
  
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 [1]. 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 statics analysis revealed that 
hydrogen clusters can prevent a vacancy from recombining 
with the neighboring crowdion-type self-interstitial-atom 
(SIA). This suggests that neutron damage effects will be 
increased in the presence of the hydrogen clusters. 

The present DFT calculations were performed with 
VASP (Vienna Ab-initio Simulation Package) code. For the 
exchange-correlation energy functional in the DFT, Perdew-
Burke-Ernzerhof generalized gradient approximation (PBE-
GGA) was used. 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. The electron wave functions are expanded in 
terms of plane-wave basis. Reference bcc super-cells 
containing 54 and 128 tungsten atoms are used with the 
periodic boundary condition. The Monkhorst-Pack scheme 
was adopted for k-point sampling in the Brillouin-zone. 
Ionic configurations were relaxed by using a combination of 
the quasi-Newton method and conjugate-gradient method to 
the equilibrium configuration. Equilibrium volumes and 
bulk moduli as well as the total energy are determined by 
fitting computed energy-volume curves to Birch-
Murnaghan’s equation of state. 

DFT results give fairly large binding energies 
between H and vacancies in tungsten indicating that the 
multiple-H trap by the vacancies forming VHj complexes is 
energetically favourable. Figure 1 shows the H-trapping 
effect on the mono-vacancy concentration in tungsten 
calculated by using a statistical model based on the 
thermodynamics [2, 3]. Fractional abundance curves 

assuming the multiple trapping up to six H atoms are plotted. 
An extraordinary abundance of the vacancies is predicted in 
the equilibrium state due to the multiple hydrogen trapping. 
This is ascribed to strong lowering of the vacancy formation 
energy by trapping many hydrogen atoms. 

The most stable SIA in tungsten is predicted by DFT 
calculations to be of 111-crowdion configuration. 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 (5.4 Å for tungsten). 
We investigated the recombination in a case that the 
vacancy is occupied by an octahedron of six hydrogen 
atoms forming the VH6 complex by DFT molecular statics. 
The present results reveal that there is a meta-stable state of 
the 111-crowdion with the VH6 complex inside the 
recombination radius. The formation energy of the meta-
stable state is 0.6 eV smaller than sum of the individual 
formation energies for the VH6 complex and the 111-
crowdion, indicating that the VH6 complexes can trap the 
111-crowdion. This effect of the hydrogen cluster 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. 
 

Fig. 1. 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. 
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This study is undertaken to develop optical methods 

for in-situ characterization of radiation-induced defects in 
Er2O3 by energetic ion bombardment. The characterization 
is important for qualification of Er2O3 coatings as electric 
insulation of Li/V-alloy blanket systems and as hydrogen 
permeation barriers. 

A potentially useful luminescence band in 640-690 
nm is identified as 4f11 4F9/2 - 4I15/2 transition of Er3+ at C2 
cation sites. It has been demonstrated that ion bombardment 
on a plasma splay coating sample and a sintered bulk 
sample quenches preferentially the luminescence band at the 
room temperature. This is explained by a model assuming 
ion induced decrystallization of the target. In the present 
work, quench of the luminescence is found at elevated 
temperatures. This is explained by defect mediated 
luminescence model [1]. In collaborations with theoretical 
research group of Vilnius University, state-of-the-art ab-
initio calculations for excited levels of Er3+ ions are carried 
out [2, 3]. 

The Er2O3 sample (high purity (3N) sintered plate, 
15mm × 15mm wide and 1mm thick, TEP CORP.) is 
mechanically attached on a micro ceramic heater equipped 
with a thermocouple (25mm × 25mm wide, MS-1000R, 
SAKAGUCHI E.H VOC CORP.). Ceramic fiber papers are 
used to thermally insulate the ceramic heater from a target 
holder on which the ceramic heater is set. Temperature 
control of the heater is performed automatically with the aid 
of a thermoregulator (SCR-SHQ-A, SAKAGUCHI E.H 
VOC CORP.). With this experimental setup, temperatures 
of the target sample were gradually varied in vacuum. The 
temperature of the target sample is deduced assuming 
thermal equilibrium with the ceramic heater. 

Ion-beam induced luminescence of the target sample 
is measured with an experimental apparatus at NIFS 
consisting of an ion-beam source, a collision chamber, and a 
UV-visible spectrometer equipped with a Peltier cooled 
CCD camera. The ion source is a part of medium current ion 
implanter (ULVAC IM-200MH-FB) originally used for 
semiconductor production (Freeman-type). Ar+ ion-beams 
extracted from the Freeman ion source are introduced into 
the collision chamber after analyzing the mass to charge 
ratio by a magnet. Photon emission is measured at a right 
angle to the ion-beam axis. The sample surface is leaned 45 
degrees toward the line of sight so that the photons emitted 
in an area of the ion-beam spot are collected by a condenser 
lens focused on a slit of the spectrometer. 
 Figure 1 shows luminescence spectra induced by Ar+ 
ion irradiation (35 keV) at five temperatures from 373 K to 
773 K. The luminescence intensities in 640 – 690 nm 

decrease as the target temperature increases. Strong lines A, 
B, and C are assigned to the lines due to transitions between 
the Stark levels: 4F9/2 M = 1/2, 9/2, 9/2  4I15/2 M = 9/2, 
respectively. The population distribution in the upper Stalk 
levels obtained by analyzing intensity ratios among them is 
in the thermal equilibrium at the ambient temperature. 
 Characteristic lifetime of the upper levels was 
evaluated from the line broadening. The lifetime decreases 
as the temperature increases. This may indicate that non-
radiative depopulation of the upper levels is facilitated at 
high temperatures. However, the intensity decay of the 
luminescence lines is significantly delayed. This delayed 
quench of the intensity is explained by O vacancy mediated 
luminescence model [1]. 
 Atomic energy levels and E2 and M1 transition rates 
were calculated for the [Xe] 4f11 ground configuration in 
Er3+ by using relativistic multiconfiguration Dirac-Hartree-
Fock and configuration interaction calculations. The Breit 
transverse interaction and leading QED effects are included 
as perturbations. Different strategies for describing electron 
correlation effects were tested and evaluated. The calculated 
energy levels were compared with experiment and results 
from semi-empirical methods. Comparing with NIST 
recommended values we see that our ab-initio calculations 
for the energy spectrum agrees to within 9.8 % for the free 
ion in the SD V+C+CV strategy and better than 6.9 % in the 
CIS calculations. By an analysis of the ASFs compositions 
of the levels in Er3+, we found that LS-coupling is preferable 
to jj-coupling. 
 

Fig. 1. Ion-beam induced luminescence of Er2O3. 
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