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Abstract

It is very challenging to model the physics of warm dense matter (WDM) temperature-density space due
to the lack of dominating energy scale and physical behavior. The "mean-field" computational models
such as Hartree-Fock-Slater (HFS), Hartree-Fock (HF), and Density Functional Theory (DFT) are
questionable in the WDM regime. In the "mean-field" approximation, an electron interacts with an
"averaged" charge density arising from the remaining electrons. Both the HFS and HF models account
for the exchange or Fermi correlation: the energy is reduced due to the reduction in probability of the
same spin electrons approaching one another. However, the HFS/HF and DFT models fail to include the
static and dynamic electron correlations. We are developing advanced simulation tools based on truly ab
initio electronic structure methods beyond "mean-field" theories, able to predict the thermodynamic and
optical properties of WDM Our previously developed HFS model a "mean field" approach is upgraded

MC/CI-HF orbitals and charge density of a free aluminum atom:

 Ground-state energy: HFS: -240.3
a.u.; HF: -241.9 a.u.; (Δ=1.6 a.u.)
MC/CI-HF: -242.39 a.u.; (Δ=0.49 a.u.)
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Computational Results

optical properties of WDM. Our previously developed HFS model, a mean-field approach, is upgraded
to the HF model that includes non-local exchange interactions between the atomic electrons. The Multi-
Configuration Hartree-Fock (MC-HF) model is implemented to include the static correlations between
spatial positions of electrons with opposite spin and to describe nearly degenerate or degenerate states
and rearrangement of electrons (excitations) within partially filled subshells. The Configuration
Interaction Hartree-Fock (CI-HF) model is implemented to account for the actual motion of electrons
(dynamic correlation). The MC/CI-HF model also includes the collective effects of strongly coupled ions
and degenerate electrons (dense environment) on the electronic structure of plasma ions. We find that the
MC/CI-HF methods beyond "mean-field" theories significantly improve accuracy of atomic data
accounting for near-degenerate configurations and correlated electron-electron interactions. The models
are used to predict the equations of state and optical properties of materials in the WDM regime.

Background
Approaches used to describe WDM: 

 Perturbation of 2p, 3s and 3p-orbitals and charge density 

experiment: -242.75 a.u.

 Highly reduced  energies of outer 3s and 3p-orbitals 

1 a.u. energy = 1 Hartree = 2 Ry = 27.2 eV
1 a.u. length = 1 Bohr = 0.0529 nm

Effects of dense plasma on atomic properties of carbon and neon:

 Semi-empirical approaches & interpolations between solid and plasma physics models: simplified
plasma models with the atomic physics ignored assuming an average ion charge

 DFT-MD/MC & Single-Configuration Hartree-Fock (SC-HF) simulations

+ both atomic physics and dense plasma are treated self-consistently

- DFT/SC-HF is a mean-field approach failing to describe near-degenerate or degenerate states

- DFT XC functionals don’t account for interactions of degenerate spin-up and spin-down states [1]

Computational Models
HFS/HF models [2-5]:

Ion-sphere model  

 2s & 2p orbitals and charge density are severely distorted for C, while they are only slightly perturbed for Ne

 In HFS: the local Slater’s exchange potential is used instead of the non-local exchange HF potential

 orbit-dependent HF “exchange hole” is replaced by HFS exchange hole of uniform electron gas (jellium)

 HFS potential doesn’t exactly cancel self-interaction; HFS energies are higher than HF energies

 In HF: each electron is surrounded by an orbital-dependent exchange hole with the total charge +e

 Shape of the exchange hole is different for various orbitals; it changes as a function of electron position

 Fermi correlation in HFS/HF: the energy of electron-electron interactions is reduced due to the
reduction in probability of the same spin electrons approaching each other

Correlations missing in the HFS/HF methods:
 Single Slater determinant wavefunction used in the HFS/HF method can not describe nearly-degenerate
or degenerate states and rearrangement of electrons (excitations) within partially filled sub-shells

Emission spectra of copper in WDM regime:
 Ground-state energy of both carbon and neon atoms increases sharply with mass density increase

p g y y , y y g y p

 Electrons from both 2s & 2p orbitals are unbound and delocalized in a carbon atom at ~3.6 g/cm3, while only
the electrons from the 2p orbital of a neon atom start to delocalize at ~10 g/cm3

 Collisional-radiative (CR) model
for calculations of opacities and
photon transport in WDM includes
the effects of dense plasma on
radiative properties; the emission in
the spectral lines is investigated for
WDM copper for a range of plasma
temperatures and densities
With increase of temperature, theg g ( ) p y

 Electron position is not correlated with positions of the other electrons: each electron interacts with an
average charge distribution due to the other electrons; no dependence on the inter-electron distances

Multi-Configuration Hartree-Fock (MC-HF) method:
 Total wavefunction is approximated as a linear combination of Slater determinants: ΨMC-HF = ∑ckφk with
both coefficients ck and wavefunctions φk are minimized
 In MC-HF, static correlation is recovered by including nearly-degenerate Slater determinants;
arrangement of electrons around the nucleus is incorporated

With increase of temperature, the
spectral lines disappear in infrared
and visible regions and appear in
UV and soft X-ray regions

At temperature >~5 eV and low
density (<0.1 g/cm3), the significant
amount of radiation is emitted in the
soft X-ray spectral lines

With increase of mass density of
copper plasma, the change in line
shapes, their broadening and shifts
are observed

At mass density of ~0.1 g/cm3 and higher, the number of spectral lines in the emission spectrum is
i ifi l d d d h l l di b lid d i
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Summary We have included the static and dynamic electron-electron correlations in the HFS/HF models.
The resulting MC/CI-HF method is capable to describe the effects of strongly coupled ions and degenerate
electrons on the electronic structure of plasma ions. The effects of dense plasma on radiative properties are
implemented in the CR model. We find that the MC/CI-HF quantum methods significantly improve accuracy
of atomic data accounting for near-degenerate configurations and correlated electron-electron interactions. In
the WDM state, the radial wavefunctions, charge distribution, averaged orbital radii and energies, and the
energy of the ground state of ions are severely perturbed due to the density effects. The main influence of
dense plasma on radiative properties of the ions is the broadening of spectral lines due to pressure. The
absorption and emission lines also undergo shifts relative to free atomic lines and the change of their shapes.
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Configuration Interaction Hartree-Fock (CI-HF) method:
 Total wavefunction is again approximated as a linear combination of Slater determinants: ΨCI-HF =
∑ckφk, but with only coefficients ck are minimized
 In CI-HF, dynamic correlation is recovered by including Slater determinants describing single, double,
triple, etc excitations; electron motion and dependence on inter-electronic distance are incorporated

MC/CI-HF/CR model:
 Collisional-radiative (CR) model utilizes MC/CI-HF atomic data to calculate populations of levels, ion

significantly reduced, and they completely disappear above solid copper density
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( ) p p ,
and electron concentrations, equations of plasma state, absorption and emission spectra of photons

 Kinetic rate equations are solved accounting for 1) collisional processes: excitation, de-excitation,
ionization, three-body recombination; and 2) radiative processes: spontaneous and stimulated emissions,
photo-recombination, di-electronic recombination, excitation and photo-ionization

 Emission and absorption of photons originates from bound-bound, bound-free and free-free transitions


