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• Produce plasmas in LTE conditions at relatively high temperature (15-40 eV) 
for densities of a few 10 mg/cm³

• Measure LTE plasmas spectral opacities in soft X-ray (700-1600 eV) and 
XUV (50-200 eV) domains

• Use of particular elements resonant absorption transitions in L and M shells

• Study atomic physical effects of multicharged ions in a plasma by varying the 
atomic number of the pure element plasma

• Confront experimental results with different theoretical approaches 
(detailed or statistical)

Objectives
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Provide knowledge of physical fundamental microscopic data necessary for 
the study of stellar interiors and the simulation of ICF 
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Spectral transmission:

τν =
Iν
Iν,0

= e−
�
κνρdr

detector film
concentrating 

spherical mirrors absorption 
sample

probe laser

backlighter foil
cavity

heating
laser

spectrometer
slits

cylindrical TlAP crystal
dispersion

(1) Sample heating → laser beam 100-200 J -  0.5 ns - foc ~400 µm
(2) Radiography → laser beam 1-30 J - 10-30 ps  - foc ~20 µm - delay ~0.5-3.5 ns

Opacity measurement principle
using laser and cavity «tools»

IνIν

Iν,0
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dispersive element

collecting curved 
mirrors



X-ray opacity measurements



Exp 1 - 2008     Z = 26, 28, 29 & 32
Exp 2 - 2009     Z = 9, 56, 62, 64 & 67
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X-ray opacity measurements
Element selection
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Te=20 eV,  ρ=5 mg/cm³
Fe

Ni
Cu

Zn

Ge

 ρL=20 µg/cm²

X-ray opacity measurements
Theoretical predictions
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Photon wavelength (Å)
hν = 1500 eV hν = 700 eV

Calculations SCO :  T. Blenski et al. 2000

➡ Absorbing transitions 2p-3d of ions showing a spin-orbit-splitting strongly dependent 
on the atomic number and plasma conditions

➡ Test of the competition between spin-orbit-splitting and statistical broadening  
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X-ray opacity measurements
Experimental setup

«Milka» experimental room
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X-ray opacity measurements
Targets

backlight
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Diagnostic hole
(Φ 500 µm)

Laser entrance hole
(Φ 700 µm)

Sample
thickness ~0.1 µm

Cavity

1 mm

Backlighter

Sample

X-ray opacity measurements
Targets
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➡ image of emitting regions >1keV

• absolute heating flux measurements
• time resolved
• 12 channels → broadband measurement

Detector :
Imaging plates

TlAP cylindrical crystal

Concentrating 
spherical mirrors  

(grazing angle 1.5°, 
cut hν>2keV)

• independent line of sights

• large spectral range 8 - 18 Å

• resolving power <λ/δλ>~400

Reverdin, Thais, Loisel & Bougeard, RSI, 2010

X-ray opacity measurements
Diagnostics
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Pinhole cameras

X-ray spectrometer

«micro-DMX» spectrometer



Raw IP image

λ
Gaussian & 

wavelets 
filterings

geometrical 
transforms

linearization

Spectral intensity

∝ transverse integral

X-ray opacity measurements
Spectra extraction



Raw IP image
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X-ray opacity measurements
Spectra extraction



Raw IP image
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X-ray opacity measurements
Spectra extraction
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X-ray opacity measurements
Experimental absorption spectra
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X-ray opacity measurements
Experimental absorption spectra
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Photon wavelength (Å)

Photon wavelength (Å)

Beer-Lambert’s law
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Time variations micro-DMX uncertainties

1D Radiation hydrodynamics computations FCI-1*.  Input : micro-DMX estimates
Spatial profiles for the Iron opacity measurements (20 µg/cm²)

Te=21±2 eV

ρ=3.5±0.5 mg/cm³
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X-ray opacity measurements
Simulation of plasma parameters
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Mesh number

Mesh number Mesh number

Mesh number

* Schurtz et al, PoP 2000
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X-ray opacity measurements
Analysis : statistical computations SCO*

Iron

14

Photon wavelength (Å) Photon wavelength (Å)



Iron Nickel

➡ Effect of the opening of the spectactor sub-shell 3p on the main structure 2p-3d

➡ Important for Iron and diminishes with increasing Z

Poirier et al.,  to be published
* HULLAC :  Bar-Shalom et al., 2001
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X-ray opacity measurements
Analysis : detailled computations HULLAC*
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X-ray opacity measurements
Analysis : case of copper
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X-ray opacity measurements
2009 - BaF₂, Sm, Gd & Ho

Theory Experiment
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➡ 3d-4f transitions evolutions with respect to the atomic number (Z~60)

SCO,  T. Blenski et al. 200017
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XUV opacity measurements
Double hohlraum setup



Comparisons of opacity profiles using OP and OPAL data along a            β-Cephei 
temperature profile

➡ High difference at the Z-bump location responsible for β-Cephei pulsations, in 
particular for Nickel and Chromium, less for Iron @ T~15.3 eV  ρ~3.5x10-6 g/cm³

β-Cephei opacities
10M⊙

Turck-Chièze, Loisel et al,  Astrophys. Space Sci., 2011

Global opacityStellar structure Metal



Acceleration uses elemental spectra uses 
elemental spectral opacity

Relative differences per elements (OP-OPAL)/OPAL,  From Delahaye et al. 2005

➡ differences between OP and OPAL in radiative acceleration for conditions 
encountered in β-Cephei atmosphere (up to 50% in the case of Fe at max. opacity) 

→ Strong sensibility with temperature

T=15 eV   <Z>=5.4
T=27 eV   <Z>=7.9
T=39 eV   <Z>=11

ne=3.1020 /cm³ 
ρ~4.10-3 g/cm³

Radiative levitation

gr(k) =
F

c

m

mk
κR

�
κν(k)
κν

fνdν
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➡ Ionization conditions of Iron similar between the « β-Cep» case :

   and experiment
  <Z>~8.5
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27.3 eV - 400 000 K - 3.4x10-3 g/cm³
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XUV opacity measurements
Plasma conditions
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Nickel transmission - 15 µg/cm² -Te=15.3, 27.3 et 38.5 eV
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XUV opacity measurements
Theoretical predictions
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Targets

XUV opacity measurements
Heating using a double cavity
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Ratio of X-ray energy between cavities (1:right, 2:left)

→conversion rate                in the present laser 
regime (25-250 J, 600 ps, Φ 400 µm) on Cu & Au are 
nearly constant

Shot on plane copper

Shot on double cavity

➡ Rapport d’énergie R~3

Unfiltered pinhole camera gives: 
1) X-ray energy ratios between «sub-beams»
2) their entry in cavities

2 mm

Laser split

�
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X

����
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� E1
L
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L
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����
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X

E2
X

����
Cu

� 3

XUV opacity measurements
Heating using a double cavity
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EX/EL



micro-DMX line of sight

R : energy ratio right/left
Estimated radiative temperature in one 
cavity using micro-DMX 
→ MULTI+(*) 1D simulations

Tests for R=1,2,3,∞

Radiation hydrodynamics calculations

BL

31

XUV opacity measurements
Heating using a double cavity

* Ramis, Schmalz, Meyer-ter-Vehn, Comp. Phys. Comm. , 1988
Busquet et al , Bull. Amer. Phys. 2008
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XUV opacity measurements
Heating using a double cavity
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➡ Temperature gradients are reduced by a factor 2 from R∞ (one 
cavity only) to R=3

150 Absorption XUV du Cr, Fe, Ni, Cu, Ge

tir 42 �ρ� ρmin ρmax ∆ρ/�ρ� �T � Tmin Tmax ∆T/�T �
(mg/cm3) (mg/cm3) (mg/cm3) (eV ) (eV ) (eV )

R = 1 1.8 1.6 1.9 17 % 14.1 13.9 14.3 3 %
R = 2 2.1 1.5 2.4 43 % 12.8 11.5 13.8 18 %
R = 3 2.3 1.5 2.7 52 % 12.1 10.2 13.6 28 %
R∞ 5.0 1.7 13.6 240% 11.2 6.9 13.5 59 %

tir 49
R = 1 1.8 1.7 1.9 11 % 28.6 28.2 28.6 1 %
R = 2 1.7 1.6 1.8 12 % 26.5 25.0 27.5 9 %
R = 3 1.8 1.7 1.9 11 % 25.7 23.5 27.1 14 %
R∞ 2.3 2.2 3.4 52 % 23.7 19.5 26.2 28 %

Tab. 7.3 – Densité moyenne �ρ�, minimale ρmin, maximale ρmax, écart relatif maximal de densité ∆ρ/�ρ�,
température moyenne �T �, minimale Tmin, maximale Tmax écart relatif maximal de température ∆T/�T �
dans la couche de nickel pour les tirs 42 et 49 pour les valeurs du rapport d’énergie R = 1, 2, 3, ∞.

tir 42 �ρ� ∆ρ/�ρ� �T � ∆T/�T �
mg/cm3 eV

R = 1 1.8 ± 0.2 17 % 14.1 ± 0.2 3 %
R = 2 2.1 ± 0.5 43 % 12.8 ± 1.2 18 %
R = 3 2.3 ± 0.6 52 % 12.1 ± 1.7 28 %
R∞ 5.0 ± 6.0 240% 11.2 ± 3.3 59 %

tir 49
R = 1 1.8 ± 0.1 11 % 28.6 ± 0.1 1 %
R = 2 1.7 ± 0.1 12 % 26.5 ± 1.2 9 %
R = 3 1.8 ± 0.1 11 % 25.7 ± 1.8 14 %
R∞ 2.3 ± 0.6 52 % 23.7 ± 3.3 28 %

Tab. 7.4 – Densité moyenne �ρ�, minimale ρmin, maximale ρmax, écart relatif maximal de densité ∆ρ/�ρ�,
température moyenne �T �, minimale Tmin, maximale Tmax écart relatif maximal de température ∆T/�T �
dans la couche de nickel pour les tirs 42 et 49 pour les valeurs du rapport d’énergie R = 1, 2, 3, ∞.

7.4 Dépouillement des spectres XUV

7.4.1 Principe du dépouillement
Le principe du dépouillement consiste à extraire des données du spectromètre l’absorp-

tion spectrale des échantillons dont le chauffage est étudié précédemment. Pour les tirs
d’absorption on mesure le spectre du backlighter transmis Iν à travers le plasma sondé.
Des tirs complémentaires effectués dans des conditions similaires sont requis pour la me-
sure du spectre de backlighter de référence Iν,0, non absorbé. Rappelons que le coefficient
d’absorption massique κν est relié à la transmission Tν par l’approximation suivante (cf
chapitre 5):

Tν = Iν

Iν,0
� e−κνσ (7.6)

delay 1.8 ns

delay 3.2 ns
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XUV opacity measurements
Nickel transmission - plasma parameters estimates

shot 49

shot 42



source streak 
camera 

reflective 
grating

toroidal mirror

slit 
tangential focus

plane mirror

streak slit
sagittal focus

170 432 598

7°

x

y

• Toroidal mirror : concentrate light and focus on the tangential slit for spectral 
resolution and on the streak camera slit for spatial focus

• Reflective diffractive grating 
• Use of a streak camera to discriminate in time the different emissions 

➡ Spectral range  80-180 Å  for ~3 Å resolution

source

sample
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XUV opacity measurements
XUV spectrometer

CCD
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Conclusions and perspectives (1)

• X-ray absorption of Fe, Ni & Cu and of BaF₂, Gd & Sm plasmas

→ observed thermal and statistical effects on the spin orbit structure

→ check of theoretical models

• XUV absorption of Cr, Fe, Cu & Ni plasmas

→ validation of the experimental setup
→ spectra analysis in progress

• General improvements
→ on the short radiography source  

→ on the heating scheme using a double cavity
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For the future...

X-ray opacity

• use the double cavity heating to limit gradients
• perform 2D simulations of the sample evolution
• analysis of spectral data for BaF₂, Sm & Gd

XUV opacity

• measurements of the energy in each sub-beam for each shot
• broadening of the XUV spectral band
• complete simulation of the experiment

Use of both spectral domains to better constrain plasma parameters

Conclusions and perspectives (2)

32



Thank you!



Supplements
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Radiography in ps regime

0

2000

4000

6000

8000

10000

800 900 1000 1100 1200 1300 1400 1500

Spectres_10ps_SpLULI_Equinox

Au
Cu
Gd
Mo
Sm
Ta
Zr

U
.A

.

Energie (eV)
0

2000

4000

6000

8000

10000

800 900 1000 1100 1200 1300 1400 1500

Spectres_10ps_SpLULI_Equinox

Au
Cu
Gd
Mo
Sm
Ta
Zr

U
.A

.

Energie (eV)

In
te
ns
ité

	  (	  
	  	  	  
	  	  	  
	  )

•  Plane targets
•  Laser energy 180 mJ x 10 shots
•  Pulses durations 80 fs, 1 ps, 10 ps

➡ Gold presents best conversion 
rate and most regular spectrum
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Comparaison des profils d’opacité entre les données OP et les données 
OPAL le long d’un profil de β-Cephei (          )10M⊙
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Elemental contribution along the solar radius

Turck-Chièze et al., 1993

Turck-Chièze...Loisel et al., 2009

Sun opacities

Proportion Fe, O, Ne, Mg ~  10 - 4  with respect to H
For higher stellar masses the central temperature increases and

all the species are totally ionized (see for example Fig. 2 of Ref. [13]
or 31 of Ref. [1]). In these stars the core is convective due to the
amount of energy produced by the role of CNO, so the lifetime of
these stars is mainly driven by the nuclear reaction rates rather
than by opacity coefficients. Fig. 4 illustrates this point in showing
the role of iron (for a solar composition) at the limit of the
convective core for different stellar masses.

3.2. The microscopic diffusion of heavy elements
and the k mechanism

We now examine two other important roles played by the
opacity coefficients. The life of solar-like stars may reach several
billions of years. During this long period of time, the different
species migrate slightly towards the stellar core due to the gravi-
tational settling of the elements heavier than hydrogen. This effect
is extremely slow, resulting for the solar case in 10–15% depletion at
the stellar surface after billion years well measured for helium. In
stars a little more massive stars than the Sun, this effect is partly
compensated by the levitation of some species due to radiative
pressure [23,24]. To estimate the respective role of gravity and
pressure, one needs to calculate the radiative acceleration for each
species k:

gradðkÞ ¼ FR
c

M
MðkÞ

kRgðkÞ where gðkÞ ¼
Z

knðkÞ
knðtotalÞ

fndn (4)

where FR is the radiative flux. In such a calculation the detailed of
the opacity spectrum is needed and fn is a function of the frequency
and of the temperature. It seems that there is still some large
discrepancies in the radiative acceleration between the two opacity
tables available for the international stellar community, the OPAL
and the OP tables [21]. From carbon to iron one may notice some
differences up to 50% between 1.2 eV and 100 eV, in particular for
iron [22], the origin of the difference is not yet understood and
could be investigated by some laboratory experiment.

Another important process, called the k mechanism, is at the
origin of the pulsation of intermediate stars. There is a renewal of
interest for that mechanism since the launch of COROT (2006)
which is the first satellite dedicated to the development of aster-
oseismology [26] and search for exoplanets. This mechanism is
responsible for the pulsational instability of stars between 1.5 and
20 M1 and justifies some explanation.

In the external optically thick layers, the diffusion approxima-
tion is justified and:

ddivFR ¼ 1
4pr2

ddLr
dr

where
dLr
Lr

¼ dr
dLn T

$ dk
k

þ 4
!
dT
T

þ
dr
r

"

(5)

The first term describes the radiative dissipation and in fact stabi-
lizes the star, the term dT/T describes the direct influence of the
temperature variation on the luminosity, this effect is generally
small, the last term contributes to the instability because in case of
the compression the radiating area is reduced. The k mechanism
will work if the opacity varies more quickly with radius than the
other terms. Two kinds of excitation are possible: the opacity bump
is due to the partial ionization of He (Heþ to Heþþ) at log T
approximatively 4.5 and excites the evolved Cepheids, RR Lyrae
(low mass evolved stars) and the d Scuti stars (1.5–2.5 M1 main
sequence stars) or the opacity bump is due to the M shell of Fe at
log T approximatively 5.2 and excites the b Cepheids stars (7–
20 M1 main sequence stars), SPB (3–9 M1 main sequence stars)
and sdB stars (helium core, 0.5–1.4 M1). In a b Cepheid star of 8 M1

the total opacity reaches the value of 6.95 cm2 g$1 due to the

Fig. 3. Relative contribution to the total opacity of the most abundant species which play an important role in the opacity of the radiative zone after hydrogen and helium. This
estimate uses the OPAL opacity calculations for the Grevesse and Asplund composition differing by the content of C, N, O [14].

Fig. 4. Relative role of iron, oxygen and silicium (for a solar composition) at the limit of
the convective core for different stellar masses.

S. Turck-Chièze et al. / High Energy Density Physics 5 (2009) 132–138 135
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Les opacités gèrent la durée de vie des étoiles et leur évolution

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

Moyenne de Rosseland

Degré d’ionisation

Equation d’état

Rôle important des éléments du

carbone au fer

Aujourd’hui utilisation de calculs atomiques de Livermore: Rogers et Iglesias et al. 1996,

tables disponibles pour calcul de mélanges adaptées à tout type d’étoiles, 2000
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