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Abstract

Thermal annihilation kinetics of radiation defects and thermal release of tritium produced in neutron-irradiated
Li,TiO; were studied by ESR and a thermal desorption method, respectively. Annealing experiments indicated that
there were two annihilation processes of the radiation defects, the fast and the slow processes, and their activation
energies were determined to be 0.43 and 0.41 eV, respectively. Taking account of the previous studies on Li,O and
LisSiOy, it is suggested that the fast process is related to Li* diffusion, and the slow process is attributed to annihilation
of oxygen vacancies. The comparison of the defects annihilation and tritium release shows that the slow process and the
tritium release from bulk appear simultaneously. Hence, the annihilation of oxygen vacancy in each sample, or in any
other CBMs, could play an important role in tritium release processes.

© 2004 Elsevier B.V. All rights reserved.

1. Introduction

There are a variety of tritium breeding materials
(TBMs) that could be employed for D-T fusion reac-
tors. They must contain lithium, because tritium is bred
by the nuclear reactions °Li(n, )T and "Li(n,n'«)T. To
design the tritium recovering system, it is very important
to understand the tritium behavior in TBMs, especially
the mobility in the solid and the release processes.
Okuno and Kudo reported that the state of tritium in
neutron-irradiated Li,O correlated with the annihilation
process of F'-centers, which were oxygen vacancies
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occupied by one electron [1]. Thereafter, Akahori et al.
also reported that in neutron-irradiated LisSiOy4, the
tritium release began just before the annihilation of
radiation defects was completed [2]. These studies sug-
gest that there should be a similar correlation between
annihilation of radiation defects and tritium release in
any other candidate ceramic breeding materials (CBMs).
However, there are few similar studies for the other
candidate materials.

The present study of Li,TiO;, one of the most
attractive candidate TBMs, investigated kinetics of the
thermal annealing of radiation defects induced in neu-
tron-irradiated Li,TiOs;, and correlation the defects
behaviors with tritium release processes.

Electron spin resonance (ESR) method was employed
to follow the annihilation behavior of the radiation de-
fects in isothermal or isochronal heating treatment. In
tritium release experiments to be compared with the
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annihilation processes of the radiation defects, we pre-
pared catalytic breeder materials [3], because observa-
tion of the bulk tritium release processes is needed to
compare to the behavior of radiation defects. In order to
compare the present experimental results of neutron-
irradiated Li,TiO; with that of neutron-irradiated
Li4Si0O4 in our previous study [2], an additional experi-
ment was also carried out for Li;SiO,. Ultimately, we
expect to have a comprehensive model of the correlation
of tritium release and annihilation of radiation defects in
CBMs.

2. Experimental

Samples of Li,TiO; were purchased from Nuclear
Fuel Industries Ltd., and Li4SiO, were provided by
Research Center Karlsluhe. Palladium was deposited on
the samples for tritium release experiments in the ratio
of Pd/Li,TiO; and Pd/LisSiO4 of 0.018 and 1.6 wt%,
respectively. Details of catalytic breeder are given in Ref.
[3]- The samples were preheated from room temperature
(RT) to 673 K for 8 h and then kept at that temperature
for 4 h in a reduced pressure of He atmosphere in order
to remove moisture and hydroxides on the surface. They
were then sealed in quartz capsules in the same atmo-
sphere.

Thermal neutron irradiations were carried. The
samples were irradiated with thermal neutrons to a flu-
ence of approximately 3x 10" cm~? at ambient tem-
perature out in the Kyoto University Research Reactor
(KUR).

Isochronal annealing experiments for neutron-irra-
diated Li,TiO; were performed to identify the temper-
ature region where the annealing behavior could be
observed clearly. ESR equipment (JEOL, JES-TE200)
was used to observe the annihilation processes of radi-
ation defects. The annealing temperature was increased
stepwise from RT up to the temperature where the ESR
signals became too small to be detected. After each
annealing step, the sample was immediately cooled to
liquid nitrogen temperature, and the ESR measurements
were carried out at that temperature. Also, since the
results of isochronal annealing experiments were con-
venient to compare to tritium release experiments, sim-
ilar experiments with Li;SiO4 were performed to
compare with the Li,TiO;. The goal was to find out
whether they showed a similar correlation of the anni-
hilation of defects and tritium release.

Isothermal annealing experiments for neutron-irra-
diated Li,TiO; were performed to establish the kinetics
of the annihilation of the radiation defects. The iso-
chronal annealing temperatures were selected as 423,
473, 523, 573 and 673 K, and each annealing experiment
was carried out until the ESR signals were either too
small to detect or showed little further change. The

measurements were carried out in the same manner as
the isochronal annealing experiment.

For the same reason as for the isochronal experi-
ment, tritium release experiments for neutron-irradiated
Pd/Li,TiO3; and Pd/Li;SiO4 were performed in the tri-
tium release apparatus, which is described in detail in
Ref. [4]. The catalytic breeder samples were heated from
RT to 1073 K with a heating rate of 5 K/min. The re-
leased tritium was swept by 1000 ppm H, in N,, and
measured with ion chambers (IC).

3. Results and discussions

Fig. 1 shows the ESR spectra of the Li, TiO; samples
before and after neutron irradiation. The asymmetric
ESR spectrum observed in the neutron-irradiated sam-
ple suggests that there are some kinds of defects present.
As this spectrum is compared with that of y ray irradi-
ated Li, TiO; studied by Grismanovs et al. [5], it suggests
that they are different from the viewpoints of the g-value
and the intensity of each signal. Only one g-value of the
signals in each spectrum agrees, but the abundance
disagrees, and any other g-values disagree in the two
experiments. Thus, the signal which are found in both
experiments is derived from the defect, E’-center. Hence
the signals were mainly attributed to the radiation de-
fects induced by high energetic particles generated by the
nuclear reaction. Thus, E’-center in the present study is
probably one electron trapped in an oxygen vacancy.

The result of isochronal annealing experiment per-
formed with 5 min hold time was differentiated as shown
in Fig. 2. However, the information under approxi-
mately 400 K would little make sense because the
polyethylene tube which covers the quartz ample in
which sample was encapsulated in neutron irradiation,
was distorted by the heat where would beyond the
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Fig. 1. ESR spectra of Li,TiO; before and after neutron irra-
diation.
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Fig. 2. The annihilation rate in isochronal annealing at inter-
vals of 25 K for 5 min.

softening point. Thus, the appropriate temperature re-
gion for isothermal annealing experiment would be
approximately from 400 to 700 K, and results can be
analyzed by a Gaussian distribution function to inter-
pret the annihilation processes. It can be seen that it
consisted of two peaks; the first peak is the larger one at
lower temperature region, and the second one is the
smaller at higher temperature region, named Peak 1 and
Peak 2, respectively. Thus, the isothermal annealing
experiments were performed to interpret the kinetics of
the annihilation processes of the radiation defects.

One result of the isothermal annealing experiments is
shown in Fig. 3. It was also suggested that there were
two annihilation processes of the radiation defects; the
fast and the slow ones coincident with the isochronal
annealing experimental results. The g-factor of peak top
of ESR absorption type spectra is shifted very quickly to
lower g-factor, and then little shift for more annealing
(Fig. 4). There is a high possibility that the difference of
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Fig. 3. Isothermal annealing at 423 K.
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Fig. 4. Peak shift in isothermal annealing at 473 K.

the annihilation rate of defects is attributed to the dif-
ference in the radiation defects. Thus, these annealing
processes could consist of two first-order reactions be-
cause detrapping or diffusion of constituent atoms or
defects would be the rate-determining step in the bulk.
Using the values of estimated rate constants of the fast
and the slow processes for each annealing temperature,
the activation energies of them are obtained by Arrhe-
nius plot (Fig. 5), and determined to be 0.43£0.01 and
0.41£0.02 eV, respectively.

The results of the tritium release experiment of neu-
tron-irradiated samples, Li,TiO; and Li,SiO,, are
shown in Figs. 6 and 7, in which the tritium release
spectra were analyzed by the Gaussian distribution
function, and the differentiated spectra of isochronal
annealing experiments in each sample are superposed to
see the correlation between the annihilation of radiation
defects and the tritium release. It is found that there are
two peaks between RT and 700 K in the Li, TiOs, three
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Fig. 5. Arrhenius plots for the rate constant of the fast and
slow annealing processes.
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Fig. 6. Comparison of annihilation of radiation defects with
tritium release in Li, TiO;.
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Fig. 7. Comparison of annihilation of radiation defects with
tritium release in LisSiOy.

peaks between RT and 1000 K in the LiySiO4. The ini-
tiating temperature of the first peak of tritium release in
the former, named Peak A, was lower than 400 K (near
100 °C). This result would be attributed to the irradia-
tion annealing effect, which took place by elevation of
the sample temperature during the neutron irradiation,
and then the tritium would diffuse near the surface. The
reason why it can little be observed in the LiySiO, is
attributed to the difference of the temperature of tritium
release from that considered to be bulk that the second
peak of the Li,TiO; (Peak B) is approximately 100 K
lower than the first peak of LiySiO4 (Peak o). Thus, there
is one tritium release process from the bulk in the
Li,TiOs, but three in the Li;SiO4. Peak B and Peak 2, or
Peak o and Peak II appear simultaneously. They suggest
that the oxygen vacancies annihilate in the slow process
and work as tritium trapping sites, because in the
Li,TiO;, the remaining ESR signal is attributed to the
defect, E’-center, one of the oxygen vacancies and in

the LisSiOy4, the slow process is attributed to oxygen
diffusion, reported in Ref. [6], or in Li,O, the annihila-
tion of Ft*-center, one kind of oxygen vacancy, correlate
with the tritium behavior in bulk, reported in Ref. [1].
Taking account of the studies of Akahori [6] and the
extremely high diffusivity of lithium ions reported in
Ref. [7], the annihilation of radiation defects at Peak 1
(Fig. 6) and Peak I (Fig. 7) must be associated with
lithium ion diffusion. After that, the annihilation of the
remaining defects, oxygen vacancies, initiate (Peak 2 and
Peak II). In the LisSiOy, it is attributed to oxygen dif-
fusion [6]; otherwise in the Li, TiOs, it is attributed to the
diffusion of point defects with activation energy, 0.41 eV
that is comparable to the activation energy of the point
defect diffusivity of TiO,, 0.40 eV, reported in Ref. [8].
The reason why the species resulting in the annihilation
of defects are different in the two materials is Ti"* could
diffuse as point defect [8], but Si"" could not. The slow
process indicates the ordering of structure, and it causes
the tritium release, since it annihilates oxygen vacancies
working as tritium trapping sites. In short, the annihi-
lation of oxygen vacancies is associated with the tritium
release. Though the tritium release is completed in that
reaction in the Li,TiOs, two peaks, Peak f and Peak v,
remained in the LisSiO,4. The difference is attributed to
the thermal stability of the hydroxides, Ti-OH and Si—
OH, or peroxi-hydroxide, Ti-O-OH, Si-O-OH. It is
known that Ti(OH); decompose completely by 700 K,
and the peroxi-hydroxide would be less stable; other-
wise, all at the latter remain in higher temperatures

2.

4. Conclusions

The tritium release processes and the annihilation of
radiation defects are correlated in both neutron-irradi-
ated Li,TiO; and Li;SiO,4. The annihilation processes of
radiation defects consisted of two processes, the fast and
the slow processes. The activation energies were deter-
mined to be 0.43+£0.01 and 0.41 +0.02 eV, respectively.
The fast process is associated with lithium diffusion, and
the slow one with diffusion of point defects in Li,TiO3
and oxygen diffusion in Li4SiO,, which recovered and
annihilated the defects working as the tritium-trapping
site. In the present and previous works, the annihilation
process of oxygen vacancies are very important because
tritium release from the bulk begin just after the slow
annealing process was dominant. Therefore, the slow
annihilation process of radiation defects is an important
key to establishing the tritium recovering system. Similar
studies of other CBMs are necessary to comprehensively
define the tritium release processes. Assuming that there
are similar correlation in almost all of CBMs, this
information could be a reference mark to fix the tem-
perature in blanket region in fusion reactor.
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