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Breakthrough at the NIF on Dec 5, 2022:
Ignition reached using laser indirect drive,
see H. Abu-Shawared et al.

Phys. Rev. Lett. 129, 075001 (2022)
Phys. Rev. Lett, 132, 065102 (2024)



Interior and magnetic field of solar system planets
J. Aurnou, Nature 428, 134 (2004)

Dynamo simulations solve magneto-hydrodynamic equations for planetary interiors; see e.g.
Stanley & Bloxham 2004, 2006, Wicht & Tilgner 2010, Christensen 2010, Stanley & Glatzmaier 2010,
Tian & Stanley 2013, Jones 2014, Gastine et al. 2014, Connerny et al. 2021, Wicht & Christensen 2024 ...

Accurate EOS and transport data are needed: profiles for P(r), p(r), T(r) and o(r), A(r), n(r) ...
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2 15.08.2025 French et al. 2012 (Jupiter), Preising et al. 2023 (Saturn) — general conductivity model for Uni\F/{ersitéit
: e S ostock
wide range of T and p based on ab initio data still missing !
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The famous Spitzer theory for fully ionized plasmas
L. Spitzer Jr. & R. Harm, Phys. Rev. 89, 977 (1953), more than 2000 citations

Exact analytical results for the transport coefficients in the low-density, high-
temperature limit based on a solution of the Fokker-Planck kinetic equation.
Valid for arbitrary ion charge Z and accounting for electron-electron scattering.
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Transport Phenomena in a Completely Ionized Gas®*

Lovarr Srrrzem, Jr, ann Bicarawn Hina
Primceton [ninersity (hsarvatory, Friscafon, Wew Learpey
[(Received Movember 10, 1952)

The coefficients of electrical and thermal conductivity have heen computed for completely jonized gases
with & wide variety of mean jonic charges. The effect of mutual electron encounters is considered a8 a problem
of diffusion in velecity space, taking into sccount & teem which previously had been neglected. The appro-
priate integro-diferentin] cquations are then solverd numerically. The resultant cooductivities are wery
clnse to the bess extensive results obtained with the higher approximations on the Chapman-Cowling mathod,
provided the Dheboe shiclding distance I3 used as the cutoff in summing the effects of twe-hedy encounters.

2m(C? 2%
o= (——) YE, Tasre III. Values of transport coefficients.
e2Z In(qC» \3r
T (—2—)%w z=1 Z=2 Z=4 Z=16 Z=w
¢Z In(gC) \ 3 ve 05816  0.6833 07849  0.9225  1.000
8mCs 7 2\} ~r 02727 04137 05714  0.8279  1.000
ﬂ=m(3—) , s 04652 05787 07043  0.8870  1.000
¢'Z In(gC*) \ 3w or 02252 03563  0.5133  0.7907  1.000
20m2ECS £ 2\! p 0.4189  0.4100  0.4007  0.3959  0.4000
15.08.2025 347 ln(ch)(g) or.
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An electron conductivity model for dense plasmas

Y.T. Lee and R. M. More

University of California, Lawrence Livermore National Laboratory, Livermore, California 94550
(Received 5 July 1983; accepted 12 December 1983)

An electron conductivity model for dense plasmas is described which gives a consistent and
complete set of transport coefficients including not only electrical conductivity and thermal
conductivity, but also thermoelectric power, and Hall, Nernst, Ettinghausen, and Leduc—Righi
coefficients. The model is useful for simulating plasma experiments with strong magnetic fields.
The coeflicients apply over a wide range of plasma temperature and density and are expressed in a
computationally simple form. Different formulas are used for the electron relaxation time in
plasma, liquid, and solid phases. Comparisons with recent calculations and available
experimental measurement show the model gives results which are sufficiently accurate for many

practical applications.

15.08.2025

Conductivity model based on the relaxation time approximation
Y.T. Lee & R.M. More, Physics of Fluids 27, 1273 (1984), more than 750 citations

Lee-More conductivity model based on the RTA is prevalent in applications.
Improved by Desjarlais [Contrib. Plasma Phys. 41, 267 (2001)] to account for partial ionization.
However, huge deviations to DFT-MD data occur in the WDM region [French et al., PRE 105, 065204 (2022)].
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Composition and transport properties of dense plasmas
S. Kuhlbrodt, B. Holst & R. Redmer, Contrib. Plasma Physics 45, 73 (2005)

Partially ionized plasma model considering nonideality corrections between all species [beyond Saha eq.].
Linear response theory for the transport coefficients based on Zubarev’s approach (1970) [generalized Kubo].
Applicable for dense plasmas but of limited validity in the WDM region [bound states?].

COMPTRAO04 - a Program Package to Calculate Composition
and Transport Coefficients in Dense Plasmas

Test case: Be plasma
Applied to metal and noble gas plasmas

S. Kuhlbrodt, B. Holst, and R. Redmer* S. Kuhlbrodt et al. PRE (2000)
J. Adams et al. PRE (2007)

WD atmospheres? (Talk M. Berrens)

Universitit Rostock, Institut fiir Physik, D-18051 Rostock, Germany
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ADb initio data from DFT-MD simulations for WDM & HDM

Vienna Ab-Initio Simulation Package (VASP), Abinit, Quantum Espresso, sDFT ...

G. Kresse and J. Hafner, PRB 47, 558 (1993), ibid. 49, 14251 (1994)
G. Kresse and J. Furthmuller, Comput. Mat. Sci. 6, 15 (1996), PRB 54, 11169 (1996)

XC-
functional _ e
& giant planets ~ 108 m
e -density : Kohn-Sham-
p(r) Vel P(D] equation
DFT step l

molecular
dynamics

Flp(n] [«— E. v,

thermodynamic data

box length ~ 10° m IFE plasmas ~ mm-um
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- S. Mazevet et al., HEDP 6, 84 (2010)
KUbO GreenWOOd formUIa B. Holst, M. French, R. Redmer, PRB 83, 2 35120 (2011)

Currents and Onsager coefficients: o D.V. Knyazev, P.R. Levashov, Comp. Mat. Sci. 79, 817 (2013)
1 L,VT L -
(Je) = — (c]L-nE il ) g = l‘lmoLll(w)a
q T w—
: L VT L5 (w
J) = (mlm ,;. ) v tim M LB
! ! w01 Lyi(w)

Onsager coefficients L, via Kubo-Greenwood formula:

2,;1_{]4—;?:—:: A . 1
Lmr:(i-u) — 3 Z | <k”|p |kﬂ> |- (fk;x o fk,u )

3Vmg w o,

Ek; 4 Ekv m-+n—2 ..
X [ / > — h{,] NEky — Exy — /8)

Evaluation by using DFT-MD data

(Kohn-Sham orbitals and energies)
Universitat ()
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High pressure phase diagram of dense liquid hydrogen
1st-order liquid-liquid phase transition: NVT ensemble with 512 atoms, various XC functionals

TABLE I. Comparison of input parameters for DFT-MD simulations between this and earlier works. Compared are the XC
functional, the number of atoms N, the k-point set used to evaluate the Brillouin zone (BZ), and simulation length (SL).

2.0

DFT-MD (this work):
-@- HSE

References XC functional N BZ SL (ps) 1.8 -0 ESE + NQC
. - - N
Lorenzen ef al.”* PBE 512 BP <10 — DFT-MD (earlier works):
Geng et al.”’ PBE+revPBE-DF 3456 BP 15 4 A PBE [52]
Morales et al.'® PBE+DE2 128-432 r 15-20 ™ 1.6 1 —o— PBE-PIMD [16]
Knudson et al.” DFI1 and DF2 265 BP Few ps |C—I> o DF2-PIMD [16]
Hinz et al.*! SCAN-rVV10 256 I 05-06 1 4] % Scan+VV10 [41]
van de Bund ef al.** BLYP 360 BP 1 v & Scan+VV10-PIMD [41]
Tian et al.” PBE 64 3x3x3 2 = QMC (earlier works):
Lu et al.* PBEO-rVV10 + rVV10 + DF1 256 r 25 310 —+— CEIMC [37]
Present HSE 512 BP 12 © y SII%/:I\CM[:3[81]8]
8_10_ T QMC + MLP [75]

TABLE II. Comparison of critical points obtained by using different XC functionals. E '

References XC functional p (Mbar) T (K) |q_J 0.8 »

Lorenzen ef al.”* PBE 1.32 1400 #

This work SCAN 1.91 1300 0.6 -

This work HSE 1.71 1550 ' -

This work HSE+NQE 1.71 1296 0.5 1'0 1'5 2'0 2'5 3'0 3'5 4'0 4.5

Pressure [Mbar]
A. Bergermann. L. Kleindienst, R. Redmer, JCP 161, 234303 (2024) Universitat (-
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Rostock \gﬁ?ﬁ " Traditio et Innovatio



High pressure phase diagram of dense liquid hydrogen
1st-order liquid-liquid phase transition: comparison with experiments

TABLE I. Comparison of input parameters for DFT-MD simulations between this and earlier works. Compared are the XC 2.0

functional, the number of atoms N, the k-point set used to evaluate the Brillouin zone (BZ), and simulation length (SL). < DFT-I-I\IIISI?E (thl\ilg(\jmork):
+ +
References XC functional N BZ SL (ps) 1.8 ®
- ) O experimental works:
Lorenzen ef al.”* PBE 512 BP <10 — ¢ Zaghoo et al. [26]
Geng et al”> PBE+revPBE-DF 3456 BP 15 AV4 16 @ Otha etal. [27]
Morales et al.'® PBE+DE2 128-432 r 1.5-20 ™ . Vv Dzyabura et al. [28]
Knudson et al.”” DF1 and DF2 265 BP Few ps S < Zaghoo & Silvera [30]
Hinz et al.*' SCAN-rvV10 256 r 0.5-0.6 — 14
van de Bund ef al.** BLYP 360 BP 1 v ¢ Zaghoo et al.: ?H [31]
Tian et al.* PBE 64 3x3x3 2 — » Celliers et al.: 2H [32]
Lu et al.* PBEO-rVV10 + rVV10 + DF1 256 r 5 215 v Knudson et al.: 2H [33]
Present HSE 512 BP 3-12 E v
D)

TABLE II. Comparison of critical points obtained by using different XC functionals. E ' v

References XC functional p (Mbar) T (K) |CI_J 0

Lorenzen et al.”* PBE 1.32 1400

This work SCAN 1.91 1300 0.6 -

This work HSE 1.71 1550 ' _

This work HSE+NQE 1.71 1296 05 1'0 1'5 2'0 2'5 3'0 3'5 4'0 4.5

Pressure [Mbar]
9 15.08.2025 A. Bergermann. L. Kleindienst, R. Redmer, JCP 161, 234303 (2024) Universitat (
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Material properties in Saturn

Electrical conductivity
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Input into dynamo simulations:

B field

Saturn: M. Preising et al.,
ApJS 269, 47 (2023)
Jupiter: M. French et al.,
ApJdS 202, 5 (2012)

Using the HSE
XC functional
(reliable band gaps)
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Plasmas for IFE cover warm & hot dense matter

High Energy Density Universe

Supernova

Relativistic k
progenitors

matters ICF capsule
at ignition

White dwarf
cores

White dwart

He envelope

Log T (Kelvin)

e |upiter core

o Earth core

18 20 22 24 26 28 30

Log n (cm”)

See: Basic Research Needs for High Energy Density
Laboratory Physics (DOE Office of Science and NNSA, 2010)

11 15.08.2025

Log kT (eV)

To reliably predict and control the path of

compression experiments from a cold initial state
through WDM to a burning plasma, accurate data
for the microphysics, e.g.,

T T T T
a heating
PdV work

= nuclear reaction rates 20 Condiction s
= stopping power e e

u EOS é 0.0

= transport coefficients 5 X/

= opacity " Lol %

are needed for | CURSTR U
= awide range of P-T-p Time (s

= target and support materials DR 126 0700 (209)
= which are usually mixtures. (Talk A. Kritcher)

— input in PIC and rad-hydro simulations
— mandatory to analyze flagship experiments
— on the way to an IFE power plant

Universitat
Rostock ‘it
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New conductivity model for H based on ab initio data
U. Kleinschmidt & R. Redmer, Matter Rad. Extrem. 10, 057602 (2025)

Goal: Provide an improved LM model based on DFT-MD data for a wide range of P-T-p conditions,
keeping the analytical simplicity of the LM model and covering fully and partially ionized hydrogen plasma

p=(0.1-8)g/cm3and T = (2000 - 500 000) K

Onsager coefficients:

Conductivities:

Electron-ion contribution:
(e-e and e-neutral as well)

Fit function based on the DFT-MD data
instead of the values from the RTA:
(parameters given in the paper)

12 15.08.2025

oo n+1 o 0
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New conductivity model for H based on ab initio data
U. Kleinschmidt & R. Redmer, Matter Rad. Extrem. 10, 057602 (2025)

Goal: Provide an improved LM model based on DFT-MD data for a wide range of P-T-p conditions,
keeping the analytical simplicity of the LM model and covering fully ionized hydrogen plasma

el 10°¢
] I7 E
6
O 4l
: 21
3 <
2 [
10°E
1 F
10* 10° 108 10* 10° 108
T [K] T [K]
13 15.08.2025 Universitat

N W R 1O N

p lglem?]

Rostock ‘“{QU:?.?/ Traditio et Innovatio




Classical limit: Spitzer theory (e-i & e-e) vs. Lorentz gas model (e-i)
Electron-electron scattering captured in DFT? Computational challenge!

M. French et al., PRE 105, 065204 (2022)

G. Ropke et al., PRE 111, 055201 (2025)

2%01 “pl.l - I1 “10 2 R
- thermopower 7 I ]
1.5 -———4 Lorentz L -
< 1.0 m 1.5 resistivity -
0.5 __ w _‘ : Spitzer I !#_:::#:ﬂ_fﬂ‘;
u P —_— - -1 3 C}_ | : ___’_,F-’ _
0.0 — : : % :? : iy T T T T T T : I : - -:_ T: l B S[}‘ilﬂ:T QLB = 4 I - - ]
af W—— ———ar,_ T 7 s
- == — - . i PPt g ¥ H, PRE 104
B 3 Wiedemann-Franz law i 0 5);__.,-.--#“"” Lorentz %% Be, T=100 eV B
: Lorenlz ¥»—x Be, T=150eV
2 oL - M Be. T=200 eV
B | Spitzer I DFT-MD data:
: - Lorenz number 4 i M. Bethkenhagen
8 1 1 1 1 1 111 | 1 1 1 1 L 111 | 1 1 1 1 111 0 1 | 1 1 1 | 1 1 | 1 M SChPrnqr 1 1 [
01 0.1 1 10 0 0.2 0.4 0.6 0.8 |
S x = 1/In[O/MT]

Study H across the plasma plane along Me7=1

O=ksT/E, [=(Ze)2/Ame ks Td

14 15.08.2025

Perform a virial expansion
© 2 13,

[ (1272)Y3 npone
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New conductivity model for H based on ab initio data
U. Kleinschmidt & R. Redmer, Matter Rad. Extrem. 10, 057602 (2025)

Goal: Provide an improved LM model based on DFT-MD data for a wide range of P-T-p conditions,
keeping the analytical simplicity of the LM model and covering partially ionized hydrogen plasma

8 10° 8
| 7 | I7
10°F 6 6
€ 5 E 15
A X

2 45 3100 14
o 10 ER 3
2 2
| 1 1

10° 10* 10° 10° 103 10 10° 10°

T [K] T [K]
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New conductivity model for H based on ab initio data
U. Kleinschmidt & R. Redmer, Matter Rad. Extrem. 10, 057602 (2025)

Goal: Provide an improved LM model based on DFT-MD data for a wide range of P-T-p conditions,
keeping the analytical simplicity of the LM model and covering partially ionized hydrogen plasma

Fit formula for the ionization degree

|

Comparison with LM model and
F. Lambert et al. PoP 18, 056306 (2011)

a=1-
bﬂTb]P{bz T +b1) +1 103:' v ® [ambert et al.
: v . = =Lee-More
14 4 v v Fit >
3.5 'c . ¢ . Y . ,:,-"
i T— [ L - -
08 3 %) 2-1.'3[].5'5?"1 _____ R _..."#_,.*' R
=, 107 80 g/cm * ¥__-T e’
06 125 & - .
: s )
S 2 ‘é s . ’;
04 i 15 Y I _ - -
. _ . .
1 _lﬂg!c_m____.___.-'
0.2- L b k I 101 i i i R s
roken lines: 0 ; 2 3
0 P Saha equation 0.6 10 10 10 10
] ' k.Tle
10° 10? 10° B [eV]
16 15.08.2025 T [K] See also L.J. Stanek et al., Universitit I1

PoP 31, 052104 (2024)
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Conclusions

» Extensive DFT-MD simulations for matter under extreme conditions: WDM & HDM

» |ncreased computational power available, e.g., N 2 512 with HSE XC functional for H
» Provide EOS data and conductivities for a wide range of P-T-p conditions

» |nput for hydro and rad-hydro simulations for WDM & HDM

» |mpact on state-of-the-art planetary models (interior, evolution, B field)

= New concepts for IFE towards a fusion power plant

» Design and analyze flagship experiments using HPL and brilliant X-ray sources (FELS)

= Fusion 2040 Program of the BMFTR (Marvel Fusion, HZDR, European XFEL, UR, CALA)

» Provide ab initio data for the microphysics for corresponding materials and plasma parameters

12th Joint Workshop on High Pressure, Planetary and Plasma Physics (12HP4)

22-24 Sep 2025 at European XFEL in Schenefeld, Germany

17 15.08.2025 Unl\é%g%ggg é
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