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I. Matter at high energy density described 

by means of radiation hydrodynamics
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Matter at high energy density
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Plasmas with (i) specific energies above 1010 J/m³, (ii) pressures above 100 kbar

or (iii) at solid density at temperatures above 10000 K

In this work: High-power laser heated plasmas and Warm Dense Matter (WDM) experiments

Figure adopted by Dr. A. Schönlein
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The RALEF-2D code: Hydrodynamics
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Mass conservation:

Momentum conservation:

Energy conservation:
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– Energy deposition by thermal conduction (local),      

– by radiation (non-local),

– and by external heat sources, e.g. by laser or ion beams

 T 

rQ
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RALEF-2D: One-fluid, one-temperature (LTE) Godunov model (CAVEAT code, LANL, 1990) 

on 2D quadrilateral ALE mesh in Cartesian (x,y) or axisymmetric (r,z) geometry

Equation Of State (EOS) either given by analytical or tabular models: ( , ), ...p p  

Hydrodynamics are justified if mean free particle path ≪ characteristic plasma length!



The RALEF-2D code: Radiation transport
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Quasi-static approximation:  Radiation transports energy infinitely fast compared to fluid motion! 

I – radiation intensity,   k – absorption coefficient,    B = B(T) – Planckian source function
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Full cell-by-cell solution of transfer equation!   No diffusion equation!   Diffusion limit is recovered!

Outstanding code development since 2007 at Goethe university and at KIAM (Moscow):

Radiation transport adds 3 extra dimensions (two angles and the photon frequency). 

 The 2D hydrodynamics becomes a 5D radiation hydrodynamics!

Coupling to fluid energy equation:    
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Opacities k are provided by the THERMOS code (KIAM, Moscow):

→ Based on Hartree-Fock-Slater atomic modeling in LTE approximation



II. Simulations of laser-heated combined

hohlraum-plasma targets
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Experiment 1: Combined hohlraum-foam target
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Application at GSI: Ion-stopping measurements in homogeneously ionized CHO plasmas

2D simulation setup:

Infinite extension along z-direction assumed

In the 2D configuration: E2D
l = 122.8 J/mm

2 simulations for hohlraum and complete setup

3D experimental setup:

PHELIX laser (2), b = 1.4 ns

Deposited energy: El = 180 J

Gaussian spot, FWHM = 200 µm



X-ray spectra and carbon heating
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The emitted hohlraum X-rays go well together with the opacities of carbon!

kν (0.1-0.3 keV) ~ 1 mm-1  Absorption over the whole foam diameter!

At t = 1.2 ns hot laser spot (Tmax = 370 eV)  strongly non-Planckian spectrum

At t = 6.0 ns after thermalization  nearly Planckian spectrum at T = 28 eV

Opacities of carbon:Open hohlraum spectrum:



Time evolution of matter density
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Au hohlraum

C foam

Cu holder



Time evolution of matter density
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Laser ablated plasma



Time evolution of matter density
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Time evolution of matter density
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Pinhole image from top

Carbon plasma 

shock wave

focal spot

X-ray heated wall

colliding
plasma



Time evolution of matter density
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Ion beam 
( -1.0 mm < y < -0.5 mm)



Time evolution of matter density
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Carbon plasma

homogeneity lost!



Normalized column densities along ion beam
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The simulation discloses the optimal time window for the measurements!
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df – Foam diameter

dbn – Ion beam aperture

Normalized column density:



Experiment 2: Combined hohlraum-foil target
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Experimental setup:

PHELIX laser (2) , b = 1.2 ns

El = 130 J, E2D
l = 260 J/mm

Gaussian spot, FWHM = 100 µm

Application at GSI: Ion-stopping measurements in homogeneously ionized carbon plasmas

Primary hohlraum simulation was conducted

by M. Basko!

Secondary hohlraum simulation setup:



Simulation of the open secondary hohlraum
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Gold plasma blowoff from the empty hohlraum walls:

Temporal evolution of the radiation temperature:

Uniform carbon 

foil heating

Predicted 5 ns 

window for ion 

stopping 

measurements

confirmed by 

experiment!



Carbon plasma parameters
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Temporal evolution of free 

electron densities:

Final average temperature & ionization:

𝑇~25 − 30 eV, 𝑍𝑖𝑜𝑛~3

Lateral plasma expansion:

Impressive agreement between 

simulation and experiment!

ne = 1020 cm-3



III. New ray-tracing approach for laser energy

deposition with refraction
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RALEF-2D laser energy deposition algorithms

Old short-characteristics algorithm:
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New ray-tracing algorithm:

 Quadrilateral mesh

 Straight propagation direction

 Inverse bremsstrahlung absorption

 No refraction & reflections!

 Triangular mesh

 Hybrid geometrical / wave optics model

 Complex semi-empirical permittivity ε



Continuous ray cell-face transitions require for piecewise-linear free electron densities!

Triangulation of RALEF-2D quadrilateral mesh
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Triangulation Smoothing

Multiple interpolations and extrapolations on all quadrilateral vertices!

    , ,i,0 , 0,   e i e e i in x n n x x

is assured in every cell i avoiding discontinuities on cell faces!



Features of the ray-tracing algorithm
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 Cartesian & meridional face crossings

 Ray splittings at ne = αs ne,cr , αs 𝜖 [0,1]

 Mesh entry/exit: Snell‘s law or splittings

 Complex numerics involved!

2D Geometrical Optics (ω≫ ωP) parabolas :
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1D Wave Optics / Helmholtz eqn. (ω≲ ωP) :
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Solve Maxwell equations, e.g. for s-polarization:



Trajectory and power deposition tests
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Quadratic density sphere:Quadratic density trough:

Errors are decreasing by 1st order in all tests!



IV. The „Frankfurt Equation-Of-State (FEOS)“ 

package
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The FEOS package

 Single or two-temperature EOS: p = p(T, ρ), …

 EOS for arbitrary mixtures of chemical elements

 Non-equilibrium EOS or Maxwell-construction
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Physics based on the QEOS model (LANL):  

 Thomas-Fermi statistical model corrected for 

chemical bonding for electrons

 Analytical interpolations for ions

Input parameters: 

(i) p (Tref, ρref) = 0,

(ii) bulk modulus Kref (Tref, ρref),

(iii) critical point Tc, pc, ρc (if known)

Realistic EOS of SiO2: 

FEOS is used worldwide by more than 20 groups!



V. Hydrodynamics of liquid-vapor metastable

states
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Problem in hydrodynamic simulations

During heating most Warm Dense Matter targets traverse the liquid-vapor two-phase region!
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Isobaric expansion: Isochoric heating  Isentropic expansion:

Dilemma: Double-valued EOS in the metastable region between the binodal and spinodal! 

Solution: Follow metastable EOS in simulation and use the criterion for explosive boiling!
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Local criterion of explosive boiling
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Rate of spontaneous, homogeneous bubble nucleation:

1/2

3 13
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Wc – work of the bubble formation,  – surface tension

m – molecular mass, N = ρ/m

B1  B2  Instantaneous irreversible transition to the equilibrium EOS at fixed density

and specific internal energy! Temperature and pressure rise!

Proposed (local) criterion of explosive boiling:
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 for Wc/T >> 1,   typically Wc/T1 ≈ 15

Isobaric exp.



Quasi-isobaric expansion of a thin SiO2 foil

Quasi-isobaric expansion: ∆ρ/ρ << 1 within ts = l/cs ≈ 2.2 ns, ts – sonic time, cs – sound speed

ρ0 = 2.2 g/cm3, l = 10 μm, 10 kJ/g in 100 ns by ion beam → , p, T remain spatially uniform
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Explosive boiling at tb = 52.95 ns (at 3923 K) → cs drops strongly: cs2/cs1 < 0.1 → Jump in ul !
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p0 = 500 bar

Surface velocity:

Modeling of metastable states is essential for the interpretation of WDM experiments!

1D simulation

with 100 cells:



Conclusions

 Simulations have been carried out for combined laser-hohlraum targets. They were

essential for the optimization of the target designs and the evaluation of experimentally

non-accessible plasma parameters.

 In the future a new unique hybrid geometrical / wave optics ray-tracing approach for

RALEF-2D will allow for modelling of laser light refraction and reflections.

 The newly developed FEOS equation-of-state package allows for an easy and fast 

access to material parameters, also for mixtures of elements.

 A criterion for explosive boiling for the double-valued EOS in the two-phase region has 

been worked out which is prerequisite for reliable hydrodynamic simulations in the WDM 

regime and stays within the purely hydro approach.
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Thank you for your attention!
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