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Abstract
The lead-rich liquid lithium–lead eutectic alloy, Li17Pb83, is one of the candidates to be used in
breeding blanket modules of future fusion reactors where tritium breeding is essential to provide
the necessary fuel for fusion. It has several properties that favour its use, such as the breeding capa-
city of Li, the neutron multiplication capacity of Pb, the ease of circulation for off-site tritium
recovery, and the capability to, at least partly, refrigerate the system. It is therefore important to
understand the properties of the tritium generated in the breeding reactions, and its effects on
the hosting liquid. The same applies to helium nuclei that are generated in a 1:1 ratio to tritium
in the breeding reactions. We have performed first principles molecular dynamics simulations to
study the structural changes observed in liquid Li17Pb83 when tritium or helium is added. In one
set of simulations we have made calculations for several amounts of tritium, with molar concen-
trations ranging from 0.20 to 0.03, without any He atoms. In the other set of simulations we have
included helium atoms with molar concentration 0.11, and no tritium. Tritium atoms are found
to bind preferentially with Li, modifying substantially the Li–Li correlation functions. We also
observe the presence of long-lasting di-tritium molecules when tritium concentration is not too
low, which also tend to bind to Li atoms. The velocity autocorrelation functions of tritium, Li and
Pb are evaluated, and analysed in order to obtain the corresponding vibrational properties of the
different species. Helium atoms tend to aggregate together forming a cluster whose characteristics
are reported, together with the correlation functions of He atoms with Li and Pb. The motion of
He atoms within this cluster is found to be sub-diffusive, while an estimate of He mobility outside
the aggregate is also given.

1. Introduction

In the pursuit of reliable, secure, and environmentally sustainable energy production, fusion reactors
have been regarded for several decades as highly promising systems [1]. Although the physical principle
underlying controlled nuclear fusion is conceptually straightforward, its practical realization involves sub-
stantial technological challenges. These challenges arise, on one hand, from the complex behaviour of
high-temperature high-density plasmas and, on the other, from the demanding requirements placed on
materials that must withstand extreme operational conditions, including intense heat loads and radi-
ation. Among the various fusion reactions under consideration, the deuterium–tritium (D–T) reaction
is regarded as the most favourable for controlled energy production [2]. This reaction produces alpha
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particles (4He) and neutrons, the latter carrying the majority of the released energy in the form of kin-
etic energy. The naturally occurring inventory of tritium is negligibly small because it is a radioact-
ive isotope, that decays through β emission to 3He, with a relatively short half-life of 12.32 years [3].
Consequently, the required tritium must be produced artificially. Tritium breeding in future fusion react-
ors will proceed [4] through neutron-induced fission of lithium isotopes, primarily 6Li (n+6Li → T
+ 4He) and to a lesser extent 7Li (n+7Li → T + 4He + n′) to ensure tritium self-sufficiency. The Li-
containing material (blanket) surrounds the plasma chamber and serves also [5] to shield the fusion-
generated neutrons and to extract their energy, which is ultimately intended to be converted into elec-
trical power in future reactor designs, such as the DEMO (demonstration power plant) concept [6]. One
of the most promising blanket materials currently under consideration is the lead-rich liquid lithium–
lead eutectic alloy (LLE), Li17Pb83 [7]. This material offers several advantages over alternative breeders,
including neutron multiplication capabilities associated with specific lead isotopes, ease of circulation
due to its liquid state, partial contribution to the cooling function owing to its high thermal conductiv-
ity, a moderately low melting point, reduced chemical reactivity as compared to pure lithium, and a low
solubility of tritium in the alloy, which facilitates its extraction.

The comprehensive analysis of tritium behaviour throughout the entire fuel cycle (storage, plasma
injection, breeding, transport, extraction) requires the knowledge of numerous state-dependent thermo-
physical properties of the liquid alloy and its interaction with both tritium and helium (see, for example,
[8]). Experimental observations [9] suggest that helium atoms may aggregate and form bubbles, which
can themselves act as trapping sites for tritium, alter the thermal transport properties of the blanket, or
modify the magnitude and character of magnetohydrodynamic effects. While some thermophysical prop-
erties, such as the density or the surface tension, are readily available [10, 11], others present substantial
uncertainty due to the intrinsic challenges of experimental measurement, which lead to significant dis-
crepancies among reported values. Notable examples include the state-dependent solubility of tritium
(see [12] and references therein), its diffusivity [13–16], and the same magnitudes for helium. In the lat-
ter case, there is no experimental information about the solubility (other that it is very small but not
zero) and only some empirical estimations [17] exist. The diffusivity of atomic He, and basic charac-
teristics of the potential He bubbles, such as their density, internal pressure, or mobility, are essentially
unknown from an experimental standpoint.

Molecular dynamics (MD) simulations provide an effective means of determining these properties,
as they circumvent the experimental limitations. In the case of tritium dissolved in the LLE alloy we are
only aware of one MD study [18], that was carried out through ab initio techniques at 900K, using 6 Li
atoms, 30 Pb atoms and 1 hydrogen atom (instead of tritium). The total simulation time was 1 ps, and
the authors focused on the analysis of the charge associated to the H atom (using the Mulliken popu-
lation approach) depending on its distance to a Li atom. They also considered how the H atom moved
attaching to and detaching from Li atoms. However, due to the limited number of atoms and the short
simulation time, important magnitudes such as the diffusion coefficient could not be computed. He dis-
solved in the LLE through MD techniques has received some more attention in the literature, but in this
case all of the studies have modelled the interactions through effective interatomic potentials and no
first principles simulations have been conducted to date. Fraile and Polcar [19] studied systems made
up of up to 1.15million particles, where Li–Li, Li–Pb and Pb–Pb interactions were modelled through an
embedded atom many-body potential, whereas He–He, He–Li and He–Pb interactions were modelled
through Lennard-Jones potentials. They obtained a number of properties of He bubbles of several sizes,
but they also discussed that those properties can change upon variation of the parameters used in the
model potential. Alvarez-Galera et al [20] applied perturbative techniques to compute the free energy of
insertion of one He atom in the liquid LLE using MD simulations at constant pressure and temperature,
and obtained a value of the Henry’s constant that characterizes the He solubility. The number of atoms
of the liquid metal was 1024 and a total time of 35 ns was simulated. The interactions among liquid
metal atoms were modelled again through an embedded atom model (although not the same one as that
of Fraile and Polcar) while the interactions of He with other atoms were taken from in-vacuum calcu-
lations of the potential energy as a function of separation between the atoms. Al-Awad et al [21] per-
formed stochastic computer experiments to study the thermodynamic irreversibility of He nanobubbles
in the liquid LLE, employing the same potentials as Alvarez-Galera et al.

Effective interatomic potentials, whether pairwise or many-body in nature, are invariably subject
to questions regarding their transferability from the conditions under which they were constructed to
the distinct environments where they are subsequently applied. For example, one may ask whether the
interaction between two helium atoms determined in vacuum, remains unchanged in the presence of
a nearby lithium atom, or whether the interaction between two lithium atoms in the alloy is altered
when tritium is present in the local configuration. A prominent contemporary strategy for describing
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interatomic interactions relies on machine-learning techniques, such as neural-network potentials (see,
for instance, [22]). These approaches can achieve a level of accuracy comparable to first-principles cal-
culations while requiring only a fraction of their computational cost. As a result, they enable the simu-
lation of complex systems using large samples and long trajectories that would be impractical with fully
first-principles methods. Nevertheless, first-principles simulations remain essential to generate the train-
ing datasets, particularly atomic forces, required for constructing reliable machine-learned potentials.
This is precisely what we provide in the present work. We have performed ab initio simulations for two
classes of three-component systems: liquid LLE alloys with dissolved tritium, and liquid LLE alloys with
dissolved helium. Beyond supplying the necessary datasets for future development of machine-learning
potentials, these simulations allow an accurate characterization of the structural properties of the sys-
tems, as captured by their pair distribution functions and/or density profiles, as well as the determina-
tion of some dynamic properties such as diffusivities or vibrational spectra of the species examined in
each case. In the case of tritium dissolved in the liquid LLE alloy we have increased substantially the
size of the simulated sample and the total simulation time as compared to those of Masuyama et al [18],
and have discussed the dependence of the obtained properties on tritium concentration within the lim-
its imposed by the cost of first principles simulations. In the case of He dissolved in the liquid LLE alloy
the present study is the first one carried out ab initio as far as we are aware.

Section 2 describes the computational methodology employed, together with the details of the sim-
ulated samples and the thermodynamic states considered. The results for the structural and dynamical
properties of the systems containing tritium are presented in section 3 and those of the helium con-
taining system in section 4. Finally, section 5 provides a summary of the work and outlines the main
conclusions.

2. Computational details

We have carried out ab initio MD (AIMD) simulations of LLEs containing either dissolved tritium
(LLE+T) or helium (LLE+He), specifically systems of the form Tx(Li17Pb83)1−x and Hex(Li17Pb83)1−x.
For tritium, molar concentrations x ranging from 0.20 to 0.03 were considered, while for helium a con-
centration of x= 0.111 was examined. These concentrations are significantly higher than those expected
in an operational blanket (in the range of less than 1 appm, i.e. 10−6 [23]), but are required to achieve
sufficient statistical accuracy given the small number of solvent atoms in AIMD simulations. More dilute
systems would demand prohibitively large samples due to the computational cost of ab initio methods
and their study must be postponed until appropriate machine-learned potentials have been constructed.

Table 1 summarizes the characteristics of the simulated systems and the thermodynamic states
explored. Each sample contains NLi = 43 lithium atoms, NPb = 213 lead atoms, and a number of dis-
solved tritium or helium atoms, NT and NHe, respectively.

The simulations were performed within the framework of density functional theory [24, 25], using
the VASP package [26]. The PBE exchange–correlation functional [27] and PAW potentials [28] were
employed, with one valence electron for T and Li, two for He, and four for Pb. A plane-wave energy
cutoff of 400 eV was used. The integration timestep was set to 1 fs for the tritium-containing systems
and 2.5 fs for the helium-containing system. The number of equilibrium configurations generated after
appropriate thermalization ranged from 15 000 to 30 000 for the LLE+T systems and was 10 000 for the
LLE+He system, spanning total simulation times between 15 and 30 ps. The temperature was set in all
cases to 775K, as in previous studies of the pure LLE alloy [29, 30]. The number densities of all of the
systems were adjusted to obtain a pressure of few kbars, but for the system richest in tritium we have
additionally considered a higher density (and consequently a higher pressure, around 150 kbar) in order
to analyse the density (or pressure) dependence of the magnitudes studied.

3. Results: tritium dissolved in the liquid LLE.

The structure of the LLE+T systems, composed of Ni particles of species i and a total number of
particles N=

∑
i Ni, is reported in subsection 3.1 and has been characterized in terms of the pair cor-

relation functions, gij(r), and the corresponding pair distribution functions, defined as

Gij (r) = 4π r2ρ cj gij (r) , (1)
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Table 1. Sample details and thermodynamic states studied in this work. NLi and NPb are the number of Li and Pb atoms in the samples,
NT and NHe are the number of tritium and helium atoms respectively, x is the molar concentration of the dissolved species. The
temperature T is given in K, the number density, ρ, in atoms per Å3 and the pressure, P, in kbar.

NLi NPb NT NHe x T ρ P

43 213 64 0 0.200 775 0.050 37 150

43 213 64 0 0.200 775 0.038 78 18

43 213 32 0 0.111 775 0.035 74 13

43 213 16 0 0.059 775 0.033 46 7

43 213 8 0 0.030 775 0.032 48 6

43 213 0 32 0.111 775 0.031 07 ≈ 0

where cj = Nj/N denotes the concentration of species j. The function Gij(r) represents the radial distri-
bution of particles of type j around a reference particle of type i. Its integral,

Nij (R) =

ˆ R

0
drGij (r) , (2)

gives the number of neighbours of species j within a distance R from a particle of species i.
Although gij(r) and Gij(r) encode the same structural information, they exhibit distinct properties

that may render one or the other more convenient depending on the context. Note that the pair cor-
relation functions are symmetric under the interchange of indices i and j, whereas the pair distribution
functions are not, due to the explicit dependence on the concentration factor cj.

We also introduce the total distribution function around a particle of species i, defined as

Gi (r) =
∑
j

Gij (r) , (3)

which describes the radial distribution of particles, irrespective of species, around an i-type particle.
The corresponding integrated quantity, Ni(R), yields the total number of neighbours within a distance
R from the reference particle. These total distribution functions are particularly suitable for analysing
the coordination structure around a particle of species i. The position of the first minimum of Gi(r),
denoted Rmin

i , defines the spatial extent of the first coordination shell. The value ni = Ni(Rmin
i ) gives the

total number of first neighbours (total coordination number), while nij = Nij(Rmin
i ) provides the partial

coordination number associated with the first neighbours of species j around the i-type particle.
Note that for an n-component system there are n different total distribution functions, n2 different

pair distribution functions, and n(n+ 1)/2 different pair correlation functions.
The single-particle dynamics are usually characterized by the mean squared displacements, δr2i (t), the

velocity autocorrelation functions, Zi(t), and the corresponding power spectra, Ẑi(ω), defined as

δr2i (t) =
⟨
|⃗ri (t+ t0)− r⃗i (t0)|2

⟩
, (4)

Zi (t) =
⟨⃗vi (t+ t0) · v⃗i (t0)⟩

⟨⃗vi · v⃗i ⟩
, (5)

where r⃗i and v⃗i denote the position and velocity of a particle of species i, respectively. The angular
brackets indicate averages over particles of the same species and over different time origins t0. The
power spectrum is given by

Ẑi (ω) =

ˆ ∞

0
dtZi (t) exp(−iωt) . (6)

At short times, the mean squared displacement exhibits a ballistic regime and increases quadratically
with time, δr2i (t)∼ ⟨⃗vi · v⃗i ⟩t2 = (kBT/mi) t2, where kB is the Boltzmann constant and mi is the mass of
particles of species i. At long times, after many collisions have occurred, the system reaches a diffusive
regime in which the mean squared displacement grows linearly with time. The self-diffusion coefficient
is then obtained from the long-time slope as Di = limt→∞

1
6 d[δr

2
i (t)]/dt.

The velocity autocorrelation function quantifies the decay of memory of the initial particle velocity
due to interactions with surrounding particles. Its Fourier transform, the power spectrum, highlights
the characteristic vibrational frequencies of the atomic motion as distinct peaks. In addition, the self-
diffusion coefficient can be determined from the zero-frequency limit of the power spectrum according
to Di = (kBT/mi) Ẑi(ω = 0).
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Figure 1. Li–Li, Li–Pb and Pb–Pb pair correlation functions for different tritium concentrations. The insets show the results for
x= 0.20 at high and low pressures. The data for the pure LLE alloy are from [29].

3.1. Structure
The pair correlation functions involving only Li and Pb atoms are shown in figure 1, and are compared
with the corresponding gij(r) of the tritium-free alloy (x= 0) [29]. The Pb–Pb pair correlation functions
are found to be only weakly affected by the presence of T atoms. In contrast, those correlations involving
Li atoms exhibit pronounced modifications upon tritium incorporation. In particular, the Li–Pb cor-
relations show a partial depletion in the region of the first peak, while the Li–Li correlations increase
markedly when tritium is added. This behaviour indicates that Li atoms are displaced from the vicin-
ity of Pb atoms and preferentially cluster together, with T atoms effectively acting as a binding agent
between them. The main effect of pressurization is a displacement of the typical distances towards smal-
ler values.

We next consider the structural functions where tritium atoms are involved. In the case of T–T and
T–Li functions we show in figure 2 the pair distribution functions, GT,T(r) and GT,Li(r), because of the
very high amplitude of the first peak of the corresponding gi,j(r). The r2 factor in the pair distribution
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Figure 2. Pair distribution functions GT,T(r) and GT,Li(r), together with the pair correlation function gT,Pb(r) for different tri-
tium concentrations. The insets show the results for x= 0.20 at high and low pressures.

functions render this first peak low enough to fit in the scale of the graphs. The results for gT,Pb(r) are
also reported in figure 2. The presence of a sharp and intense peak in the T–T correlations at a distance
of approximately 0.75 Å indicates the formation of T2 molecules in systems with sufficiently high tritium
molar concentration. These molecules account for roughly two thirds of the total number of T atoms
and coexist with the remaining fraction of tritium in atomic form. Furthermore, they are stable over
time scales long enough to leave an unambiguous signature in the structural correlation functions. For
concentrations x⩽ 0.03, no molecular species are observed during the simulation runs. The resulting
interpretation is that molecular formation occurs whenever the tritium concentration is high enough to
provide a non-negligible probability for two T atoms to encounter each other and bind. This finding is
particularly noteworthy, as it is commonly assumed that hydrogen dissolved in metals exists exclusively
in atomic form. Molecular dissociation is generally attributed to the interaction of hydrogen molecules
with the metallic surface, followed by diffusion of the resulting hydrogen atoms into the bulk, which
prevents recombination. In contrast, the present results demonstrate that T2 molecules formed inside
the bulk can indeed persist in the metallic environment, with lifetimes of at least several picoseconds,
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i.e. within the time window explored by our simulations. As will be shown below, the existence of these
molecules leaves a clear imprint not only on the structural properties but also on the dynamical beha-
viour of the system, manifesting itself as a characteristic vibrational frequency in the motion of T atoms.
The observation of molecular hydrogen coexisting with its atomic form within a liquid metal during a
simulation run is in fact not new. It has been detected previously in several systems, such as Pb–Bi alloys
[31], pure Li [32], or Li–Sn alloys [33], when the total amount of hydrogen is high enough. In order
not to disrupt the presentation of the main results, we defer to the appendix a brief discussion about
the physical mechanisms that could be behind the lack of dissociation of these molecular units in the
particular case of the Li–Pb alloy considered here. The main idea is that once the molecule is formed
inside the bulk liquid, Pb does not favour dissociation, while a single Li atom cannot break the molecu-
lar strong covalent bond without the cooperation of other Li atoms.

The first peak observed in the T–Li structural correlation function is also very intense, but signific-
antly broader. This feature rules out the formation of stable LiT molecular species, while nevertheless
indicating a strong attractive interaction between Li and T atoms. In contrast, the interaction between T
and Pb atoms appears to be very weak. Indeed, the gT,Pb(r) function closely resembles a uniform distri-
bution of Pb atoms beyond the excluded-volume region imposed by the atomic sizes. The effect of pres-
sure on these structural functions amounts again mainly to a reduction of the characteristic distances,
except of course the interatomic distance in T2 molecules.

The existence of long-lived tritium molecules makes more convenient to treat the system as a four-
component system, with Li, Pb, T in atomic form (we will denote it as Tatom) and T2 molecules. Within
this interpretation, we plot in figure 3 the gi,j(r) functions for i = Tatom,T2. The results show that Li, tri-
tium atoms and tritium molecules are strongly correlated among themselves, while the tritium-Pb inter-
action is again very weak, irrespective of considering tritium in atomic or in molecular form.

We end up the discussion about structure by analysing the coordination structure of the different
atoms and molecules present in the liquid. To this end we compute the total distribution functions,
Gi(r), presented in figure 4, identify the Rmin

i , and perform the corresponding integrals, as explained
above, to obtain the ni and nij coordination numbers. These are reported in table 2.

The first coordination shell of Li is found to be formed almost exclusively by atomic tritium, whereas
the second coordination shell is basically the one that corresponded to the pure alloy without tritium
dissolved, meaning it is formed by Li and Pb atoms. In the case of Pb the first coordination shell is
that of the underlying alloy, irrespective of tritium concentration. Around a tritium in atomic form
we observe a first shell made up mostly of Li atoms, with a small contribution from Pb atoms too. A
second coordination shell, mostly formed by other tritium atoms, can hardly be distinguished for high
tritium concentration. Finally the total distribution function around a tritium molecule at low pres-
sures, when these molecules exist, is very diffuse and it is not possible to discern any shell structure.
Only upon pressure increase a first coordination shell can be observed, with a maximum around 1.98 Å
and a very shallow minimum around 2.20 Å that enables the computation of T2 coordination numbers,
although with a relatively high uncertainty. In any case, the position of the first peak of the pair cor-
relation function gT2,Li(r) indicates, for each tritium concentration (and pressure), the most probable
distance between tritium molecules and Li atoms, rmax

T2−Li. These distances are reported also in table 2.
The main features reported in table 2 for Li, Pb and Tatom are also illustrated in figure 5. In this

figure, we additionally indicate the position of the first maximum of the total pair distribution functions
Gi(r), which serves as a representative measure of the location of the first coordination shell. The posi-
tions of this first maximum coincide for lithium and tritium atoms, and are basically independent of T
content, whereas the corresponding maximum for lead atoms is located at a significantly larger distance.

It should be noted that the average number of tritium atoms coordinated to a lithium atom,
nLi−Tatom , is strongly influenced by the total tritium content of the simulation cell, which becomes sig-
nificantly smaller than the number of lithium atoms as the concentration x decreases (see table 1).
Consequently, at low values of x, the most probable value of nLi−Tatom is zero, and Li atoms that are not
coordinated with T are instead coordinated with Pb and other Li atoms. This observation indicates that
two distinct populations of lithium atoms coexist in the liquid: those coordinated with tritium and those
that are not, whose local environments and properties may therefore differ. Figure 6 presents the Li–Li
pair correlation functions for the system with x= 0.03, distinguishing between lithium atoms coordin-
ated with tritium (denoted as Lia) and those not coordinated with tritium (denoted as Lib). The results
clearly reveal markedly different behaviours for the two populations. In particular, the gLia,Lia(r) function
exhibits a pronounced first peak of very high amplitude, whereas those correlation functions that involve
Lib atoms resemble more closely the Li–Li pair correlation function of the underlying pure LLE alloy,
shown in figure 1, with a first maximum of amplitude close to unity. Furthermore, the average number
of T neighbours associated to a tritium-coordinated Li atom is calculated to be nLia−T = 1.16.

7
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Figure 3. Pair correlation functions gi,j(r) within the four-component treatment, that involve tritium in atomic or molecular
form. Some of the functions have been shifted upwards for better visualization.

In summary, our main conclusions regarding the first coordination shells are that tritium atoms are
coordinated with roughly three Li atoms for all of the tritium concentrations investigated at low pres-
sure, with this coordination number reducing to roughly two Li atoms at high pressure, while Li atoms
coordinated with T exhibit roughly one tritium neighbour across all LLE+T systems studied.

3.2. Single-particle dynamics
We have evaluated the velocity autocorrelation functions and the power spectra of the different species
for the LLE+T systems. As an example we illustrate in figure 7 the corresponding functions for Li, Pb
and T in the system with x= 0.11.

The overall behaviour of the Zi(t) follows the general trends of dense liquid systems, exhibiting
a backscattering minimum followed by damped oscillations that decay to zero, with the location of
the backscattering minima reflecting the masses of the particles. In the case of T an additional high-
frequency small-amplitude component is clearly visible in the velocity autocorrelation function, which
can be attributed to the oscillations of the interatomic separation during the evolution of T2 molecules.
Consistently, the power spectrum ẐT(ω) displays a distinct high-frequency peak, located at ≈ 407 ps−1,
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Figure 4. Total correlation functions for several tritium concentrations and its decomposition for x= 0.11. In the case of the
GT2 (r) we also include the results corresponding to x= 0.20 and high pressure.

which is absent in the power spectra of Li and Pb atoms. In order to verify the molecular origin of this
feature we have monitored the time-dependent distance between T atoms in the molecules present in the
system, and obtained its Fourier Transform. This analysis reveals a peak of frequency ≈ 415 ps−1, indic-
ated by a vertical arrow in 7, in close agreement with the high frequency maximum observed in ẐT(ω).
It should be noted that this frequency is somewhat smaller than the stretching frequency of the free T2

molecule (≈ 469 ps−1 [34]), due to the effect of its interaction with the liquid alloy where it is dissolved,
and in particular with the Li atoms coordinated with the molecule. We have indeed observed a direct
relationship between the stretching frequency and rmax

T2−Li, reported in table 2, with the frequency redu-
cing to ≈ 367 ps−1 for the high-pressure system.

By comparing the power spectra at different concentrations we can analyse if the amount of T and
the pressure have any influence on the characteristic frequencies of atomic motion, identified through
the peaks in the Ẑi(ω). Figure 8 shows such comparison for x= 0.03 and 0.11 at low pressure and for
the high-pressure x= 0.20 case, with the comparison restricted to frequencies lower than 200 ps−1. We
observe quite similar frequencies at both values of x and low pressure, although the corresponding amp-
litudes do differ, thus suggesting little dependence of these characteristic frequencies on the tritium
content. We also observe that tritium atoms show two distinct characteristic frequencies, a higher one,
expected due to the lower atomic mass of T atoms, and a lower one coincident with the typical fre-
quency of Li atoms. The existence of this similar frequency in the spectra of Li and T underlines once
more their mutual strong interaction. Pressurization of the system makes the characteristic frequencies
shift towards larger values (excepting the stretching T2 one, that becomes smaller as commented previ-
ously), but still maintaining the existence of a common component for Li and T.

We have not been able to evaluate reliably the diffusion coefficients of T in our systems. In the case
of the most diluted system, x= 0.03, there are only 8 tritium atoms, and the statistical uncertainties
in the evaluation of the mean square displacements are rather large. For instance, the results depend
strongly upon the selected time interval for the evaluation of the δr2(t), and a computation of this func-
tion particle by particle (instead of just their average) shows very large differences between each other.
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Table 2. Total and partial coordination numbers of the different species present in the LLE+T systems. The extent of the first
coordination shell, Rmin

i , and the most probable distance between tritium molecules and Li atoms, rmax
T2−Li, are given in Å. For x= 0.03

no T2 molecules exist. Dashes indicate that the magnitudes are not defined because there is no minimum in the total distribution
function.

x 0.03 0.06 0.11 0.20 0.20 high-P

Rmin
Li 2.28 2.28 2.30 2.26 2.17

nLiLi 0.01 0.02 0.02 0.02 0.03

nLiPb 0.00 0.00 0.00 0.00 0.00

nLiTatom 0.56 0.83 1.06 1.33 1.30

nLiT2 0.03 0.11 0.22 0.37

nLi 0.57 0.88 1.18 1.57 1.70

Rmin
Pb 4.38 4.33 4.38 4.43 4.09

nPbLi 1.74 1.54 1.61 1.47 1.71

nPbPb 9.66 9.66 9.81 9.99 10.56

nPbTatom
0.26 0.27 0.60 0.62 0.87

nPbT2
0.06 0.24 0.76 0.88

nPb 11.66 11.53 12.26 12.84 14.02

Rmin
Tatom

2.38 2.33 2.33 2.28 1.99

nTatomLi 3.18 3.06 2.52 2.62 2.11

nTatomPb 0.20 0.15 0.42 0.31 0.08

nTatomTatom 0.12 0.12 0.10 0.09 0.05

nTatomT2 0.03 0.06 0.10 0.06

nTatom 3.50 3.36 3.10 3.12 2.30

rmax
T2−Li 2.18 1.95 1.98 1.76

Rmin
T2

— — — 2.20

nT2Li — — — 0.80

nT2Pb — — — 0.00

nT2Tatom — — — 0.17

nT2T2 — — — 0.31

nT2 — — — 1.28

Figure 5.Main characteristics of the first coordination shells of Li, Pb and atomic T. The data plotted at x= 0.21 correspond to
the high pressure values of x= 0.20.

This means that much longer simulation times, not affordable within the AIMD scheme, would be
required for a reliable determination of this property. With increasing tritium content the problem now
lies in the coexistence of tritium in atomic and molecular form in the system. Molecules are expected to

10
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Figure 6. Li–Li pair correlation functions for the different types of Li atoms according to their coordination with tritium for the
LLE+T system with x= 0.03.

Figure 7. Velocity autocorrelation functions (main panel) and power spectra (inset) of Li, Pb and T for the LLE+T system with
x= 0.11. The arrow indicates the frequency of the oscillations in the interatomic distance of the T2 molecules.

diffuse more slowly than atoms and therefore a straight application of the definition of δr2(t) as an aver-
age over all of the tritium atoms would lead to results that are not truly representative of atomic tritium
diffusion.

Consequently, we were forced to defer the evaluation of this important dynamic property to a later
stage when machine learned interatomic potentials based on the present simulations are constructed, and
much longer simulation times become affordable.

4. Results: Helium dissolved in the liquid LLE.

The He atoms of the sample were initially placed at random positions within the simulation cell, and the
LLE+He sample was allowed to evolve at constant temperature. After the initial equilibration stage the
atomic positions and velocities were collected over 10 000 configurations, and subsequently employed to
investigate the structural and dynamic properties of the system. During the equilibrium run several dis-
tinct groups of helium atoms were observed to form. Two He atoms were considered to be connected
within a group if their relative distance was smaller that twice the He van der Waals radius, 1.40 Å. The
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Figure 8. Power spectra of Li (black), Pb (red) and T (blue) for the LLE+T systems with x= 0.11 (continuous lines) and 0.03
(dashed lines) and x= 0.20 at high pressure (circles).

Table 3. Stability of the groups with different number of He atoms during the 25 ps long simulation run.

Size of the group 1 2 3 4 5 · · · 21 · · · 26 · · ·
Time of stability (ps) 7 25 12.5 11.25 3.75 3.75 12.5

Figure 9. Radial density profile of the 26-atom He cluster. Black circles: simulation results, red line: fit to a tanh profile.

groups formed include isolated atoms (i.e. with no He neighbours), dimers, trimers, and larger aggreg-
ates up to a cluster containing 27 atoms. These groups remain stable for finite periods of time, as sum-
marized in table 3, after which they typically disappear by merging with another cluster. The 26-atom
cluster exhibits a rather long lifetime once formed, and has therefore been selected for detailed analysis.

4.1. Structure
Although the instantaneous shape of the 26-atom cluster is not perfectly spherical, its structural proper-
ties can still be characterized by performing angular averages relative to the instantaneous centre of mass
of the aggregate. The resulting mean radial density profile of the helium atoms is presented in figure 9.
The profile, ρ(r), has been obtained counting the number of atoms enclosed in spherical shells whose
widths have been selected to have a similar volume in order to alleviate statistical inaccuracies near the
centre of mass. The form observed is rather standard, decaying monotonically from the centre, through
the interfacial region, and into the liquid alloy. The shape has been fitted to a tanh profile,

ρ(r) =
ρ0
2

[
1+ tanh

(
R− r

w

)]
, (7)

from which we obtain an internal density ρ0 = 0.0578Å−3, a cluster radius R= 4.52 Å, and a surface
width w= 1.19 Å .
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Figure 10. Pair correlation functions, g
(n)
He,j(r), corresponding to He atoms belonging to n-atom clusters. The simulation res-

ults have been smoothed through short running averages and have been displaced upwards to improve visibility. The Li–Li (left
panel) and Pb–Pb (central panel) pair correlation functions are also shown with dashed lines for reference. Circles represent the
results obtained by Alvarez-Galera et al [20] using effective interatomic potentials.

Within VASP it is not possible to compute a local pressure so as to obtain a pressure profile inside
the cluster (or outside, in the liquid LLE region). However we can resort to some parametrized equation
of state (EOS) for He. As far as we know none of the EOS available in the literature covers the range of
density and temperature observed within the cluster. In any case, taking the density of the cluster at its
centre and extrapolating the validity of the EOS of Mills et al [35], which was designed to be applic-
able up to 300K, to the actual temperature of our system (775K), this leads to an internal pressure
of 18 kbar. Assuming that far from the He cluster the pressure of the LLE is equal to the system pres-
sure, which is close to zero (see table 1), and a radius as obtained from the tanh fit, the Young–Laplace
equation, PHe − PLLE = 2γLLE−He/R, would lead to an interfacial tension, γLLE−He = 408× 10−3Nm−1. If
we use instead the radius associated to the equimolar surface, obtained from the relation [36]

R3
e =

´
drr3ρ ′ (r)´
drρ ′ (r)

, (8)

where the prime denotes the derivative, which gives Re = 4.76Å, then the value of the interfacial ten-
sion would be γLLE−He = 430× 10−3Nm−1. In view of all the approximations involved, taking into
account that the interface of the liquid LLE alloy occurs with He and not with its own vapour, and that
the interface is spherical instead of planar, the values obtained for γLLE−He are in reasonable agreement
with the experimental planar surface tension of the LLE alloy at 775K [11], σLLE = 449× 10−3Nm−1.

We have also computed the pair correlation functions around a He atom, when this atom is part of

an n-atom He cluster, g(n)He,j(r), using the MD configurations during which any such n-cluster is stable.

Figure 10 displays these g(n)He,j(r) for n= 1, · · · ,5 and j being Li, Pb or He. Note that some of these func-
tions are rather noisy due to the very small number of He atoms involved and to the limited stability
time of the clusters. Nevertheless, some features can still be discerned concerning the preferred He-j dis-
tances and their evolution as the cluster grows. We observe that the typical distance from the He atoms
to Li or Pb atoms, as characterized by the positions of the maxima of the corresponding pair correlation
functions, do not change with cluster size, while the amplitudes tend to diminish as a consequence of
the incorporation of He neighbours that displace Li or Pb. Interestingly the shortest typical distance is
that of He–Li pairs, followed closely by He–He pairs, and then, for quite longer distance, He–Pb, whose
typical distance is in fact close to that of Pb–Pb pairs.

Comparison of the pair correlation function between isolated He atoms and Li or Pb obtained in this
study with those obtained by Alvarez-Galera et al in their study of solubility of He in the LLE alloy [20]
reveals important discrepancies in the case of the He–Li correlation function, while the He–Pb func-

tions are quite similar. Our AIMD computed g(1)He,Li(r) shows a first peak just below 2Å, with a shoulder
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Figure 11. Atomic mean squared displacements in the LLE+He system. The orange line corresponds to isolated He atoms. The
blue and magenta lines have slopes 2 and 1, to be used as references for ballistic and diffusive regimes respectively.

of relatively high intensity just above 3 Å, and a second peak around 6Å. The corresponding function
obtained with effective pair potentials, displayed only a small peak of height smaller than unity in the
region of our main peak, whereas the second peak is similar to the AIMD one [20]. These differences
must be attributed to the He–Li interaction model used in the simulations of Alvarez-Galera et al, and
highlight the potential transferibility problems that can be faced by effective potentials.

4.2. Single-particle dynamics
We have computed the mean squared displacements of Li, Pb and He atoms from the configurations
generated in the AIMD run. The results are plotted in a log–log scale in figure 11. In this type of graph
it is easy to recognize the ballistic behaviour at short times, where δr2(t) varies quadratically with time,
leading to a straight line with slope 2, and the diffusive regime at long times, where the mean square
displacement is linear in time, which leads in the log–log plot to a straight line with slope 1.

We observe that, contrary to Li and Pb, He atoms do not reach a diffusive behaviour even for
quite long times, as the slope of the curve in figure 11 is clearly smaller than 1. This is therefore a sub-
diffusive regime, that we ascribe to the limited space available for He atomic motion when the atoms are
confined inside the aggregate. If we select for the calculation of δr2(r) only atoms that do not belong to
any He cluster, i.e. isolated He atoms, then the corresponding mean squared displacement does become
diffusive at long times, although it has much poorer statistics than the Li and Pb counterparts, leading
to larger uncertainty in the estimated diffusivity. The diffusion coefficients for Li, Pb and isolated He
atoms, as obtained from the slopes of the corresponding δr2(r), are DLi = 0.55± 0.05, DPb = 0.32± 0.03
and DHe = 0.90± 0.30 Å2 ps−1, respectively. The two former are in good agreement with the values for
the pure LLE alloy [29], namely, 0.52 and 0.33 Å2 ps−1 respectively.

5. Conclusions

Concerning LLE+T systems, we highlight that the strong interaction of tritium with Li induces some
Li atoms to leave the neighbourhood of Pb atoms and join T (and T2 molecules when they exist). This
has important effects on the structural and vibrational properties of these species. On the contrary, the
structural arrangement of Pb atoms is hardly affected by the presence of tritium in the system.

We find that tritium molecules, T2, can exist dissolved in the bulk LLE alloy for times long enough
to be considered as a fourth component of the mixture. Obviously this can only happen if the tritium
concentration is large enough so that the probability of finding two tritium atoms close together is
not negligible. The fact that Pb is not a metal especially active for hydrogen dissociation and that T2

molecules on average are connected to only one Li atom may explain the unexpected survival of these
molecules within the liquid. Note that the existence of T2 molecules within the liquid LLE alloy, despite

14



J. Phys.: Condens. Matter 38 (2026) 135401 B G del Rio et al

being scientifically interesting, is very unlikely to have a technological impact in the real operating con-
ditions of the breeding blanket in fusion reactors, since the expected tritium concentration, around one
appm, is much lower than those studied in this work, and this reduces drastically the probability that
two T atoms encounter each other and bind together. Nevertheless, in the extremely unlikely case that
the molecule formed, its lifetime would be expected to be similar to those observed in this study, since
its dissociation mechanisms would be equally unfavourable.

Those Li atoms bound to T display a coordination number around 1, while T atoms are coordinated
on average with 3 Li atoms. At high pressure and tritium concentration tritium molecules also bind with
roughly one Li atom. However, at lower pressures, when they exist, T2 molecules show a very diffuse
coordination structure and it is difficult to define a first coordination shell to analyse the number and
type of neighbours of the molecules.

The vibrational spectra of the different species show peaks at different frequencies as expected due
to their different masses, but additionally tritium shows another peak at the typical frequency of Li, due
to their strong interaction. Moreover, when T2 molecules are present their stretching mode shows up as
another high frequency peak in the power spectrum. This stretching frequency decreases upon compres-
sion, reflecting the stronger interaction of the molecules with Li atoms as a result of the decrease in their
relative distance.

Observing the variation of the properties studied upon lowering T concentration we would expect
the following behaviour in the extremely diluted case of the operating blanket. (i) Most of the Li atoms
would not be coordinated to T, and therefore, globally the Li–Li pair correlation function would not
show the large increase in amplitude observed in this study, nor the Li–Pb correlation function show the
related decrease in its height. (ii) The first coordination shell of T atoms would have an extent similar
to that obtained in the present study, which was independent of T content, and it would likely contain
three Li atoms. And (iii) the characteristic vibration frequencies of Pb, Li and T atoms would keep sim-
ilar values as obtained here, including the Li–T coupling observed in this study. These expectations can
only be confirmed by performing simulations at much higher dilution, which indeed will be performed
subsequently using machine learned potentials trained with the present AIMD simulations.

Concerning the LLE+He system, the main conclusion is that He atoms aggregate in clusters (lim-
ited due to the number of He atoms simulated) that are dynamically stable for at least some tens of
ps. We can provide interesting properties of the 26-atom He aggregate formed in the system, such as its
radius or its internal density. Another interesting observation is that, for this He concentration, the He–
Li distance is a little shorter than the He–He one, while the He–Pb distance is rather longer. This is an
important characteristic property that should be taken into account if model interatomic potentials are
to be developed. The properties, both structural and dynamic, of the underlying LLE alloy hardly change
upon addition of He. Finally, we observe that He atoms in general show a subdiffusive behaviour, while
isolated He atoms display a high diffusivity.

Upon dilution towards the appm level expected in the operating blanket, isolated He atoms are
expected to show a longer lifetime, although eventually they would cluster together and possibly form
thermodynamically stable bubbles. A simulation at lower He concentration, again using machine learned
potentials, will allow a more precise characterization of the diffusivity of atomic He still keeping the high
accuracy of first principles calculations, which cannot be guaranteed for effective potentials.
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Appendix. Dissociation of molecular tritium in the liquid LLE alloy.

The H2 molecule is characterized by a doubly occupied bonding σg molecular orbital and an empty
antibondig σ∗

u orbital. Its binding energy is relatively high, around 4.5 eV, reflecting its substantial sta-
bility. For dissociation to occur through interaction with an external system, several conditions should
be satisfied: (i) significant orbital overlap between the molecular orbitals of H2 and the electronic states
of the interacting system, (ii) electronic charge transfer into the antibonding σ∗

u orbital, and (iii) form-
ation of sufficiently strong bonds between the interacting system and the resulting hydrogen atoms to
compensate energetically for the cost of breaking the H-H bond.

The most common scenario for H2 dissociation arises when the molecule approaches the surface
of a metal. However, not all metals exhibit dissociative activity. Transition metals with partially filled d
bands, such as Pd or Pt, are particularly effective in dissociative chemisorption of hydrogen. In contrast,
noble metals, with fully occupied d bands display significantly lower activity. Unoccupied d states play
a crucial role in reducing the activation barrier for dissociation [37] and in enabling hybridization that
enhances orbital overlap and facilitates occupation of the antibonding σ∗

u orbital, thereby weakening the
H–H bond [38].

In the LLE alloy d bands are either absent (Li) or inert (Pb). Consequently, any dissociation process
must proceed through alternative mechanisms. In the case of Li, the main route involves charge trans-
fer. Owing to its strong electropositive character, Li readily donates electrons to H2, which then popu-
late the antibonding σ∗

u orbital. The associated energetic cost is compensated by the formation of rel-
atively strong, predominantly ionic Li–H bonds, with a binding energy of approximately 2.5 eV. Note,
however, that at least two Li atoms must participate in the process, since a single Li atom can donate
at most one electron, which is insufficient to effectively destabilize the H–H bond. Explicit calculations
showed that a Li4 cluster readily dissociates H2 [39], but for a system formed by one Li atom and two H
atoms the ground state of Li+H2 is more stable than that of LiH+H [40]. Indeed, decoration of carbon-
based sheets with spatially separated Li atoms bound to the substrate has been proposed as a promising
strategy for efficient hydrogen storage via physisorption of H2 molecules, i.e. without molecular dissoci-
ation (see, for instance, [41]).

The situation for Pb differs substantially from that of Li. Pb is significantly less electropositive, the
Pb–H binding energy is lower (approximately 1.8 eV), and the orbital overlap between Pb p states and
the molecular orbitals of H2 is limited. As a consequence, Pb surfaces are expected to exhibit low effi-
ciency for H2 dissociation. This expectation has been confirmed in studies of the Pb(111) surface [42],
where adsorbed H2 molecules were found to be more stable than two separately adsorbed hydrogen
atoms.

We consider now a T2 molecule formed inside the liquid LLE alloy. Its interaction with Pb is intrins-
ically weak, as commented above, which is also attested by the form of the T2–Pb pair correlation func-
tions (see figure 3). Furthermore, the average number of Li atoms coordinated to a T2 molecule is
approximately one (see table 2). These two factors may account for the relatively long lifetime of T2

molecules in the liquid phase. Dissociation is expected to occur only when atomic motion within the
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liquid brings at least two Li atoms into close proximity to the molecule, enabling sufficient charge trans-
fer to break the bond.
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