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Abstract

TRIAM-1M tokamak is very suitable for studies on plasma material interaction because of its very long duration
plasma discharges. We have investigated the damage and modification of plasma facing materials by exposing to the
plasma in the scrape-off layer (SOL) of this machine and review the recent results in this paper. Dense dislocation loops
were formed in Mo and W by exposing to the plasma for a few 10 min. This damage was caused by energetic charge-
exchange hydrogen neutrals generated mainly in the lower half of the plasma. The mean flux of responsible neutrals for
the damage was estimated to be 3 x 107 m=2 s~! sr~!. Plasma facing surfaces were covered by an impurity deposit
consisting of very fine crystalline grains (about 1 nm in size), whose crystal structure is not normal body-centered-cubic
(bee) structure but face-centered-cubic (fec) structure. It was found that retention of hydrogen in these peculiar

materials is much stronger than ‘normal’ Mo. © 2001 Published by Elsevier Science B.V.
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1. Introduction

The plasma facing walls of fusion devices are bom-
barded not only with plasma particles but also with
neutral hydrogen atoms created in charge exchange
collision processes [1]. It has been reported that some
part of the neutrals having a high energy cause signifi-
cant surface sputtering as well as internal damage in the
plasma facing materials [2-5]. The atoms sputtered from
the surface, on the other hand, re-deposit on it. If the re-
deposition exceeds sputtering, impurities cover the wall
surface and modify its properties [6-12]. One can say
that the plasma facing surfaces of the actual machines
are more or less covered by the deposited layer. There-
fore, it is important to make clear the properties of the
layer to understand the plasma wall interaction that
happened in the actual devices.
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TRIAM-1M, superconducting high field tokamak, is
a very suitable machine for studies on plasma material
interaction because of its very long duration plasma
discharge. In this paper, we review our recent works on
the effects of plasma surface interaction to the plasma
facing materials in TRIAM-IM under high ion tem-
perature mode long pulse discharge [5]. It will be em-
phasized in this paper that the energetic particle
bombardment and impurity deposition strongly affect
material performance and hydrogen recycling.

2. Experimental procedures

TRIAM-IM at Kyushu University is a supercon-
ductive high field tokamak with a vacuum vessel made
of 304SS, divertor plates of Mo and limiters of Mo.
Non-metallic materials such as graphite have not been
used for in-vessel components. To examine the damage
and surface modification due to the plasma wall inter-
action, a surface probe system, with which one can
transfer the material samples in the plasma without
breaking the vacuum of the torus, was installed (see
Fig. 1). The head of the probe, on which the specimens
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Fig. 1. Surface probe system connected to TRIAM-1M.

for material test are mounted, is actively cooled by
flowing water and the temperature of the probe head can
be monitored by thermocouples.

Various kinds of metal specimens mounted on the
probe head were inserted into the scrape-off layer (SOL)
through a horizontal port; 6 mm behind the poloidal
limiter surface. In order to collimate the direction of the
incident particles, the specimens were placed in the holes
(4 mm in diameter and 4 mm in depth) at the plasma
facing side (P-side). The specimen holes direct to the
lower side (—45°, —30°), the plasma center (0°) and the
upper side (30°,45°) with a semi-angle of 14°. Details
are described elsewhere [13]. The pre-thinned Mo spec-
imens placed at the bottom of the holes were exposed to
successive high ion temperature discharge (hydrogen
plasma, limiter configuration) sustained by lower hybrid
current drive (2.45 GHz). Typical plasma parameters
were as follows: T; = 1.5-2.5 keV, 7i; = 1.5 x 10'® m?,
Iy = 20-25 kA. The duration time of each discharge was
about 1 min and the total reached 31.5 min. The tem-
perature of the probe head during exposure was almost
constant at about 23°C. Pre-thinned 304SS and W
specimens were mounted on the electron drift side
(E-side) of the probe head to examine the impurity de-
position. After the exposures to the plasma microscopic
damage and the deposited layer were examined with a
transmission electron microscope (TEM) with EDS.

According to the result that major metallic compo-
nents of the impurity deposits in the TRIAM-1M were
Mo [11,12], vacuum-deposition experiments of Mo were
carried out in various atmospheres for a better under-
standing of the impurity deposits in TRIAM-1M.
Taking into account that major gas component under a
plasma discharge is hydrogen and some oxygen and
water exist as residual impurities, the vacuum-deposi-
tions were carried in a high vacuum (< 10~* Pa) and
low-pressure hydrogen or oxygen atmospheres. Micro-
structure of the deposits was also examined with a TEM.

Mo-deposits formed in oxygen atmosphere were im-
planted with 6 keV-D7 ions (2 keV-D™) at room tem-
perature up to a fluence of 1 x 102 jons m 2. Thermal
desorption of gas molecules composed of deuterium
(DH, D,, DHO and D,0) was examined to estimate the
impacts of the deposits on the hydrogen retention.

3. Experimental results and discussion
3.1. Radiation-induced damage

High-energy charge-exchange hydrogen neutrals es-
caping form the high-temperature core plasma will im-
pinge on the first wall. Though the flux of the neutrals is
much less than that of the ions, they can result in sig-
nificant sputtering erosion as well as knock-on damage
in the materials [4]. TEM observation made it clear that
dense dislocation loops were formed even in Mo and W
by exposing to the plasma for a few 10 min [2-5]. This
fact directly indicates that plasma facing materials suffer
radiation damage by plasma discharge and the forma-
tion of defects may change material properties such as
thermal conductivity, mechanical properties and hy-
drogen retention.

Fig. 2 shows a dark field TEM image of radiation
damage formed in the Mo specimen directing to the
lower side of the torus plasma (—45°). Defects with a
white dot image are interstitial type dislocation loops,
which are aggregates of interstitial atoms formed by
knock-on damage. The directional dependence of the
area density of the dislocation loops is plotted in Fig. 3.
As discussed in detail in [13], defect density is high in the
specimens directing to the lower side and the plasma
center, while almost no detectable defects for those di-
recting to the upper side. These results imply that
charge-exchange neutrals with energy enough to cause
radiation damage in metals were mainly formed in the
lower half of the plasma. According to the stereo-ob-
servation, the defects distribute up to 40-50 nm in depth,
which corresponds to depth of the damage production
by hydrogen particles ranging from 3 to 6 keV. This fact
means that charge-exchange particles contributing to the
defect formation have energy of several keV and corre-
spond well with the result of the energy spectrum
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Fig. 2. TEM image (dark field) of radiation damage formed in
Mo directing to the —45°.

measurement of neutral particles with a neutral particle
energy analyzer [5]. From the detailed comparison of the
dislocation loop density with that of the hydrogen ion
irradiation, the flux of the charge exchange neutrals
coming from the lower side and contributing to the
damage was estimated to be 4.2 x 10" particles
m~2 s~! sr7! [13]. It is expected, therefore, that the total
flux of the energetic hydrogen neutrals responsible for
the damage at the bottom of the vacuum vessel is far
above 10" particles m™2 s~!. One should note that this
flux is not low for material damage. The amount of the
dislocation loop density reaches the very high saturation
level by the irradiation of only about 10*? ions/m? for
several keV hydrogen ions [14] and results in strong
surface hardening [15]. Due to strong interaction be-
tween hydrogen and the radiation-induced vacancies,
formation of the dislocation loops is enhanced very
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Fig. 3. Angular dependence of the area density of the disloca-
tion loops formed in Mo by exposureto high ion temperature
plasma.

much under keV-order hydrogen particle irradiation
[16,17].

Fig. 4 shows an example of macroscopic damage of a
pre-thinned W foil, which was exposed to the plasma for
72.3 min [5]. The specimen was cracked along the grain
boundaries. It is likely that the energetic hydrogen at-
oms penetrated into the material through the surface
diffuse deeply into the bulk and result in the hydrogen
embrittlement. This fact indicates that the influences of
the energetic hydrogen influx are not restricted in the
narrow projected range of the incident neutrals but may
change even the properties of thick bulk materials. This
effect will be enhanced by the synergistic effects of neu-
tron irradiation which uniformly form lattice defects
acting as good trapping site for hydrogen.

| un-exposed specimen || exposed specimen ||
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Fig. 4. Macroscopic damage of pre-thinned W specimens placed on the inner wall position of the vacuum vessel for 72.3 min.
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Localization of the high ion temperature plasma at
the lower part can be explained by the effect of gradient
B drift of high-energy ions trapped in a toroidal ripple.
The direction in the present experiments is toward the
lower side. The localized formation of energetic charge-
exchange neutrals at the lower half of the plasma indi-
cates stronger sputtering and radiation damage at
the bottom of the torus. In actual after installation of
the Mo divertor plate at the bottom of the tours, the
amount of Fe, Cr and Ni impurities, which are major
elements of vacuum vessel material (304SS) decreased
drastically and Mo becomes the major metallic impurity
after that [11,12].

Accumulation of radiation-induced defects such as
dislocation loops and bubbles is very temperature de-
pendent. In the case of Mo, for example, the defects are
formed up to 873 K [14], while up to 573 K for W [18].
These results indicate that the damage by hydrogen
bombardment is important at relatively low tempera-
tures.

3.2. Impurity deposition

3.2.1. Microstructure of the impurity deposits

Fig. 5 shows a dark field image and corresponding
electron diffraction pattern of the impurity deposit on a
thin 304SS probe specimen placed at the E-side. The
image was obtained from a part of the first broad dif-

Fig. 5. Electron diffraction patterns and microstructures of the
deposition on the stainless steel specimen exposed to tokamak.
White image in these micrographs shows individual crystal
grains.

fraction ring. Only the crystalline grains satisfying the
Bragg diffraction condition have white image at this
imaging condition. Numerous small dot images indicate
that the deposit consisted of very fine crystalline grains
around 1 nm in diameter. The diffraction rings indicate
that the crystal structure is fcc, though its major metallic
component is Mo, which normally forms the bcc struc-
ture. One should note that the crystal structure must be
defective in such fine grains, because more than half of
the constituting atoms are expected to locate on or near
the grain boundaries where large disordering of atoms
occurs.

As reported in [13] residual oxygen strongly affects
the structure of vacuum-deposited Mo. If the ratio of the
arrival rate of oxygen atoms and Mo atoms, 4o /A4mo, 18
less than about 2 (partial pressure of oxygen Po, = 5x
10~* Pa), its structure is normal large bcc grains while if
the ratio is about 20 (P, = 5 x 107* Pa), fine fcc grain
structure similar to the deposit of TRIAM-1M appear.
It is likely that oxygen atoms adsorbed on the surface
suppress free migration and crystallization of the de-
posited Mo atoms and result in refinement of the crystal
grains. Moreover, oxygen atoms involved in the Mo
lattice may prevent to form the normal bec structure and
cause distortion of lattice due to its large atom size. Such
peculiar structure is not special for Mo-deposits. Similar
fine grain deposit with fce structure was observed in W.
In the case of Fe-deposits the structure changes succes-
sively from large bce grains, fine fec grains, fine FeO
grains to fine Fe,O;-Fe;O,4 grains, with increasing par-
tial pressure of oxygen during the vacuum-deposition
[19]. Electron diffraction pattern, however, indicates that
no oxides are formed in the deposit in TRIAM-1M and
the vacuum-deposited Mo formed in the oxygen atmo-
sphere (Po, = 5 x 1073 Pa).

Hydrogen atoms, in contrast, do not show strong
effects on the structure of the vacuum-deposited Mo; the
structure of the deposit is large bcc grains even if the
ratio Ay/Awm, is about 200 [12]. Weaker chemical inter-
action with Mo and its smaller atomic size must be the
reason why the effects of hydrogen are not so strong as
oxygen.

Though TRIAM-1M is an ultra-high vacuum ma-
chine, some oxygen exist as residual impurity. It is likely
that co-deposition of the residual oxygen with Mo
brought the peculiar defective structure.

3.2.2. Retention of hydrogen isotope

Due to their defective structure, it is anticipated that
the deposit in TRIAM-1M will strongly affect the re-
cycling process of hydrogen. To know the trapping of
hydrogen in the deposits, thermal desorption of the
implanted deuterium was measured for the vacuum-de-
posited Mo with similar defective fcc fine grain struc-
ture. Retention of deuterium in deuterium ion implanted
Mo-deposit, bulk Mo and 304SS is plotted in Fig. 6
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Fig. 6. Fluence dependence of the deuterium retention for Mo-
deposit. Deuterium retention in bulk Mo and 304SS is also
plotted. Specimens were implanted with 6 keV-D3 at room
temperature before the TDS experiments.

against deuterium ion fluence. Each data is the sum of
the desorbed deuterium as DH and D,, DHO and D,O
molecules. In contrast to the weak retention in bulk Mo,
the defective Mo-deposit shows strong retention. It is
worth noting that trapping of deuterium in the Mo-de-
posit is larger than stainless steel, which is the vacuum
vessel material of TRIAM-1M. The ratios of D/Mo and
O/Mo at the fluence of 1 x 1022 D m~> were estimated
to be 0.35 and 0.04, respectively. As shown in the mi-
crograph of TEM in Fig. 7 dense micro-cavities, prob-
ably hydrogen bubbles, are formed in the Mo-deposit by
the implantation of 4 keV-HJ hydrogen ion at room
temperature to a fluence of 7.2 x 102" H m~2. It is likely

that the defective structure and the dense bubbles are
responsible for large and strong retention of hydrogen in
the Mo-deposits. Present work indicates that re-deposi-
tion of sputtered impurities on plasma facing surface
increases retention of hydrogen isotopes even in metallic
tokamak similar to carbon tokamak [7-9].

4. Conclusion

Material exposure experiments using a surface probe
system have been carried out in TRIAM-1M to inves-
tigate the damage and surface modification of plasma
facing materials. Long pulse of high ion temperature
mode discharge of TRIAM-1M was very useful for such
experiments, because the high accumulation of the
plasma bombardment is essential to detect the effects.

Dense dislocation loops formed by the bombardment
of charge-exchange hydrogen neutrals were observed
only in the specimens directing to the lower half of the
plasma. This result indicates that charge-exchange neu-
trals with energy enough to cause radiation damage are
mainly created in the lower half of the plasma. This
anisotropy of the neutral particle distribution can be
explained by the effect of gradient B drift of high-energy
ions trapped in a toroidal ripple. The mean flux of these
energetic neutrals from lower side was estimated to be
4.2 x 10" particles m=2 s~ sr~!. This value is never low
from the standpoint of material damage. If the temper-
ature of the plasma facing material is relatively low, the
bombardment of the particles may result in the material
hardening and increase of the hydrogen retention very
quickly. One should pay more attention to the effects of
diffused hydrogen in the matrix. In the hydrogen-sensi-
tive materials such as W diffused hydrogen will bring a
variety of effects such as embrittlement.
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Fig. 7. Microstructure of Mo-deposit implanted with 4 keV-H; at room temperature to a fluence of 7.2 x 10°' H m~2. Each
micrograph was taken at the conditions of just-, under- and over-focus.
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A major element of the impurity deposits in TRIAM-
IM is Mo but its structure is peculiar; crystalline grain
size is about Inm and their crystal structure is not nor-
mal bee but fec due to the co-deposition with oxygen,
which exists in plasma as a residual impurity. The Mo-
deposits formed in the low-pressure oxygen atmosphere,
which have the same structure of the deposit in TRIAM-
1M, show very large and strong hydrogen isotope re-
tention. Implanted deuterium is desorbed not only as D,
and DH but also as D,O and DHO. The defective
structure and the micro-cavities contribute to the large
hydrogen retention. The ratio of D/Mo reached 0.35 at
high fluence. This result indicates that re-deposition of
sputtered elements on plasma facing surface must be a
serious problem even in a metallic tokamak. One should
pay more attention to the modification of plasma facing
surface by the impurity deposition and its effects on the
hydrogen behavior. This is particularly important for
long pulse and steady-state plasma.
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