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Abstract

We present a computational framework for constructing effective, intrinsically screened
heavy-particle potentials in dense plasmas from first-principles pseudopotentials. Start-
ing from available projector-augmented-wave (PAW) data in the Unified Pseudopotential
Format (UPF), the angular-momentum-dependent channel potentials (s, p, d, f) are recon-
structed and mixed according to Boltzmann occupation probabilities at the plasma temper-
ature. The intrinsic screening by thermally populated valence electrons is included through
a self-consistent Hartree potential computed for each charge state, yielding element-specific
temperature-dependent effective scattering potentials for neutral atoms and ions. The Saha
ionisation equilibrium, corrected for ionisation-potential depression via the Stewart-Pyatt
model, determines the species composition. A number-density-weighted mixture average
then produces a single effective heavy-particle potential for multi-component plasmas. The
procedure is implemented in D_PLAS_V, a C++17 code with zero external dependencies,
and all methods are validated against analytical test cases.

Keywords: pseudopotential; dense plasma; heavy-particle potential; Hartree screening;
Saha ionisation; Stewart-Pyatt IPD; PAW; UPF

1. Introduction

In warm and hot dense plasmas, conditions encountered in inertial confinement
fusion, planetary interiors, and stellar atmospheres, the effective interaction potential
between heavy particles (neutral atoms and ions) differs substantially from both the bare
Coulomb form and the isolated-atom pseudopotential. Free electrons screen the ionic cores,
and at the high perturber densities characteristic of warm dense matter, the conventional
multipole expansion of the ion—ion interaction breaks down and the full ion potential must
be used [1,2]. First-principles quantum molecular dynamics (QMD) can compute these
potentials self-consistently, but the computational cost is prohibitive for parameter surveys
spanning wide ranges of temperature, density, and chemical composition. Simplified
models based on cut-off Coulomb potentials have been successfully applied to opacity
calculations in astrophysical plasmas [3,4], but they lack the chemical element specificity
and angular momentum resolution provided by ab initio pseudopotentials [5,6].

Between the two extremes of full QMD and analytic screened Coulomb potential, there
exists a spectrum of methods with different trade-offs between physical fidelity and compu-
tational cost. Orbital-free density-functional theory (OF-DFT) avoids explicit Kohn-Sham
orbitals and scales to 10°~10° atoms, but loses angular momentum resolution and relies
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on approximate kinetic-energy functionals. Average-atom (AA) models treat the plasma
as a single effective ion embedded in a spherically averaged electron density, providing
element-specific ionisation balance at negligible cost, but sacrifice the species-level and
I-channel information needed for transport cross-sections. The neutral pseudoatom and
chemical-model approaches interpolate between these limits [5,6]. The present work occu-
pies a complementary niche: using ab initio PAW pseudopotentials from DFT libraries, we
construct element-specific, /-resolved, temperature-dependent effective scattering poten-
tials for multi-component plasmas. The computational cost scales linearly with the number
of elements and linearly with the number of (T, #n.) points (each point is independent),
enabling parameter surveys that are intractable with full QMD. Direct numerical compari-
son with QMD-extracted effective pair potentials is deferred to future work, as it requires
running QMD at identical conditions (temperature T, density p, and chemical composition
X) and extracting potentials from MD trajectories.

Pseudopotentials from established DFT libraries offer an attractive, computationally
efficient alternative. In the projector-augmented-wave (PAW) form [7], pseudopotentials
encode the electron—ion interaction in a transferable representation that reproduces all-
electron scattering properties outside a small core region [8]. The specific pseudopotentials
used in this work are taken from the JTH v1.1 validated table [9], generated with ATOMPAW
v4.0.0.12 [10] using the LDA (Perdew—Wang) exchange-correlation functional. Crucially,
the self-consistent DFT calculation that produced the pseudopotential already contains the
screening contribution of the core electrons—core polarisation and exchange-correlation
are folded into the effective ionic potential.

What remains to be added at the plasma-physics level is threefold. (i) Angular mo-
mentum channel mixing: at finite temperature the electronic occupation of s, p, d, and f
states is not fixed to the ground-state configuration but follows a Boltzmann distribution
over the orbital energies provided by the pseudopotential data. (ii) Intrinsic valence elec-
tron screening: the thermally populated valence states generate a self-consistent Hartree
potential that further screens the ionic core. (iii) Heavy-particle mixture averaging: in a
multi-element, partially ionised plasma, the Saha equilibrium determines the population
fractions of all charge states, and the species-resolved potentials are combined into a single
number-density-weighted average.

The result is a temperature-dependent heavy-particle averaged potential Vahvegé1 YY(r)
that represents the single effective scattering centre experienced by free electrons. The nu-
merical procedure is implemented in D_PLAS_V, a C++17 code with zero external depen-
dencies, and all methods have been validated against analytical test cases (hydrogen and
helium eigenstates, Coulomb asymptotics, and independently verified Saha compositions).
The potential is suitable for subsequent application of external electron-gas screening and
lattice-ion averaging, which are deferred to future work.

The paper is organised as follows. Section 2 describes the pseudopotential reconstruc-
tion from UPF data, the Saha equilibrium, the Boltzmann thermal-averaging procedure,
the valence electron Hartree screening, and the mixture-averaging step. Section 3 discusses
the software implementation and the role of Al-assisted code generation. Section 4 presents
the Saha composition for a 90% Ar-10% H test mixture and the resulting per-species and
averaged potentials. Section 5 summarises the main findings and outlines future work.

2. Theory

Equations involving the pseudopotential channel reconstruction and the radial
Schrodinger equation are expressed in Rydberg atomic units (i = 2m, = ¢2/2 = 1),
in which the Bohr radius ap = 1, the Hartree energy is 2 Ry, and the Coulomb potential of a
point charge Z is —2Z/r. The Saha equation, the IPD correction, and all number densities
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are given in conventional cgs or practical units (eV for energies, cm~2 for densities) for
direct comparability with experimental and tabulated data; temperature is expressed both
inkK and in eV.

2.1. Pseudopotential Data: Format and Reconstruction

The starting point is a set of pseudopotentials of the projector-augmented-wave (PAW)
type [7], taken from the JTH v1.1 validated table [9] and stored in the Unified Pseudopoten-
tial Format (UPF) [11]. The PAW datasets were generated with ATOMPAW v4.0.0.12 [10]
using the LDA (Perdew-Wang) exchange-correlation functional. UPF is a standardised
file format that supports norm-conserving (NC) [12], ultrasoft (USPP) [13], and PAW
pseudopotentials alike. Several pseudopotential databases are available, notably the Pseu-
doDojo project [14], which provides rigorously tested pseudopotential tables for DFT codes.
The pseudopotentials used in this manuscript are taken from the PseudoDojo JTH v1.1
validated table [9], exported by ATOMPAW into the USPP-compatible UPF representation,
which is then parsed by our code.

Each pseudopotential encodes the electron—ion interaction as a local component Vj,. ()
and a separable nonlocal projector set [15]. The reconstruction equation les(r) = Vioc(r) +
Zije 1 BiDijjB; is valid for norm-conserving, ultrasoft, and PAW pseudopotentials alike [7,8].
The augmentation charges Q;; and overlap operator S present in USPP and PAW UPF
files encode the self-consistent electronic structure of the frozen core and do not modify
the ionic scattering potential outside the core region; they are therefore not required for
our application. The self-consistent DFT calculation that generated the PAW data has
already folded the core-electron screening, exchange, and correlation effects into Vio.(r)
and the projector channel corrections. The temperature and density range over which this
frozen-core treatment remains valid is analysed in the next subsection.

For a given element, the following data are extracted from the UPF file: the local
potential Vio(r¢) on the radial mesh {r} (<PP_LOCAL>), the Kleinman-Bylander projector
functions B;(r¢) labelled by angular momentum ! (<PP_BETA>), and the coupling matrix D;;
(<PP_D1J>). Orbital energies E}DS (in Ry) and the number of valence electrons Z,, are also
read from the file. The angular-momentum-dependent channel potential for channel [ is
reconstructed as

VP (r) = Vioe(r) + ), Bi(r) Dy Bj(r) )
ijel
where the sum runs only over projectors belonging to that I channel. Four channels are
reconstructed: | = 0,1,2, and 3 (s, p, d, f). Channels for which the UPF file contains
no projectors default to V/*(r) = Vjoc(r); for the JTH v1.1 pseudopotentials used here,
projectors exist only up to Imax = 1 (s and p channels), so the [ > 2 channels default to the
local potential and contribute to the thermal average only through Vi, (7).

2.2. Saha Ionisation Equilibrium with IPD Corrections

The first step for a plasma mixture is to determine which heavy-particle species are
present and in what proportions. For an element with valence charge Z,,;, charge state
i =0,1,2,... carries Ny, (i) = Z,4 — i valence electrons. The ionisation equilibrium
between successive charge states is governed by the Saha equation, written here for a single
common temperature T (the framework admits per-species electron and ion temperatures
T, and T, for non-equilibrium conditions; for the present test case all species share the
same temperature),

Nzp1te _ 272541 (27tmekpT 3/26—(127A1)/kBT @)
1y Z, h2 !
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where 71, is the number density of charge state z, Z; is its internal partition function, and I,
is the ionisation potential from charge z to z + 1. The Saha equations for all elements
are solved simultaneously as a coupled system, with the electron density 7. iterated (up
to 200 iterations, convergence tolerance 1010) to satisfy quasi-neutrality Y, Za1q = 1.
Ground-state ionisation potentials are taken from the NIST Atomic Spectra Database. At the
temperatures of interest here (kT < 10 eV), the first excitation energy of Ar and H is >kgT,
so ground-state degeneracies (Z, = go) are sufficient. For higher-temperature applications,
the Saha solver admits full NIST partition functions via the atomic database.

In a dense plasma, the surrounding charges lower the ionisation threshold through the
ionisation-potential depression (IPD). The Stewart-Pyatt model [16] provides a continuous
interpolation between the Debye-Hiickel and ion-sphere limits and is used here to correct
the ionisation potentials. In its standard form [16,17], the IPD for an ion of charge Z at the
electron temperature T is

A3 (Z+1)e _3(Z+1) (Ha) — 3(Z2+1)

2 4710 Tscreen 2 T'screen T'screen

_ —3y,—1/3
[Ry], 7screen = (/\D?’ +R, 3) / ,

©)
with the electron Debye length Ap = [kgT/(47tnce?)] 2 the ion-sphere radius Ry =
(3/ 47Tnheavy)1/ 3, and Z the charge state before ionisation. All quantities in Equation (3)
are in SI or cgs units; after evaluation the result is converted to eV via 1 Hartree = 27.211 eV.
The effective ionisation potential entering the Saha equation is Ioff = Ipare — AL, with a
minimum floor of 0.01 eV to maintain numerical stability. At the electron density of the test
case (1, = 10! cm—3), the IPD correction is AI < 1 eV, which is non-negligible relative to
kpT ~ 3.45 eV. The Stewart-Pyatt IPD correction is applied both in the Saha solver and in
the frozen-core analysis of Section 2.5.

2.3. Occupation-Probability-Based Thermal Averaging

For each heavy-particle species « identified by the Saha calculation, the channel
potentials reconstructed from the pseudopotential data are mixed according to Boltzmann
occupation probabilities at the species temperature T, (in local thermodynamic equilibrium
all T, are equal to the common plasma temperature T, but the framework admits per-
species temperatures for non-equilibrium conditions). The electronic population of the
angular momentum channels is not fixed to the ground-state configuration. Instead,
each channel ] is occupied with a probability governed by the Boltzmann factor of its
orbital energy,

9 exp(—E})S/kBTa)
5o exp(—E /KsT)

where g; = 2(21 + 1) is the spin—orbital degeneracy. The weight w;(T,) is the probability

w)(Ta) =

(4)

that a valence electron occupies channel / at temperature T,. The sum extends to Imax = 3
because the centrifugal barrier renders [ > 4 channels irrelevant for valence scattering at
dense plasma temperatures; moreover, the JTH v1.1 pseudopotentials used here have no
projectors for I > 2, so higher channels contribute only Vio.(7).

The thermally averaged potential for species « is then the probability-weighted super-
position of the channel potentials:

3
VIR Ta) = Viee(r) + 1o w1 (Ta) [V (1) = Viee(1)]. ©
1=0

In the high-temperature limit (kgT > |E;|, all w; are equal), this reduces to the
arithmetic mean of the four channels. In the low-temperature limit it recovers the ground-
state channel occupation. Since the weights w; are normalised to unity regardless of the
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charge state i, they represent the fractional occupation probability per valence electron; the
channel-potential difference VI (r) — Vioc(r) is an intensive quantity, so the same weights
apply to all species. The total number of valence electrons Ny, (i) enters separately through
the Hartree screening in the next step (Equation (6)). Equation (5) already contains the core
screening inherited from the PAW pseudopotential data; it does not yet account for the
screening correction from the valence electrons of the species themselves.

2.4. Intrinsic Valence Electron Screening

At finite temperature, the valence electrons that are thermally distributed among the s,
p, and d channels generate a self-consistent Hartree potential that screens the ionic core.
For each charge state i, the number of valence electrons populating the bound states is
Nyal (i) = Zyq — it the full Z,,; for the neutral atom, Z,,; — 1 for the singly ionised species,
Zya1 — 2 for doubly ionised, and so on. The intrinsic screening is therefore computed
independently for each species a. The radial Schrodinger equation is solved for each
channel potential les (r) using the Numerov method [18], yielding bound-state eigenvalues
E,; and normalised reduced radial wavefunctions P, () for all bound states.
The fractional occupation of each bound state (1,1) follows the Boltzmann distribution at
the species temperature Tj:

&1 eXP[ - (En;l - Emin)/kBTtx]

1 (Ta) = Nyar(i ’
f 'l( [X) 1( ) Zn/,l/ gl’ exp[— (En’;l’ — Emin)/kBTvé]

(6)

where Epip, is the lowest eigenvalue among all bound states and Ny, (i) = Zy, — i is the
number of valence electrons in charge state i (i = 0 for the neutral atom, i = 1 for singly
ionised, i = 2 for doubly ionised, etc.).

The bound-state energy spectrum for each /-channel is obtained by solving the radial
Schrodinger equation. The sum in Equation (6) includes all states with negative eigen-
values; typically 4-8 bound states per channel exist for the JTH pseudopotentials (the
exact number depends on Z,; and [). States lying within k3T of the continuum threshold
contribute negligibly to the valence density at the temperatures studied here because their
occupation factors are exponentially suppressed. Continuum-state contributions to the
valence density are omitted. This omission is justified because the test-case plasma is
strongly non-degenerate (T/Tr ~ 10%), so the free-electron density from Saha ionisation is
orders of magnitude larger than any continuum contribution to the bound-state valence
density p(r). The free-electron screening is therefore accounted for through the separate
Debye screening step rather than through the intrinsic valence Hartree potential.

The valence electron number density is constructed from the occupied wavefunctions:

bd Py ()

= . . 7
P (1’) nZJ f n;l 47772 ( )
The corresponding Hartree potential is obtained from the spherical Poisson equation [19,20]:
Tom o2 N g
Vu(r) =2 ;/ o(r)yr'=dr —|—/ p(r)r'dr], 8)
0 r

where the factor 2 is the e? / (47tegag) conversion in Rydberg atomic units.
The intrinsically screened, temperature-dependent potential for species « is then

Vcoé)rr(r/' T!X) =Vv an(T} TIX) =+ Vg](”? Tuc)r )
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where V%28 is the thermally averaged potential from Equation (5) and V}; is the Hartree
potential computed from the valence density p(r) of that species. The thermally averaged
potential V*@V8 already inherits the ground-state valence Hartree contribution folded into
Vioc(r) and D;; by the original DFT calculation. The V}; computed here replaces that ground-
state contribution with the thermal-ensemble Hartree potential, avoiding double-counting.
This potential includes core screening (from the PAW pseudopotential), channel-probability
(r;T) as

mixing, and the temperature-dependent valence electron cloud. We refer to V§ .

the heavy-particle effective potential.

2.5. Validity of the Frozen-Core Approximation

Every frozen-core pseudopotential implicitly assumes that the core electrons—those
not included in the valence—are never thermally excited, polarised, or pressure-ionised.
Their contribution is built into Vjo.(r) and the projector corrections at the DFT level. In a
plasma environment this assumption can break down when T is comparable to the core-
excitation gap or when 7, is so high that continuum lowering reduces the gap to the scale
of kgT. We quantify these bounds here for the 20 elements in our pseudopotential library.

For a neutral atom with a filled core shell of binding energy Ecgg (the K-edge for 1s,
Ly 3 for 2p, etc.), the lowest-energy empty orbital lies below the first-ionisation threshold
I; at approximately I; — 3 eV above the ground state. The core-excitation gap is therefore
AEg & Eeqge — (I — 3 €V), and the fraction f of core electrons occupying the first available
upper state at temperature T follows the canonical Boltzmann factor

f(T) = et exp( — AEg/kpT), (10)

with go¢ ~ 8 (configurational average over core-hole and outer-electron spin multiplicities;
a filled shell vacancy creates a spin-1/2 core hole with g0 = 2, while the outer electron
typically occupies a p or d orbital with gouter = 4 from orbital and spin degeneracy [21];
the product ghole Souter = 8 is therefore representative for light elements but may differ
by a factor of ~2 for heavy elements with strong spin—orbit splitting). In a dense plasma
the continuum is lowered by the ionisation-potential depression (IPD), which is treated
consistently with the same Stewart-Pyatt model [16,17] used for the valence-level Saha
ionisation (Section 2.2). For the estimates in this section the ion-sphere limit for a neutral
species (Z ~ 0) is used, giving AI ~ (40.8 eV)/(rws/4ao). Here, rys = (3/47mheavy)1/3 is
the Wigner-Seitz radius. The effective gap becomes AE.¢;s = AEy — Al, and the temperature
for a 1% excitation fraction is

Tio,(11e) = AEegt(11e) / In(geg/0.01). (11)

Based on the T}, thresholds the elements divide into five groups. Group 0 (H, He)
have no separate frozen core (full valence treatment). Group 1 (Zn, Cd: Tio, < 1 eV)
have core gaps that collapse even at moderate density; at these temperatures the atoms
are neutral, however, so the excitation is a redistribution rather than true core ionisation.
Group 2 (Sn, Br, Xe, Al, Hg, Au, Pb: 1 < Ty9, < 10 eV) represent the boundary where
frozen-core validity should be assessed case by case. Group 3 (S, Ar, C: 10 < Tyo, < 50 eV)
are very robust against core excitation. Group 4 (N, O, F, Na, Cr, Cu: Ty9, 2 50 eV) are so
deeply bound that core excitation is negligible at all practical dense plasma temperatures;
at temperatures where these elements would begin to show core excitation, Saha ionisation
has already stripped all valence electrons.

For the specific test case in this work—a 90 % Ar-10% H plasma at T = 3.45 eV—
Ar belongs to Group 3 with AEy = 235.6 eV. The core-excitation fraction is f ~ 8 X
exp(—235.6/3.45) ~ 2 x 10~%, i.e., completely negligible. The frozen-core UPF approxi-
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mation is therefore quantitatively accurate at the level of < 10728 excitation fraction for the
results presented here (see Table 1).

Table 1. Core-excitation parameters. “—” indicates T9, > 100 eV; “<0.1” indicates the gap is closed
by IPD; 1 denotes full valence (Z,, = Z). Ty9, values are in eV at the indicated electron densities ,:
T%;D is the temperature for 1% core excitation at n, = 102! cm~3, and legn atn, = 10% cm 3.

Elem. z Zya AEq [eV] T2 [eV] TZ [eV]
Ht 1 1 10.2 1.0 <0.1
Het 2 2 20.6 2.6 <0.1
C 6 4 275.9 40.8 30.1
N 7 5 398.4 59.1 484
e 8 6 532.5 79.1 68.4
F 9 7 682.3 — 90.8
Na 11 9 1068.7 — —
Al 13 3 69.7 9.9 <0.1
S 16 6 157.4 23.0 12.3
Ar 18 8 235.6 34.7 24.0
Cr 24 14 570.3 84.8 74.1
Cu 29 19 928.0 — —
7n 30 12 3.8 0.0 <0.1
Br 35 7 61.2 8.6 <0.1
Cd 48 12 5.0 0.2 <0.1
Sn 50 14 20.7 2.6 <0.1
Xe 54 8 58.4 8.2 <0.1
Au 79 11 81.5 11.7 1.0
Hg 80 12 69.6 9.9 <0.1
Pb 82 14 89.6 12.9 2.2

2.6. Heavy-Particle Mixture Averaging

With the species densities 1, determined by the Saha equilibrium (Section 2.2) and
the per-species corrected potentials V. from Equation (9), the number-density-weighted
average over all heavy-particle species yields a single effective scattering potential:

Ny

hy
Vavegavy (1’) = Z n Vcoé)rr (r; Tw), (12)
« '*heavy

where npeayy = )4 Mo is the total heavy-particle number density and the sum runs over all
charge states of all elements. For the simpler case without Saha partitioning, where only
per-element potentials are required, the mixture average reduces to V(r) = LN, ¢; V" 8(r),
with ¢; the abundance fractions (}; ¢; = 1). For the LTE conditions of the test case, all T,
are equal to the common plasma temperature T.

The external electron-gas screening of Vahvega Y (r) by the free-electron component (e.g.,
Debye or Thomas—Fermi-Yukawa type) and the lattice-ion averaging for strongly coupled

regimes are intended as subsequent steps and will be reported in future work.

3. Materials and Methods
Software Implementation and Al-Assisted Development

The computational framework is implemented in D_PLAS_V, a C++17 program with
zero external dependencies beyond the standard library. All numerical methods—the
Numerov integration of the radial Schrodinger equation, the inward—outward matching
and eigenvalue refinement, the spherical Poisson solver, the log-linear interpolation be-
tween temperature points, and the Saha equation iteration—were validated against known
analytical test cases (hydrogen and helium eigenstates, Coulomb asymptotics, and inde-

https://doi.org/10.3390/atoms14090073


https://doi.org/10.3390/atoms14090073

Atoms 2026, 14,73

8 of 13

pendently verified Saha compositions) to ensure their correctness before application to the
multi-component mixture studied here.

During the development of D_PLAS_V, the generative Al tool Kilo (based on
DeepSeek-V4 Pro) was employed to assist with code generation and refactoring of the
C++17 implementation, including boilerplate numerical routines (Numerov integration,
linear interpolation, spherical Poisson solver), CMake build infrastructure, and input-file
parsing. The Al was given full freedom in generating the input-file interpreter, the data-
export formatting routines, and the initial gnuplot scripting infrastructure. All Al-generated
code was manually reviewed, tested against reference outputs, and corrected as necessary
before inclusion in the codebase. The physics algorithms, their numerical implementation,
the equations presented in this paper, the computed data, the graphical output, and all
scientific interpretation are the original work of the authors without Al involvement.

4. Results and Discussion

The results are presented in Figures 1-5. The complete computational procedure
described in Section 2 is summarised schematically in Figure 1.

UPF Pseudopotentials UPF::Reader . VP = Viee + X Bi Di;B;
PAW / JTH v1.1 Viee» Bis Dij, B} ’ 1=0,1,2,3 (s,p,d,f)
v ¥
Composition Model -
Saha Solver No projectors — Vo
AAG21, AGSS09 ... ‘ lonization fractions nqo ‘ JTH v1.1: projectors up to =1
CLI: T, ne, model, kmesh ¥
—E™/kpT
gie !
wi(T)= ———m 77
N S gre By /kBT
Pipeline ‘ Radial Schrodinger m
Numerov) E,,.;, Py,. .
Input: UPF, composition, CLI ( )* glo < iogl {VO‘@VE = Vioce + > wl(les — Vioc)

Boltzmann f,,.;(T) }
h
; Wz
Density p(r) } ¥
¥

UPF parsing & Saha ionization

Na

Channel potential reconstruction

«
Veorr
TMheavy

Boltzmann thermal mixing

[ Interpolate to log-spaced grid }
Intrinsic Hartree screening

Poisson — Vi (r)

ODO00000

A

Heavy-particle average ¥ | External e~ screening (future) |

— | L [ree=veeevg] | Debye/TF-Yukawa |
I Future: screening & FCC lattice ¥

l
_J

| FCC lattice-ion average (future) "
reciprocal-space sum ‘

Output: gnuplot TSV files

|
U

/ heavy_avg.dat + species files |
/ gnuplot TSV K

Figure 1. Computational pipeline diagram.

4.1. Saha Composition and Species-Averaged Potential

The Saha ionisation equilibrium was solved for a 90% Ar-10% H plasma at
T = 40 kK (3.45 eV) and total heavy-particle density npeayy = 1.06 X 101 em—3.
The corresponding free-electron density, determined self-consistently from the Saha
solution, is 71, &~ 1.12 x 10" cm 3. At this temperature the electron degeneracy parameter
is T/ Tr =~ 10%, confirming that the plasma is non-degenerate and the Boltzmann statistics
used in Equation (4) are justified. The Stewart-Pyatt IPD correction (Al ~ 0.6 eV for the
dominant species) is applied to the ionisation potentials. The resulting heavy-particle
species composition is given in Table 2.

Art overwhelmingly dominates the mixture at 83.8%, followed by H" (9.9%)
and Ar?* (5.8%). Neutral Ar contributes 4.0% and neutral hydrogen is negligible
(0.1%). Ar3* is entirely negligible. The self-consistent electron density from the Saha
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solution, 1, = ¥, Zany ~ 1.12 x 1012 cm =3

Nheavy = 1.06 X 10" ecm—3 and (Z) ~ 1.05.

, is consistent with quasi-neutrality given

Table 2. Heavy-particle species composition of a 90% Ar-10% H plasma at T = 40 kK and total
heavy-particle density npeayy = 1.06 X 10" ecm—3. The self-consistent electron density from the Saha
solution is 7, ~ 1.12 x 10! cm~3. The ionisation-potential depression (Stewart-Pyatt model) is
applied; the resulting IPD correction is Al ~ 0.6 eV for the singly ionised species.

Species n [em ™3] 1/Mheavy [%] Z Eion [eV]
Ar 4.03 x 1018 4.03 0 15.76
Art 8.38 x 1018 83.84 1 27.63
Ar?t 5.76 x 1017 5.76 2 40.74
Ardt 291 x 108 ~1077 3 59.81
H 1.10 x 106 0.11 0 13.60
Ht 9.89 x 1017 9.89 1 —

The intrinsically screened potentials of all six heavy-particle species, computed at
T = 3.45 eV from the per-channel Schrodinger and Hartree solutions, are interpolated to
a common log-spaced radial grid and combined into a single number-density-weighted
average. Figures 3 and 4 show per-species potentials at T = 8 eV rather than at 3.45 eV; the
higher temperature is chosen because channel mixing is more pronounced there, making
the qualitative trends clearer. The relative ordering of species and the shape of the potentials
are the same at 3.45 eV, only with smaller channel-weight deviations,

e\

hy
Va:gav}’(r) =) " (1 Tw), (13)
« '*heavy

weighted by the fractions in Table 2. Physically, Vahveg Y (r) represents the mean-field scatter-
ing potential seen by a test electron in a plasma whose instantaneous ionic configuration
fluctuates among the different charge states; the average is meaningful when the electron
mean free path exceeds the inter-species correlation length, which holds for the weakly
coupled conditions studied here (I"' < 1). The resulting species-averaged potential is shown
in Figure 2, with the per-species potentials that contribute to it detailed in Figures 3 and 4.

Figure 2 demonstrates the complete procedure for a realistic plasma mixture: 90% Ar
with10% Hat T = 40 kK and npeqyy = 1.06 X 10! em 3, with Stewart-Pyatt IPD corrections
applied to the Saha ionisation potentials. The Saha composition (Table 2) yields six heavy-
particle species, dominated by Ar" (83.8%). The IPD correction (Al =~ 0.6 eV) shifts
the composition toward higher ionisation compared to the bare-potential Saha solution.
For each species, the intrinsically screened potential is computed following the same steps:
channel reconstruction from the pseudopotential data, Boltzmann channel mixing at the
plasma temperature, and valence electron Hartree screening with N, obtained from the
charge state. The individual species potentials are combined into the number-density-
weighted average Va}:fga Y (r) (thick line). The average potential is dominated by Ar* due to
its overwhelming fraction and closely follows its curve, with minor contributions from the
other species shifting the average slightly at intermediate distances. The valence electron
count per species ranges from Ny, = 8 (Ar) down to Ny, = 0 (H"), each contributing a
distinct screening signature that is faithfully captured in the mixture average.

Figure 3 shows the intrinsically screened potentials for hydrogen at T = 8 eV. The neu-
tral hydrogen potential H? includes the Boltzmann-weighted mixing of the s and p channel
potentials from the pseudopotential data, with a single valence electron (N, = 1) provid-
ing the Hartree screening correction. The ionised hydrogen H™ has no valence electrons
(Nya1 = 0); the same channel mixing is applied but without the Hartree correction, yielding
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a deeper potential that approaches the bare Coulomb tail —2 /7 at large distances. The dif-
ference between the two curves is the screening contribution of the single valence electron.

Ar 90% - H 10%, T=40 kK: species potentials and average
30 —

v heavy” T T T T TR T
251 AMiPD) —— i
B (IPD) i
20 Ar*EIPD —
5| H (IPD )
= H* (IPD
= 10 |- B
> ol ]
_5 - .
10 |- Z g
15 T R R
0.0001 0.001  0.01 0.1 1 10 100

Figure 2. Species-averaged heavy-particle potential.

H T=8.00 eV: V., by charge state

Veor(r) [RY]

b.0001 0.001 0.01 0.1 1 10 100

Figure 3. Intrinsically screened hydrogen potentials at T = 8 eV.

Figure 4 presents the same procedure applied to argon. Four charge states are shown,
with the number of valence electrons decreasing from Ny, = 8 for neutral Ar to Ny, =5
for Ar3*. All species share the same Boltzmann-weighted mixing of the s and p channel
potentials reconstructed from the pseudopotential data (the 4 and f channels contain no
projectors for these pseudopotentials and default to Vj,.). The Hartree screening correction
is computed independently for each species by solving the radial Schrédinger equation with
the appropriate number of valence electrons populating the bound states. The potential
deepens systematically with increasing ionisation: fewer valence electrons remain to screen
the nuclear charge, so the effective potential becomes more attractive at all radial distances.
Atlarge r, each curve approaches the asymptotic Coulomb tail —2Z¢¢ /7 (in Rydberg atomic
units), where Znet = Zy, — i is the net ion charge.

4.2. Comparison with Analytic Debye-Screened Coulomb

The quantity of central interest for transport and optical calculations is the average
scattering potential experienced by a free electron in the plasma. It is therefore instructive
to compare the computed V;lfgavy(r) with the simplest analytic model: a Debye-screened
Coulomb potential centred on the average ion charge (Z).

For the 90% Ar-10% H test case at T = 40 kK and 71peqyy = 1.06 X 10! cm~3, the Saha
composition with Stewart-Pyatt IPD (Table 2) gives (Z) = Y, ZaMa/Nheavy =~ 1.05 and

a self-consistent free-electron density 7, ~ 1.12 x 10! cm~3. The electron-only Debye
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screening length in atomic units is Ap = \/kpT/47n.e2 which evaluates to Ap ~ 110 4
(=58 A). The Debye-screened Coulomb potential is Vbebye(r) = —2(Z yr~lexp(—r/Ap).

Ar T=8.00 eV: V,, by charge state

Veor(r) [RY]

ik i R RN PR PR
0.01 0.1 1 10 100
r [ag]

-16 L
0.0001  0.001

Figure 4. Intrinsically screened argon potentials at T = 8 eV.

Figure 5 compares Vg‘fgvy(r) with Vpepye(r). At large separations (r 2 30 a), the
two potentials converge: the exponential screening dominates and both follow the same
asymptotic form. At intermediate distances (2 S 7 < 10 ag), the heavy-particle averaged
potential is systematically deeper than the Debye model, reflecting the species-specific
Hartree screening that the simple point-charge Debye model cannot capture. At short range
(r < 1ap), the potentials are dominated by the nuclear repulsive core. The bare Coulomb
tail —2(Z) /r (grey dotted) is shown for reference: it deviates from both screened curves at
all ¥ 2 1 ap, illustrating the necessity of including screening in any transport calculation.
The deviation from the Debye-screened form at intermediate r implies corresponding
corrections to the electrical conductivity that can be tested against experimental dense

plasma conductivity data from shock-wave experiments [22-24].

0
2k i
_4 - -
=
£ 6} .
=
_8 - -
-10 i[ Vav heavy N
Debye séréened - - - -
12 — ‘ Bare Cou‘lomb e
102 10" 10° 10 102

r [ao]

Figure 5. Comparison of Vahveg *Y (r) with the Debye-screened Coulomb potential and the bare Coulomb
potential. The Debye-screened and bare Coulomb curves are indistinguishable on this scale at
r 2 100 ag, where both follow the same 1/ asymptote; the difference between them at large » may be
visible only in a magnified view, but it is not included in this figure.

5. Conclusions

We have developed a computational framework for constructing effective intrinsically
screened ionic potentials in dense plasmas, starting from already available first-principles
PAW pseudopotentials. The procedure involves reconstructing angular-momentum-
dependent channel potentials from UPF data, applying Boltzmann-weighted thermal
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averaging to capture temperature-dependent electronic configurations, and computing
the intrinsic screening correction from valence electrons through the Hartree potential.
The Saha ionisation equilibrium with Stewart-Pyatt IPD corrections determines the species
composition, and a number-density-weighted average over all charge states yields a single
heavy-particle averaged potential Vahvegvy(r). This approach provides a computationally
efficient framework for constructing effective ionic potentials that incorporate intrinsic
screening effects in a physically motivated manner, with a structure that approaches
realistic scattering potentials as the underlying physical ingredients (channel-resolved
pseudopotentials, Boltzmann mixing, Saha equilibrium, and Hartree screening) are in-
cluded self-consistently.

For the 90% Ar-10% H test case at T = 40 kK, the heavy-particle averaged poten-
tial differs substantially from the analytic Debye-screened Coulomb form at intermediate
distances, demonstrating the importance of resolving the species-specific screening con-
tributions. A systematic investigation of the sensitivity of the averaged potential to the
number of angular momentum channels with available projectors should be performed to
establish the convergence of the channel-mixing procedure. (For the JTH v1.1 pseudopoten-
tials used here, projectors are available only up to I = 1, with higher channels defaulting to
Vioe; the Imax = 3 reconstruction is a framework upper bound rather than a physically moti-
vated cut-off.) A systematic validation against quantum molecular dynamics simulations
and experimental data will be required to fully establish the accuracy of these potentials for
transport calculations, and this is reserved for future work. The shock-wave conductivity
measurements of the Fortov—Mintsev group [22,24] provide a natural experimental bench-
mark for the potentials constructed here under dense plasma conditions. Additionally,
for strongly coupled regimes (I' 2 1) we plan to incorporate the Ebeling—Forster-Fortov
ion-correlation-corrected IPD formalism [17] as an extension of the present framework.
The connection to the dynamic dielectric function and frequency-dependent transport [25]
follows the theoretical framework developed by the Vitel group in collaboration with
L. G. D’yachkov.
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