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Introduction

Molten salt reactors (MSRs) have recently regained interest as viable candidates for the next wave of com-
mercial advanced reactors. However, since the early development in the 50’s there has been little research,
and much is still unknown about the thermophysical and thermochemical properties of the actinide halide
molten salts that are center to this reactor concept. Molten salts (especially actinide molten salts) are
particularly hard to measure due to their often high melting points, and corrosivity, which has driven the
use of computational methods for obtaining thermophysical properties. Though the use of machine learning
models to generate semi-empirical potentials for molecular dynamics has dominated the field recently [6], ab
initio molecular dynamics calculations (with density functional theory) still underly the data generation for
these models.

Thermophysical Properties and Structure

Thermophysical properties (of most interest to engineers) can be broadly split into static and transport
properties. Typical static properties are density and heat capacity, while typical transport properties are
thermal conductivity, the diffusion coefficient, and viscosity. Static properties reflect equilibrium ensemble
averages of the system, while transport properties are necessarily defined by time averages. While both can
be computed from time dependent molecular dynamics simulations, only transport properties necessarily
reflect time varying processes. Both types of properties are important for fluid mechanics and heat transfer,
though transport properties, in practice, require much longer molecular dynamics simulations to properly
converge [f].

For this project, transport properties were judged to be too difficult to calculate, so static properties
were the focus. Perhaps the most important static property, from a theoretical standpoint, is the radial
distribution function g(r). This function is used to quantify the local structure in disordered systems like
molten salts, and it is defined as
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where r is the scalar distance between two particles, p is the number density, N is the total number of
particles, and (-) denotes the ensemble average. In words, g(r) describes how the density of particles deviates
from that of an idea gas as a function of the distance from an arbitrary reference atom. Deviations from
g(r) = 1 (essentially a random distribution) are characteristic of local ordering (e.g. coordination shells
in molten salts). The radial distribution function is important for molten salts because it can be used to
predict properties like viscosity, phase stability, ionic conductivity, and redox behavior [5]. As an example,
formation of BeF, tetrahedral coordination networks in LiF-BeF, provide a nice theoretical explanation for
an increase in the viscosity with increasing BeF, concentrations [5]. A schematic of this is shown in Fig. [ll.



Figure 1: Progressive formation of a network in molten LiF-BeF, mixtures. Top: LizBeF5, middle: LiBeFs,
bottom: BeF,. Reproduced from [E]

For its interest as a theoretical quantity, the radial distribution function was chosen as the primary focus
of this project. Due to the overwhelming lack of data for chloride actinide salts (as compared with other
actinide halides), UCl; was chosen as an object of study. Due to the limited project scope, only pure UCl;
mixtures were considered.

Methods

Due to the complex effects of polarization in ionic liquids like molten salts, their molecular simulation is
often not amenable to semi-empirical models, though some models like the polarizable ion model [B] have
been used historically. To effectively model the effects of polarization, it is prudent to do ab-initio electronic

structure calculations for computing forces in molecular simulation - the basic idea of ab-initio molecular
dynamics (AIMD).

CP2K

Several simulation packages are available for AIMD calculations, the most popular for molten salts being
VASP [EI], but it unfortunately requires a license. CP2K [H] was chosen as the best open source alternative
for this project. CP2K is a general purpose electronic structure and molecular dynamics code, but it is



most popular for its use in AIMD calculations with density functional theory, for which it is well known
for its Gaussian and Plane Wave (GPW) technique. This technique combines a typical Gaussian basis (for
representing Kohn Sham orbitals) with an intermediate plane wave basis representation that is efficient for
computing Coulomb integrals and the exchange correlation terms. The Gaussian and plane wave represen-
tations are cheaply interchanged by the fast Fourier transform. In short, a sparse basis of atom-centered
Gaussians are used for representing the Kohn Sham orbitals, and a plane wave basis is used for representing
the electron density.

Pseudopotentials and Basis Sets

Plane wave functions are naturally periodic, and thus CP2K is best suited to calculations over periodic
supercells (though there are, albeit less efficient, ways to extend the GPW method to nonperiodic supercells
as well). Another quirk of plane wave bases, is that they require a very large number of functions to
represent very sharply varying localized electron densities. This essentially precludes their use in describing
core electrons, which are sharply varying compared to valence electrons. Thus CP2K requires the use of
pseudopotentials, which replaces the Kohn Sham effective potential due to the core electrons. This potential
is often much smoother, and parameterized by empirical constants. For actinide chemistry (heavy elements),
this is convenient because the pseudopotential can provide an approximate treatment of relativistic effects as
well (though only in the core electrons), which are non-negligible for atoms like U. With a pseudopotential,
only the valence electrons must be modeled, though the Gaussian basis set must be consistent with the
generation of the pseudopotential, so standard basis sets (e.g. Dunning) cannot be used, and CP2K provides
their own basis sets for calculations.

Plane Wave Cutoff

A key parameter in CP2K is the plane wave cutoff: CUTOFF, which determines how fine the integration grid
is when computing integrals over KS orbitals. The larger the plane wave cutoff (given as a maximum kinetic
energy in Hartree), the finer the grid. For efficiency, CP2K actually assigns different cutoffs to different
width Gaussian basis functions (to avoid using e.g. an overly coarse grid on a highly local Gaussian), and
the “aggressiveness” to which Gaussians are assigned to fine grids is determined by another cutoff parameter
REL_CUTOFF. CP2K provides a nice guide for converging the plane wave cutoff here. Importantly, these
parameters must be optimized on the full system.

Hubbard +U Correction

Standard DFT methods (e.g. LDA or GGA) often fail for systems with highly localized electrons, especially
in transition metals and f-electron systems, because DFT tends to delocalize electrons too much and un-
derestimate the Coulomb repulsion between electrons in narrow bands. Of course, since U has 5f electrons
including this correction is important. The magnitude of the correction is quantified by Ueg, for which a
recommended value is 4 eV [1].

Molecular Dynamics

The production run was performed in the canonical ensemble (NVT) using the AD_LANGEVIN thermostat
implemented in CP2K. A velocity—Verlet integrator advanced the nuclei with a time-step of 2 fs. The
thermostat acts on each atomic mass (REGION MASSIVE) with a Langevin time constant of 2.5 fs, while a
Nosé-Hoover chain of length 3 (TIMECON_NH = 100 fs) controls the overall temperature coupling.ﬂ

+ System size: 64 atoms (16 UCI; formula units) in a cubic box of length 12.382 A, matching the
experimental density p = 4.82 gem ™3 at 1250 K.

LAD-Langevin combines a rapid white-noise bath with a slower Nosé-Hoover chain; see Ref. [3].


https://manual.cp2k.org/trunk/methods/dft/cutoff.html

o Equilibration: 1 ps (500 steps) with weak positional restraints on U and Cl, followed by 1 ps unre-
strained NVT to reach a stable potential-energy plateau.

e Production: 10000 steps x 2 fs = 20 ps

Orbital forces were evaluated on-the-fly with spin-polarised PBE+ U density functional theory (U_MINUS_J
= 4.0 eV on U5f) using the GPW formalism (CUTOFF = 450 and REL_CUTOFF = 60 Ry). The Orbital-
Transformation solver with DIIS preconditioner converged the Kohn-Sham equations to 3 x 10~ Ha every
MD step.

Supercell Setup

All code for this project can be found here. To calculate the distribution function g(r) for UClz;, we may
simulate a periodic supercell of UCl; molecules with CP2K. We chose to simulate UCl; at 1250 K, above its
melting temperature of 1114 K [2]. [1] states that a supercell of 64 atoms (16 UCl3 molecules) is sufficient
for computing the distribution function (note the smaller the supercell the greater the presence of artifactual
symmetry from the periodic boundary coditions). Following the methodology in [Il], we randomly place the
64 atoms in a simulation cell (whose size is consistent with the experimentally measured density at 1250 K)
using the packmol tool. At 1250 K, pure UCl; has a density of 4.82 g/cm?®, which results in a box size of
12.382 A. The resulting random placement is shown in Fig. E
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Figure 2: Initial placements in the supercell

Of course the exact atom placements in the supercell are arbitrary, and will we randomized further upon
equilibration in the MD step.

Choice of Pseudopotential, Bases, and XC Functional

It was decided that a cheaper (non hybrid) XC functional would be used to ensure MD simulations were
computationally feasible, and it’s expected that this will be more than accurate enough for computing g(r)
with the +U correction. The popular Perdew-Burke-Ernzerhof GGA function was chosen for it’s good balance
between accuracy and efficiency. For U, there were very limited pseudopotential-functional combinations (a
given pseudopotential is calculated assuming a certain XS functional) and PBE was one of them. The only
available pseudopotential for U was the Goedecker-Teter-Hutter relativistic pseudopotential (see the entry


https://github.com/mlouis9/comp_chem_project
https://m3g.github.io/packmol/

in the CP2K basis set exchange here). Similarly, a GTH pseudopotential was chosen for Cl, and a double
zeta polarized basis was chosen for both U and Cl. Specifically

1. U: GTH-PBE-q24 pseudopotential (24 valence electrons), and DZVP-MOLOPT-GTH-q24 basis set
2. Cl: GTH-PBE-7 pseudopotential (7 valence electrons), and DZVP-MOLOPT-GTH-q7 basis set

note that the valence electrons do not refer to the chemical valence, but rather how many electrons are not
“frozen-in” in the pseudopotential.

Cutoff Calculation and SCF Convergence

Before beginning the MD calculations, it is important to ensure that the the electronic structure calculations
for the force calculations are first well converged. First, we optimize the plane wave cutoffs as previously
described, obtaining the relatively large cutoffs of CUTOFF=450, REL_CUTOFF=60 on 5 integration grids. These
values were chosen to maintain the desired accuracy ~ 10~®Ha (recommended in the CP2K documentation)
while minimizing the resolution of the integration grid - hence maximizing efficiency.

To solve the KS equations, the Orbital Transformation (OT) method was chosen, which is advertised for
large calculations and is generally faster than direct diagonalization techniques. For the OT method, there are
several solvers available: the one that consistently exhibited the best convergence was the Conjugate Gradient
solver, but using it required some regularization regularization (ENERGY_GAP=0.1 see the documentation
here) to ensure convergence to the desired SCF tolerance of 3.0 x 10~"Ha recommended for precise AIMD
calculations, though convergence was slow, requiring ~ 400 SCF iterations to achieve convergence from an
atomic initial guess.

Postprocessing

Trajectory coordinates (ucl3_md.xyz-pos-1.xyz; one frame every 10 MD steps) were analyzed with an
in-house Python script (https://github.com/mlouis9/comp_chem_project). The first 100 frames (2 ps)
were discarded to ensure the system was fully equilibrated. Radial-distribution functions (RDFs) were then
accumulated for U-U, CI-Cl and U—CI pairs:

__ Hap(n) _ 4 3_,3
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where H,p(n) is the histogram count in shell n of thickness Ar = 0.02 A, Ny is the number of analyzed
frames, and pg = Ng/V is the number density of species 8. Periodic boundary conditions were handled
via the minimum-image convention. A concise code fragment illustrating the implementation is given in the
listing below.

vecs = positions[j_indices] - positions[i] # pair vectors

vecs -= box_len * np.rint(vecs / box_len) # PBC (minimum image)
dists = np.linalg.norm(vecs, axis=1) # lr_ijl

bins = (dists // dr).astype(int) # shell index n
np.add.at(hist, bins[bins < nbins], 1) # HA{ }Y() += 1

Equation (m) is identical to the normalization used in Andersson et al. [1], ensuring that lim, o, gasg(r) =
1 for an ideal gas.

Results

The simulation was run using multicore, multiprocess capabilities on the Sawtooth cluster of the Nuclear
Computational Resource Center (NCRC). Even with 20 nodes with 48 cores each, SCF convergence required
around 30-120 seconds. At this rate, the required 10,000 MD iterations needed to reach the desired simulation


https://cp2k-basis.pierrebeaujean.net/
https://manual.cp2k.org/trunk/CP2K_INPUT/FORCE_EVAL/DFT/SCF/OT.html#CP2K_INPUT.FORCE_EVAL.DFT.SCF.OT.ENERGY_GAP
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time of 20 ps would take from 3.5-13.9 days. Other options were explored to accelerate convergence: using
a Direct Inversion Iterative Subspace (DIIS) solver for the OT updates, using a direct diagonalization based
SCF solver, and tweaking stepsize and regularization parameters, but each of them failed to give reliable
convergence and produced nonphysical oscillations in the energy. It was thought that GPU resources might
accelerate the computation to make it feasible in a short time period, so a special GPU enabled CP2K binary
was built on the sawtooth cluster using spack, but due to both the lack of GPU resources on Sawtooth, and
their lack of utilization in the current implementation of CP2K, speedup was negligible. Due to the above
considerations, the simulation was preemptively aborted at 4533 iterations to guarantee results. The integral
parameters of the MD simulation are shown in Fig. H, which display an alarmingly large decrease in the
conserved energy that is described in the discussion section. Finally, the computed partial radial distribution
function is shown in Fig. Y and is compared (unfavorably) with the reference results reported by [Il].
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Figure 3: MD integral quantities as a function of time
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Figure 4: Partial radial distribution functions for UCl;
Discussion

The partial RDFs obtained in this work (Fig. Ha) capture some of the local structure of molten UCls,
but several shortcomings explain the clear discrepancies with the reference AIMD data of Andersson and
Beeler [1] (Fig. Hb)

What worked

e First-shell positions for Cl-Cl and U—Cl are correct. The simulated CI-Cl peak appears at
~3.3 A and the U-Cl peak at ~2.7 A, in excellent agreement with the reference. This shows that the
chosen PBE+ U functional, GTH pseudopotentials and the 450/60 Ry GPW cut—offs reproduce the
dominant U—-Cl ionic bond and the typical Cl-Cl separation within the first coordination shell.

Why the overall curves are poor

(i) Insufficient sampling. The run was terminated after 4533 MD steps (9.1 ps) and only the last 7 ps
were analysed. Andersson et al. averaged over 50 ps, so our statistics are an order of magnitude poorer. This
under-sampling appears as the jagged noise super-imposed on every curve, and it is particularly damaging
for the sparsely sampled U-U histogram (only 16 U atoms in the box).

(ii) Small super-cell. With 16 formula units the simulation cell length is 12.4 A, barely three U-CI
bond lengths across. Finite-size effects therefore may distort any correlation beyond ~6 A and spuriously
amplify cross-shell interference, shifting the first U-U maximum from the literature value (~=4.6 A) down to
~4.2 A in Fig. @a. Though, it’s worth noting that the reported results in Andersson and Beeler were nearly
independent of the supercell size, and roughly equal to those with a supercell size of 64 atoms (as used in
this work).



(iii) Energy drift and thermostat bias. Figure 3 shows a monotonic decrease of the conserved quantity
by ~0.6 eV over the first 8 ps. Such a drift indicates that the SCF tolerance (3 x 107 Ha) is still marginal
for the OT4CG solver in this heavy-element system; electronic noise feeds back into the nuclei and the
AD-Langevin thermostat compensates by cooling the system (cf. the gradual fall in T between 0 and 6 ps).
A biased temperature distribution changes the relative heights of the RDF peaks, especially for the cation-
cation (U-U) curve which is sensitive to small enthalpic shifts.

(iv) Premature termination of equilibration. The potential energy plateaued after only ~1 ps, but
heavy halide salts typically need 3-5 ps to forget their random Packmol starting configuration. Residual
memory of the initial geometry reinforces the artificial periodicity of the tiny cell and again perturbs long-
range correlations.

How to improve the calculation
1. Extend the production time to at least 40-50 ps and discard the first 5-6 ps for equilibration.
2. Double the cell to 128 atoms; the RDF convergence in Ref. [[f] shows negligible size effects beyond that.

3. Tighten the electronic tolerance to egcp < 107 Ha and shorten the OT DIIS extrapolation length to
reduce energy drift.

4. Replace the white-noise AD component by a pure Nosé—Hoover chain once equilibrium is reached,
eliminating the stochastic broadening of the energy distribution.

Under these refinements the correct U-U peak position (~4.6 A) and a smooth asymptote to g(r) — 1
should emerge, bringing the entire RDF set in line with state-of-the-art calculations while preserving the
good agreement already achieved for the C1-Cl and U-Cl first-shell structure.
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Appendix

MD CP2K Input File

&GLOBAL
PROJECT UC13_md
RUN_TYPE MD
PRINT_LEVEL LOW
&END GLOBAL

&EXT_RESTART
RESTART_FILE_NAME UCl13_md-1.restart
RESTART_POS TRUE
RESTART_VEL TRUE
RESTART_CELL TRUE
&END EXT_RESTART

&MOTION
&MD
ENSEMBLE NVT
STEPS 10000 I 10000 steps x 2 fs = 20 ps
TIMESTEP 2 I 2 fs
TEMPERATURE 1250
&THERMOSTAT
TYPE AD_LANGEVIN
REGION MASSIVE
&AD_LANGEVIN
TIMECON_LANGEVIN 2.5
TIMECON_NH 100.0 ! 100 fs -+ moderate chain coupling
&END AD_LANGEVIN
&END THERMOSTAT
&END MD

&PRINT

&TRAJECTORY
FORMAT XYZ
FILENAME ucl3_md.xyz
&EACH

MD 10

&END EACH

&END TRAJECTORY

&VELOCITIES ON

&END VELOCITIES
&END PRINT
&END MOTION

&FORCE_EVAL
METHOD Quickstep
&DFT
BASIS_SET_FILE_NAME BASIS_MOLOPT
BASIS_SET_FILE_NAME BASIS_MOLOPT_AcPP1



POTENTIAL_FILE_NAME CUSTOM_POTENTIALS
PLUS_U_METHOD LOWDIN

&MGRID
NGRIDS 4
CUTOFF 450
REL_CUTOFF 60
&END MGRID

&QS
EPS_DEFAULT 1.0E-10
&END QS

&SCF
EPS_SCF 3.0E-7
MAX_SCF 10000
SCF_GUESS RESTART

| §0UTER_SCF

| EPS_SCF 1.5E-6
! MAX_SCF 50000
! OPTIMIZER DIIS
|&END OUTER_SCF

&0T ON
PRECONDITIONER FULL_SINGLE_INVERSE
MINIMIZER CG
ENERGY_GAP 0.1

&END OT

&END SCF

&XC
&XC_FUNCTIONAL PBE
&END XC_FUNCTIONAL

&END XC
&END DFT

&SUBSYS
&CELL
ABC 12.38 12.38 12.38
&END CELL

QINCLUDE 'coord.inp'

&KIND U
ELEMENT U
BASIS_SET DZVP-MOLOPT-GTH-q24
POTENTIAL GTH-PBE-q24
&DFT_PLUS_U on



L 3
U_MINUS_J 4.0%0.03675
&END DFT_PLUS_U
&END KIND

&KIND C1
ELEMENT C1
BASIS_SET DZVP-MOLOPT-GTH-q7
POTENTIAL GTH-PBE-q7
&END KIND
&END SUBSYS
&END FORCE_EVAL

! Angular momentum quantum number, 3 for f orbitals
! 4.0 eV » 0.147 Ha
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