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Introduction



  

Motivations of the study

Isochore heating for the study of Warm 
Dense Matter

Equations of state

Study of the continuum lowering

→ Is there a prescription ?

X-ray damage (X-ray optics, proteins)

NLTE Atomic physics at solid density

Exotic Atomic physics

→ hollow atoms physics



  

Interaction of XFELs with solids



  

Interaction of XFELs with solids

Need a coherent model that links the solid and dense 
plasma



  

Existing models

(classical) Molecular dynamics models with X-ray 
abs.

→ small objects, small number of atoms = clusters or 
molecules

Standard hydrodynamics models + LTE opacity

→ X-ray penetration
→ matter relaxation

Need to extend the bound electrons kinetics up 
to the cold solid



  

0D atomic configuration kinetics 
model



  

Collisional-radiative model

Ions : fixed

→ no ionic temperature / no ion motion
→ constant ionic density

Bound electrons

→ described by atomic configurations (Detailed 
Configuration Accounting)

Free electrons
→ described by a Fermi-Dirac distribution function

≡ instantaneous thermalization



  

Collisional-radiative model

We follow the atomic configuration populations N
c
(t) :

dN c (t )
dt

=−N c (t )∑
c '

W cc '+∑
c'

N c' (t )W c ' cn
bound

 equations :



  

Collisional-radiative model

We follow the atomic configuration populations N
c
(t) :

dN c (t )
dt

=−N c (t )∑
c '

W cc '+∑
c'

N c' (t )W c ' c

Coupled to the evolution of the internal energy :

dE(t )
dt

=
sources →  XFEL

sources + losses
losses → radiative losses

E=E th+Eb With E
b
 the binding energy and E

th
 the thermal energy 

Eb (t )=∑
c

N c( t)Ec and Eth( t)=∫
0

∞ 1
2
me v

2 f FD(ϵ)d ϵ

with

n
bound

 equations :

f FD (ε)=
g(ε)

1+e(ε−μ )/kT

Density of state for indep. particule



  

Elementary processes included

Photoionization (P) and radiative (R) and simulated 
recombination (S)

Auger effect (Γ) and resonant capture (RC)

Collisional excitation (C) and desexcitation (C)

Collisional ionization (I) and three-body recombination (T)

Spontaneous (A) and simulated emission (B), 
photoexcitation (B)

W cc ' = Pcc ' + Rcc ' + Scc ' + Γcc ' + RC cc ' + C cc ' + I cc ' + T cc ' + Acc ' + Bcc '



  
O. Peyrusse, J. Phys. B 32, 683 (1999) ;

O. Peyrusse, J. Phys. B 33, 4303 (2000)

Energy levels and rates (DCA)

Calculated independently :

directly configuration-averaged

Hartree-Fock-Slater treatment for the levels

proper quantum mechanics methods for the rates 



  
O. Peyrusse, J. Phys. B 32, 683 (1999) ;

O. Peyrusse, J. Phys. B 33, 4303 (2000)

Energy levels and rates (DCA)

Calculated independently :

directly configuration-averaged

Hartree-Fock-Slater treatment for the levels

proper quantum mechanics methods for the rates 

How to describe the transition between a solid and a plasma 
at solid density using a low density plasma approach ?

- high density
- degeneracy



  

Modification of the isolated atom

χ plasma=χS−EF

At solid density



  

Modification of the isolated atom

Suppression of the outer shells
χ plasma=χS−EF

At solid density



  

Modification of the isolated atom

Suppression of the outer shells

Modification of ionization potentials

- χ Isolated Atom→χ plasma

χ plasma=χS−EF

At solid density



  

Modification of the isolated atom

Suppression of the outer shells

Modification of ionization potentials

-

Pauli-blocking factors

- effective ioniz. pot. of χ
S
 in the cold solid

χ Isolated Atom→χ plasma

χ plasma=χS−EF

At solid density



  

Pauli-blocking

Term that take into account the space available for an incoming 
electron in the distribution 

T Pb(ε)=(1−F(ϵ))=(1−
1

1+e(ε−μ )/kT ) space available at ε 



  

Pauli-blocking

Term that take into account the space available for an incoming 
electron in the distribution 

Collisional excitation / Collisional deexcitation

1s22s22p5 + e-(ε) 1s22s12p6 + e-(ε' )

Differential rates C
exc

 et C
des 

:

T Pb(ε)=(1−F(ϵ))=(1−
1

1+e(ε−μ )/kT ) space available at ε 

Cexc=N c σ cc '
exc(ε)√ 2ε

m e

f FD(ε) (1−F (ε '))d ε Cde=N c ' σ c' c
de

(ε ')√ 2ε '
me

f FD (ε ')( 1−F (ε))dε '



  

Pauli-blocking

Term that take into account the space available for an incoming 
electron in the distribution 

Collisional excitation / Collisional deexcitation

1s22s22p5 + e-(ε) 1s22s12p6 + e-(ε' )

Conservation of thermodynamic equilibrium properties:

At LTE: C
exc 

= C
de

σ c ' c
de (ε ')=

gc

gc '

ε
ε '

σ cc'
exc(ε)

Coherent implementation of the Pauli principle

Differential rates C
exc

 et C
des 

:

= micro-reversibility relation independant from the plasma parameters

T Pb(ε)=(1−F(ϵ))=(1−
1

1+e(ε−μ )/kT ) space available at ε 

Cexc=N c σ cc '
exc(ε)√ 2ε

m e

f FD(ε) (1−F (ε '))d ε Cde=N c ' σ c' c
de

(ε ')√ 2ε '
me

f FD (ε ')( 1−F (ε))dε '



  

Treatment of the elementary processes in 
the solid

How to treat the solid state elementary processes ?

→ Auger effect from the valence band

→ Fluorescence from the valence band

These processes depend on the chemical environnement of 
the atoms

In principle, corresponding rates cannot be 
calculated in the isolated atom approach



  

Solid state Auger effect / 3-body rec.

1s22s22p5(VB)3 1s22s22p6(VB)1 + e
Auger

Auger effect:



  

Solid state Auger effect / 3-body rec.

1s22s22p5(VB)3 1s22s22p6(VB)1 + e
Auger

Auger effect:

3-body recombination (plasma picture):

1s22s22p5 + 2e- 1s22s22p6 + e
3-body



  

Solid state Auger effect / 3-body rec.

1s22s22p5(VB)3 1s22s22p6(VB)1 + e
Auger

Auger effect:

3-body recombination (plasma picture):

1s22s22p5 + 2e- 1s22s22p6 + e
3-body

3-body rec. must join the Auger effect for T
e
= 0

3-body rec. looks like an Auger effect in the 
plasma picture



  

Solid state Auger effect / 3-body rec.

Plasma approach



  

Solid state Auger effect / 3-body rec.

Plasma approach



  

f (T )=∫
Ef

∞ 1

1+e(ε−μ )/ kT d ε

Γgen=(1−f (T ))Γ A+ f (T )Γ3−b

Solid state Auger effect / 3-body rec.

Plasma approach



  

Simulations results: FLASH parameters
20 fs pulses

Elementary processes 
influence

hν=92 eV - I
XFEL

=1016 W/cm2

competition between a set of 
elementary atomic processes

Coll. Ioniz. X 0.1

normal

3-body rec. X 0.1
pulse



  

Final temperature (t=100 fs) 
for I

XFEL
=1016 W/cm2

non-linearity with respect to photons 
energy

Elementary processes 
influence

hν=92 eV - I
XFEL

=1016 W/cm2

competition between a set of 
elementary atomic processes

Scan of the 
atomic 
structure

XFEL photons energy (eV)
0

Scan of the 
atomic 
structure

Simulations results: FLASH parameters
20 fs pulses



  

Final temperature (t=100 
fs) for hν=92 eV

non-linearity with respect to intensity 
(saturation effect)

non-linearity with respect to photons 
energy

Elementary processes 
influence

hν=92 eV - I
XFEL

=1016 W/cm2

competition between a set of 
elementary atomic processes

Final temperature (t=100 fs) 
for I

XFEL
=1016 W/cm2

Scan of the 
atomic 
structure

XFEL photons energy (eV)
0

Scan of the 
atomic 
structure

B. Nagler, et al. 2009

Simulations results: FLASH parameters
20 fs pulses



  

Final temperature (t=100 
fs) for hν=92 eV

non-linearity with respect to intensity 
(saturation effect)

non-linearity with respect to photons 
energy

Elementary processes 
influence

hν=92 eV - I
XFEL

=1016 W/cm2

competition between a set of 
elementary atomic processes

Final temperature (t=100 fs) 
for I

XFEL
=1016 W/cm2

Scan of the 
atomic 
structure

XFEL photons energy (eV)
0

Scan of the 
atomic 
structure

B. Nagler, et al. 2009

Simulations results: FLASH parameters
20 fs pulses



  

1D hydrodynamic and 
configuration kinetics model



  

Implementation of the 0D kinetics in an 
hydrodynamic code

Atomic populations 
calculated with the CRM

XFEL energy deposition

+ XFEL absorption equation along its propagation

In each cell is coupled a local 0D kinetics CRM

Lagrangian hydro code dedicated to XFEL interaction with matter X-RIM : 
O. Peyrusse, Phys. Rev. E 86, 036403 (2012)

ϵe= f free (T e) +
1
ρ Σn En Nn + ϵc

ϵi=f QEOS /BLF(ρ , T i)

Source terms:



  

Thin target - 53 nm
hν = 110 eV - pulse 50 fs - 1014 W/cm2

XFEL XFEL

Study of the creation of homogenous WDM samples

T
e

ρ

Hydrodynamic code is a tool for experimental design

An example of result



  

Ongoing study: beyond 
instantaneous thermalization



  

Beyond instantaneous thermalization

Time scales:

 XFEL pulses ~ 10-100 fs

 electron-electron equilibration ~ 1-10 fs

The instantaneous thermalization hypothesis 
needs to be studied ! 



  

Beyond instantaneous thermalization

Coupling between bound states and the continuum free states.

Example of the 3-body rec. rate:

T cc '=∫
0

∞

∫
0

∞ d Σcc '
3b

d ϵ ' √ 4 ϵ ' ϵ ' '

m e
2

f (ϵ ') f (ϵ ' ') (1−F(ϵ))d ϵ ' ' dϵ '



  

Beyond instantaneous thermalization

Coupling between bound states and the continuum free states.

Example of the 3-body rec. rate:

T cc '=∫
0

∞

∫
0

∞ d Σcc '
3b

d ϵ ' √ 4 ϵ ' ϵ ' '

m e
2

f (ϵ ') f (ϵ ' ') (1−F(ϵ))d ϵ ' ' dϵ '

T cc '=∑
k=1

nfree

∑
k '=1

n free d Σcc'
3b

d ϵ ' √
4ϵk ' ϵk ' '

me
2 f (ϵk ') f (ϵk ' ') (1−F (ϵk ))Δϵk ' ' Δϵk '

Discretization



  

Beyond instantaneous thermalization

Coupling between bound states and the continuum free states.

Example of the 3-body rec. rate:

T cc '=∫
0

∞

∫
0

∞ d Σcc '
3b

d ϵ ' √ 4 ϵ ' ϵ ' '

m e
2

f (ϵ ') f (ϵ ' ') (1−F(ϵ))d ϵ ' ' dϵ '

T cc '=∑
k=1

nfree

∑
k '=1

n free d Σcc'
3b

d ϵ ' √
4ϵk ' ϵk ' '

me
2 f (ϵk ') f (ϵk ' ') (1−F (ϵk ))Δϵk ' ' Δϵk '

n
bound

+ n
free

 equations

+ e-e- equilibration: Krook term

Discretization

[df (ϵ)d ϵ ]
Krook

=
f FD(ϵ)−f (ϵ)

τee



  

Results

10 fs pulse, pulse maximum at 18.5 fs

1016 W/cm², 92 eV photons

τee=10 fs



  

Conclusion
0D model

Atomic kinetics extended to solids

→ Absorption highly non linear

Integration in a 1D hydro code
Creation of WDM / dense plasma samples
→experimental design

Beyond instantaneous thermalization
New numerical scheme
→ study of the e-e- thermalization

Perspective : Integration in the hydro code ?



  

Conclusion
0D model

Atomic kinetics extended to solids

→ Absorption highly non linear

Integration in a 1D hydro code
Creation of WDM / dense plasma samples
→experimental design

Beyond instantaneous thermalization
New numerical scheme
→ study of the e-e- thermalization

Perspective : Integration in the hydro code ?

Thank you for your attention
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