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Abstract. Tungsten is a prime candidate as the divertor material of the ITER and DEMO reactors, which would 

be exposed to unprecedentedly high-flux plasmas as well as neutrons. For a better characterization of radiation 

damages in the tungsten under the divertor condition, we examine influences of super-saturated hydrogen on 

vacancies in the tungsten. The present calculations based on density functional theories (DFT) reveal unusual 

phenomena predicted at super-saturated hydrogen concentration: 1) Strongly enhanced vacancy concentration 

with the super-saturated hydrogen concentration is predicted by a thermodynamics model assuming multiple-

hydrogen trapping, i.e., hydrogen clusters formation, in the vacancies; and 2) DFT molecular dynamics revealed 

that hydrogen clusters can prevent a vacancy from recombining with the neighboring crowdion-type self-

interstitial-atom. This suggests that neutron damage effects will be increased in the presence of the hydrogen 

clusters. 

 

1. Introduction 

Since tungsten will be used for plasma facing component materials in ITER and is a candidate 

material also for DEMO reactors, tritium retention in neutron damaged tungsten is a key 

issue. As beryllium co-deposition will dominate tritium inventory in the ITER Be/W wall [1, 

2], the radiation damage will play more significant roles for full-W DEMO reactors. Recently, 
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experimental works with fission neutrons [3] and high-energy heavy surrogate ions [4, 5] 

have been performed to evaluate the radiation effects. In these experiments, tungsten 

specimens with various damage levels upto 0.8 dpa (displacement-per-atom) were exposed to 

D plasmas with fluxes ranging from 2×1018 m-2s-1 [3] to 1024 m-2s-1 [4] and fluences of 6×1022 

m-2 [3] and 1026 m-2 [4, 5]. These works show significant enhancement of the retention in the 

damaged tungsten and primary roles of radiation induced vacancies and/or vacancy clusters 

(voids). In the damaged tungsten specimens, D trap concentrations are saturated at 1.0 – 1.4 

at% around 0.3 dpa, while the damage level at the end of the ITER lifetime would reach to a 

value as high as 0.6 dpa at the divertor. Roth [6, 7] predicted even lower values for the trap 

concentrations, because spontaneous annihilation of the defects will be enhanced at high 

temperatures of the divertor. It is noted that we need to take outgassing after the plasma 

exposures into account in addition to the long-term tritium retention evaluated based on these 

experimental results. Recently, some modeling works are also undertaken to investigate roles 

of vacancies in the retention dynamics under simultaneous irradiation of hydrogen isotopes 

and neutrons, e.g., [8]. However, it is not straightforward to extrapolate the results for ITER 

and DEMO.  

In steady-state divertor plasmas, the tungsten target would be exposed simultaneously to low-

energy (0.1 – 100 eV) and high-flux (1024 m-2s-1) plasma particles as well as neutron. Strong 

enhancement of the hydrogen retention in single- and polycrystalline tungsten specimens has 

been observed at higher fluxes [9]. The enhanced retention is associated with surface 

blistering. However, since such low-energy hydrogen bombardment cannot make appreciable 

displacement (e.g., Frenkel pair) of the tungsten lattice, mechanisms of the blistering are not 

unravelled. A distinct feature of plasma irradiation from gas permeation obeying the Sieverts’ 

law is that incident hydrogen atoms/ions from the plasma can readily overcome permeation 

barriers of the surface without high pressures. One can, therefore, assume that under the 

continuous high-flux implantation local concentration of hydrogen atoms can exceed the 

solubility limit of the tungsten. In such cases, the tungsten matrix may contain super-saturated 

hydrogen atoms and sustain extremely high stresses. Therefore, the blistering of tungsten 

surfaces may be induced by the exceedingly high local concentration of hydrogen atoms 

beyond the solubility limit of the tungsten [9-11]. Impurities seeded into the divertor plasmas 

will also play a role in enhancing the local concentrations of hydrogen, because the impurities 

intruded into tungsten will inhibit hydrogen transport and act as a trapping site of hydrogen. 
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In the present paper, for a better characterization of radiation damages in the tungsten under 

the extreme condition of the divertor materials, we theoretically examine influences of the 

super-saturated hydrogen on vacancies in the tungsten based on density functional theories. 

2. Theoretical Methods 

In this section, theoretical methods for investigation of vacancy-hydrogen interactions in 

metals and super-saturated hydrogen effects on the vacancy are described. 

2.1. DFT calculation of vacancy-hydrogen complex in tungsten 

The present DFT calculations were performed with VASP (Vienna Ab-initio Simulation 

Package) code [12, 13] based on the density functional theories (DFT). In the DFT method, 

mutually interacting many-electron Schrödinger equations are approximated by a set of 

independent-particle equations (Kohn-Sham equation) including energy functional of 

exchange and correlation among electrons. For the exchange-correlation energy functional in 

the DFT, Perdew-Burke-Ernzerhof (PBE) version of the generalized gradient approximation 

(GGA) [14] was chosen in the present calculations, because the GGA should give a better 

approximation to the energy functional in cases that the local electron density changes 

rapidly, e.g., vacancy and void. Six valence electrons (6s and 5d) assigned to each tungsten 

atom and one electron of each hydrogen atom are explicitly treated in a field of residual ions, 

while core electrons of each tungsten atom are represented by a generalized pseudo-potential 

of the projector augmented wave method [13]. The electron wave functions are expanded in 

terms of plane-wave basis. 

In the present study, two reference bcc super-cells containing 54 and 128 tungsten atoms, 

respectively, are used with the periodic boundary condition. The Monkhorst-Pack scheme 

[15] was adopted for k-point sampling in the Brillouin-zone. For the super-cell with 54 

tungsten atoms, 6×6×6 k-point grids were chosen, and for that with 128 tungsten atoms, 

4×4×4 k-point grids were chosen. The large cut-off energy, i.e., 350 eV, was used for the 

plane-wave basis expansion. 

Ionic configurations were relaxed by using a combination of the quasi-Newton method and 

conjugate-gradient method to the equilibrium configuration until the force of every atom in 

the super-cell becomes smaller than 0.02 eV/Å. Equilibrium volumes and bulk moduli as well 

as the total energy are determined by fitting computed energy-volume curves to Birch-
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Murnaghan’s equation of state. The present calculations of the lattice constant and the bulk 

modulus for the tungsten crystal are 3.17 Å and 304 GPa, respectively. For examples, changes 

in the equilibrium lattice constant of the super cell and the total energy for W53V1H6 are about 

+0.02 Å and -17.07 eV, respectively, with respect to those for W53 in the perfect crystal. 

The formation energy of a complex of m vacancies and j hydrogen atoms is defined in terms 

of the total energy of the perfect crystal containing n tungsten atoms, )W( nE , that of the 

super-cell containing n-m tungsten atoms and the complex, )HVW( jmmnE − , and that of the 

hydrogen molecule, )H( 2E , as, 
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where )H(fe  stands for the formation energy of a hydrogen atom at the tetrahedral 

interstitial site and )V(fe  the mono-vacancy formation energy in the tungsten. Zero-point 

energy corrections to the binding energies were calculated from differences between the zero-

point energies of the hydrogen atoms in the complex and those of the interstitial hydrogen 

atoms. For VH and VH2, the zero-point energies are about 0.1 eV/H. Its values increase 

significantly for larger complexes due to mutual repulsion among hydrogen atoms, e.g. 0.15 

eV/H for VH3. Since the zero-point energy of the interstitial H is 0.27 eV, the zero-point 

energy corrections to the binding energies are obtained to be about +0.17 eV for VH and VH2, 

and only +0.02 eV for VH3, respectively (see Table 1). 

2.2. Statistical thermodynamics model of super-saturated hydrogen effects on 

vacancies in tungsten 

A statistical thermodynamics model originally proposed by Fukai et al. [16] was used with an 

extension in order to calculate fractional abundances of vacancy-hydrogen complexes 

separately for different configurations. Complete description about the present statistical 

model will be given elsewhere [17]. The similar statistical model has been proposed for 

formation of the vacancy-hydrogen complexes in alpha iron [18]. In the present model, an 
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equilibrium equation for a fractional abundance of the vacancy-hydrogen complex 

WVH NNx
jj ≡  in a tungsten bcc matrix consisting of WN  tungsten atoms at a given 

temperature T  and a given fractional abundance of atomic hydrogen WHH NNx ≡  is 

obtained assuming 1<<jx , as, 
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where j is the number of hydrogen atoms in the complex, tx  a fractional abundance of 

hydrogen atoms assigned to the complex, and je  and ie  formation energies of the complex 

VHj and the interstitial hydrogen atom in the tungsten, respectively. jω  are statistical 

weights of the complex containing j hydrogen atoms, and 6 in the denominator of the pre-

exponential factor is the number of the tetrahedral (interstitial) sites per tungsten atom in the 

bcc unit cell. Eq. (3) is a nonlinear system. Its solutions are, therefore, searched by means of 

the quasi-Newton method with the initial guess given by, 
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3. Results and discussion 

3.1. Multiple hydrogen trapping by single mono-vacancy in tungsten 

The multiple hydrogen trapping by the single mono-vacancy in metals has been investigated 

in pioneering works by Myers et al. [19]. It was assumed that the hydrogen atoms share six 

octahedral sites in the mono-vacancy (see Fig. 1). Recently, Kato et al. [20] revisited the same 

issue for tungsten in the context of hydrogen retention in ITER using the DFT methods. Table 

1 shows the DFT results [20-22] for the binding energies of hydrogen atoms in the complex 

VHj. In the table, the results for iron are also shown for comparison. The binding energies in 

tungsten are remarkably larger than those in iron, primarily due to higher formation energies 

of interstitial hydrogen atoms (at the tetrahedral sites) in tungsten. DFT calculations give the 

formation energies of 0.34 eV [23] and 1.07 eV (present calculations) in iron and tungsten, 

respectively. All of the DFT results give fairly large binding energies indicating that the 
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multiple trapping is possible in the tungsten. The binding energy for the VH4 complex of the 

symmetric configuration (4* in Fig. 1) calculated by Kato [20] is significantly smaller than 

that of the non-symmetric configuration (4) [21, 22]. There are quite a bit experimental works 

about the trap energies of D in D+-irradiated tungsten specimens. Since most of them are 

based on analysis of thermal desorption spectra of the D+-irradiated specimens, 

characterization of the D trap is rather ambiguous. Experimental binding energies in the table 

are deduced from detrapping energies of H from InV2 complexes in tungsten and desorption 

energies of D from a D+-irradiated single crystal tungsten by subtracting the hydrogen 

migration energy in tungsten (0.39 eV [24]). The H detrapping was measured by means of the 

gamma-ray perturbed angular correlation technique using the isotope 111In which gives a well 

characterized and reproducible H trap in the form of InV2 in tungsten [25]. The D desorption 

is associated with detrapping from a vacancy in the D+-irradiated tungsten from transport 

analysis of the thermal desorption spectra [26]. The experimental values for the second 

binding energies are significantly smaller than those for the first one, while the DFT results 

give almost identical binding energies for both of the first and the second hydrogen atoms in 

the vacancy. Therefore, as pointed out in [25, 26] also, the experimental values for the second 

binding energy should be associated with the third and latter hydrogen atoms trapped in the 

vacancy. The present DFT results are in good agreement with the experimental results for the 

binding energy of H. The binding energies of D are systematically smaller than those of H 

which might be due to isotopic effects. It is noted that there is still an issue regarding the 

maximum number of hydrogen atoms accommodated in the single vacancy. Liu [27] and 

Ohsawa [22] have suggested 10 or 12 hydrogen atoms can be accommodated in the single 

mono-vacancy. It is found that with increasing occupation numbers, the trapping sites are 

shifted toward the tetrahedral sites [22]. 

In steady state, number densities of hydrogen atoms at tungsten surfaces exposed to a 

hydrogen flux inφ  is given by rins kfC φ= , where f  is naively given by one minus the 

reflection coefficient and rk  recombination coefficients [28]. It is noted that the given 

equation of the sC  is valid only at the surface provided the diffusion into the bulk is 

neglected. Fig. 2 shows fractional abundances of the hydrogen atoms, i.e., WHH NNx = , 

calculated assuming the flux of 1024 m-2s-1, and using the recombination coefficients reported 

by Anderl et al. [29]. The fractional abundance for 1.0=f  is as high as 10-6 at 670 K. Such 
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a high concentration can be compared to that obtained by a high-pressure hydrogen gas 

exposure of 5 GPa [30]. 

Fig. 3 shows the hydrogen trapping effect on the mono-vacancy concentration in tungsten 

calculated by using the present thermodynamics model, Eq. (3). Fractional abundance curves 

assuming the multiple trapping up to six hydrogen atoms are plotted in the figure. In order to 

implement calculations, the statistical weight jω  for each complex VHj is naively chosen 

according to the simple octahedral configuration (see Fig. 1). In the present calculation, a 

fractional abundance of hydrogen atoms is assumed as 10-6. An extraordinary abundance of 

the vacancies is predicted in the equilibrium state due to the multiple hydrogen trapping. 

Temperature dependence is depicted in the figure; at higher temperatures anticipated in the 

divertor the trapping effects are less but still significant. This is ascribed to strong lowering of 

the vacancy formation energy by trapping many hydrogen atoms. The formation energies of 

the larger complexes VHj (j ≥ 3) turn to be smaller than those of the interstitial hydrogen 

atoms of the same numbers. This results in super abundant vacancies at lower temperatures in 

the form of the large complexes. At even lower temperatures, the vacancy fractional 

abundance becomes saturated at the level of the hydrogen fractional abundance, because all 

hydrogen atoms are segregated in the form of the vacancy-hydrogen complexes, which is 

depicted by the abundance curves for VH1-5,6 in the figure. 

3.2. Meta-stable state of 111-crowdion with VH6 complex 

Vacancies created by neutrons will readily be recombined with adjacent self-interstitial-atoms 

(SIAs) leaving smaller numbers of vacancies remaining [31], because recombination of such a 

vacancy-SIA pair takes place without any activation barrier. The most stable SIA in tungsten 

is predicted by DFT calculations to be of 111-crowdion configuration [32]. A mono-vacancy 

and a SIA in the 111-crowdion are automatically recombined, if the vacancy falls into a 

recombination radius around the major radius of the crowdion which has been determined to 

be 5.4 Å for tungsten by using a bond-order type inter-atomic potential [33]. The equilibrium 

atomic configuration of the single 111-crowdion is shown in Fig. 4. One SIA is inserted into 

an array of lattice atoms in the [111] direction resulting in an extended distortion of the lattice 

configuration primarily along the [111] direction. The reference super-cell with 128 tungsten 

atoms was used in the present calculation. Fig. 5 shows a field of atomic displacements in the 

string of the crowdion, ( ) aazz nn −−+1 , where nz  is the generalized coordinate of atom n  
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in the string and a  the distance between undisturbed lattice atoms along the [111] direction. 

The field of atomic displacements is approximated by soliton solutions of the sine-Gordon 

equation in the single-string Frenkel-Kontorova model [34], i.e., 

Nau
N

nna

nazu

n

nn

<<













 −
−≈

−≡

   ,exparctan2 0

π
.                   (5) 

Extension of the displacement field is characterized by a dimension-less width, i.e., N , 

which is determined to be 1.8 by fitting the present atomic displacements to the soliton 

solution. The present width is in good agreement with other DFT results [35]. The formation 

energy of the 111-crowdion by the present DFT calculation is 9.69 eV which is slightly larger 

than the value (9.551 eV) reported in [32, 35], but within the uncertainty of an experimental 

value: 9.06 ± 0.63 eV [36].  

The recombination of the SIA in the central string of the 111-crowdion and a vacancy 

introduced in the adjacent 111-string is confirmed by means of DFT molecular static 

calculations. Fig. 6 shows a result of the present DFT molecular static calculation; the SIA 

and the vacancy are automatically recombined recovering the perfect crystal as the 

equilibrium configuration. It is noted that the image of configurational relaxation (Fig. 6 (b)) 

is not necessarily on the minimum energy path. The configurational relaxation was performed 

by using the conjugate-gradient method. 

Then, we investigated the recombination in a case that the vacancy is occupied by an 

octahedron of six hydrogen atoms forming the VH6 complex. The present analysis reveals for 

the first time that there is a meta-stable state of the 111-crowdion with the VH6 complex 

inside the recombination radius, as shown in Fig. 7. The figure shows that the octahedron 

hydrogen cluster prevents the vacancy from recombining with the SIA in the neighbouring 

111-crowdion. The string of the crowdion is distorted significantly at the vicinity of the VH6 

complex. The octahedron structure of the hydrogen cluster is also deformed by interaction 

with the crowdion. The formation energy of the meta-stable state is calculated as, 

)H(3)W()SIAVHW()SIAVH( 2616f EEEe nn ×−−+=+ − .             (6) 

The present result is 12.1 eV which is 0.6 eV smaller than sum of the individual formation 

energies for the VH6 complex and the 111-crowdion. This indicates that the VH6 complexes 

can trap the 111-crowdion. Stability of the metastable state at elevated temperatures should be 

investigated in future studies. This dramatic effect of the hydrogen cluster, which is hitherto 
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unknown, implies that the radiation damage remaining after collision cascades by energetic 

primary knock-on atoms will be increased in the presence of the hydrogen clusters. 

4. Conclusions 

In the review by Roth et al. [6], the radiation damage effects on tritium retention is 

investigated for the case of full-W ITER option. The neutron-induced hydrogen trap 

concentrations in tungsten have been assumed to be saturated at most 1 %, although the 

expected irradiation damage in the divertor at the end of the ITER lifetime would reach to a 

value as high as 0.6 dpa. However, influence of ambient hydrogen atoms on the radiation 

damage, which is anticipated in the divertor, has never been investigated thoroughly. 

The present work based on DFT calculations predicts an enhancement of the radiation 

damages in the tungsten divertor with super-saturated hydrogen, because 1) multiple 

hydrogen trapping in a vacancy increases the equilibrium concentration of the vacancy, and 2) 

the hydrogen cluster stacking with a vacancy suppresses annihilation of the vacancy-SIA pair 

in neutron damaged tungsten. Reasonable agreement with other DFT calculations [21, 22] 

was obtained for the binding energies of H in VHj complexes. It is, therefore, plausible that 

the saturation level of neutron-induced trap concentrations will become higher under the 

influence of the super-saturated hydrogen atoms, because the hydrogen clusters in vacancies 

will act as an inhibitor of the vacancy-SIA recombination. 
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TABLE 1. DFT results of binding energies (eV) for H in VHj comlexes. Present results [20] 

were obtained using a reference super-cell with 54 atoms. ZPE means the results with zero-

point energy correction. Results of Heinola [21] and Ohsawa [22] include the ZPE correction. 

Experimental values [25] and [26] are binding energies of H in InV2 complexes of tungsten 

and those of D in mono-vacancies of a D+-irradiated single crystal tungsten, respectively (see 

text). 

j Fe W W ZPE Heinola[21] Ohsawa[22] Exp.[25] Exp.[26] 

1 0.64 1.22 1.39 1.43 1.318 1.16(2) 0.95(3) 

2 0.67 1.23 1.40 1.41 1.308 0.99(2) 0.68(3) 

3 0.46 1.10 1.12 1.22 1.082 

< 0.7 - 
4 0.35 0.82 0.92 1.11 1.015 

5 0.45 1.12 1.12 1 0.929 

6 0.08 0.32 - 0.47 0.677 
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FIG. 1. Octahedral configuration of hydrogen atoms (crosses) in mono-vacancy. Two non-

equivalent configurations are shown for VH4. Statistical weight of each configuration is 

jω =6,3,12,12(3),6,1 for j=1,2,3,4(4*),5,6, respectively. 

 

 

FIG. 2. Hydrogen fractional abundance in tungsten. Solid lines are the fractional abundances 

in steady state at incident hydrogen ion flux 1024 m-2s-1 neglecting diffusion into the bulk, and 
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dashed lines hydrogen solubility under hydrogen gas (H2) exposure calculated by Sugimoto 

and Fukai [30]. 

 

FIG. 3. Equilibrium fractional abundance of VHj complexes in tungsten as a function of 

inverse temperature. A fractional abundance of hydrogen atoms is assumed as 10-6. The 

dashed line stands for the thermal vacancy. 

 

 

FIG. 4. Atomic configuration and electron charge density of 111-crowdion. Blue balls are 

tungsten atoms. The crowdion is indicated by an array of bonded atoms along the [111] 
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direction. Colors on the surface indicate electron densities; red indicates higher electron 

densities while blue indicates depletion of the electron density. 

 

 

FIG. 5. Field of atomic displacements in the 111-crowdion. Solid squares are present DFT 

results and curves single-string Frenkel-Kontorova model [Eq.( 5)] assuming 50 =n . 

 

 

FIG. 6. Atomic configurations for recombining mono-vacancy and 111-crowdion. Blue balls 

are atoms initially belonging to the central string of the 111-crowdion, light grey atoms in the 

first- and second-nearest 111-strings on the (110) surface. (a) Initial configuration, (b) image 

of configurational relaxation by the conjugate-cradient method, and (c) equilibrium (perfect 

crystal). 
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FIG. 7. Octahedron hydrogen cluster stacking with a vacancy (VH6) preventing it from 

recombining with a 111-crowdion SIA in tungsten. Blue balls are tungsten and red balls 

hydrogen atoms, respectively. Tungsten atoms only on (110) surface are drawn in the figure. 

Another two hydrogen atoms of VH6 are behind the surface. The crowdion structure distorted 

by the presence of VH6 is indicated by a connected bond.  


