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7. Status of Advanced Tritium Breeder Development for DEMO  
in the Broader Approach activities in Japan 

Tsuyoshi Hoshino, Fumiaki Oikawa and Takeo Nishitani 

Fusion Research and Development Directorate, Japan Atomic Energy Agency, 
4002, Oarai, Higashi Ibaraki, Ibaraki, 311-1393, Japan 

DEMO reactors require “6Li-enriched ceramic tritium breeders” which have high tritium breeding 
ratios (TBRs) in the blanket designs of both EU and JA. Both parties have been promoting the 
development of fabrication technologies of Li2TiO3 pebbles and of Li4SiO4 pebbles including the 
reprocessing. However, the fabrication techniques of tritium breeders pebbles have not been established 
for large quantities. Therefore, these parties launch a collaborative project on scaleable and reliable 
production routes of advanced tritium breeders. 

In addition, this project aims to develop fabrication techniques allowing effective reprocessing of 
6Li. The development of the production and 6Li reprocessing techniques includes preliminary 
fabrication tests of breeder pebbles, reprocessing of lithium, and suitable out-of-pile characterizations. 

The R&D on the fabrication technologies of the advanced tritium breeders and the characterization 
of developed materials has been started between the EU and Japan in the DEMO R&D of the 
International Fusion Energy Research Centre (IFERC) project as a part of the Broader Approach 
activities from 2007 to 2016. The equipment for production of advanced breeder pebbles is planned will 
be installed in the DEMO R&D building at Rokkasho, Japan. The design work in this facility was 
carried out. The specifications of the pebble production apparatuses and related equipment in this 
facility were fixed, and the basic data of these apparatuses was obtained. In this design work, the 
preliminary investigations of the dissolution and purification process of tritium breeders were carried 
out. 

From the results of the preliminary investigations, lithium resources of 90% above were recovered 
by the aqueous dissolving methods using HNO3 and H2O2. The removal efficiency of 60Co by the 
addition in the dissolved solutions of lithium ceramics were 97-99.9% above using activated carbon 
impregnated with 8-hydroxyquinolinol. In this report, preparation status of the equipments and 
preliminary investigation results will be present. 
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8. Evaluation of the First Cycles of the High Dose Li-ceramic Irradiation in HFR 

A.V. Fedorov, A.J. Magielsen, J.B.J. Hegeman 

NRG, Petten, The Netherlands 

As a part of the European programme for the development of the Helium Cooled Pebble Bed a high 

dose irradiation experiment HICU is in progress. HICU is an acronym for High neutron fluence 

Irradiation of pebble staCks for fUsion. The objective of the HICU project is to investigate the impact 

of neutron spectrum and influence of constraint conditions on the thermo-mechanical behaviour of 

ceramic breeder pebble beds. The Cd-shielding is used to tailor the neutron spectrum in order to achieve 

the DEMO relevant dpa/He ratio.  

Two types of Li-ceramic pebbles are irradiated: orthosilicate, Li4SiO4 (OSi) and metatitanate, Li2TiO3

(MTi). The OSi pebbles are supplied by FZK, Germany, the MTi pebbles are supplied partly by JEARI 

and CEA Saclay. In total 45 pebble beds are under irradiation. The pebbles are contained in platinum 

tubes. The irradiation temperatures are chosen in the range of 600 °C to 850°C. 

The irradiation has started in February 2008 and is scheduled to continue for approximately 4 years. 

This work presents the analysis of the in-pile data acquired in the first cycles of the irradiation. 
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Modeling of tritium behavior in ternary lithium oxides: 
in case of lithium niobate 

Kisaburo Azuma1, Takuji Oda1, Satoru Tanaka1

1 Department of Nuclear Engineering and Management, The University of Tokyo, Tokyo, Japan 

 Ternary Li oxides are candidate solid breeding materials for a fusion reactor. It is important to 

understand stable existing states and diffusion behavior of hydrogen isotopes bred in solid breeding 

materials, for estimation of tritium inventory and economic efficiency precisely. In the present work, we 

studied lithium niobate as a typical example of ternary lithium oxides by means of vibration analysis 

(quantum mechanical calculation) and molecular simulations (Monte Carlo method). Since many 

experimental works have been reported for single crystal specimen, simulation results can be directly 

compared with them. Based on evaluation of existing states and migration behavior of hydrogen 

isotopes, a model of hydrogen behavior in ternary lithium oxides was constructed. 

 Two existing sites of hydrogen isotopes are expected in lithium niobate: Li substitutional sites 

where a hydrogen isotope captured by a lithium vacancy and interstitial sites. Quantum mechanical 

calculation indicates that a hydrogen atom in a Li substitutional site is more stable than that in 

interstitial sites. According to vibration analysis, the frequency of O-H stretching vibration in each site 

is different. As stretching frequency of hydrogen isotopes bonded to the nearest oxygen to lithium 

vacancy is close to experimental value, it is considered that hydrogen isotopes mainly exist at these 

substitutional sites. 

 Calculation by elastic band method for finding minimum energy paths shows that migration 

barrier of the interstitial site is lower than that of the substitutional site. These results infer that at low 

temperatures, a hydrogen atom basically exist at the substitutional site; however, at high temperatures, it 

easily moves to the interstitial site because of little energy difference between those states (0.5 eV), and 

then diffuse rapidly until retrapped by a lithium vacancie. A model to calculate diffusion coefficient was 

constructed on the basis of migration energies and paths obtained by the quantum mechanical 

calculations in atomic scale. In comparison with experimental results, the validity of the model was 

appraised. The applicability for other ternary lithium oxides including lithium titanate was discussed. 
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10. Modeling of Point Defects on Mechanical Properties in Lithium Aluminate 

Hiroki Tsuchihira, Takuji Oda, Satoru Tanaka 

The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-8656, Japan 

E-mail: masuyama@flanker.q.t.u-tokyo.ac.jp 

Abstract 

Elastic constants of LiAlO2 containing point defects were evaluated with molecular dynamics or 

statics simulation. The point defects were introduced by displacement cascade simulation and random 

configuration. Through comparison of the results obtained from these two kinds of simulation, it was 

indicated that aggregation of point defects could lower the elastic constants. 

1. Introduction 

Elastic properties of ceramic breeder materials are used to predict the response of materials to 

thermal loads and to calculate the lower bound on the thermal gradient, which may contribute to 

material fragmentation [1]. A COMPLIMENT experiment [2] showed a reduction of the Young’s moduli 

of LiAlO2 to about 80% of the initial values after neutron irradiation of 1.8 dpa. However, the origin has 

not been understood, such as the effects of helium, hydrogen isotopes, vacancy/interstitial clusters, etc. 

Therefore, it is difficult to make a precise prediction about change of elastic properties in a fusion 

reactor of the future. 

In the present study, we aim to understand the influence of point defects on elastic properties (elastic 

constants, bulk modulus, Young’s modulus and Poisson’s ratio) in an atomic scale, which are difficult to 

examine by experiment. Especially, we focus on elastic constants because the other three properties can 

be obtained from elastic constants as the following equations: 

1S C�

� ,

� �11 12 13 33
1 2 2 4
9

K C C C C� � � � ,

1
11xY S�

� ,
1

33zY S�

�  and 

� �� �� (�) S Y� � ,       (1) 

where Cij is elastic constants, S elastic compliance, K bulk modulus (of Voigt [3]), Y Young’s moduli 

and � Poisson’s ratio. For the aim, molecular statics (MS) and molecular dynamics (MD) technique 

were used for gamma lithium aluminate, which is a candidate of solid breeding material and has a 

relatively simple structure.  

The rest of the paper is organizes as follows. In section 2, calculation details are presented. The 
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potential model used in the present study, calculation condition of the displacement cascade simulation 

and configuration method of the point defects are explained. In section 3, the decrease of C11 by 

displacement cascade is described at first. Then, C11 and C33 in system containing point defects in 

various configurations are presented. From the comparison of the two kinds of simulation, the effect of 

defect aggregation is discussed. The paper is closed by section 4 with concluding remarks. 

2. Calculation method 

2.1. Potential model 

We adopted a pairwise potential model [4] for simplicity, with reliance on high ionicity of LiAlO2.

Our pairwise potential model between two ions is expressed as 
0

0

1
1 2

n=

1( ) = + exp( )× ( × )
N N

n n
N

q qU r r a
r r

� �

� �
,     (2) 

where q1 and q2 are effective charges, r [Å] an interatomic distance, and N0, N and an [eV Ån] the 

smallest power, the number of inverse polynomial functions, and the coefficient of each term, 

respectively. The Coulombic term was evaluated using Ewald summation technique [5], while the 

remaining terms were calculated directly with the cut-off distance of 10 Å. The results of Mulliken 

population analysis [6] in the optimized LiAlO2 structure were adopted as fixed values of ionic charges: 

+0.7e for Li+, -1.1e for O2- and +1.5e for Al3+, respectively. N0, N and an were determined to reproduce 

potential energies in various distorted crystal structures, which were evaluated by plane-wave 

pseudopotential DFT calculation. In consequence, these parameters were obtained as N0=4, N=6 and an
listed in ref. [4].  

The formation energy of a Li Frenkel pair evaluated by DFT calculation and MS calculation with the 

potential model, respectively 2.92 eV and 3.07 eV, showed good agreement. The formation energies of 

an O and Al Frenkel pair obtained with the potential model were 6.20 eV and 6.60 eV, respectively, 

which are appropriate as the formation energy in an oxide metal. The reasonable results about the 

formation energy indicate that the potential model can deal with point defects. 

2.2. Displacement cascade simulation 

In irradiation simulations with MD, the displacement cascade is triggered by introducing primary 

knock-on atom (PKA). In the present study, an O atom was displaced with the energy of 5 keV toward 

<543>, <453> and <345> direction in a 30×30×30 supercell (432,000 atoms) under periodic boundary 

condition (PBC). The a, b and c lattice constants were 15.4, 15.4 and 18.5 nm, respectively. All cascade 

simulations were carried out at an initial temperature of 0 K under NVE ensemble using variable time 

step dependent on the maximum velocity and interaction force in the system. With an assumption of 

Boltzman distribution, the final temperature of the system became 67 K. All the MD simulations were 

conducted using the DL_POLY code [7]. 

2.3. Random configuration of point defects 
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In order to investigate what kind of point defect has significant influence on elastic constants, a few 

point defects were incorporated in 3×3×3 supercells (432 atoms). Table 1 shows the sort of point defect. 

These kinds of point defect were put at positions determined randomly. Namely, a vacancy was 

introduced by removing an atom, and an interstitial atom was taken in by putting an atom at an 

interstitial site determined randomly. The white balls in Fig. 1 show the interstitial sites in the primitive 

cell. The concentrations of each defect became 0.23 (1 defect), 0.46 (2 defects) or 0.69% (3 defects). 

When vacancies or interstitials were incorporated, the total charge was neutralized by applying a 

uniform background charge. 

For comparison with the result of displacement cascade simulation, the systems including a few 

Frenkel pairs were also investigated. In this case, the elements of Frenkel pairs were determined 

randomly (no weighting). For example, when the concentration was 0.69%, containing 3 Frenkel pairs 

in the system, sometimes all of them were Li, in another time they were Li, O and Al. 

In all the calculations, elastic constants C11 and C33 were evaluated after geometry optimization. The 

calculations were conducted with 100 randomly determined configurations for each kind of defects. 

3. Results and discussion 

3.1. Displacement cascade simulation 

Fig. 2 shows the time dependency of vacancy structure in case that PKA displacement direction was 

<345>. In the present paper, a vacancy was defined as a site that there was no atom within 0.8 � from 

the ideal atomic positions. The defect structure was not almost changed after 3 ps from the introduction 

of PKA. Simulations with PKA displacement direction of <543> and <453> were also conducted. 

Fig. 3 shows the number of defects remained after 3 ps in case that PKA displacement direction was 

<345>. In Li, both the number of generated defects (the sum of replacement, anti-site and interstitial) 

and annihilated defects (replacement) were the largest. The both were the smallest in Al, and 

intermediate in O. Although the number of displaced atoms of Li was about three times larger than that 

of Al, the number of remaining interstitials of Li and Al were almost equal. This tendency was also seen 

in case of <453> and <543> PKA displacement direction. 

Elastic constant C11 was evaluated in the unirradiated crystal and the three irradiated structures as 

Fig 4. 100% of C11 represents the value of the perfect crystal. The value of C11 decreased about 10% by 

the displacement cascades. Fig. 4 also shows the vacancy concentration of the structures. Among the 

defected structures, the value of C11 did not show obvious dependencies on the vacancy concentration. A 

possible reason for this is the dependency of C11 on the defect configuration. In other words, contrary to 

Fig. 4, the value of C11 can take different values depending on the defect configuration even if the defect 

concentration is equivalent.   

3.2. Random configuration of point defects 

Figs. 5 (a) – (f) show the effect of point defects on the values of C11 and C33. The plots and bars 

represent the average value and the standard deviation of 100 times calculation, respectively. From Figs. 
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5 (a) and (b), it is indicated that Al atoms worked to increase C11 because C11 increased and decreased 

when the concentration of Al interstitlal and Al vacancy increased, respectively. Meanwhile from Figs. 5 

(d) and (e), it can be seen that O atoms worked to increase C33. Li atoms did not work so effective. 

From the comparison of Figs. 5 (a) – (c), for C11, the result of Frenkel pairs seems like a simple sum 

of the result of interstitial and vacancy. This indicates that for C11, the effect of the interaction between 

interstitial atoms and vacancies was smaller than the effect of point defect itself. And from the 

comparison of Figs. 5 (d) – (f), the same behaviour was also suggested for C33.

3.3. Comparison between the results of the displacement cascade and the random configuration 

calculation 

Fig. 6 shows the dependency of C11 on the concentration of Frenkel pairs. In the black plots of Fig. 6, 

the elememts and positions of Frenkel pairs were determined randomly (see section 2.3). The red plots 

represent the same results as in Fig. 4. Even if the concentration of Frenkel pairs is the same, pairs 

generated by displacement cascade lowered C11 than the random configuration of Frenkel pairs. The 

Frenkel pairs introduced by displacement cascade were more aggregative than the random configuration. 

Therefore, it is indicated that aggregation of point defects can lower C11.

4. Conclusions 

Elastic constants of LiAlO2 containing point defects were evaluated with molecular dynamics or 

statics simulation. The point defects were introduced by displacement cascade simulation and random 

configuration. By the displacement cascade, the value of C11 decreased about 10% by the displacement 

cascades. Among the defected structures, the value of C11 did not show obvious dependencies on the 

vacancy concentration. A possible reason for this is the dependency of C11 on the defect configuration. 

From the molecular statics calculation, it was indicated that Al and O atoms respectively work to 

increase C11 and C33. Li atoms did not work so effective. The effect of Frenkel pairs on C11 and C33

seems a simple sum of the effect of interstitial and vacancy. 

From the comparison between displacement cascade and random configuration simulation, it was 

indicated that aggregation of point defects can decrease C11.
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Table 1. The sort of point defect. 

 Li O Al 

Vacancy � � �

Interstitial � � �

Frenkel pair � � �

Fig. 1. The primitive cell of LiAlO2.

Fig. 2. The time dependency of vacancy structure in case that PKA displacement direction is <345>. t=0 

is the time PKA was displaced. 
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Fig. 3. The number of remaining defects in case that PKA displacement direction is <345>. 

Fig. 4. C11 and vacancy concentration evaluated in the unirradiated crystal and the three defected 

structures.  
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Fig. 6. The dependency of C11 on the concentration of Frenkel pairs. 
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Modeling of Point Defects on Mechanical Properties in Lithium Aluminate 

Hiroki Tsuchihira1, Takuji Oda1 and Satoru Tanaka1
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Mechanical properties of lithium containing oxides that will be used as solid breeding materials in 

fusion reactors change during reactor operation, because of formation of irradiation defects by 

high-energy particle irradiation. Therefore, it is important for retaining material performance to 

understand the effects of defects on mechanical properties, and then to deal with them appropriately. 

However, the effects have not been revealed quantitatively.  

In the present study, by using computer simulation, we aimed to evaluate and model influence of 

point defects on mechanical properties (elastic constants, bulk modulus, young’s modulus and poisson’s 

ratio) in atomic scale, which are difficult to examine by experiment. For this aim, molecular statics 

(MS) simulation was performed for gamma lithium aluminate, which is a candidate of solid breeding 

material and has a relatively simple structure. Interatomic potentials, which are necessary for MS 

simulation, were constructed by fitting a model function to total energies obtained by ab initio 

calculation. 

Mechanical properties of lithium aluminates of various point-defect concentrations and 

configurations were evaluated. According to the point-defect concentration, the mechanical properties 

changed. Moreover, even in the case of the same point-defect concentration, the mechanical properties 

varied with depending on the point-defect configurations. Influence of point-defect concentration and 

configuration on mechanical properties in gamma lithium aluminate was quantitatively derived. 
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Modeling of tritium behavior in ternary lithium oxides: 
in case of lithium titanate 

Takuji Oda, Satoru Tanaka 

Department of Nuclear Engineering and Management, The University of Tokyo, Japan

Tritium economy is one of the key issues for realization of commercial fusion reactors. In order to 

estimate it precisely, tritium inventory in materials should be grasped. In the present paper, we focus on 

the tritium inventory in solid breeders. In most of the previous works, these subjects were studied by 

neutron irradiation experiment. However, the reproductivity of results was low due to multiple factors 

affecting tritium behavior, such as defect density, concentration of other isotopes (H and D), material 

composition (impurity, non-stoichiometry), etc. For more precise prediction of the inventory, more 

detailed information about how these factors affect tritium behavior is needed. Hence, we perform 

atomic-scale modeling about tritium behavior in lithium-containing oxides. Li2TiO3 was studied in the 

present paper, because this material has showed favorable tritium release property and is considered as a 

promising candidate of tritium breeder. 

Quantum mechanical calculation based on density functional theory (DFT) was conducted using 

VASP code. Li2TiO3 crystal was modeled by Li16Ti8O24 or Li32Ti16O48 supercells with periodic 

boundary conditions. Stability and diffusion barrier of hydrogen isotopes were evaluated. Then, these 

results were integrated by Monte Carlo technique in order to evaluate tritium inventory in several 

systems of different temperatures. 

It was indicated by quantum mechanical calculation that Li vacancies trap hydrogen atoms in 

Li2TiO3. The charge state of tritium trapped by Li vacancy is T+, and it binds to a neighboring O2- by 

forming -OT-. The diffusion of T+ trapped by Li vacancy was composed by two kinds of motions: 

rotation and jump. The rotation has a higher barrier than the jump basically, and thus should be the 

rate-determining process. T+ trapped by Li vacancy showed multiple different configurations in Li2TiO3.

These configurations were categorized into three groups according to Ti-O-T angle and the position of 

Li vacancy. These qualitative informations were used to construct a Monte Carlo model, and the 

quantitative values (frequency, barrier) obtained by quantum mechanical calculation were used as input 

parameters of the model. In Monte Carlo simulation, it was observed that increase of defect 

concentration results in high inventory and low diffusivity of tritium. 
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12. Integration and Verification of Tritium Release Model 
in Thermo-hydraulic Analysis Code 

 Y. Seki1, T. Hirose1, H. Tanigawa1, A. Yoshikawa1, M. Enoeda1,
S. Fukada2, M. Nishikawa2, T. Kinjo2

1: Japan Atomic Energy Agency, Naka-shi, Ibaraki-ken, 311-0193 Japan, 
enoeda.mikio@jaea.go.jp 

2: Kyushu University, Fukuoka-shi, Fukuoka-ken, 812-8581, Japan 

Development of Water Cooled Solid Breeder (WCSB) TBM is being performed as the primary 

candidate of ITER Test Blanket Module (TBM) of Japan. Prior to the installation of each TBM, it is 

necessary to develop the capability of the analyses of all essential functions of the blanket, because the 

validation of the analyses tools by the TBM performance data under the real fusion environment of 

ITER enables extrapolation of the design and performance analyses to DEMO blanket. Especially the 

analysis tool of tritium control in the blanket system is one of the most important issues. From this view 

point, this paper overviews the status of the integration and verification of tritium release model in 

thermo-hydraulic analysis code. 

Tritium behavior in the blanket is a complex phenomenon which consists of tritium generation, 

tritium release from the breeder pebble, purge gas thermo-hydraulics and tritium permeation. Objective 

of this study is to construct the total tritium behavior simulation taking into account all essential tritium 

transfer process. 

The effect of thermo-hydraulics of the purge gas in the breeder pebble bed was studied numerically, 

using 3D thermo-hydraulic analysis code "FLUENT". Taking into account the distribution of the tritium 

generation rate and nuclear heating rate distribution in the radial direction of the blanket, the purge gas 

stream and tritium concentration was calculated by the 2D numerical simulation, assuming the tritium 

release mass transfer conductance is negligible. By the result of tritium concentration distribution in the 

breeder pebble bed, it was clarified that the concentration near by the cooling panel is two times higher 

than at the center of the breeder pebble bed.  

Tritium release model, developed by Nishikawa et al., was integrated into a commercial “FLUENT”. 

The calculation of the tritium behavior on the first breeder layer of WCCB TBM was performed. 

Currently, the consistency of the calculated result is being examined. 
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13. Tritium Inventory of Test Blanket Module in ITER and Blanket of Demonstration Reactor 
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Deuterium Retention and Desorption Behavior of Li2TiO3 after Deuterium Ion 
Irradiations with Different Temperatures 

T. HINO, H. SHIBATA, Y. NOBUTA, Y. YAMAUCHI  
Laboratory of Plasma Physics and Engineering, Hokkaido University, Kita-13, Nishi-8, Kita-ku, Sapporo, 

060-8628 Japan 
M. AKIBA and S. SUZUKI 

Naka Fusion Institute, Japan Atomic Energy Agency, Naka-shi, Ibaraki-ken, 311-0193 Japan 

Lithium Titanate (Li2TiO3) pebbles were irradiated by deuterium ion (D+, 1.7 keV) 
under different irradiation temperatures (RT, 473 K, 573 K, 673 K and 773 K), and 
the amount of retained deuterium and the desorption behavior were investigated by 
using a technique of thermal desorption spectroscopy (TDS). The amount of retained 
deuterium was almost the same with the irradiation temperature up to 473 K, while 
the amount decreased sharply with increase of irradiation temperature in the range 
higher than 473 K. The amount of retained deuterium at the irradiation temperature of 
773 K became almost zero. This result suggests that the tritium produced in Li2TiO3
pebbles in the region with temperature higher than 773 K completely desorbs during 
the operation, although a small fraction of the tritium remains in the pebbles in the 
region with temperature lower than 773 K. Figure 1 shows the amount of retained 
deuterium as a function of irradiation temperature. 

The present result is useful to evaluate the tritium inventory of blanket, and to design 
the temperature profile of the tritium breeding material. 

Fig.1 Amounts of gases containing deuterium desorbed from Li2TiO3 pebbles  
as a function of irradiation temperature.

This work was supported by the Grant-in-Aid for Scientific Research from the Ministry of 
Education, Science, Sports and Culture in Japan, and partly supported by the JAEA 
Collaboration Research Program. 
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14. Study on hydroxyl desorption from F82H oxidized surface by FT-IR 
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FT-IR analysis on removal of surface hydroxyls from F82H oxidized surface using 
isotope exchange method 

Daisuke Masuyama, Takuji Oda and Satoru Tanaka 

Department of Nuclear Engineering and Management: The University of Tokyo 

Material contamination due to tritium accumulation in structural materials of nuclear fusion reactors is a 
problem in repair of equipment or waste management. Hence, it is important to build up 
decontamination technique of tritium on the surface in the sight of safety. In practice, metal surface is 
oxidized, and hydrogen isotopes generally exist as hydroxyl. High stability of surface hydroxyl makes 
decontamination difficult. In order to perform decontamination effectively, therefore, it is necessary to 
understand the stability and desorption behavior of hydroxyls on the oxidized surface of structural 
materials. In the present work, we aim to quantify removal rates of hydroxyls from F82H surface by 
isotope exchange method. 

In experiment, deuterium was employed instead of tritium. For comparison, Fe, which is the main 
component of F82H, was also tested. After oxidation treatment, a specimen (powder of Fe2O3, Fe3O4 or 
F82H) was exposed to deuterium water vapor (D2O). Hydroxyl (-OD) formed on the surface was 
detected using Fourier transform infrared spectroscopy (FT-IR) of diffuse reflection method, which is 
effective for surface analysis. Then, exposure experiment to H2O gas was performed, and hydroxyl 
removal rates by isotope exchange were quantified from variation of O-D vibration peaks. 

In Fe2O3 powder exposed to D2O atmosphere, five IR absorption peaks (2744 cm-1, 2708 cm-1, 2680 
cm-1, 2650 cm-1, 2550 cm-1) were observed in a typical region of O-D stretching vibration modes. This 
result indicates that hydroxyl has multiple different forms on oxidized surface. Then, with performing 
exposure experiment to H2O gas, the intensity of these peaks was decreased corresponding to removal 
of -OD from the surface. Decreases of three sharp peaks (2708, 2680, and 2650 cm-1) were first-order 
reactions with respect to the concentration of -OD on the surface. On the other hand, decrease of 2550 
cm-1 peak, which is a peak of hydroxyls interacting with each other by hydrogen bonding, was not fit to 
first-order kinetics. 2744 cm-1 peak almost did not change during H2O gas exposure experiment, which 
indicates that this -OD is hardly influenced by isotope exchange reactions. In comparison with results of 
Fe3O4 and F82H, the mechanism of hydroxyl removal from F82H surface by isotope exchange reactions 
was discussed. 
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