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[bookmark: _Toc185332255]Abstract

The experiment was repeated twice. In the first one, a titanium plate (10x15x5 mm in size) with volume defects in it induced from gamma irradiation with 1.27 MeV was exposed to proton irradiation (1018 particles/cm2) using a Van De Graaff accelerator. In the second experiment, the sample was confined to dimensions of 3x3x5 mm and received a proton dose of 1017 particles/cm2. We report the results measured using the positron beam. There was used information on the S and W parameters. Using TRIM calculations, the depth of proton deposition was determined. The closest to the surface deposition zones are about 20 μm, but the main amount accumulates in the region between 60 and 80 μm. The depth that we investigated with Doppler broadening spectroscopy does not exceed 1 μm.
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1. [bookmark: _Toc185332256]Introduction
The problems related to the energy of mankind are main vector in its development. It can be argued that the study of methods for the absorption and transformation of our energy resources is the basis of any impulse for scientific and technical development. So the topic that we will touch upon in this work of ours is directly related to a characteristic foundation in the development of human civilization. Never before in human history have we had such a blatant need to develop space technologies. Today, more than ever, our thoughts are obsessed with the transition to the planet closest to us and its gradual colonization. Then one of the main issues that will be face to us is the availability of a sufficient amount of fuel. As is known, the energy from the chemical process of hydrogen combustion is the main source of propulsion in space conditions. So, following the path of logic, we should look for ways to deliver hydrogen in the required quantity to the spacecraft intended for the long transition. Quite spontaneously, the question arises - "Wouldn't it be possible to create a mechanism that could generate fuel in space conditions from the available proton radiation coming from the Sun?". A similar topic is considered in the works of Primakov et al. [1], where attention is paid to the acceleration of hydrogen diffusion in metals under the influence of gamma radiation as a result of nuclear reactions in a thermonuclear reactor. Here too, there are an abundance of high-energy protons that, having entered the metal and given up their initial energy in the volume, can subsequently pass through the structure with the help of the additional energy from gamma radiation, which could already determine the possibility of a connection at the hydrogen molecule level. And so, in our case, the initial idea can be expanded by paying attention to the possibility of additionally producing molecular hydrogen, in parallel with the main task in thermonuclear and nuclear reactors. 
The possibilities outlined so far, although from a different angle, have been considered in the works of other authors. For example, in the works of Pushilina et al. [2], Stepanova et al. [3], Laptev et. al. [4] and Lider et. al. [5] attention is paid to the phase transformation of titanium hydride, at different weight percent of hydrogen concentration and temperature changes, when a Ti-6Al-4V and Ti-6.5Al-3.5Mo-1.5Zr-0.3Si substrats is affected by an electron beam. Before them, Bordulev et al. [6] also paid attention to the phase transformation of titanium hydride, at a temperature gradient, the experiment being carried out on a titanium base. The latter work should be considered as a continuation of the publication of almost the same group of authors - [7], where the dependence of phase transformations on the temperature gradient has not yet been paid attention to. Mikhaylov et al. [8], Stepanova et al. [9], Mishin et. al. [10], Laptev et. al. [11], Pushilina et al. [12], and Kruglyakov et al. [13], where in the case of Zr-Nb base, in their works in addition to the temperature dependence, a pressure dependence and electron beam is also introduced. Also Bordulev et. al., on the other hand, considered the temperature dependence of hydrogen bonds in the magnesium base [14]. Again in the work of Laptev et. al. [15] there is also can be seen haw to changed of the phase δ-ZrH with the temperature gradation, etc.. But in none of these works hasn't consideration of potential possibility for the formation of a molecular form of hydrogen inside the volume of the studied materials considered, as well as the prospects revealed by it. That is why the task we set for this experiment is to confirm unequivocally that after proton irradiation of a suitable material we can expect a product H2 and that it will be transported through the surface of the irradiated material into the environment. We rely on model calculations made by us in our previous work [16]. According to these calculations, when hydrogen accumulates in defects (iron and tungsten were used as the main materials), the parameters that account for the contribution of positron annihilation with valence and core electrons undergo an extremum, after which the same parameters change the course of their curve. This may mean that after a certain amount of hydrogen atoms in the defect, H binds into molecular compounds. It is evident from the calculations that the more valence electrons the base material has, the steeper the curve of the S and W parameters [16]. This means that the more valence the base material has, the greater the proportion of hydrogen atoms that form a molecular bond with atoms from the same material. In this case, if we are talking about extracting hydrogen in its molecular form, we must choose the base material in such a way that it has a low valence and at the same time has enough free electrons that the hydrogen ions can capture as their own, after settling in the bulk defects of the material itself. For this reasons, we chose titanium as the base material. In order to speak of a complete cycle of work, it is necessary to mention the methods for extracting (adsorption) of the formed molecular hydrogen [17], [18], [19], [20], [21], [22], [23], [24], [25], [26], [27], [28], [29].

2. Materials and Methods
[bookmark: _Toc185332258]A polycrystalline titanium sample with dimensions of 10x15x5 mm was exposed to 30 days gamma irradiation (1.27 MeV), corresponding to a dose of ~ 4708 kGy. For irradiation, was used 60Co from the Institute of Radiation Problems, Azerbaijan was used [30]. The task of irradiation was to create volume defects of the vacancy cluster type [31]. After that using the Van De Graaff accelerator EG-5 [32] located at the Laboratory of Neutron Physics at JINR, protons with an energy of 2 MeV and a dose of 1018 particles/cm2 were implanted into the defects. Then the sample was examined by the Doppler Expansion positron spectroscopy method and was made stepwise measurement of the S and W parameters [32], using a positron beam [33] belonging to the Dzhalepov Laboratory of Nuclear Problems at JINR. The experiment was repeated for precision purposes, with the sample dimensions reduced to 3x3x5 mm and the dose of implanted protons to 1017 particles/cm2.
3. Analysing of Results and discussion
In the first experiment, a titanium plate (10x15x5 mm in size) with volume defects induced in it was exposed to proton irradiation (1018 particles/cm2). Figure 1 a) shows how the S parameter changes in depth at 4 different time points after proton irradiation (at 3, 4, 5 and 6 hours after removal from the Van De Graaff facility). Figure 1 b), c) and d) show how the parameter S changes at a given depth for the four time points after proton irradiation (we consider 3 specific cross-sections).
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Figura 1. a) Depth analysis of the S parameter, at 3, 4, 5 and 6 hours after proton implantation with a dose of 1018 particles/cm2; b), c) and d) cross-sections at 3 different depths, corresponding to 6, 8 and 9 KeV induced positron energy.

Intentionally in Figure 1 b), c), d) the course of the time characteristic is reversed to make an analogy with the results of the calculations in our previous publication [16]. The main assumption is that the amount of hydrogen in the irradiated sample decreases continuously with time after the implantation process is stopped and the most hydrogen is contained in the volume at the moment when the implantation is stopped. It is visible that the results of the three cross sections that we have chosen at points 6-6, 8-8 and 9-9 demonstrate exactly the effect we are looking for, predicted by the calculations [16]. However, as we mentioned, in the first experiment not all the surrounding factors were taken into account precisely. The implanted protons on the surface of titanium were in the form of a beam with a diameter of ~ 7-8 mm, while the dimensions of our sample are approximately 4 times larger in area. This means that the surface we are studying is unevenly irradiated with protons, and in order to be sure of our results, we need to repeat the experiment with a new sample of appropriate dimensions. At the same time, it was found that such a long implantation (10 days) is a waste, since during the implantation itself there is a leak of hydrogen from the sample and practically continuous implantation within 24 hours (which corresponds to 1017 particles/cm2) is sufficient to provoke the effect we are looking for. We prepared a titanium sample with dimensions of 3x3x5 mm and subjected it to implantation uniformly on the surface with 2 MeV protons. We report the results measured using the positron beam in the discussion below. To have more confidence in the correctness of the experiment, we use information not only for the S parameter but also for the W parameter. To ensure that the experiment proceeds as expected, we performed TRIM calculations to determine the depth of proton deposition (Figure 2). It is apparent that the deposition zones closest to the surface are at about 20 μm, with the main amount accumulating in the region between 60 and 80 μm. As can be seen from Figure 1 a), the depth we investigated with DBS does not exceed 1 μm [34], [35]. For this reason, we can argue that our expectations that hydrogen will move to the surface, passing through the defects in the structure and accumulating in them, are reasonable.
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Figure 2. TRIM calculations showing areas of hydrogen deposition with an energy of 2 MeV in a titanium target. a) 2D model cutting the image through the middle zone; b) 3D model describing, additionally, the peak areas of hydrogen deposition.

From Figure 3. a) we select 5 different sections of the profile of the S and W parameters (5 different points in depth). Apparently there are moments when C and B are not in mirror sequence and there we can talk about an ortho-positronium component [36]. Most of the time, however, a mirror relationship between the two parameters is reported and we discuss these time intervals. In Figure 3 b) corresponding to a depth point of 7 KeV. in the time range between 9 and 6 hours after implantation we can speak of a tendentious decrease in the annihilation with the valence electrons. There is a change in the amount of hydrogen in this volume. Our expectations are that the hydrogen from the deposited volumes has moved to the zone we are considering. In this case, there are two possibilities - either the hydrogen accumulated in this place decreases, as a result of its movement to the surface, or the hydrogen enters into a chemical interaction with itself or with titanium atoms around the defect and thus the contribution of the valence electrons to the annihilation decreases. In the time interval between 6 and 3 hours after proton implantation, we are talking about a local maximum at S and a minimum at W, which at first glance can be interpreted as a picture corresponding to the calculations in our previous publication [16]. If we proceed from the results presented in the work of Weiss et al. [37], we could expect that within the first two hours after implantation the deposited hydrogen will have retreated from its initial position and will have occupied the areas with volume defects from vacancy clusters, as well as the intergranular spaces. The vacuum in the measurement of the Doppler broadening suggests an additional enhancement of the hydrogen flow from the interior of the sample, to the surface. It can be assumed that the flow of hydrogen to the surface follows a stepwise relationship - accumulation in the defects, after the concentration increases sufficiently, the formation of chemical bonds begins and at a certain point the formed hydrogen molecules leave the defect volumes and head towards the surface. After which the process could be repeated. The following sections presented in Figure 3 c), d), e), f) consider just such a possibility.
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Figure 3. a) Depth analysis of the parameters S and W, at 3, 4, 5, 6, 7, 8, 9, 10 and 11 hours after proton implantation with a dose of 1017 particles/cm2; b), c), d), e) and f) cross-sections at 5 different depths, corresponding to 7, 12, 14, 18 and 22 KeV induced positron energy.

The process described in Figure 3 b) can also be observed in the other cross sections corresponding to induced positron energies of 12, 14, 18 and 22 KeV. In each of the complex cross sections, local extrema and a consistent decrease in chemical bonds with increasing time range after proton implantation can be observed. 
These results of ours are confirmed by the work of another team of authors. For example, in the works of Laptev et al., Volokitina (Murashkina) et. al., Lider et. al., Lotkov et. al. Bordulev et. at., [38], [39], [40], [41], [42], [43], [44], [45], [46], [47] it can be seen that with hydrogen saturation in a titanium, zirconium, magnesium, Ti-Ni, Ti-alloy and Zr-Nb base, there are local extrema in the annihilation parameters or their results are consistent with our [13]. Examining in detail the works of Bordulev et al. [48] and Kudiiarov et al. [49], 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. [50], 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 [51], [52], [53], [54], 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 TiFeH₂ [28], [55] and Mg₂NiH₄ [27], [56] offer high capacity and reversible storage [57]. On the other hand, the selective permeability of the polymer sites allows for controlled hydrogen release [22], [58]. In this case, we recommend:
- Development of metal hydride-polymer hybrids adapted to extreme environments through material optimization and structural design [59], [60]. 
- Conducting experimental studies on radiation resistance and thermal cycling resistance [61], [62].
- Investigation of hybrid systems combining cryogenic adsorption with metal hydride-polymer technologies for synergistic benefits [24].
4. Conclusions:
- It has been unequivocally confirmed that after proton irradiation of a suitable material we can expect a product H2.
- We can state that in the studied and visible area a cyclic release of the formed molecular structure inside the defects is observed.
- The chemical bonds in the defects are mainly limited to the molecular form of hydrogen.
- Transport to the surface can be unhindered by the use of nano-tubes made of low-valence material.
- In the adsorption of the formed molecular hydrogen, it is recommended to develop a method of metal hydride-polymer hybrids, adapted to extreme environments through material optimization and structural design, in combination with cryogenic adsorption.
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Variation of the S and W parameters with depth in the Ti sample
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C) Cross section of incident positron energy at 12 keV
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d)  Cross section of incident positron energy at 14 keV
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e) Cross section of incident positron energy at 18 keV
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f)

Cross section of incident positron energy at 22 keV
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Variation of the S parameter with depth in the Ti sample at different time

intervals after the proton implantation
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