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General motivation – extreme chemistry & physics

Upper: Schematic of MEC instrument at LCLS; 50 fs 

monoenergetic X-ray beam hits Al target.

Lower: Ab Initio MD simulations show that ions (blue) 

eventually leave lattice positions, conduction 

electrons (orange isosurfaces) are highly 

delocalized, core electrons (grey) remain localized
Fletcher et al., Nature Photonics 9, 274 (2015)

Warm Dense Matter “WDM”

• Challenging region between normal condensed matter and 

plasmas: 

T < 100eV (≈1,100,000 K)      

P from 0 thousands of GPa.

• Inertial confinement fusion pathway; giant planet & exo-

planet interiors; shock compression experiments 

Warm Dense Matter Panel, High Energy Density  Laboratory Plasma 

ReNew Workshop;  Nov. 2009



Hydrogen is important for modeling giant planetary interiors and ICF experiments
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Specific Motivation

Adapted from Fig. 7.9 “Extreme States of Matter”, V.E. Fortov
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Ultrafast heating in cryogenic hydrogen by free electron 

laser x-ray burst.

Electron temperature Te and ion temperature Ti clearly 

are distinct for long times relative to electron timescales

Zastrau et al, PRL 112, 105002 (2014); Phys. Rev. E 90, 013104 (2014)

Two-temperature warm dense hydrogen - experiment
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The electron-ion equilibration dynamics was 

validated by two-temperature DFT MD calculations.

Two-temperature warm dense hydrogen - experiment

Zastrau et al, PRL 112, 105002 (2014); Phys. Rev. E 90, 013104 (2014)
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What about nuclear quantum effects?

• Accurate, computationally efficient exchange-correlation (XC) free energy functional

• Orbital-free DFT for linear scaling  orbital-free non-interacting KE and non-interacting entropy

Modified (single orbital) Kohn-Sham equation
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Never use the K-S orbitals explicitly.

Ingredients for accurate, fast ab initio MD (AIMD)  

Which AIMD, BO-MD or PIMD?



N-polymer classical system, each 

polymer has P beads

Density functional theory 

Ab initio path-integral molecular dynamics (i-PI code)

Z. Phys. B 95, 143 (1994)
9

Nuclear quantum effects & path integral molecular dynamics

N-particle quantum system

Z. Phys. B 95, 143 (1994)
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• LKTF noninteracting free energy functional [Phys. Rev. B 98, 041111 (2018), Phys. Rev. B 101, 

075116 (2020)]

• KSDT finite-T XC functional [Phys. Rev. Lett. 112, 076403 (2014)]

• Modified PROFESS code

State points of density and ion temperature used.

2 sr


 =

α is the ratio of the ionic thermal de 

Broglie wavelength to the mean 

distance between ions.

PIMD with orbital-free DFT or “PI-OFMD”  
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• NQE corrections from PI-OFMD are 

substantially larger than those from 

CEIMC for both the energy and 

pressure.

• Different OFKE functionals have 

significant impact; TF is useless, LKTF 

improves significantly on VT84F.

Functional comparison;  PI-OFMD vs CEIMC comparison

OFMD vs KSMD; ρ = 1 g/cm3 , 

Te = 20 kK ≈ 1.7 eV
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NQE corrections to the energy per H 

atom as function of density at constant α

• Differing Te has almost no 

impact on NQE corrections to 

the energy.

NQEs and electronic temperature
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NQE corrections to pressures
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When the ratio of the ionic thermal de Broglie 

wavelength to the mean distance between 

them is larger than about 0.30, the ionic 

radial distribution function is affected 

perceptibly by NQEs.

Radial distribution functions
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Preprint -

Phys. Rev. B (submitted)
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1. Nuclear quantum effects (NQEs) play important roles in structure and thermodynamic 

properties of warm dense hydrogen.

2. When the ratio of the ionic thermal de Broglie wavelength to their mean distance separation is 

larger than about 0.30, the ionic radial distribution function is meaningfully affected by NQEs.

3. NQEs induce a substantial increase in the ionic pressure and some non-trivial increases in 

electronic pressures. Thus NQEs should not be neglected when high-accuracy equation of 

state data for hydrogen are required. 

4. Differing electron and ionic temperatures has only small effects on the ionic radial 

distribution function and equation of state in the range of densities considered. 

Summary
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