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Abstract

Microstructure and chemical composition of depositions in TRIAM-1M under long pulse discharges have been
examined. It is found that the deposition has a defective structure; the grain size is approximately 1 nm and the
crystalline structure is not the normal body centered cubic (bcc) but is a face centered cubic (fcc). By comparing with the
vacuum-deposited molybdenum in various conditions, it is concluded that co-deposited oxygen plays an essential role
for the defective structure. The vacuum-deposited molybdenum, which has the same structure as the depositions in
TRIAM-1M, shows very large and strong hydrogen retention. Implanted deuteriums are desorbed as D,, DH, D,0 and
DHO. The present work indicates that re-deposition of sputtered atoms on plasma facing surfaces will be a serious
problem even in a metallic tokamak. More attention should be paid to hydrogen retention in the deposited
material. © 2000 Elsevier Science B.V. All rights reserved.

1. Introduction

Impurities emitted from the surfaces of in-vessel
components due to plasma wall interaction re-deposit on
the surface. Consequently the surfaces are covered with
mixtures of all elements from the in-vessel components.
Such deposition-dominant surfaces have been observed
in many tokamaks [1-7]. In carbon dominant devices,
co-deposition of carbon with hydrogen isotopes has
been observed [2-4]. Due to the deposition, the surface
of the vessel wall materials are largely modified with
respect to chemical composition and microstructure.
Moreover, the modification may change the physical
properties of materials, especially hydrogen retention
properties, and have a great impact on hydrogen recy-
cling under a long pulse operation.

In the present work, the chemical composition and
microstructure of depositions in TRIAM-1M [8] have
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been studied, and the formation mechanism of the de-
positions and the influence on hydrogen retention have
been examined.

2. Experiments

TRIAM-1IM is a high field tokamak with supercon-
ducting toroidal field coils. To obtain the deposition,
pre-thinned tungsten and 304 stainless steel (SS) speci-
mens fixed on the surface probe system [9] were exposed
to the discharges in the scrape-off layer (SOL) in 1997.
The duration of each discharge was about 1 min and the
total reached 31.5 min. Typical plasma parameters such
as plasma current (/p), electron density (7), ion tem-
perature (7;) were 20-25 kA, ~ 2 x 102 cm™3, 1.5-2.5
keV, respectively. After exposing to plasmas, the
chemical composition and microstructure of the speci-
mens were examined by means of energy dispersive
spectrometry (EDS), Rutherford backscattering spect-
rometry (RBS), and transmission electron microscopy
(TEM).

In addition, vacuum-depositions of molybdenum
were carried out in various conditions in order to
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simulate the deposition in TRIAM-1M. The substrates
were pre-thinned or bulk 304SS specimens. The vacuum-
depositions have been carried out in a high-vacuum
(<10~* Pa) or low-pressure hydrogen or oxygen atmo-
spheres. The partial pressures of hydrogen were con-
trolled at Py, = 107* or 1072 Pa and those of oxygen at
Po,=5x%107* or 5x 1073 Pa during the vacuum de-
positions. After the vacuum depositions, the pre-thinned
specimens were observed by TEM.

Mo-depositions on bulk 304SS were irradiated with 6
keV D7 (supposing the molecules would split into three
atoms with the equal energy in specimens, the beam
would be 2 keV D) ions at room temperature to a
fluence of 3 x 10! ions/m>. The thickness of the Mo-
deposition was about 50 nm, which is greater than the
projected range of 2 keV D* ions (<30 nm). Hence, the
majority of the implanted D ions would accumulate in
the Mo-deposition. Desorptions of DH, D,, DHO and
D,0 were measured with a quadrupole mass spectrom-
eter (QMS) under heating with a ramping rate of 1 K/s.
Desorption spectra from the bulk specimens of molyb-
denum (99.95% pure) and 304SS were also obtained as
comparison. Desorption rates of DH, D,, DHO and
D,O were calibrated by using a He leak standard.

3. Results and discussion
3.1. Chemical composition of the deposited material

Fig. 1 shows a typical EDS spectrum from the
tungsten specimen exposed to the discharges in
November 1997. In the present experiment, elements
with Z above 11 can be detected, so oxygen cannot be
detected even if it exists. Only molybdenum was detected
as a metallic element besides substrate tungsten. This
means that the deposition was composed of molybde-
num that is element of the limiter and divertor plates.
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Fig. 1. Typical EDS spectrum of the tungsten specimen ex-
posed to the discharges in November 1997.

This result is consistent with those since 1996, but dif-
ferent from the results before 1996, where iron, chro-
mium and nickel, the major elements of the vacuum
vessel (304SS), had been detected in addition to mo-
lybdenum [5-7]. Depositions formed on long term
samples installed at the different toroidal positions were
also composed of only molybdenum. This indicates that
the change of chemical composition on the material
probe experiments were not a local phenomenon but
global in the torus. Furthermore, recent results from
vacuum ultra violet (VUV) spectrometry in TRIAM-1M
indicates that the amount of iron impurity emitted into
the plasma drastically decreased. One can say that ma-
jority of the 304SS surface of the vacuum chamber had
been covered with deposited molybdenum.

3.2. Microstructure of the depositions

Fig. 2 shows electron diffraction patterns and dark
field images of microstructures of the deposition on a
stainless steel substrate exposed to the discharges. The
dark field images were obtained from a part of the dif-
fraction rings. In this imaging condition, only the grains
satisfying the Bragg condition have a white contrast [10].
As shown in Fig. 2, the deposition consists of numerous
fine grains around 1 nm in diameter. It is important to
note that the crystalline structure was not the normal
body centered cubic (bec) but face centered cubic (fcc).
One should also note that the structure must be very
‘defective’, because more than half of the constituent
atoms are directly affected by the disordered structure of
grain boundaries. To examine the stability of this

Deposition in TRIAM-1M ” Depo. annealed at 973K

Fig. 2. Electron diffraction patterns and microstructures of the
deposition on the stainless steel specimen exposed to the dis-
charges (left) and the deposition annealed at 973 K for 10 min
(right). The microstructures are dark field images obtained from
a part of the diffraction rings.
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defective structure, isochronal annealing was carried out
from 373 to 973 K at 100 K steps for 10 min. As a result,
it was shown that the fine grains abruptly grew by an-
nealing at 973 K as shown in Fig. 2.

As explained later, co-deposited gaseous atoms such
as hydrogen and oxygen may play important roles in
formation of the ‘defective’ deposition in TRIAM-1M.
Deposition rates of molybdenum, hydrogen and oxygen
were estimated as follows. According to RBS analysis,
the total amount of deposited molybdenum was esti-
mated to be 8 x 10*! atoms/m”. Dividing this by the
discharge duration, the mean deposition rate of molyb-
denum was estimated 4.2 x 10'® atoms/m’s. The flux of
hydrogen ions can be derived as 6 x 10*'H-ions/m’s by
the following equation [11]:

Tition = mCs = k(T + T.) /mi]'?, (1)

where the #; is the ion density (=~ n, = 10" m~?), C; the
ion sound velocity, m; the mass of the hydrogen ion
Ti(=T.) the ion temperature, and 7. is the electron
temperature (17 eV). One should note that the flux of
hydrogen ions is 3 orders of magnitude higher than that
of molybdenum. Oxygen is another major gaseous ele-
ment in the plasma. Although its concentration is less
than a few percent of the hydrogen concentration [12],
the effects of oxygen may not be negligible because its
flux is still one order of magnitude higher than that of
molybdenum. This means that molybdenum atoms de-
posit on a surface covered with adsorbed hydrogen and
oxygen, and subsequently stack with the H and O atoms.
The gas atoms may prevent free migration of deposited

molybdenum atoms and result in the formation of the
‘defective’ structure.

Fig. 3 shows microstructures and electron diffraction
patterns of the vacuum-deposited molybdenum formed
in various conditions. The vacuum condition and de-
position rate of molybdenum was adjusted to obtain a
deposition ratio comparable to the TRIAM-1M case.
Depositions formed in a high-vacuum and in a hydrogen
atmosphere have a bec structure with grains 3—10 nm in
diameter even if partial pressure is higher. This means
hydrogen does not have a strong influence on the
structure of the depositions. Depositions formed in an
oxygen atmosphere, on the other hand, especially in case
of Po, =5 x 107* Pa, have a similar microstructure to
the deposition in TRIAM-1M: namely, an fcc structure
with fine grains of about 1 nm in diameter. Moreover,
grain growth occurs at the same temperature (973 K) as
shown in Fig. 4. These results indicate that oxygen at-
oms play an essential role in the formation of the
deposition in TRIAM-1M. A similar defective structure
was observed for vacuum-deposited iron films formed in
an oxygen atmosphere [13].

3.3. Deuterium retention in the deposited Mo

Fig. 5 shows thermal desorption spectra of D,
(m/e = 4) and D,0 (m/e = 20) obtained from the deu-
terium-ion-irradiated Mo-depositions formed in an ox-
ygen atmosphere. Data for bulk molybdenum and
stainless steel (304SS) are also plotted in the figure for
comparison. The retention of implanted deuterium in
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Fig. 3. The microstructures and electron diffraction patterns of the depositions in TRIAM-1M and the vacuum-deposited Mo in
various conditions. The left — the deposition in TRIAM-1M; the second left — the Mo-deposition in a high vacuum (<10~* Pa); the
middle two — the Mo-deposition in hydrogen atmospheres, Py, = 1073 Pa and Py, = 1072 Pa; the second right — the Mo-deposition in
oxygen atmospheres, Po, = 5 x 107* Pa and the right — the Mo-deposition in oxygen atmosphere, Po, = 5 x 1073 Pa.
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Fig. 4. The microstructure of the Mo-deposition in
Po, =5 % 1073 Pa, as deposited and annealed at 873 and 973 K.
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Fig. 5. Thermal desorption spectra of D, (m/e = 4) and D,O
(m/e = 20) obtained from the Mo-deposition in an oxygen at-
mosphere, molybdenum and stainless steel (SS304) specimens
implanted with 6 keV D5 at a fluence 3 x 102" D/m’.

the deposited molybdenum is much higher and much
stronger than in bulk molybdenum. For Mo-deposition,
two large desorption peaks of D, at around 550 and 720
K are distinguished but only small peaks occur at
around 530 K for bulk molybdenum. In the case of D,0O,
large desorption occurred only for Mo-deposition. At
least four peaks exist above 450 K. Desorption still oc-
curs even at 900 K.

Fig. 6 shows the fraction of the retained deuterium in
Mo-deposition, crystalline molybdenum and 304SS for
an ion dose of 3 x 10?'ions/m’. The desorption indi-
cates the total amount of desorbed deuterium as DH,
D,, DHO and D,O molecules. Only 2.2% of the im-
planted deuterium is retained in crystalline molybde-
num, but 31% is retained in the Mo-deposition. It is also
important to note that 6.6% of implanted deuterium is
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Fig. 6. Retained deuterium in the specimens implanted with 6
keV D7 at a fluence 3 x 102 D/m’. The percentage indicates
the fraction of the implanted amount.

desorbed as water (DHO or D,0). This supports the
interpretation that a large amount of oxygen is trapped
in the Mo-deposition in an oxygen atmosphere. Due to
its defective structure and trapped oxygen, the metallic
deposition can trap large amount of deuterium.

Present work indicates that re-deposition of sputtered
atoms on plasma facing surface causes a serious problem
such as high retention of hydrogen isotopes in metallic
tokamak as well as carbon tokamaks [2-4].

4. Summary

The microstructure and chemical composition of
depositions formed in TRIAM-1M have been examined.
The major metallic element is molybdenum, which
originated from the limiter and divertor plates. Elements
of the original vacuum vessel surface, iron, chronium,
and nickel, have been not detected. This indicates that
the majority of the inner surface of the vacuum vessel
was covered with deposited molybdenum.

The depositions have a defective structure; the grain
size was about 1 nm and the crystal structure was not the
normal bee but fec. By comparing with vacuum-depos-
ited molybdenum under various conditions, it was con-
cluded that co-deposited oxygen, which exists in plasma
as a residual gas, plays an essential role in the defective
structure formation. The molybdenum vacuum depos-
ited in an oxygen atmosphere had the same structure as
the deposition in TRIAM-1M, and showed very large
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and strong deuterium retention. Implanted deuterium
was desorbed as D,, DH, D,O and DHO molecules.

The present work indicates that re-deposition of
sputtered elements on plasma facing surfaces can be a
serious problem even in the metallic tokamak.
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