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Phase diagram of Hydrogen
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Fig. 1. Phase diagram of hydrogen. The displayed experimental data were obtained in (I, 2) magnetic compression [29, 30], (3) Z
pinch [33], (4, 5) cylindrical compression [26, 27], (6) spherical compression [28]; (7, 8) single and multiple compression by means
of a light-gas gun [34, 35], (9) multiple shock compression [36], and (10, 11) shock compression by a laser [31, 32]. The estimates
for the critical point of the plasma phase transition in hydrogen were taken from the articles of (/2) Beule et al. [37], (13) Robnic
and Kundt [38], (/4) Saumon and Chabrier [23], (15) Haronska et al. [39], and (16) Mulenko et al. [24]. The calculated data corre-
spond to (/7) compression at a diamond anvil [11], (/8) the parameters of Jupiter’s atmosphere [40], and (/9) the adiabatic curve
for the shock compression of hydrogen [34].

V. E. Fortov et al., J. Exp. Theor. Phys. 97, 259 (2003)



Electrical conductivity of Hydrogen
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Fig. 7. Electrical conductivity of hydrogen as a function of density. The experimental data of the present study were obtained for
(I) planar systems and (2) cylindrical systems. The remaining data were borrowed from (3) [29] and (4) [30] (magnetic compres-
sion) and from (5) [35] (experiments with light-gas guns).

V. E. Fortov et al., J. Exp. Theor. Phys. 97, 259 (2003)



Electron degeneracy: O=T/T.

5. ELECTRICAL CONDUCTIVITY
OF NONIDEAL PLASMAS

In order to describe the electrical conductivity over
a broad range of parameters where electrons may obey
either Boltzmann or Fermi statistics, expressions (3.1)—
(3.4) were combined into an interpolation expression
within the T approximation [94]; that is,
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where f is the electron distribution; T is the relaxation
time,

T () = «/%{EY jn,-Qe,-(s)+naQea(8)},
J

0., and Q,; are the transport cross sections for, respec-
tively, electron—atom and electron—ion scattering; and
Y; is a correction for electron—electron scattering. For
the case where the change in statistics occurs, this cor-
rection was interpolated as [22]
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with T being the Fermi temperature and yf 1s a correc-
tion for the Boltzmann plasma.
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V. E. Fortov et al., J. Exp. Theor. Phys. 97, 259 (2003)
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FIG. 1. (Color online) Correction factor R.. of the conductivity
due to e-e collisions as function of degeneracy parameter ® at Z =
1 for different temperatures T = (103,10*,10°,10%) K. Numerical
calculations (LRT, full lines) are compared with the fit formula (34)
(dot-dashed lines) and the approximations (40) of Stygar et al. [11]
and (41) of Fortov et al. [12] (dashed lines).

and Fortov et al. [12],
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with the Spitzer values RX'(Z = 1) = 0.582, see Eq. (29),

RE™(@,2) = RX'(2) + (41)

H. Reinholz et al., Phys. Rev. E 91, 043105 (2015).



Outline

lonization potential depression: Steward-Pyatt (SP)
and improvements: ionic structure factor, degeneracy

Density functional theory (DFT-MD) calculations,
frequency-dependent conductivity

Electrical conductivity, generalized linear response theory
Kubo-Greenwood formula

Electrical conductivity of partially ionized plasma



NIF XRTS experiments find higher carbon K-

shell ionization than predicted by widely
used IPD models (Stewart & Pyatt, OPAL)
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lonization potential depression:
correlation effects

* jonization potential depression and structure factor
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Pauli blocking — phase space occupation

Pz A cluster wave function (atom, ions,...)

in momentum space

P - center of mass momentum

The Fermi sphere is forbidden,
deformation of the cluster wave function
Px in dependence on the c.o.m. momentum P

Fermi sphere

The deformation is maximal at P = 0.
momentum space It leads to the weakening of the interaction

(disintegration of the bound state).



IPD [eV]

IPD of C>*at T=100 eV
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lonization degree of C plasmas
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Free electron density

Kubo-Greenwood formula: conductivity Carbon, T = 100 eV, n= 50 g cm?3
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lonization degree for carbon
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FIG. 4 (color). dc conductivity as a function of the temperature
for a density of 2.7 g/cm® and an ionization degree of Z; = 3.
Extracted results of this work (red squares), experimental results
of Desai et al. [15] (black dots), Gathers [18] (violet rhombus),
and Milchberg et al. [20] (green triangles) as well as the
theoretical models of Lee and More [24] (gray), Spitzer et al.
[57] (gold), Faussurier and Blancard [29] (black), GDW [31]
(red), and Born [58] (blue) are indicated (screened Coulomb
interaction, no ion-ion correlation). To study the influence of the
ion-ion structure factor and a pseudopotential [61], the dc
conductivity with the corresponding Born collision frequency
(Born improved, violet) is also shown.



Dynamic electrical conductivity

Ziman formula:
ion-ion structure factor S;;

el. —ion scattering cross section Z(q,k)
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FIG. 1. S;i(k) of aluminum measured at LCLS by Sperling
et al. [3] (red squares) and Neumayer et al. [8] (blue circles)
within ultra-short 25-50 fs pulses in comparison with predic-
tions of DWD [1] and DFT-MD.
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DC conductivity Al

Kubo-Greenwood formula, DFT-MD
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FIG. 8. DC conductivity for solid density aluminum as a function of temper-
ature from DFT-MD simulations applying HSE (black circle), SCAN (pur-
ple circle), and PBE functional (orange circle). We compare our results to
values from Sperling et al.,” Milchberg et al.,*> Gathers®® (density uncor-
rected for expansion, isochoric), Faussurier and Blancard,®” and Yuan
et al®® We also compare to DFT results from Sjostrom and Daligault
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Quantum Landau-Fokker-Planck equation,
mean-force scattering
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Electrical conductivity of solid-density

aluminum plasma (p = 2.7g/cm3).

The circles and triangles are QMD data by Witte et al.
Dotted green curves : Lee-More model.

Dashed red curves: interpolations of Rinker’s tables.

N. R. Shaffer and C. E. Starrett,
Phys. Rev. E 101, 053204 (2020)



Including electron-electron collision
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FIG. 2. (Color online) Aluminum dc conductivity as function of
density for 10 000 K (blue) and 30 000 K (red). Experiments
were performed by DeSilva and Katsouros [57] (triangles) and
Clerouin et al. [56] (stars) for which regression curves are given
by dashed-dotted lines (green). The DFT-MD results of Desjarlais
et al. [20] are shown as hollow circles on dashed lines. Calculations
of Dharma-wardana [4] based on the relaxation time approximation
(RTA) are given as crosses. Degeneracy effects become important
right to the vertical dotted lines (® = 1). Solid lines (green) show
the conductivity of a hypothetical Lorentz plasma, obtained by
extracting the e-i scattering contributions from the regression curve
(dashed-dotted line) according to the correction factor R, Eq. (34),
for the given densities and temperatures.
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Electron transport in dense plasmas
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FIG. 1. (Color online) Correction factor R.. of the conductivity Temperature [eV]
due to e-e collisions as function of degeneracy parameter ® at Z =
1 for different temperatures T = (10?,10*,10°,10°) K. Numerical FIG. 6. Electron-electron correction factor to the electrical con-
calculations (LRT, full lines) are compared with the fit formula (34) ductivity, R, , and thermal conductivity, R;, for compressed hydrogen
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Conductivity of partially ionized plasmas

Contribution of electron-atom collisions
to the plasma conductivity of noble gases
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Fig. 9. Electrical conductivity of helium as a function of
density: (7), (2), and (3) experimental data from [42], [57],
and [61], respectively; (4) electrical conductivity calculated
with the plasma composition corresponding to the model of
an ideal plasma; (5) results obtained with the plasma com-
position calculated on the basis of the Debye—Hiickel model
[1]; (6) results obtained with the plasma composition calcu-
lated on the basis of the bounded-atom model [2, 22] featur-
ing a fixed radius of the helium atom (r, = 1.3q;); and

(7) results of the present study.

V. E. Fortov et al., J. Exp. Theor. Phys. 97, 259 (2003)



1.

Conclusions

New experiments explore nonideal plasmas in the region of strong
degeneracy (warm dense matter).

lonization degree becomes problematic (definition? calculation?).
Pauli blocking is responsible for pressure ionization at low temperatures.
“cold” ionization (Khomkin)?-impurity problem?

To calculate the dynamical, frequency-dependent electrical conductivity,
the electron-ion interaction can be treated systematically using the DFT
approach. The account of the electron-electron interaction beyond the
mean-field approximation remains an open problem.

The investigation of thermodynamic, transport and optical properties of
different materials in the non-ideal plasma region remains an interesting
field of research with relevance for laboratory experiments, technical
applications and astrophysical phenomena.
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Density effects
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Simple theoretical approaches

®* Jow density limit: Debye-Hiickel (DH) theory

Alpy = Zione” ~n'? inverse Debye
(dmeo) Ap length:

W.-D. Kraeft, D. Kremp, W. Ebeling, and G. Ropke, TEITIIITe--s
Quantum Statistics of Charged Particle System, 1986 .

- high density limit: Ion sphere (IS) model

G. Zimmerman and R. More, JQSRT 23, 517, 1980

* 2
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Simple theoretical approaches

¢ Stewart-Pyatt (SP) model ;.c. Stewart and K. D. Pyatt., Astrophys. J. 144, 1203, 1966
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In-medium Schrodinger equation

Consistent treatment of the two-particle problem:
iIn-medium wave equation

p2
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e%(p) +3 V(@¥n(p+9) = Enton(p) = Y V(@) [¥n(p + @) fe(p) — ¥n(p)fe(p + @)

q

Pauli blocking, Fock self-energy shift, Fermi fct. f,
V(q) --> dynamically screened Coulomb interaction

do Ime—'(q,& —in)
s w—w

Vap(q,w) = Van(q) - {1 + /
dynamical screening, dynamical self-energy

e(q,w +10) dielectric function

R. Zimmermann, K. Kilimann, W.-D. Kraeft, D. Kremp, W. Ebeling, G. Ropke
W. D. Kraeft, D. Kremp and G. Répke Quantum Statistics of Charged Particle Systems,

Phys. Stat. sol. (b) 90, 175 (1978) Akademie-Verlag, Berlin 1986



