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Abstract

Carbon films containing hydrogen were prepared on quartz and Be plates by means of a plasma discharge in C,H,.
Raman spectroscopy revealed that the carbon film on quartz was stable to heating in vacuo up to 800°C. On the other hand,
X-ray diffraction measurements of the film prepared on the Be plates revealed that Be,C was formed above 500°C. The
intensity of the Be,C peak increased with increasing temperature. Thermal desorption spectroscopy showed that hydrogen
molecules were desorbed from the carbon films containing hydrogen by two different mechanisms. One is the reaction of C
and adsorbed water to form H, and CO at around 400°C, and the other is the reaction of C and Be to form H, and Be,C

above 500°C.
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1. Introduction

To reduce the radiation loss of a burning plasma, low Z
substances are being applied as plasma facing material
(PFM). At present, beryllium (Be) and carbon (C) are used
in large experimental devices such as the joint european
torus (JET) [1,2). These materials are also identified as
candidates of PFM for the international thermonuclear
experimental reactor (ITER) [3,4). In the devices, PFM
will be bombarded and heated up to high temperatures by
high fluences of energetic hydrogen isotope ions and neu-
trals. Physical and chemical sputtering causes erosion of
PFM and impurity release into the plasma. They will
subsequently be deposited back onto the wall surface and
form layers containing the elements of all materials used at
the vessel wall [1,5]. Because the nature of such layers is
anticipated to differ from each material {6,7], it is impor-
tant to understand the physicochemical properties of these
layers such as consisting of Be and C with respect to fuel
recycling, inventory and so on. A large amount of hydro-
gen was found to accumulate as carbonaceous deposits
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owing to the formation of stable chemical bonds between
carbon and hydrogen isotopes. Accordingly, the release
behavior of hydrogen isotopes from such layers as well as
each of the materials should be investigated to control the
fuel recycling and inventory.

In this study, carbon films containing hydrogen were
prepared on Be plates as a model of the co-existing system
of Be and C. Changes in physicochemical properties of the
surface layers with heating in vacuo were measured by
means of Raman spectroscopy (RS) and X-ray diffractom-
etry (XRD) along with mass analyzed thermal desorption
spectroscopy (TDS). In the present paper, the release
behavior of hydrogen from such a layer is discussed on the
basis of changes in crystallographic structure and chemical
reactions due to heating in vacuo.

2. Experimental
2.1. Sample preparation

Carbon films containing hydrogen were prepared by rf
discharge of C,H,. One carbon film was deposited on a

quartz plate (10 X 10 X 0.5 mm), denoted as [C/Qz], and
the other was a film on a Be plate of similar size (denoted
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as [C/Be)), the latter being used to simulate a co-existing
system of Be and C. The beryllium used was the hot-
pressed plate of reactor grade purchased from NGK Insula-
tors. Its density and size were 1.85 g/cm® and 10 X 10 X
0.5 mm, respectively. The purity was guaranteed as above
99.8%, where BeO was the main impurity (0.46 mol%).
The C,H, gas was of pure grade (Sumitomo Seika) and
used without further purification.

The quartz or the mechanically polished Be plates were
put in a quartz tube of 15 mm diameter attached to a
vacuum system, which was equipped with a quadrupole
mass spectrometer (ULVAC MSQ-150A), a sputter-ion
pump and a turbomolecular pump backed with an oil-sealed
rotary pump. It could be evacuated below 7 X 1078 Pa.
After evacuation of the system below 1 X 1077 Pa, C,H,
gas was introduced into the plasma chamber at a pressure
of 40 Pa and an rf discharge was started. The frequency
and the power applied for the discharge were 13.56 MHz
and 40 W, respectively.

2.2. RS, XRD and TDS measurements

Raman spectroscopy (RS) and X-ray diffractometry
(XRD) were used to characterize the surface states of the
samples before and after heating in vacuo. After surface
characterization of an as-deposited sample at room temper-
ature, it was put into a quartz tube attached to the vacuum
system for heating under given conditions. The sample
could be heated up to 900°C, where the temperature was
measured with a Pt/Pt—-Rh (13%) thermocouple attached
to the outside surface of the quartz tube. Subsequently, the
sample was cooled to room temperature, and was removed
in air for the RS and /or XRD measurements.

Raman spectra were measured using a JASCO laser
Raman spectrometer, RFT-200. The probe was a YAG
faser operated at 1064 nm with 400 mW power. The
detection angle was normal to the sample surface, and the
resolution was kept at 2 cm™!. The number of signal
iterations was set to 1000 in this study.

XRD was used to examine the crystallographic change
in the surface layer of the [C/Be] sample. XRD patterns
were recorded by an X-ray diffractometer, Phillips
PW1700. The probe was the Cu Ka line operated at
0.1572 nm with 1200 W power. The incident angle of
X-rays was fixed at 3° to the surface of the sample to
observe a thin sub-surface layer.

The sample was heated linearly with time from room
temperature to 800°C for thermal desorption spectroscopy
(TDS). The heating rate was 9.8 K/min. The partial
pressures of desorbing gases were measured with a
quadrupole mass spectrometer.

3. Results

Fig. 1 shows the Raman spectra observed for the
[C/Qz] sample before (lower) and after (upper) heating in
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Fig. 1. Raman spectra for a [C/Qz] sample before (lower) and
after (upper) vacuum heating at 800°C for 10 min.

vacuo at 800°C for 10 min. The as-deposited [C/Qz]
sample showed a broad band at around 1300 cm ™! and a
relatively narrow band at about 1600 cm ™', It is seen in
the figure that the vacuum heating caused no significant
change in [C/Qz] film.

Fig. 2 shows the XRD patterns for the [C /Be] sample
after vacuum heating for 10 min at given temperatures.
This figure shows that no diffraction peak relating to
carbon appeared with heating below 400°C. The observed
peaks were attributed to metallic Be and its oxide. On the
other hand, new diffraction peaks at 26 = 36 and 60° were
observed above 500°C and assigned to beryllium carbide.
This indicates that Be,C was formed in the sub-surface
layer of the sample. The intensities of these peaks in-
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Fig. 2. Variation of XRD patterns for the [C/Be] sample with
vacuum heating for 10 min at given temperatures.
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Fig. 3. Change in the relative intensities of Be,C(111) peak with
vacuum heating at given temperatures.

creased with increasing temperature. Fig. 3 shows changes
in the relative intensities of Be,C(111) peak with tempera-
ture. They are normalized by the intensities of Be(101) and
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BeO(002) peaks regarded as internal standards. From this
figure, the relative intensities of Be,C remained at a noise
level below 500°C, whereas they sharply increased with
increasing temperature to reach a constant value above
700°C.

Fig. 4(a) shows the TDS spectra of main desorption
gases from a quartz plate and the quartz tube which was
designed for TDS measurements. The signal intensities
were kept at almost background levels, but small peaks
appeared for M/e =18 and 28 at around 300°C. Similar
results were obtained for the bare Be plate. Fig. 4(b) shows
the TDS spectra for the [C/Qz] sample. Desorption peaks
of M/e =2 and 28 appeared at around 400°C along with a
small peak of M /e = 16. Fig. 4(c) shows the TDS spectra
for the [C/Be] sample. Desorption peaks of M /e =2 and
28 were observed at around 400°C with a small peak of
M /e =16. The most intense peak of M /e =2, however,
was observed above 500°C, indicating that the majority of
the hydrogen atoms in the film was released in a higher
temperature region. The analyses of fragment peaks
strongly suggested the peaks of M /e =2, 16, 18 and 28
were due to HJ CHJ, H,0" and CO™, respectively.
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Fig. 4. TDS spectra of main desorption gases from (a) quariz plate and quartz tube which was designed only for the TDS measurements, (b)
quartz plate covered with carbon film containing hydrogen (IC/Qz] sample). (c) beryllium plate covered with carbon film containing
hydrogen ([C/Be] sample). Desorbed species were assigned as indicated in the figure.
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4. Discussion

The principal features of the RS spectra of the [C/Qz]
sample shown in Fig. 1 are quite analogous to those
observed for an amorphous carbon (denoted as ‘a-carbon’)
film [8-10]. The XRD measurements also showed that
there was no crystalline phase of carbon in the deposited
carbon film before and after vacuum heating (Fig. 2).
Those observations clearly indicate that the a-carbon con-
stitutes the principal part of the deposited carbonaceous
film. In addition, the formation of some other carbon
compounds was implied by the appearance of small shoul-
der bands at around 1200 and 1500 cm™' in Fig. 1. The
most relevant Raman bands arise around 1600 cm ™' from
stretching vibrations of C=C bond as highly polarized
bands [11]. Tibbitt et al. have also found various kinds of
hydrocarbon residues containing a number of hydrogen
atoms in high concentration by forming C—H bonds [12].
Various vibrational modes of CH, CH, and CH; are also
expected in the range from 1100 to 1500 cm™' {11].
Accordingly, it can be conciuded that the carbonaceous
film prepared in the present study mainly consists of
a-carbon, where a large number of hydrogen atoms are
captured by carbon atoms forming stable chemical bonds
such as C—H. Consequently, they are hardly desorbed from
the film by vacuum heating alone.

The layer of C on Be, however, readily reacts with
H,O and Be. Namely, water molecules react at relatively
low temperature with carbon atoms in the matrix of the
carbonaceous film to release hydrogen back into vacuum
[13]. This appears also true for other impurity gases con-
taining oxygen such as CO,. This suggests that such
impurity gases would enhance detrapping of hydrogen
isotopes captured in carbonaceous deposits on the first
wall of tokamak using carbon as PFM.

In addition to the mechanism mentioned above, cap-
tured hydrogen isotopes can be also released from the
deposited carbonaceous film through the reaction between
C and Be. This reaction is expected to proceed to comple-
tion not only on the surface, but also in the bulk of the C
layer on Be.

Concerning the TDS peaks in the low temperature
region below 500°C, the following reactions likely take
place on both of the [C /Qz] and [C/Be] samples [13].

[CH,], + xH,0 - xC(O) + (x + mn/2)H, (1)
C(0) - CO(g). (2)

where [CH,],, represents the carbon film containing hy-
drogen deposited from C,H, plasma, H,0 a water
molecule adsorbed on the sample surface exposed to air
for RS and/or XRD measurements, and C(OQ) a site
occupied by an adsorbed oxygen atom [13]. From the
reaction scheme (Eq. (1)), the amount of desorbed H, is

expected to be larger than that of CO because of the
contribution of inherent hydrogen atoms in the deposited
carbon film. In fact, the relative ionization cross-sections
and mass-dependent sensitivity of the mass spectrometer
for H, and CO being taken into account [14,15], the
desorbed amount of H, is factor two or more larger than
that of CO.

In comparison with the low temperature region, release
of a larger amount of H, was observed for the [C/Bel
sample in the high temperature region above 500°C. In
contrast, no noticeable H, release was observed for the
[C/Qz] sample in this temperature region. The tempera-
ture for hydrogen release was considerably lower than that
observed for graphite [16,17]. The difference in the release
temperatures indicates that the release mechanisms of hy-
drogen differ. Graphite shows three desorption peaks, de-
nominated as [[], [II] and {III], in the desorption spectra
[17]. The desorption peak [I], the lowest temperature peak,
obeys second order kinetics, indicating that the rate deter-
mining step is the surface association reaction of trapped
hydrogen atoms in graphite. Although the temperature of
the desorption peak shifts with the concentration of hydro-
gen isotopes in graphite and temperature ramp, the desorp-
tion peak [I] does not fall below 600°C. Therefore, other
mechanisms play a role in the appearance of the desorption
peak of H, at 520°C. The XRD analysis revealed that
Be,C formation took place at the same temperature region.
Those results indicate that the formation of Be,C and
associated desorption of H, takes place above 5S00°C as

[CH,], + 2Be —» Be,C + (mn/2)H,, 3)

where Be represents beryllium atoms diffused to the sur-
face from the bulk.

According to the previous secondary ion mass spectro-
scopic (SIMS) investigations [18], negative secondary ions,
such as C~, C;, CH™, and C,H™, were observed on the
[C/Be] sampie. This indicates that hydrogen isotope atoms
are captured by carbon atoms on the sample surface. The
SIMS measurements also showed evidence of Be,C forma-
tion, which was confirmed by the presence of BeC (M /e
= 21). Hydrogen atoms captured by Be,C, however, were
not found, suggesting that Be-carbide has little ability to
capture /trap hydrogen isotope atoms. This is the reason
that hydrogen was released to the gas phase as in Eq. (3).

The above mentioned facts suggest that hydrogen iso-
topes captured by carbonaceous deposits will be detrapped
through the formation of Be,C. Because this reaction is
expected to proceed to completion by consuming almost
all beryllium and/or carbon atoms in a co-existing system
of C and Be, the inventory of fuel particles should de-
crease significantly. Eventually, considerable change
should occur in the fuel recycling properties of the first
wall because of the increase in Be,C, which lacks the
ability to capture fuel particles.
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5. Conclusions

Changes in the physicochemical properties of the co-
existing layers of Be and C with heating in vacuo were
studied by means of Raman spectroscopy and X-ray
diffractometry along with mass analyzed thermal desorp-
tion spectroscopy. The conclusions of the present study are
summarized as follows:

(1) The carbonaceous layer prepared by means of a rf
C,H, discharge consists mainly of a-carbon, where a large
number of hydrogen atoms are captured by carbon atoms
forming stable chemical bonds as C~H. They are hardly
desorbed from the film by heating in vacuo alone due to
the strong bonding between carbon and hydrogen atoms.

(2) Water molecules react at relatively low temperature
with carbon atoms in the matrix of the carbonaceous layer
to release back hydrogen into vacuum. This fact suggests
that impurity gases containing oxygen would enhance de-
trapping of hydrogen isotopes captured in the carbona-
ceous deposits on the first wall of tokamak using carbon as
PFM.

(3) Hydrogen atoms can be also released from the
co-existing layers of C and Be through the reaction be-
tween C and Be. This reaction is expected to proceed to
completion not only at the surface, but also in the bulk of
the co-existing layer of C and Be.

(4) Beryllium carbide, Be,C, has only little ability to
capture hydrogen isotopes and hence the tritium inventory
is expected to become quite small in high temperature
parts of the tokamak wall such as the divertor, in which C
and Be are involved together as PFMs.
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