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Abstract

The use of a large amount of carbon in tokamaks induces two major problems mainly due to the chemical sput-

tering: erosion and tritium retention. In the Tore-Supra outboard pump limiter, the in situ chemical sputtering yield of

the carbon neutralizer plate has been studied. Investigation of methane and heavier hydrocarbon (C2Dx and C3Dy)

emission has been performed in ohmic and lower hybrid heated discharges, by means of mass spectrometry and optical

spectroscopy. Simulation performed with a Monte Carlo code (BBQ) allows validation of the sputtering yield calcu-

lation method and show good agreement with experimental data.
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1. Introduction

Carbon materials are used widely as plasma facing

components (PFC) in most existing magnetic fusion ex-

periments and will be used, at least for specialized ele-

ments, in future reactors. These materials are considered

because they have low atomic number (Z) and good

thermo-mechanical properties. On the other hand, a

critical point is that these materials have relatively large

erosion during hydrogen bombardment from the fusion

plasma. There are three different mechanisms of erosion:

physical sputtering, chemical sputtering and radiation

enhanced sublimation, inducing a large erosion rate on

the target plate, consequently reducing the life time of the

PFC, and leading to plasma dilution with impurities.

This erosion is correlated with the production of co-de-

posited layers (redeposition of carbon with hydrogen

isotopes) that tends to build a large tritium inventory in

the wall, limiting the operation of the machine for safety

reasons [1]. The use of divertors (axisymetric or ergodic)

allows now the improvement in the control of the plasma

edge parameters, limiting the power flux and the electron

temperature [2,3]. As a result, the physical sputtering by

Dþ ions can be reduced or even suppressed if the electron

temperature is kept below the threshold energy. If we add

to the limitation of the power flux the active cooling of

the PFC, the RES can also be suppressed. Contrary to

the two other mechanisms, the chemical sputtering does

not show any threshold value either in particle energy or

in surface temperature. Under these conditions, chemical

sputtering will be probably the main mechanism of ero-

sion for a carbon-based PFC. Various experimental

studies have been undertaken in laboratory or on several

fusion devices in order to develop theoretical models.

Laboratory experiments show a decrease of the sputter-

ing yield with increasing flux. A flux dependence of u�0:1

has been found by Roth et al. [4]. These experiments do

not allow to reproduce the tokamak conditions (high

flux). In tokamak, in situ measurements are difficult to

*Corresponding author. Tel.: +44-225 4204; fax: +44-225

4990.

E-mail address: e.gauthier@cea.fr (E. Gauthier).

0022-3115/03/$ - see front matter � 2003 Elsevier Science B.V. All rights reserved.

PII: S0022 -3115 (02 )01583 -0

Journal of Nuclear Materials 313–316 (2003) 364–369

www.elsevier.com/locate/jnucmat

mail to: e.gauthier@cea.fr


achieve and are very dependent on the machines and of

the diagnostics used (mass spectrometry or optical

spectroscopy). Thus the incident particle flux (u) de-
pendence of u�a is found by different authors with

0:06 < a < 1:25 [5–10]. This leads to a high uncertainty
on the PFC lifetime, specially for fusion reactors such as

ITER. The purpose of this study is to validate the ex-

isting models, extrapolate the sputtering yield for higher

flux (1024 m�2 s�1), and to study the contribution of the

hydrocarbons on chemical erosion in tokamak. At pre-

sent, the chemical sputtering is attributed by many au-

thors to the CD4 emission, but at low energy the

production of heavy hydrocarbons is expected to become

dominant [11].

In the Tore-Supra outboard pump limiter (OPL), the

in situ chemical sputtering yield of the carbon neutralizer

plate has been studied. Investigation of methane and

heavier hydrocarbon (C2Dx and C3Dy) emission has been

performed in ohmic and lower hybrid (LH) heated dis-

charges, by means of mass spectrometry and optical

spectroscopy. In this study we will first focus on the

variation of the sputtering yield of CD4 and on the

variation of the heavier hydrocarbons production versus

the incident Dþ flux. Then, we will study the dependence

of the sputtering yield of CD4 versus surface temperature.

In parallel, simulation of plasma wall interaction in

the OPL throat, have been performed with a Monte

Carlo code (BBQ), in order to compare the experimental

results with modelling.

2. Experimental set up

The Tore-Supra OPL and the diagnostics used in the

experiment are presented in Fig. 1. There are five diag-

nostics used to provide information data useful for the

study of chemical sputtering.

The Langmuir probes installed in the throat of the

limiter measure the electronic density and temperature

and also the incident flux of particles. In order to esti-

mate the sputtering yield, we need to know the incident

deuterium ions flux. This flux is calculated as described

in Ref. [12], taking into account the effective charge of

impurities, which are mainly carbon ions C4þ.

The partial pressures in the plenum of the differ-

ent hydrocarbons are obtained from a mass spectro-

meter differentially pumped and absolutely calibrated.

The partial pressure of methane is deduced from the

mass 20 signal. The partial pressures respectively of

C2Dx and C3Dy is deduced from mass 30 and 42 (the

emission of C2D2 and C3D8 is neglected [13]) and ex-

trapolated from ionisation coefficient and mass spec-

trum [14]. As the signal of masse 4 is saturated, we have

approximated the partial pressure of D2 by the total

pressure [15]. The total pressure is measured on both

parts of the limiter plenum (ionic side and electronic

side) and above the pumps, using three capacitor gau-

ges.

The surface temperature is monitored by an infrared

detector, equipped with a filter peaked at 4 lm and with

Fig. 1. Experimental set up.
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0.1 lm bandwidth, looking at the neutralizer plate on

the ion side.

Two CCD cameras are installed on both sides of the

OPL. The ion side camera is equipped with an inter-

ference filter peaked at 431.5 nm with 0.6 nm bandwidth

to measure the CD band emission, and the other one

located on the electron side, allows to observe the Da
signal through the interference filter peaked at 657.4 nm

with 0.9 nm bandwidth.

3. Chemical sputtering yield

The chemical erosion is quantified by a chemical

sputtering yield, defined as the ratio of the impurities

flux leaving a surface to the deuterium ions flux im-

pinging the surface. For each hydrocarbon molecules

emitted (CnDm) the chemical sputtering yield YCnDm is

defined by:

YCnDm ¼
uCnDm

uDþ
;

where uCnDm
is the CnDm flux and uDþ the deuterium

flux.

At the present time, the hydrocarbons flux leaving

the neutralizer cannot be measured. Thus, the chemical

sputtering yield has to be estimated by the partial pres-

sure of the gas involved. In the case of the CD4 emission

and as described in Ref. [13], the CD4 and the D
þ flux

are expressed by the following relations:

uCD4
¼ PCD4

V CD4

pumping

with PCD4
the CD4 partial pressure and V CD4

pumping the CD4

pumping speed.

uDþ ¼ 2PD2
V D2

pumping

with PD2
the D2 partial pressure and V D2

pumping the D2

pumping speed.

We can then, determine the D2 pumping speed from

the CD4 pumping speed.

V CD4

pumping ¼ V D2

pumping

ffiffiffiffiffiffiffiffiffiffi
mD2

mCD4

r
) V CD4

pumping ffi 0:45V D2

pumping:

Finally, the CD4 emission yield is given by:

YCD4
ffi 0:23

PCD4

PD2

:

4. Chemical sputtering yield variation versus deuterium

flux

To investigate the variation of the chemical sputter-

ing yield versus deuterium flux, a series of ohmic dis-

charges (plasma current set at 1.4 MA and toroidal field

at 3.3 T) in reproducible conditions of plasma wall in-

teraction have been performed. The plasma was leaning

on the OPL located at 3.12 m. The steady state line

average density was varied shot by shot in order to

construct a density scan. The deuterium flux increased

from 1022 to 1:3� 1023 m�2 s�1. As the flux increased,

the electronic density moved from 6� 1017 to 4� 1018

m�3, and the electronic temperature decreased from 30

to 10 eV. The Fig. 2 represents the variation of the

electronic temperature and density in the throat of the

OPL versus the deuterium flux for each ohmic shots.

Measurements have been taken during the current pla-

teau of the discharges (between 6 and 7 s) where the flux

can be considered as stationary. We can consider that

during the time interval on which the measurements are

made, the temperature does not change. So all the data

have been taken at the same temperature 350 �C. This
point is very important because for the ohmic shots, the

chemical sputtering is dependent only on the flux vari-

ation and not on the surface temperature. The depen-

dence on surface temperature will be investigated later.

It has been found that the production of chemical

impurities increase with the deuterium ions flux. This

increase depends on the type of hydrocarbons emitted.

The CD4 production versus deuterium flux follow the

same relation that one established by Ruggi�eeri et al. [15]
and is comparable to what is found on JT-60 [16]. This

relation is:

PCD4
/ u0:73;

where PCD4
is the partial pressure of methane and u is

the deuterium ions flux.

Fig. 2. Electron density and temperature as a function of

deuterium ions flux in the throat of the OPL for each ohmic

shots.
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For heavier hydrocarbons the production is less im-

portant compared to the CD4 production. It is two times

lower for the C2Dx and five to eight times lower for the

C3Dy . The C2Dx production has almost the same flux

dependence that CD4 and the relation is also close to the

one found on JT-60. The flux dependence is defined by:

PC2Dx / u0:68;

where PC2Dx is given by the signal of mass 30 and u is the

deuterium ions flux.

The increase of C3Dy is lower than CD4 and C2Dx

hydrocarbons and shows the following flux dependence:

PC3Dy / u0:5;

where PC3Dy is given by the signal of mass 42 and u is the

deuterium ions flux.

From this result, we can conclude that methane is the

principal impurity emitted by chemical sputtering. But,

in order to estimate the total chemical-sputtering yield,

we have to take into account the total amount of carbon

atoms. In this case, the carbon amount produced by the

C2Dx in this range of incident D
þ flux is equal to that

produced by CD4. Additionally, the carbon produced by

the C3Dy molecules is not negligible since it is only a

factor 3 lower than the carbon produced by CD4. In that

way, C2Dx and C3Dy contribute significantly to the total

chemical erosion yield and cannot be neglected. The

carbon production versus incident flux is plotted in

Fig. 3.

From the CD4 production and the total pressure

measurements, we are now able to investigate the vari-

ation of the CD4 emission yield versus the incident

deuterium ions flux. These measurements are made in

the plenum of the OPL and not directly at the neutral-

izer surface, neglecting possible variation in ionisation

and dissociation mean free path of CD4. With this ap-

proximation, it appears that the CD4 emission yield

(YCD4
) decreases when the deuterium flux increases (Fig.

4), with the following flux dependence:

YCD4
/ u�0:23:

These results are similar to those found on JT-60 [16],

and on the other hand it is far away from the theoretical

model that presents a u�1 flux dependence [17].

In order to compare the variation of the CD4 emis-

sion yield at the neutralizer surface with the CD4 emis-

sion yield measured in the plenum and then to study the

effect of the dissociation process of CD4, simulation of

plasma wall interaction in the OPL throat, have been

performed with a Monte Carlo code (BBQ). This code is

described in detail in [18]. The input data, deuterium

ions flux, electron temperature and density, are taken

from the experimental data. The chemical sputtering

yields are deduced from Roth�s models [17], with and

without the hydrogenation time taken into account. This

process concerns hydrocarbon radicals formation by the

hydrogenation of carbon atoms and depends on the

incident flux. The Roth model does not take into ac-

count the formation of heavy hydrocarbons. The output

data are the particles flux leaving the neutralizer, the

CD4 and D2 partial pressures in the plenum, taking into

account the ionisation and dissociation effects. We have

compared the chemical sputtering yield at the surface,

deduced from Roth�s model (with or without the hy-

drogenation time) and the chemical sputtering yield

calculated in the plenum from the CD4 and D2 partial

pressure, determined by the BBQ code. The Fig. 5 show

the proportionality between this two values. In this way,

we demonstrate the validity of the technique used in the

determination of the methane sputtering yield from the

partial pressures measured in the plenum. At the highest
Fig. 3. Carbon production versus incident deuterium ions flux

for each ohmic shots.

Fig. 4. CD4 emission yield variation versus incident deuterium

ions flux.
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incident Dþ flux the theoretical model do not allow to

reproduce the chemical sputtering (last point of the

curve).

5. Chemical erosion yield variation versus surface tem-

perature

In order to increase the surface temperature of the

neutralizer, 2 MW LH heated discharges have been

performed and the duration of the discharges has been

increased up to 30 s. For such discharges, the electronic

density increases from 1 to 1:5� 1018 m�3 and the elec-

tronic temperature decreases from 40 to 20 eV during

the LH power injection. At the end of the discharge, the

increase of the electronic density is attributed to the

impurities production. At the end of the power injection

the temperature reaches more than 550 �C (20 s after the
start of the shot).

At the same time, the CD4, C2Dx, C3Dy partial

pressures and the total pressure increase and particularly

when the surface temperature exceeds 450 �C (15 s after

the start of the shot). Between 15 and 20 s the CD4

partial pressure is multiplied by 2, the C2Dx partial

pressure by 1.6 and the C3Dy by 1.2. The CD4 partial

pressure rise, measured by mass spectrometry is corre-

lated to the CD band emission evolution given by op-

tical spectroscopy (Fig. 6). Thus the CD4 production

(CD signal) is proportional to the CD4 partial pressure.

For a surface temperature below 450 �C and if the

hydrogenation time is not taken into account, as for the

ohmic discharges, the CD4 emission yield deduce from

Roth�s model and the one calculated from the CD4 and

D2 partial pressures determined by BBQ are propor-

tional. In that way, the experimental CD4 emission yield

is measured in the plenum, and as predicted by the

model [19], increases with the surface temperature (Fig.

7). This result is confirmed by the simulations performed

by the code BBQ. The surface temperature variation is

similar with the one find with Roth�s model in the case
where the hydrogenation time is not taken into account

(Fig. 8).

6. Conclusion

The investigation of the chemical sputtering per-

formed on the OPL show that the impurities production

(CD4, C2Dx, C3Dy) increase with incident deuterium flux

in the range of 1� 1022–16� 1022 m�2 s�1. CD4 and

C2Dx have the same flux evolution, and the carbon

production from the C2Dx is as important as the one

Fig. 5. CD4 emission yield calculated from the CD4 and D2

partial pressures obtained in the plenum from the BBQ code

versus the CD4 emission yield deducted from Roth�s model.

Fig. 6. CD signal (u.a.) and CD4 partial pressure (Pa) versus

time for a 2 MW LH heated discharge.

Fig. 7. CD4 emission yield calculated from the CD4 and D2

partial pressures versus surface temperature.
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produced via the CD4. The contribution of the C3Dy to

the carbon production is significant since it is only a

factor 3 lower that for CD4. The variation of the CD4

emission yield (YCD4
), measured in the plenum of the

OPL, versus incident deuterium flux has been found to

be in the form of YCD4
/ u�a with 0:2 < a < 0:3. YCD4

increase with surface temperature, and specially from

450 �C.
Numerical simulations have been performed with a

Monte Carlo code BBQ, using Roth�s model, without
the hydrogenation time. These simulations allow the

validation of the method of calculation of the CD4

emission yield in the plenum, showing that the CD4

emission yield simulate at the neutralizer surface is

proportional to the CD4 emission yield calculated from

the CD4 and D2 partial pressure in the plenum. This

proportionality is verified except at the highest values of

deuterium flux and high surface temperature. The sim-

ulation taking Roth�s model without hydrogenation time
shows good agreement with experimental data con-

cerning the temperature variation.
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