eV) Ne (cm−3)
0.5 340 8 x 1023

0.55 295 7.8 x 1023

0.6 270 2.5 x 1023

0.7 200 1 x 1023

Temperature and free electron density at dif-

ferent depth of the Sun : 0.5, 0.6 and 0.7 R⊙

M. LE PENNEC CEA/DSM/IRFU/SAp
First simulations of opacity experiments on LMJ+PETAL

M.	
  LE	
  PENNEC	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
  	
  	
  	
  	
  	
  CEA/DSM/IRFU/SAp	
  

Simula2on	
  of	
  opacity	
  measurements	
  on	
  LMJ+PETAL	
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Double	
  Abla2on	
  Front	
  (DAF)	
  

Laser	
  
Layer	
  of	
  CH	
  or	
  SiO2	
  

  The	
  energe2c	
  photons	
  emiued	
  in	
  the	
  corona	
  (high	
  T,	
  high	
  ρ)	
  are	
  absorbed	
  in	
  the	
  opaque	
  region	
  at	
  
the	
  base	
  of	
  the	
  thermal	
  wave,	
  crea2ng	
  an	
  addi2onal	
  abla2on	
  front	
  	
  

  Use	
  to	
  limit	
  gradients	
  in	
  the	
  sample	
  

Moderated	
  Z	
  
ablator	
  

Layer	
  3	
  

Sample	
  

Sanz	
  et	
  al.,	
  2009	
  
Drean	
  et	
  al.,	
  2010	
  
Yañez	
  et	
  al.,	
  	
  2011	
  

M.	
  LE	
  PENNEC	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
  	
  	
  	
  	
  	
  CEA/DSM/IRFU/SAp	
  

Simula2on	
  of	
  opacity	
  measurements	
  on	
  LMJ+PETAL	
  

	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
  	
  	
  	
  	
  	
  CEA/DSM/IRFU/SAp	
  

Radiative  front 

Electronic 
front Laser 

I=1015 W/cm2 
Laser 

I=1015 W/cm2 

Radiative  front 

Electronic 
front Laser 

I=1015 W/cm2 
Laser 

I=1015 W/cm2 

Le	
  Pennec	
  et	
  al.	
  2014	
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Results	
  :	
  two	
  symmetrical	
  lasers	
  irradia2on	
  
Two	
  quads	
  :	
  I1=I2=1.5	
  x	
  1015	
  W/cm2	
  

1.35	
  g/cc	
  +/-­‐	
  7%	
  	
  

225eV	
  +/-­‐	
  10%	
  

2.25	
  x	
  1023	
  cm-­‐3+/-­‐	
  10%	
  	
  

Si,	
  7µm	
  

Fe,0.1µm	
  

Spa2al	
  gradient	
  in	
  the	
  sample	
  
-­‐ρ	
  	
  	
  	
  :	
  6%	
  
-­‐	
  T	
  	
  	
  :	
  5%	
  
-­‐	
  Ne	
  :	
  5%	
  

Expected	
  transmission	
  

Charge	
  state	
  distribuTon	
  

M.	
  LE	
  PENNEC	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
  	
  	
  	
  	
  	
  CEA/DSM/IRFU/SAp	
  

Simula2on	
  of	
  opacity	
  measurements	
  on	
  LMJ+PETAL	
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Results	
  :	
  two	
  symmetrical	
  lasers	
  irradia2on	
  

M.	
  LE	
  PENNEC	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
  	
  	
  	
  	
  	
  CEA/DSM/IRFU/SAp	
  

Simula2on	
  of	
  opacity	
  measurements	
  on	
  LMJ+PETAL	
  

	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
  	
  	
  	
  	
  	
  CEA/DSM/IRFU/SAp	
  

Two	
  quads	
  :	
  I1=I2=4	
  x	
  1015	
  W/cm2	
   Si,	
  10µm	
  

Fe,0.1µm	
  
2g/cc	
  +/-­‐	
  12	
  %	
  

280	
  eV+/-­‐	
  3	
  %	
  

4	
  x	
  1015	
  W/cm2+/-­‐	
  7	
  %	
  

Spa2al	
  gradient	
  in	
  the	
  sample	
  
-­‐ρ	
  	
  	
  	
  :	
  1.5%	
  
-­‐	
  T	
  	
  	
  :	
  1.5%	
  
-­‐	
  Ne	
  :	
  1.6%	
  

Expected	
  transmission	
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