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Matter at high energy density

Plasmas with (i) specific energies above 1010 J/m?, (i) pressures above 100 kbar

or (iii) at solid density at temperatures above 10000 K
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In this work: High-power laser heated plasmas and Warm Dense Matter (WDM) experiments
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The RALEF-2D code: Hydrodynamics ONERSITAT

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

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

Mass conservation: a—erV-( pﬁ) =0
ot
o(pu L
Momentum conservation: <'Ou) vl (pu ® u)+ Vp =0
Energy conservation: a(/; ft"t) +V- |:(/0<9tot T p)ﬂ - +Q; +Qqep

— Energy deposition by thermal conduction (local),
Qr - by radiation (non-local),
Qdep —and by external heat sources, e.g. by laser or ion beams

Equation Of State (EOS) either given by analytical or tabular models: p= p(p,¢), ...
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The RALEF-2D code: Radiation transport ONIVERSITAT

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

Full cell-by-cell solution of transfer equation! No diffusion equation! Diffusion limit is recovered!

>< Q-VI, =k, (B,-1,), IV:IV(t,X,v,Q), B,=B,(vT)

|, — radiation intensity, k — absorption coefficient, B =B (T) - Planckian source function

Quasi-static approximation: Radiation transports energy infinitely fast compared to fluid motion!

Opacities k,, are provided by the THERMOS code (KIAM, Moscow):

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

Coupling to fluid energy equation: Q.= —V-(Ideﬁlde) = Idﬁfkv(lv—Bv)dv

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

= The 2D hydrodynamics becomes a 5D radiation hydrodynamics!
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|I. 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: lon-stopping measurements in homogeneously ionized CHO plasmas

3D experimental setup:

Au hohlraum PHELIX laser

Al block

Cu holder

PHELIX laser (2w), 7;,= 1.4 ns
Deposited energy: E, = 180 J
Gaussian spot, FWHM =200 um
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2D simulation setup:

0.1 mm 1.3 mm 0.1 mm

PHELIX

2mm

Aufill (10°g em™®)

Au(18g cm'?’)

1mm 1 mm

(x,y)=(0,0)

0.1 mm

CHill(10°g em™) Cill(10°g em™®)

1.5 mm

Cufill(10°g em™) Cufill(10%g em™)

0.1 mm

Cu(8g cm's)

Infinite extension along z-direction assumed
In the 2D configuration: £2°,= 122.8 J/mm
2 simulations for hohlraum and complete setup
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X-ray spectra and carbon heating ONDERSITAT
Open hohlraum spectrum: Opacities of carbon:
1075 1000
_ 100,
> 1073 ;
Ly 10+
Tg 10°4” 5 1 ‘ —— 24 v groups
E ] _ti 1.2 ns \‘ x> 64 _; THERMOS data
. t=6.0ns ! 3
“ 40*4 ---Planckian, \ 1 |C:T=10eV, p=2mg/cm’
T=28eV \ 0.01
001 o1 1 10 0_61 01 110
hplv [keV] hp|V [keV]

Att=1.2 ns hot laser spot (T, = 370 eV) = strongly non-Planckian spectrum
At t = 6.0 ns after thermalization = nearly Planckian spectrum at 7= 28 eV

The emitted hohlraum X-rays go well together with the opacities of carbon!
k,(0.1-0.3 keV) ~ 1 mm"" = Absorption over the whole foam diameter!
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Time evolution of matter density

t=0ns
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Time evolution of matter density

t=2ns
p (g/ccm)
10 +

0.1

-1.0e-5 -

Frankfurt am Main, 6/28/2016

GOETHE %

UNIVERSITAT

FRANKFURT AM MAIN

10



Time evolution of matter density

t=5ns
p (g/ccm)
10 +

1

0.1

-1.0e-5 -
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Time evolution of matter density

t=10ns
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focal spot .

»

colliding
JESE]

X-ray heafed wall

Carbon plasma
shock wave
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Time evolution of matter density

t=15ns
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lon beam
(1.0 mm <y <-0.5 mm)
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Time evolution of matter density

t=20ns
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Carbon plasma
homogeneity lost!
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Normalized column densities along ion beam
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5 d, &
2.5- i3 R
1 il 1
' £ 2 e : : il . .
R L} Normalized column density:
2.0 \ " v § & )
] \ % \ % i '3
A B _p(txy)ox
] \ A ".% § § “y O (t’y)_
) 1.5- || L 4% {0 Ip(O,X,y)dX
© \ ' y 2 ¢
Cu! Vet i 1 Au
L haaiicas 00 B -~ ~ Sir d; - Foam diameter
-, &
, N d,, — lon beam aperture
0.5- -==6ns NN 14 ns p
0 s o B 10 ns ---- 18 ns
150 -125 100 -075 -050 -025  0.00

y [mm]

The simulation discloses the optimal time window for the measurements!

Frankfurt am Main, 6/28/2016

15



GOETHE @.

Experiment 2: Combined hohlraum-foil target UNIVERSITAT

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

Experimental setup:

shielding
300 um
@=600 um
shielding
B |
300 um
e § £
S g S ’
23 o 2=1000 um
54 °®
500 nm carbon
950 um

PHELIX laser (2w) , 7, = 1.2 ns
E, =130 J, E?P,= 260 J/mm
Gaussian spot, FWHM =100 um
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Primary hohlraum simulation was conducted
by M. Basko!

Secondary hohlraum simulation setup:

¥ ¥\
0.4 Primary Hohlraum X-Rays
0.2 Carbon Foils (1 g/cm?®) i
/ each 1 pm thick \
E.O 0 >
. lon Beam
-0.21 Gold & Carbon Fill (10° g/cm?®)
-0.4;
Gold Hohlraum Walls (18 g/cm?®) I

-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6
X [mm]
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Simulation of the open secondary hohlraum

Temporal evolution of the radiation temperature:

{=35ns temporal evolution
B 50 30 ]
E < [
=3 o
Sy 25 S
© 5 = — T, center
i A Mo ol experiment
0 950 0 1 2 3 4 5 6
length [um] time [ns]

Gold plasma blowoff from the empty hohlraum walls:

t=5ns s ion beam delay
rn ‘ Ne [cm ] 8! - shot
23 —
_______ W 10 2 gl -e reference
£ g = 0
= 102! T 4f
P | 3,
LOQ 1019 ()] 2:
....... R £ of i i
| .1017 ob o TS
0 950 -15 -10 -5 0 5 10
length [um] time [ns]
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Uniform carbon
foil heating

Predicted 5 ns
window for ion
stopping
measurements
confirmed by
experiment!
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Carbon plasma parameters

Temporal evolution of free
electron densities:

1=:3:5 bs
~ 1000 ne [om™3]
£ 750 W 102
5 1020
(]
§ 250 107"
© 0 . 10+

950
length [pm)]

Final average temperature & ionization:
T~25-30¢V, Z;p,~3

Impressive agreement between
simulation and experiment!
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Lateral plasma expansion:
(?_‘ o t=54ns
£ i — simulation
S, 5x107 ¢ -~ experimental data
2 4x10"}
2
© 3x10™F
©
& 2x10"}
B 1x10"f
E o N G ol
300 400 500 600
distance [um]
700 F

600 | e experimental data

200

100 ¢ &
ok

distance [um)]

— simulation Ug,, = (60 + 2) km/s

500 3 _— flt Uexp - (70 = = 15) km/s
400 ¢ *
300 |

n, = 10%° cm=3

-

1 2 3 4 5
time [ns]

6 7 8
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lIl. New ray-tracing approach for laser energy
deposition with refraction
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RALEF-2D laser energy deposition algorithms

Old short-characteristics algorithm:

J— |
Power deposition by
inverse bremsstrahlung

% Quadrilateral mesh
¢ Straight propagation direction

R

% Inverse bremsstrahlung absorption

*+* No refraction & reflections!

Frankfurt am Main, 6/28/2016
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New ray-tracing algorithm:

2D geometrical optics
with refraction

W o™
ML

¢ Triangular mesh
¢ Hybrid geometrical / wave optics model

s Complex semi-empirical permittivity €

o, 42 e'nZ2
=1~ - 1 Ve = U2 312 InA
o(w+iv,) 3 m°T,

20



Triangulation of RALEF-2D quadrilateral mesh
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Continuous ray cell-face transitions require for piecewise-linear free electron densities!

Triangulation

Randomized

Smoothing

DT
&\
N, X A\ \
I Y
U

e —_

/—\/\\W

~,

—

Multiple interpolations and extrapolations on all quadrilateral vertices!

= 1, (X) =Ny + VN, (X=X, )

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

Frankfurt am Main, 6/28/2016
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Features of the ray-tracing algorithm

incoming ra)yy

Randomized

n, [cm?]

-—4.[4Ie4‘U’2|

— 1.505e+021

5.471e+020
1.988e+020

— 7.227e+019
Max: 4.141e+021
Min: 7.227e+019

—0.71,

r

s+ Cartesian & meridional face crossings
< Ray splittings at n, = a; n, ., a; € [0,1]
¢ Mesh entry/exit: Snell‘s law or splittings

— Complex numerics involved!

Frankfurt am Main, 6/28/2016
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2D Geometrical Optics (w > wp) parabolas :

2

=

R(t)=%, +Vt———t*, P

dep
4n, .V,

=R (1-e™)

1D Wave Optics / Helmholtz eqn. (w < wp) :

yA P o @ o L full WO
il : 2.1 : i :j+1...Nz-1 : N, deposition
C:' c: : | | : OR
Al B | : : | boundary to
e &* | I i | vacuum with
transmitted
| | | |
reflected | T " | | V/n' | : ;ﬁ power lost
GO ray ! " =
| I I I v
\ . | | . | | £ 2
s Ll ove—el L, .l % o] >
2 Z, 21 ZIJ_ " IZj ZINI_1 Z, z|| vn,,
incoming Superposition of incident & reflected waves on a
GO ray 1D stratisfied medium with piecewise-constant permittivities ¢,

Solve Maxwell equations, e.g. for s-polarization:

#(tx)=5,()e ™, E,=(E,.00), H,=(0H,,H,,)
0°E +62Ewyx _ic ok,

o +2%E =0, H, = ,
‘ w 07

ayZ aZZ C .y

a),Z_a) ay

_icE,,
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Trajectory and power deposition tests ONIVERSITAT

Quadratic density trough: Quadratic density sphere:

1007
Ne/Ne cr Ne/Me cr
10 90 1.0
%7 y,z80; LRI o8 " BODOREORE
0.8
T .6
0.7 707 - S E e
0.6 - { DU ;
EC 00 CEH RS
£ so0 . Ry i e =
> 0 B e A A Y
(i) Ay e 2 R B v i
20 IR TATA N S BTy
PR
% TR
204
104 X
; (i) e
-20 -10 O 10 20 30 40 50 60 70 >
x [mm] T T T T t
0.0 0.1 0.2 0.3 0.4 0.5
r [mm]
100 UM an
. 3 e Iye2 ;/ \
10" . Yo = by h,=5.5102 mm, N=2-102 h,=5510"° mm, N=2-10* h,=5.510% mm, N=2-10°
. s e 5L i
e ¢cp=———————
10-2 L] puu 0.03
L] dep 0.02!
. = 0.01 %
k €
& 107 . E 0.00 S
4 [ N -0.01
5 10% . ~0.02
| | -
. 0.03
° -0.0¢;
10'5 L) 0..08! 0.46 0.48 0.50 0.52 0.54 0.46 0.48 0.50 0.52 0.54 0.46 0.48 0.50 0.52 0.54
r[mm] r[mm] r [mm]
L}
10’6 | L T IIIIHl T IIITIIII L T Illllll T T IIIIIII
1 10 100 1000 10000

Ny Errors are decreasing by 1%t order in all tests!
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IV. The ,Frankfurt Equation-Of-State (FEOS)"
package
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The FEOS package

Single or two-temperature EOS: p = p(T, p), ...
¢+ EOS for arbitrary mixtures of chemical elements

/

¢+ Non-equilibrium EOS or Maxwell-construction

Physics based on the QEOS model (LANL):

+»» Thomas-Fermi statistical model corrected for
chemical bonding for electrons

¢ Analytical interpolations for ions

Input parameters:

( ) P ( refs F)reﬁ) ()
(if) bulk modulus K¢ (T..p, Pres),

(iii) critical point T, p., p, (if known)
FEOS is used worldwide by more than 20 groups!

Frankfurt am Main, 6/28/2016
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Realistic EOS of SiO,:

CP: T =4868 K, pc-5613 kbar,
) c=0.66 g/lem®

I

————— FEOS binodal

o lonic MD CP

- - - lonic MD Approx.
¢  EOS-SAHA
Handbook

%« Experiment

g T g T T T T T v T T T =
0.0000 0.0002 0.0004 0.0006 0.0008 0.0010 0.0012 0.0014
1T K]
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V. Hydrodynamics of liquid-vapor metastable
states
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During heating most Warm Dense Matter targets traverse the liquid-vapor two-phase region!

Isobaric expansion: Isochoric heating — Isentropic expansion:

PA - PA
Critical Point Liquid-Vapor Critical Point
Coexistence Boundary I Binodal
Metastable ‘ (Binodal)
States
_ / Metastable
EOS -
T = const. 2
Q
______ o
1
>
EQ Equilibrium
p=const. [ f EOS
P
. Py
Spinodal Spinodal
VQ \

Vo

<Y

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!

Frankfurt am Main, 6/28/2016
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Local criterion of explosive boiling ONIVERSITAT
Rate of spontaneous, homogeneous bubble nucleation: b0
1/2 f 7N
J=N (3—(7) exp(—%j [cm~™s™] /o
m T T, :_‘v‘sp

W, — work of the bubble formation, o — surface tension
m — molecular mass, N = p/m

Proposed (local) criterion of explosive boiling:

[avydrde,, osg= AT =p 4
0

p (1) = p,(T,) -

Total fractional volume of overcritical bubbles = equilibrium value &,

NV (3—Ujﬂ2 i(—vij _1 eXp(—%j_f for WJT>>1, typically WJ/T, =15
Lem) a7 )|, P T 7o forWT>> 1, typically WlT, =

Isobaric exp.

B, — B, = Instantaneous irreversible transition to the equilibrium EOS at fixed density
and specific internal energy! Temperature and pressure rise!
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Quasi-isobaric expansion of a thin SiO, foil
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Quasi-isobaric expansion: Ap/p << 1 within t,= llc, = 2.2 ns, t, — sonic time, ¢, — sound speed

po=2.2 glcm?, =10 um, 10 kd/g in 100 ns by ion beam — p, p, T remain spatially uniform

1D simulation

with 100 cells:

v

v

fast ion beam
v

+“—>

p, =900 bar

1 o N Bi O 59ns
1 / ~.
./' ! \’\~ A 65 ns
] ¢! . . % 75ns
i N “~_© 87ns
; ',sp Rakie
I \ &
A i
; i Mg
TA i e
i 5,
S a
; s

cell 3
----cell 25

cell 50

T T

0.5 1.0 1.5

LIS S e e s e e e e

e
2.0 25 3.0 3.5
v [em*/g]

Surface velocity:

— boiling criterion applied
- - - - no metastable states

crossing of

II
1
binodal \ 3
I

L explosive boiling

S L DL L i i I L NS (R R
0 10 20 30 40 50 60 70 80 90 100

t [ns]

Explosive boiling at f, = 52.95 ns (at 3923 K) — ¢, drops strongly: ¢ ,/c; < 0.1 — Jumpin u,!

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

¢ 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.

¢ Acriterion 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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