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With this study we would like to confirm previously predicted computation-
nal results regarding the formation of molecular hydrogen during ion-metal
interactions. The formation of defects in iron and titanium and their
binding to hydrogen were analyzed using the positron lifetime method
using calculations made with the MIKA software package. The observed
decrease in the positron lifetime indicates a structural saturation with
hydrogen, probably in its molecular form, and suggests the formation of
T(H)2 complexes in the induced cavities. These accumulations and addition-
nal hydride bonds act as barriers for hydrogen diffusion to the surface. For a
perfect lattice in titanium in its hexagonal structure, a lifetime of 143 ps
was calculated. For a vacancy with a few implanted atoms, we calculated a
lifetime of 142 ps. For a perfect lattice for alpha iron, we obtained a value for
the positron lifetime of 100 ps. An iron’s vacancy with six implanted
hydrogen atoms reports a lifetime of 101 ps.
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1. INTRODUCTION

The challenges associated with the discovery and application of new energy sources remain one
of the main driving forces in the development of human civilization [1]. The efficient utilization,
storage, and transformation of energy resources have consistently formed the foundation of
scientific and technological progress [2]. Advances in energy technologies have historically
determined the pace of industrial growth, transportation development, and large-scale
engineering achievements [3]. In this context, research focused on innovative energy conversion
mechanisms is not only scientifically significant but also strategically essential for the future of
humanity. In recent decades, the expansion of space exploration has led to new challenges
related to energy extraction and the utilization of energy sources [4]. Renewed global interest in
long-term space missions and potential colonization of planets near Earth has intensified the
search for sustainable and efficient energy solutions. The possibility of long-term space travel
critically depends on reliable propulsion systems and the continuous availability of fuel.
Hydrogen, as a carrier for space propulsion, is a necessary product that provides a multitude of
ancillary activities in space science [5]. To date, chemical combustion of hydrogen has been the
main mechanism for propelling spacecraft. However, transporting sufficient quantities of
hydrogen fuel for long-distance missions presents substantial logistical and technical challenges.
This limitation naturally leads to a fundamental question: could hydrogen be generated directly
in space using naturally available radiation environments, particularly the flux of high-energy
protons emitted by the Sun? The concept of radiation-assisted hydrogen production and
migration in metallic systems has been explored in previous studies. For example, Primakov et
al. [6] investigated the acceleration of hydrogen diffusion in metals under gamma irradiation,
particularly within environments simulating thermonuclear reactor conditions. In such systems,
high-energy protons penetrate metallic structures, lose their kinetic energy within the bulk
material, and subsequently participate in diffusion processes. The additional energy supplied by
gamma radiation may enhance defect formation and atomic mobility, thereby facilitating
hydrogen transport and potentially promoting recombination processes leading to molecular
hydrogen formation. These observations indicate that ionizing radiation can play a dual role:
first, by generating hydrogen in metal carriers by proton implantation, and second, by
stimulating its migration and recombination from the formed metal hydride inside the lattice.
Such a mechanism opens up the possibility of radiation-induced hydrogen accumulation in
metallic structures exposed to cosmic rays. For a complete and practical cycle, however, attention
must also be paid to the subsequent hydrogen management steps, including capture,
stabilization, and controlled extraction (adsorption/desorption) of the formed molecular
hydrogen. Understanding how hydrogen interacts with metal elements — its diffusion pathways,
defect-assisted capture mechanisms, recombination behavior, and eventual release — is essential
for assessing the feasibility of building a next-generation technology. Thus, the task that we set
ourselves in this work is to propose a mechanism for selecting a suitable material in which after
proton irradiation we can expect a product Hz. According to the work of Popov et al. [7] where
iron and tungsten were used as host materials, the parameters that take into account the
contribution of positron annihilation with valence and core electrons undergo an extremum and
change their course. It is evident that at a certain point hydrogen forms bonds either with itself or
in hydride form with the host metal. In the works of Pushilina et al. [8], Stepanova et al. [9],
Laptev et al. [10], Bordulev et al. [11], Mikhailov et al. [12], Stepanova et al. [13], Mishin et al. [14]
and Lider et al. [15] the phase transformation of titanium hydride and Zr-Nb base is considered,
under different initial conditions. It is logical that when the valence electrons in the host material
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are slightly inside the defects there will be less participation of ionized hydrogen in hydride form
with the metal. It is for this reason that in the present work we compare the materials iron and
titanium (which has a significantly lower valence than iron), in order to have a basis with which
to continue our further work in this direction.

2. METHODS

MIKA: A software package [16] based on the TCDFT was used. The parameterized model in a
localized electron gas is used to introduce the positron wave function. An improvement of
Boronski and Nieminen [17] is introduced to approximate the volume correlation for electrons:

Exe[n()] = [ n()exc[n(m)]dr. 1)
&xc[n(r)] is the single-particle exchange-correlation energy functional. The effective potential of
Kohn and Sham is included in the work of Hohenberg, Kohn and Sham, where the DFT
formalism accounting for the electron-positron interaction is considered. [18]. The momentum
density is calculated separately for each electron state described by ¢j according to the equation:

LDA

pi(p) = nrgcu(0) and u = léPM' 2

where IPM is Independent Particle Model [19]. The positron lifetime (t) is the reciprocal of the
annihilation rate (A):

A=mrécf drm, (Mn_ )y = nricy; [ dr. (3)

rois the classical electron radius, c is the speed of light, v is enhancement factor.

3. RESULTS AND DISCUSSION

Hydrogen implantation calculations in titanium and iron were performed by modeling a single
vacancy cluster with an increasing number of hydrogen atoms (from one to six). The process
simulates the formation of a hexagonal hydrogen structure (Fig. 1. a), b)), stabilized by internal
pressure in the crystal lattice of both materials. The models used include a hexagonal lattice of
108 titanium atoms (space group P6s/mmc) and a body-centered cubic (BCC) lattice of 250 iron
atoms.

Figure 1. Mono-vacancy and a hydrogen structure: (a) for titanium lattice with 6 implanted H atoms in defect;
(b) for iron lattice with 4 implanted H atoms in defect.
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In the following figure (Fig. 2 a), b)) we present the dependence of the positron lifetime (t), on
the increasing number of hydrogen atoms, in a single-vacancy vacancy cluster — Fig. 2. A) — for
the titanium crystal lattice, Fig. 2. B) — for the iron structure.
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Figure 2. T as a function of the increasing number of hydrogen atoms in the vacancy cluster: a) for titanium, b) for iron.

It is evident that in the significant difference between 1=100 ps, a perfect lattice for iron and t=143
ps a perfect lattice for titanium, two factors play a major role - the arrangement of the atoms in
space and the valence of the two elements. Regarding the arrangement of atoms in titanium, we
have a close packing of the hexagonal type, while BCC is not a close packing, which means that
although the arrangement is denser in titanium, the second factor - the valency - is essential and
it is for this reason that the positron feels significantly freer in the titanium structure than in the
iron one. The conclusion that we can make when implanting hydrogen atoms in the defect is
similar - the electron density of a titanium lattice with a defect is significantly lower and
respectively 1=142 ps with 6 embeded hydrogen atoms in a monovacancy, while for the same
amount of embeded hydrogen atoms in an iron monovacancy t=101 ps. The low electron density
in titanium can be interpreted as a positive factor for transporting the hydrogen implanted in the
defects, which at a certain point should bind in its molecular form. What has been said so far can
be confirmed by the following figure (Fig. 3. a) - titanium, Fig. 3. b) - iron), where a ratio of the
electron momentum density is determined in relation to the evolution of the increasing number
of hydrogen atoms.
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Figure 3. Ratio of electron momentum density in mono-vacancy, mono-vacancy with 2, 4 and 6 hydrogen atoms,
to a perfect lattice: a) for titanium, b) for iron.
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Directly from the last figure we can note the increased contribution of valence d-electrons to the
annihilation in iron compared to titanium. It is seen how under the influence of hydrogen bonds
with each subsequent accumulation of embedded hydrogen atoms, the valence sharply
decreases, while at 6 hydrogens in the mono-vacancy the valence of the defect in iron is lower
even than the valence of titanium under the same conditions. This in turn answers the question
of what type a candidate for a host material should be, in the production of molecular hydrogen
under radiation conditions, if it is a metal. On the one hand, this material should have a low
valence and on the other hand, it should have high porosity in order to have suitable conditions
for the removal of the hydrogen accumulated inside the defects. Studies have shown that the
mechanism of formation of molecular hydrogen by proton implantation in porous materials is
much slower. In Zr-based binary ceramic compounds, depending on the absorption dose of
gamma quanta in their crystal structure, amorphization of oxide layers, mobilization of mono-
vacancies, defect formation, recombination mechanism and functional groups decomposition,
increase in crystallinity size due to structural rearrangement of oxygen ions, electron density,
and different splitting of the energy levels of the material have been widely studied [20-21].
Gamma irradiation of ZrC and ZrB, induces the formation of Zr, B, and O vacancies through
energy transfer processes associated with Compton scattering and secondary electron cascades,
which generate atomic displacements in the crystal lattice [22]. Although y-photons interact
weakly with matter directly, the energetic electrons produced during irradiation can exceed the
displacement threshold energy of lattice atoms, leading to the creation of point defects [23]. In
ZxC, carbon vacancies typically form more readily due to their lower displacement energies
compared to zirconium atoms, whereas in ZrB,, boron vacancies are energetically favored over
zirconium vacancies [24]. Oxygen-related vacancies may arise from impurity phases or surface
oxidation layers, particularly under irradiation-enhanced diffusion conditions [25]. The
formation and stabilization of vacancy clusters require cumulative energy on the order of several
electron volts per defect, sufficient to overcome local binding energies and promote defect
aggregation within the irradiated lattice [21], [23]. However, the mechanism of defect formation
and vacancy formation in oxide and ceramic compounds by neutron irradiation is different.
Neutron irradiation of boron trioxide (B,Os) leads to the formation of oxygen and boron
vacancies through nuclear collisions and, in particular, through the °B(n,a) “Li reaction, which
produces energetic recoil atoms capable of generating displacement cascades [26]. In titanium
carbide (TiC), fast neutrons create both carbon and titanium vacancies, although carbon
sublattice defects are typically more prevalent due to their lower displacement threshold energy,
resulting in non-stoichiometry and possible vacancy clustering [27]. In cubic 3C-SiC, neutron
bombardment induces silicon and carbon Frenkel pairs, antisite defects, and defect clusters,
which may evolve into extended defects such as dislocation loops under higher doses [28]. In
hexagonal boron nitride (h-BN), neutron interactions promote boron and nitrogen vacancy
formation, with boron-rich defect configurations often stabilized by transmutation reactions and
local lattice distortion [29]. The accumulation and interaction of these primary point defects
under sustained neutron flux can lead to complex defect structures, including vacancy clusters
and amorphization, depending on irradiation temperature and fluence [30-31]. Proton and
helium irradiation of TINDCN and TiSiCN coatings generates primary knock-on atoms that
produce Frenkel pairs, with carbon and nitrogen vacancies forming preferentially due to their
lower displacement threshold energies compared with Ti, Nb, or Si atoms. In TiSiCN, irradiation
can additionally promote defect segregation at grain boundaries and within the amorphous Si-
containing intergranular phase, influencing vacancy recombination and cluster stabilization [32].
Tungsten-based composites exposed to proton and helium beams exhibit vacancy accumulation
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and helium-vacancy complex formation, which may evolve into nano-cavities or bubble-like
features at elevated fluence and temperature [33-34]. The overall defect evolution in these
materials depends strongly on ion energy, fluence, and microstructural features such as grain
size and free volume, which govern defect migration, recombination, and clustering processes.
Electron and heavy-ion irradiation of B4C induces the formation of boron and carbon vacancies
through displacement cascades, with heavy ions generating dense collision tracks that can locally
amorphize the lattice and promote defect clustering [35]. In ZrB,, energetic particles create
zirconium and boron Frenkel pairs, and under high linear energy transfer conditions, vacancy
aggregation may lead to dislocation loops or nanoscale defect complexes within the hexagonal
lattice [36]. WC—-6Co composites exposed to electron or heavy-ion beams exhibit vacancy
formation both in the WC grains and in the cobalt binder phase, where radiation-enhanced
diffusion can alter interfacial stability and promote defect segregation [37]. Heavy ions are
particularly effective in producing localized thermal spikes, which facilitate the evolution of
vacancy clusters, nano-cavities, or phase instability in these ceramics and cermets [38-39]. The
extent of defect accumulation and structural modification depends on particle energy, fluence,
and microstructural features such as grain size, binder distribution, and intrinsic free volume.

Examining in detail the works of Bordulev et al. [40] and Kudiiarov et al. [41], as well as
following the logical thread from the introduction to this work of ours, we come to the
conclusion that a magnesium base would be more suitable for our research. Continuing the
logical sequence, we come to one of the main questions — “Could a better structural configuration
be found at the nano level that would optimally determine the solution to the task we have set?”.
A similar dilemma is discussed in the work of Kudiiarov et al. [42], from 2023. From this, we can
conclude that there is a collection of hydrogen in molecular form, which allows it to escape
unhindered from the interior of the volume to the surface. At the same time, we should note that
the participation of hydrogen in a chemical interaction with titanium is associated with the
addition of additional energy [43], which practically facilitates our conclusions that chemical
bonds are limited mainly to the molecular form of hydrogen. When we talk about adsorption of
the produced hydrogen, we can mention several different methods. Alloys such as TiFeH, [44]
and Mg,NiH, [45] offer high capacity and reversible storage. On the other hand, the selective
permeability of the polymer sites allows for controlled hydrogen release [46]. In this case, we
recommend: Development of metal hydride-polymer hybrids adapted to extreme environments
through material optimization and structural design [47]. Conducting experimental studies on
radiation resistance and thermal cycling resistance [48]. Investigation of hybrid systems
combining cryogenic adsorption with metal hydride-polymer technologies for synergistic
benefits [49].

4. CONCLUSIONS

In titanium, chemical bonds in defects are mainly limited to the molecular form of hydrogen,
while in iron there is an accumulation of hydride bonds with atoms close to the defect. Transport
to the surface can be unhindered by the use of nanotubes made of low-valent material. In the
adsorption of the formed molecular hydrogen, the development of a method for metal hydride-
polymer hybrids adapted to extreme environments through material optimization and structural
design, in combination with cryogenic adsorption, is recommended.
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