Abstract

Nuclear fusion is a promising carbon-free energy generation method. Deuterium (D) and tritium
(T), the hydrogen isotopes, will be the fuels because DT reaction, ?D + 3T -> “He (3.5 MeV) +n
(14.1 MeV), reaches higher reaction rate at lower temperature than other fusion reactions. Tritium
is radioactive isotope of hydrogen and decays to helium-3 with emission of low energy B-rays:
3T > 3He + e + v, + 18.6 keV. The fuels are accumulated in the reactor walls by the plasma-
wall interactions (PWIs) and the reactor components containing tritium are the potential
radioactive hazard. In order to assess the safety of the fusion reactor, accurate analysis of fuel
retention in the wall material is important. In this thesis, the new tritium detection methods were
developed by combining the several tritium detection techniques to perform non-destructive,
quantitative tritium retention analysis. The tritium distributions in the world largest fusion device
in operation, Joint European Torus (JET), were evaluated using the developed methods. The
important proposals to ITER and the future fusion reactors are given based on the post-mortem
analyses of tritium distributions in JET plasma-facing tiles.

In Chapter 1, the current status of fusion energy development was overviewed. To demonstrate
energy gain by fusion reactions, ITER is being constructed. The wall materials of JET in the UK
were refurbished from full carbon wall to ITER-like wall (ILW): beryllium (Be) main chamber
limiter, and tungsten (W) or W-coated carbon-fiber-composite (W-CFC) divertor plates to
investigate possible PWIs in ITER. These plasma-facing tiles of JET had been exposed to DD
plasma. Tritium was generated by DD fusion reactions [?D + 2D -> 3T (1.01 MeV) + 'H (3.02
MeV)]. The research on deuterium retention were reviewed in this chapter. Also, the importance
of investigation of tritium inventory which lead to developing of new non-destructive tritium
detection technique is explained.

Chapter 2 describes the interactions of B-rays and X-rays with matters. In this study, 2-
dimensional distributions of trittum B-rays intensity were measured using imaging plate (IP)
technique. However, as the range of tritium B-rays is ~ 3 pm and ~ 0.3 pm in beryllium and
tungsten, respectively, IP techniques gives information about trittum in the surface and sub-
surface of the sample. On the other hand, X-rays generated by B-rays in matters have far longer
escape depth than B-rays. Hence, the depth profiles of tritium were evaluated using B-ray induced

X-ray spectrometry (BIXS) to obtain 3-dimensitonal view of tritium distributions. Physics behind



these measurement methods was explained.

Chapter 3 gives details about the plasma-facing tiles examined in this study. The Be tiles used
in the main chamber had grooved structure for better durability against heat load from plasma.
The W-CFC tiles were bulk tiles. On the other hand, W lamellae tiles were stack of pure W plates
where gaps between the plates were found. The tritium retention on the plasma-facing surfaces
and that inside the grooves and gaps were examined with IP and BIXS measurements. The
principles and experimental setup for these measurements were also described. The X-ray spectra
obtained from the BIXS were analyzed with Monte Carlo simulation by considering X-ray
generation and attenuation in the samples. The chemical compositions on the tile surfaces and
binding states of elements were evaluated with X-ray photoelectron spectroscopy (XPS) to
investigate the mechanisms underlying tritium retention. The details of XPS measurements were
also given in this chapter.

The tritium distributions in the main chamber Be limiters were described in Chapter 4. On the
plasma-facing surfaces (PFSs) of the tiles, trittum was enriched at the erosion-dominant zone,
though deuterium is reported to be concentrated at the deposition-dominant zone. The BIXS
measurements showed tritium penetrated to the depth of ~ 6 um. These results suggested
implantation of 1.01 MeV tritons is the dominant tritium retention mechanism in the PFSs. In
contrast, trittum retention in the grooves was dominated by co-deposition of tritium thermalized
in plasma with deuterium, beryllium, oxygen, carbon and other impurities. Near the entrance of
grooves (< 3 mm from the entrance), tritium retention was high and showed no systematic
correlation with location in the chamber and chemical composition of deposition layers.
Nevertheless, beyond 3 mm, tritium concentration increased with increasing content of carbon in
the deposition layers.

Chapter 5 gives tritium retention in the divertor region. Co-deposition of thermalized tritium
with beryllium, oxygen, carbon was dominant retention mechanism in the inner W-CFC divertor
tiles. The deposition layers with high carbon content showed high tritium concentration. Tritium
was implanted into outer W-CFC divertor tiles and implantation depth was ~ 1.5 um. The PFSs
of W lamellae tiles where strike points located showed low tritium content due to thermal
desorption of tritium from the tile. On the other hand, the tritium-containing co-deposition layers
composed of beryllium, oxygen, carbon were formed on the surfaces in the gaps.

Chapter 6 summarizes tritium behaviour in JET with ITER-like wall under deuterium



discharges. The migration of tritium was discussed in relation to the interaction between plasma
and the Be limiters, transportation of beryllium sputtered from the Be limiter tiles and impurities
pertain in the reactor. Key issues expected to dominate tritium inventory in ITER are also
described. The approaches to reduce trittum co-deposition in the future fusion reactors are
proposed based on post-mortem analyses performed in this study.

Finally, the main accomplishments of this study are summarized in Chapter 7.
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