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Abstract 

CD/CH-band intensities emitted from hydrocarbon molecules have been measured in the divertor region of JT-60U and 
the chemical sputtering yield of methane was estimated as a function of the surface temperature and the deuterium ion flux. 
The chemical sputtering yield increases with the surface temperature and decreases with increasing ion flux density in the 
L-mode plasmas. The B4C converted CFC tiles are installed in JT-60U and it is found that the chemical sputtering of B4C 
converted CFC tiles is suppressed in comparison to normal CFC tiles. 
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1. Introduction 

Reduction of carbon impurity generated by chemical 
sputtering processes is an important issue for the long 
operation scenario such as in ITER in order to reduce the 
erosion of the divertor tiles. Production of hydrocarbons is 
still important even if the electron temperature of the 
divertor plasma is so low that physical sputtering can be 
neglected. Chemical sputtering has been studied in many 
laboratories but has not been analyzed in the divertor 
machine except ASDEX UPGRADE [1]. 

In the previous experimental studies of impurity gener- 
ation mechanism in JT-60U, it was concluded that carbon 
generation mechanism could be explained by deuterium, 
oxygen and carbon sputtering (physical sputtering) in high 
power ( ~  22 MW) NB heating discharges and that the 
contribution of the chemical deuterium sputtering was 
small, but chemical oxygen sputtering was important [2,3]. 
But an analysis with a two-dimensional impurity code 
based on Monte Carlo techniques (IMPMC-code) showed 
that the profiles of C I1 intensity in the divertor region 
could not be explained without hydrocarbon molecule 
formation (e.g. methane CH 4 or CO 4) by chemical sputter- 
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ing in high density discharges. This analysis also showed 
that methane generated at the private region due to chemi- 
cal sputtering easily ionized near the X-point SOL region, 
which explains the remote radiative-cooling mechanism in 
the high density and MARFE operations [4]. In beam 
experiments it was reported that chemical sputtering 
strongly depended on the surface temperature of graphite 
materials [5]. Therefore a systematic study of the chemical 
sputtering dependence on the deuterium ion flux and the 
surface temperature has been performed in JT-60U. 

2. Experiment 

Hydrocarbons produced by chemical sputtering may 
include not only methane but also ethane, propane, etc., 
and ethylene which contains more than one carbon atom. 
So the lights emitted from hydrocarbon molecules were 
directly measured. Two typical C2-band spectra of Swan 
system (transition: A3//~-X'3//u, vibrational state: (0, 0), 
wavelength: 516.5 nm and vibrational state: (1, 2), wave- 
length: 558.5 nm) [6,7] emitted from the C -C  bond were 
not observed in divertor plasmas of JT-60U. Therefore it 
was summarized that the molecule formation with the C -C  
bond was small and can be neglected. In other words, 
CD/CH-band (transition: A2A-X2//, vibrational state: (0, 
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0), wavelength: ~ 430.5 nm) spectrum emitted from the 

C - D  or C - H  bond of methane must be observed. Fig. 1 
shows the spectrum of the C D / C H - b a n d  observed by the 
same spectrometer. In this experiment the concentration of 
oxygen impurity was below 0.5% of the electron density 
which was less than at the detection limit, indicating that 
the chemical sputtering by oxygen was negligible. 

The spatial distribution of C D / C H - b a n d  intensity was 
measured with an absolutely calibrated multichannel filter 
spectrometer to estimate spatial profiles of methane flux 
generated from the divertor targets in JT-60U. This spec- 
trometer divides the lights through a 38-channel optical 
fiber array into four parts (4 × 38 ch) and spatial profiles 
of four kinds of wavelength are analyzed along the same 
sight lines at the same time by interference filters. In this 
experiment  C D / C H - b a n d  (wavelength: 430.5 nm), 
Bremsstrahlung (523.2 nm), C II (657.8 nm) and Dc~/H c~ 
(656.1 nm) intensities were measured. Since molecule 
spectrum width is wider than one of atom or ion, the 
component of Bremsstrahlung is especially considered to 
estimate the C D / C H - b a n d  intensity. For example, 
Bremsstrahlung intensity integrated from 429.5 nm to 431.0 
nm in the C D / C H - b a n d  spectrum width became ~ 1 / 2  of 
measured C D / C H - b a n d  intensity in some discharges. Fig. 
2 shows the diagnostics and plasma configuration in the 
divertor region in this experiment. On the divertor there 
are fifteen Langmuir probes and an IRTV camera mea- 
sures the surface temperature of divertor tiles. Data in the 
region from the inner strike point to the outer strike point 
were measured in this plasma configuration. The chemical 
sputtering was analyzed at the positions of inboard two 
probes and outboard four probes (the closed circles in Fig. 
2) with which the electron density, electron temperature, 
surface temperature and line intensities could be measured. 
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Fig. 1. The spectrum of the CD/CH-band observed by a spec- 
trometer. OII,  D T / H y  and OI I  spectra were observed. In this 
series of experiment the level of oxygen impurity was below 0.5% 
of electron density, indicating that the chemical sputtering by 
oxygen could be neglected. 
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Fig. 2. Diagnostics and plasma configuration in the divertor 
region. Plasma parameters, line intensities, electron temperature, 
electron density and surface temperature, in the divertor region 
were measured with an absolutely calibrated 38-channel optical 
fiber array, fifteen Langmuir probes and an IRTV camera. In this 
experiment, the chemical sputtering flux was estimated at the 
location of inboard two probes and outboard four probes (closed 
circles). 

The inner strike point was located on the carbon fiber 
composites (CFC) tiles and the outer strike point was 
located on the B4C converted CFC tiles with the original 
thickness of B4C layer of ~ 100 /zm [8]. 

In this campaign high density L-mode plasmas with NB 
heating were analyzed. The discharge condition was as 
follows; Ip = 1.2 MA, B t = 3.5 T, q~ff ~ 7.0, plasma vol- 
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Fig. 3. A typical waveform of lp, line averaged electron density, 
C V1 intensity, radiation power in the main and divertor, NB 
injection power, De signal in the main plasma, l p / B  t w a s  1.2 
MA/3.5 T, qeff ~ 7.0, the NB heating power was 4 MW ~ 22 
MW, the averaged density was up to 4.5 × 1 0 1 9  m- 3 ( ~ MARFE) 
and the working gas was deuterium. In this discharge, NB heating 
was started at t=5 .5  s and a MARFE occurred at t ~ 7 . 8  s. 
When a MARFE started, C VI intensity in the main plasma and 
radiation in the divertor increased rapidly. 
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ume ~ 7 0  m 3, height of X-point ~0 .14  m and the 
working gas was deuterium. To obtain chemical sputtering 
data in a wide range, it was attempted to reduce the vessel 
temperature from 300°C to 100°C that was the normal 
baking temperature of JT-60U. NB heating power was 
changed from 4 MW up to 22 MW and the line averaged 
density was increased up to 4.5 X 1019 m 3 ( ~  MARFE). 
A typical discharge is shown in Fig. 3. When a MARFE 
occurred, the C VI intensity in the main plasma increased 
and the radiation in the divertor increased. Since data of 
the Langmuir probes could not be measured when the 
densities were gradually increasing and plasma was de- 
tached, the data before the MARFE were analyzed. 

3. Results 

To estimate the chemical sputtering yield of methane 
from CD-band emission the following conditions were 
assumed. 

(1) The S / X B  values [9,10], representing the dissocia- 
tion events or ionization events per photon, of C II, Dee 
and CD-band lines were used. But it is not clear whether 
these values can be applied to this experiment because 
these S / X B  values were calculated under the low density 
limit and a more detailed estimation of atomic data may be 
necessary. In this experiment typically it is assumed that 
S / X B ( C  II) value is from ~ 1 (T e ~  10 eV) to ~ 5 4  
(T e ~ 200 eV), S/XB(Dc~) is ~ 15 (10 eV < Te < 200 eV) 
and S/XB(CD-band) is from ~ 100 (T~ ~ 10 eV) to ~ 170 
(T~ ~ 100 eV). 

(2) As the concentration of oxygen impurity in the 
plasma was so small that the oxygen line signals of VUV 
spectrometer are noise levels, the carbon oxide sputtered 
chemically by oxygen was negligible. 

(3) The signal of C2-band light emitted from C - C  bond 
was smaller than the detection limit of a spectrometer in 
this experiment, indicating that the hydrocarbon with more 
than two carbon atoms did not exit. The only hydrocarbon 
molecule generated by chemical sputtering was methane. 

(4) Deuterium was rich in the plasma and hydrogen did 
not exist because the working gas had been only deuterium 
for the past six months and H c~ was hidden by Dc~ and 
Hce intensity was not measured at all. The outflux to the 
divertor plates was only deuterium except carbon, a domi- 
nant impurity in JT-60U, and was calculated with Lang- 
muir probe data. Because in this experiment the high 
density discharges up to the MARFE occurred densities 
were repeated and the deuterium recycling gradually in- 
creased shot by shot and deuterium ion outflux estimated 
from the Dee signals became considerably large, indicating 
that recycling rate is more than 1. Of course, the ion 
outfluxes calculated with the Langmuir probes were con- 
sistent with ones estimated from Doz signals in some early 
discharges. 

(5) To calculate the ion outfluxes with the Langmuir 
probes, it was assumed that the sheath transmission factor 
was ~ 3 and the electron temperature was equal to the ion 
temperature. So the ion outflux is written as 

FD* = n e ~ e / m  i sin 0, 

m i is deuterium ion mass and 0 is the pitch angle of 
magnetic field line. To prevent from underestimating the 
Langmuir probe data, the only data before the MARFE 
were analyzed. 

The surface temperature dependence of chemical sput- 
tering yield analyzed at six Langmuir probe positions is 
shown in Figs. 4 and 5. Fig. 4(a) shows the data in the 
divertor density from 0.5 X 1019 m -3 to 1.0 X 1019 m 3 
and Fig. 4(b) is from 1.0 X 1019 m 3 to 1.5 X 1019 m 3 

near the inner strike point located on CFC tiles and in the 
electron temperature from 10 eV to 50 eV. Fig. 5(a) shows 
chemical sputtering yield near the outer strike point lo- 
cated on B4C-converted CFC tiles in the same plasma 
parameters. The chemical sputtering yield of normal CFC 
tiles in Fig. 4 is monotonously increasing between 400 K 
and 600 K, but it is seemed that the yield of B4C-con- 
verted CFC tiles is peaked at around 700 K. The change of 
surface temperature on divertor tiles near the inner strike 
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Fig. 4. Surface temperature dependence of chemical sputtering 
yield near the inner strike point located on CFC tiles (a) 0.5 x 1019 

s u r f a c e  / , ( ) . ~  1019 m 3 surface m 3<n~ ~-.L. A and(b) l.0Xl019 m-3<n~ 
< l.SX 1019 m 3. The range of electron temperature in the 
divertor was from 10 eV to 50 eV and data are classified under 4 
ranges of electron temperature up to 50 eV. 
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Fig. 5. Surface temperature dependence of chemica] sputtering 
yield near the outer strike point located on B4C converted CFC 
tiles (a) 0.5x 1019 m 3 < n~Urface < 1.0X 1019 m 3 and (b) 1.0× 
1019 m 3 < n~orr, c~ < 1.5× 1019 m -3. The range of electron tem- 
perature in the divertor was from l0 eV to 50 eV. 

point is small because particle flux usually goes to the 
inner strike point and in the contrary heat flux goes to the 
outer strike point in JT-60U. Though it is difficult to 

understand the dependence  on electron density and elec- 
tron temperature from these figures, chemical  sputtering 
yield decreases with an increment  of  electron density and 
the dependence  of  electron temperature is not clear be- 
cause chemical  sputtering does not essentially depend on 
electron temperature in the range of  the plasma parameters 
of  JT-60U and because the errors of  data are large. Chemi-  
cal sputtering yield est imated with Dc~ intensity ~s almost 
the same maximum value but it has a tendency that data 
points largely scatter in the low yield region. It is because 
wall condition becomes  worse and particle recycling is 
large. It is found that the chemical  sputtering yield is larger 
near the inner strike point than one near the outer strike 
point. Especially it is prominent  in the higher electron 
density case ( l . 0 ×  1019-1.5 X 1019 m - 3 ) .  It is due to 

different materials used for the divertor tiles. Eroded sig- 
nificantly through four years of  operation, B4C layer might 
be still effective in suppression of  chemical  sputtering. It 
was already reported that boron could suppress the chemi-  
cal sputtering in a laboratory [11]. 

Fig. 6 indicates the deuterium ion flux dependence of  
chemical  sputtering of  normal CFC tiles. Fig. 6(a) shows 
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Fig. 6. The deuterium ion flux dependence of (a) methane flux 
and (b) chemical sputtering yield of methane at the location of 
CFC tiles near the inner strike point. The open circles represent 
data with the surface temperature of the divertor tiles from 350 K 
to 400 K and the open squares represent data with 550 K < ~E~¢~ 
< 600 K. Only data with 10 eV < T~ < 50 eV are plotted to avoid 
the effect of physical sputtering. 

the relation between sputtered methane flux and deuterium 
ion flux and Fig. 6(b) shows deuterium ion flux depen- 

dence of  chemical  sputtering yield. In these figures the 
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Fig. 7. C + flux versus CD 4. The open circles represent the data 
with 350 K < T~urfac e < 400 K and the open squares indicate the 
data with 550 K < T~url,ac ~ < 600 K and in both cases only those 
data with 10 eV < T c < 20 eV are plotted. The closed circles 
represent the data with 350 K < T~,m~,, < 400 K and the closed 
squares indicate the data with 550 K < 7~,u~ < 600 K and T~ is 
from 40 eV to 50 eV. 
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data are plotted for two temperature ranges of the divertor 
tiles (350 K < T~orr~ e < 400 K, 550 K < 77,,,rfa~ e < 600 K). 
Only data were plotted with which the divertor electron 
temperature was between 10 eV and 50 eV to avoid the 
large effect of physical sputtering. In this experiment 
parameter region methane flux did not change with deu- 
terium ion flux and with surface temperature of the CFC 
tiles. Even if deuterium ion flux increased by one order of 
magnitude, methane flux did not change and deuterium ion 
flux dependence of methane generation was small. As a 
result, chemical sputtering yield of methane decreased as 
deuterium ion flux increased as shown in Fig. 6(b). Ac- 
cording to these results, in order to suppress chemical 
sputtering, the surface temperature of the tiles should be 
lowered, albeit associated with a larger ion flux. 

In this experiment the profiles of C II intensity were 
also measured at the same time. The relation of C + flux 
and CD 4 flux at the inner strike point is shown in Fig. 7. 
This figure is plotted for four cases which is 

350 K < Tsurfac e < 400 K or 550 K < Tsurfac e < 600 K and 
10 eV < T surface < 20 eV or 40 eV < Te ~urface < 50 eV. In -e  
this figure a dashed line shows C + flux is equal to C D  4 

flux. C + flux does not change but C D  4 flux increased by 
two orders of magnitude. It found that the carbon genera- 
tion process by chemical sputtering is especially dominant 
in the case of 350 K < 7 7 ~ , f ~ < 4 0 0  K and 10 e V <  
Te surface < 2 0  e V .  

4. Discussion 

To estimate ion outflux, Langmuir probe data were 
used because L-mode high density discharges were re- 
peated and wall condition became worse and worse. Under 
this situation particle recycling was larger and ion flux 
estimated with Doe signals might be an overestimation. In 
fact, data estimated from Doe signals have a tendency to 
scatter largely in the low yield region. In higher density the 
plasma is detached and MARFE occurs, the ion fluxes 
onto the divertor become smaller and data cannot be 
acquired by Langmuir probes. On the other hand, chemical 
sputtering could not be neglected by neutral particles, for 
example deuterium atoms, and a method to measure neu- 
tral particle flux in the divertor region is necessary for 
estimating chemical sputtering by neutral particles. 

5. Conclusions 

In the divertor region of JT-60U, CD-band intensity 
emitted from methane has been measured in L-mode high 

density plasma, and the chemical sputtering yield of 
methane was estimated as a function of surface tempera- 
ture and deuterium ion flux. At the same time 
Bremsstrahlung, C II and Doe intensities were measured 
and the relations between the chemical sputtering and them 
were investigated. The conclusions are summarized as 
follows: 

(1) The chemical sputtering yield of CFC tiles near the 
inner strike point is typically from 10 -3 to 10 .2  for 350 
K < T ~urface < 600 K and 10 eV < T_~ urface < 50 eV. 

(2) The chemical sputtering of B4C converted CFC tiles 
near the outer strike point is suppressed in comparison to 
normal CFC tiles. Especially the yield is ~ 10 -3 in the 
r a n g e  o f  3 5 0  K < Tsur f ace  < 8 5 0  K a n d  
10 eV < T surface <S 50 eV and 1.0 × 1019 m 3 < j ~urfacc < -e  le 
1.5 >( 1019 m -3 

(3) The chemical sputtering yield of methane generated 
from CFC tiles is decreased with an increment of deu- 
t e r i u m  ion  f l u x  a n d  it c h a n g e s  f r o m  
~ 10 2 to ~ 10 _3 when the deuterium ion flux changes 
from 1 ×  1022 m 2 s t to I X 1 0 2 3  m -2 s ~ between 

surl~ce 10 eV < T e < 50 eV. 
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