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Abstract

Deuterium retentions in carbon dust and carbon–tungsten mixed dust (C–W dust) were investigated to estimate the

tritium inventory in fusion experimental reactors. Several types of carbon dust or C–W dust were prepared by D2 arc

discharge using carbon or carbon–tungsten electrodes, respectively. These were prepared by changing substrate tem-

peratures with discharge pressure of 1.6 Pa. Deuterium retained in carbon dust was desorbed in the form of D2, HD,

CD4 and C2D4. The peak temperature of the D2 desorption rate was 1100 K. On the other hand, the deuterium retained

in C–W dust was desorbed mainly in the form of D2 and HD. The peak temperature of the D2 desorption rate was 900

K. The deuterium concentrations in the atomic ratio, D/C, for carbon dust and C–W dust (C/W¼ 70/30) were reduced

from 0.33 to 0.12 and from 0.7 to 0.07, respectively, when the substrate temperature increased from 300 to 850 K.

� 2004 Elsevier B.V. All rights reserved.
1. Introduction

Carbon fiber composite, tungsten and beryllium are

employed for plasma facing materials of a fusion

experimental reactor such as ITER [1]. These are eroded

by plasmas, and then accumulated as co-deposited lay-

ers or dust in the vacuum vessel. Some kinds of dust

were produced by pealing off the co-deposited layers.

Tritium retention in the carbon dust co-deposited with

fuel hydrogen has been predicted to be large [2,3], it is

necessary to evaluate the fuel hydrogen retention in

carbon dust, while the contribution of energitic tritium

on the in-vessel tritium inventory will be small because

of its small flux to the wall [3]. Control of the in-vessel

tritium inventory is one of the critical issues for evalu-

ation of the potential hazards of the fusion experimental

reactor [2–6].
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In many tokamak devices such as JET, TFTR,

TEXTOR and DIII-D, carbon dust and co-deposited

layers have been observed. The deuterium retention in

this dust and co-deposited layers ranged from 10�4 to

0.95 in the atomic ratio, D/C, and it was reported one of

the most important parameter determined D/C ratio was

the wall temperature [3,7–10]. These data, however, may

not be able to be extrapolated to fusion experimental

reactors, since the wall condition has not been well

characterized.

Carbon–tungsten mixed dust (C–W dust) has been

also observed in tokamak devices such as TEXTOR and

ASDEX-U [11,12]. However, the fuel hydrogen reten-

tion in the C–W dust has not been systematically

examined.

In the present paper, carbon dust and C–W dust were

prepared by D2 arc discharge. Since the fuel hydrogen

retention largely depends on the wall temperature, the

substrate temperature was varied in the range from 300

to 850 K. The amount of retained deuterium was mea-

sured by thermal desorption spectroscopy (TDS). The

C/W atomic ratio, surface morphology and crystal
ed.
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structure of the sample were also examined by AES,

SEM and Raman spectroscopy.
2. Experiments

Carbon dust and C–W dust were prepared using a D2

arc discharge (Fig. 1). The ultimate pressure was

approximately 3· 10�3 Pa. The deuterium gas was dri-

ven into the discharge chamber through a mass flow

controller, and then D2 arc discharge was turned on

between the electrodes. For the preparation of carbon

dust, two carbon electrodes were used. For the prepa-

ration of C–W dust, carbon and tungsten electrodes

were used for anode and cathode, respectively. The

discharge current and voltage were kept at 70 A and at

about 17 V. These electrodes were sublimated during the

arc discharge and then the carbon dust or the C–W dust

was co-deposited with deuterium on a molybdenum

substrate. These substrates were polished mechanically,

and then degassed at 1100 K for 10 min.

In ITER, the gas pressure in the divertor region is

estimated as approximately 1 Pa [13,14] and the tem-

perature of the vacuum vessel is around 600 K [15,16].

The substrate temperature in these experiments was kept

in the range 300–850 K by using a heater, and the

average gas pressure of deuterium 1.6 Pa. The deposited

rate of carbon dust and C–W dust were estimated from

the weight gain of the Mo substrates after the discharge,

the discharge time, and the atomic ratio, C/W and to be

1019–1020 atoms/m2 s. In the arc discharge, the energy of

atom is several eV, which is roughly comparable to the

fuel hydrogen energy in the divertor region of ITER.

The amount of retained deuterium was measured by

thermal desorption spectroscopy (TDS). In the TDS
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Fig. 1. D2 arc discharge apparatus. This figure shows the case

of C–W dust preparation.
analysis, the sample was heated by an infrared image

furnace from room temperature to 1273 K. The ramp

rate was 0.5 K/s and the holding time at 1273 K was 30

min. The atomic ratio, C/W, in the C–W dust was

measured by Auger electron spectroscopy (AES). Sur-

face morphology was examined by scanning electron

microscope (SEM), and the crystal structure was

examined by Raman spectroscopy.
3. Results and discussion

3.1. Structure of carbon dust and C–W dust

The film thickness of carbon dust and C–W dust

ranged in 0.5–1.5 lm from the SEM observation. The

depth profile of atomic composition of typical C–W dust

is shown in Fig. 2. In this sample, the atomic ratio of

carbon to tungsten, C/W, was measured as 74/26.

The crystal structures of carbon dust and C–W dust

were examined by Raman spectroscopy. Raman spectra

of carbon and C–W dust are shown in Fig. 3. The

atomic ratio, C/W, in this C–W dust was approximately

70/30. The spectrum of carbon dust prepared at 300 K

had a single peak at around 1520 cm�1, which is a typ-

ical peak for hydrogenated amorphous carbon [17]. As

the substrate temperature was increased, two peaks ap-

peared at about 1580 cm�1 (G-band) and 1360 cm�1 (D-

band). The G-band attributes graphite crystal structure

and D-band attributes a defect structure of graphite [18].

Thus, the crystal structure of carbon dust became

graphite-like with increase of substrate temperature. In

the case of C–W dust, a similar tendency was observed,

but the peak of D-band was relatively large compared

with the case of carbon dust. Then, the C–W dust is

closer to amorphous state than the carbon dust.
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Fig. 2. Depth profile of atomic composition of C–W dust,

prepared at 1.6 Pa and 300 K.
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Fig. 3. Raman spectra observed from carbon dust and C–W

dust.
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Fig. 4. TDS spectra for carbon dust and C–W dust, prepared at

1.6 Pa and 300 K. The desorption rate was normalized by host

atoms (C or C+W).
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3.2. Deuterium retention in carbon dust and C–W dust

TDS spectra of carbon dust and C–W dust (C/W

atomic ratio¼ 74/26) prepared at 300 K are shown in

Fig. 4. The deuterium retained in carbon dust was de-

sorbed in the form of D2, HD, CD4, and C2D4. The D2

desorption rate had a single peak at around 1100 K.

From C–W dust, the retained deuterium was desorbed

mainly in the form of D2 and HD. The desorption of

hydrocarbon from C–W dust was one order of magni-

tude smaller than that from carbon dust. The peak

temperature of D2 desorption rate was approximately

900 K, which is 200 K lower than for carbon dust.

The desorption spectrum of carbon dust was similar

to that of graphite after deuterium ion irradiation [19].

Thus, it is presumed that deuterium is in the form of C-

D bonding in carbon dust. In the C–W dust, the single

desorption peak was observed, which differs from the

case of tungsten carbide after deuterium ion irradiation

[21,20]. In tungsten carbide, two peaks appeared at 420

K and 900 K. The desorption at lower temperature is
due to detrapping of deuterium from tungsten, and that

at higher temperature due to detrapping of deuterium

from carbon. In the present C–W dust, the desorption of

deuterium at around 900 K can be regarded as the de-

trapping of deuterium from carbon. Thus, it is believed

that the deuterium in C–W dust is trapped mainly with

carbon.

C–W dust had a peak desorption temperature lower

than that of carbon dust. This difference is due to the

high recombination probability for deuterium atoms in

the C–W dust, since the diffusion rate of deuterium

atoms in tungsten is several orders of magnitude larger

than that in carbon in the present experimental condi-

tion [6]. The low temperature shift of D2 desorption

from carbon was also observed in WC layer compared

with the case of graphite [22].

The amount of retained deuterium was obtained by

integrating the desorption rate with heating time. The

number of C and W atoms were estimated from the

weight of the dust and atomic composition obtained by

AES analysis. The deuterium concentration in atomic

ratio, D/C or D/(C+W), was obtained by these

parameters. For the C–W dust, the atomic ratio of D/C

was also obtained since most of deuterium is trapped

with carbon. In Table 1, the atomic ratios of D/C and D/

(C+W) for the dust are shown. The atomic ratio of D/C

in carbon dust was 0.33, which is roughly the same

as the case of deuterium ion irradiation for graphite,



Table 1

The deuterium concentration in the carbon dust and C–W dust

C/W atomic ratio D/(C+W) D/Ca

100/0

(Carbon dust)
0.33 0.33

94/6 0.31 0.33

78/22 0.57 0.73

74/26 0.50 0.68

a The atomic ratio, D/C, in C–W dust was estimated by

assuming all of retained deuterium atoms were trapped in only

carbon atoms.
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D/C¼ 0.4 when the substrate temperature was 300 K

[3,6]. The deuterium concentration, D/C, increased with

increase of the tungsten concentration. Since the struc-

ture of carbon in C–W dust becomes closer to amor-

phous state as the tungsten concentration increases, the

number of trapping site of C for D, such as defects, must

become larger. This is one of reasons why the concen-

tration of retained deuterium in C–W dust was higher

than that in carbon dust.

The dependence of deuterium concentration in car-

bon dust and in C–W dust on substrate temperature is

shown in Fig. 5. Here, the atomic ratio of C/W in C–W

dust was approximately 70/30. The amount of retained

deuterium decreased with increase of the substrate

temperature. At the temperature range below 700 K, the

deuterium concentration in C–W dust was higher than

that in carbon dust. At higher temperature, the deute-

rium concentration in C–W dust was comparable with

that in carbon dust. In the case of ITER, the wall tem-

perature may be higher than 700 K and the corre-

sponding concentration in atomic ratio is lower than 0.5.

In the divertor region, the wall temperature may be

higher than 1000 K. In this case, the concentration of D/

C will be less than 0.1. These data may be useful for

estimation of the in-vessel tritium inventory.
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Fig. 5. The dependence of deuterium concentration of carbon

dust and C–W dust on the substrate temperature.
4. Conclusions

Carbon dust and C–W dust samples were prepared

by D2 arc discharge. In the preparation, the substrate

temperature was varied from 300 to 850 K and the

average deuterium gas pressure was kept around 1.6 Pa.

Deuterium retained in carbon dust was desorbed in

the form of D2, HD, CD4 and C2D4. The peak temper-

ature for D2 desorption rate was 1100 K. For C–W dust,

the retained deuterium was desorbed in the form of D2

and HD. The peak temperature of D2 desorption rate

was 900 K, which is lower than that of carbon dust. The

desorption peak of D2 in C–W dust indicates that the

deuterium was trapped mainly by carbon. In C–W dust,

the deuterium concentration increased with increase of

tungsten concentration when the substrate temperature

was room temperature. The deuterium concentrations in

the atomic ratio, D/C, for carbon dust and C–W dust

decreased with the increase of the substrate temperature.

In ITER, the gas pressure is estimated as approxi-

mately 1 Pa, and the wall temperature 600 K. Extrap-

olating the present result to the ITER condition, the

deuterium concentration in the atomic ratio, D/C, in

carbon dust was estimated to be 0.2. In C–W dust, the

atomic ratio, D/C, is higher than that of carbon dust. In

order to reduce the fuel hydrogen inventory of carbon

dust or C–W dust, one promising method is to increase

the wall temperature.
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