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Abstract

Carbon is widely used as plasma facing component in present fusion devices and is proposed for the divertor plates

of ITER. The improvement in the control of the plasma edge parameters, limiting the power ¯ux and the electron

temperature in the divertor leads to an acceptable erosion rate of carbon due to physical sputtering and radiation

enhanced sublimation. In these conditions, chemical sputtering will probably be the main mechanism of erosion for the

carbon plate. In situ measurements of hydrocarbon production on the neutralizer plate of an outboard pump limiter

have been obtained in Tore Supra. CD4 has been monitored by means of optical spectroscopy and mass spectrometry

for di�erent electron temperatures and densities. Simulations performed with a Monte Carlo code (BBQ), show a good

agreement with experimental data at high ¯ux, low electron temperature. Ó 1999 Elsevier Science B.V. All rights

reserved.
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1. Introduction

Carbon based material is used intensively as plasma

facing components in present fusion devices due to its

good thermal properties. Carbon ®bre composite can

sustain high heat load, in the range of 10 MW/m2 during

several thousand of cycles without any damage [1].

Nevertheless, carbon has a high erosion rate under

bombardment and shows the particularity of having

three di�erent mechanisms of erosion: physical sputter-

ing, chemical sputtering and Radiation Enhanced Sub-

limation (RES). In future machines such as ITER, the

RES is expected to be avoided in normal operation by

limiting the power ¯ux to the divertor plate at 5 MW/m2.

Physical sputtering may be controlled or even sup-

pressed by using a semi-detached regime, characterized

by a very low electron temperature and high neutral

pressure in the divertor [2]. In that case, the energy of

ions and atoms impinging upon the surface would be

lower than the threshold energy for physical sputtering

by hydrogen. On the other hand, chemical erosion does

not show any threshold value either in surface temper-

ature or particle energy. Laboratory experiments have

shown a decrease of the chemical sputtering yield with

increasing ¯ux, a ¯ux dependence with /ÿ0:1 has been

given in Ref. [3]. Extrapolation to the higher ¯ux ob-

served in the fusion devices leads to an uncertainty in the

actual yield. Due to the large dispersion of the experi-

mental data obtained on tokamaks, several models have

been proposed and ®t partially the measured values; ¯ux

dependence up to /ÿ0:6 can be found [4].

Under the conditions in ITER, the lifetime of the

divertor tiles will be limited by chemical erosion of

carbon [5]. It is very important to measure the chemical

sputtering yield of carbon in order to predict with ac-

curacy the erosion in ITER. We will present new ex-

perimental data obtained in Tore Supra and the

interpretation of the results.
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2. Experimental set-up

The outer pump limiter of Tore Supra is equipped

with four turbomolecular pumps providing a pumping

of 6 m3 s±1 for deuterium gas. A schematic view of the

limiter and main diagnostics used during the experi-

ments described in this paper is shown in Fig. 1. The

total pressure is measured on both parts of the limiter

plenum (ion and electron side collection) and above the

pumps by using three capacitor gauges. Partial pressure

is obtained from a mass spectrometer di�erentially

pumped and absolutely calibrated. The ion ¯ux, density

and electron temperature in the limiter mouth are

measured by a set of Langmuir probes installed in both

throats of the limiter. The surface temperature is mon-

itored by an infrared detector, equipped with a ®lter

peaked at 4 lm and with 0.1 lm bandwidth, looking at

the neutralizer plate on the ion side. A visible spec-

trometer with a 1D optical multichannel analyser

(OMA) connected with an optical ®bre to an in situ

telescope is looking at the neutraliser plate on the elec-

tron side. Two CCD cameras are installed with inter-

ference ®lters (431 nm, Dk� 1 nm) on the electron side

for the CD band emission and Da (658 nm, Dk� 5 nm)

on the ion side. These cameras are equipped with a

variable integration time card allowing to adjust the

exposure time from 20 to 400 ms.

3. Results

To investigate the chemical sputtering, a series of

discharges in reproducible conditions of plasma wall

interaction have been performed. The discharges were

fuelled by deuterium gas and to avoid helium contami-

nation of the plasma, a helium conditioning discharge

prior to the experimental day was cancelled. It has been

shown previously [6] that helium could modify the

chemical erosion of carbon. The plasma current was set

at 1.4 MA, the toroidal ®eld at 3.3 T, the plasma was

leaning on the pump limiter located at 3.12 m. The

steady state line average density (ohmic plasmas) was

varied on a shot-by-shot basis in order to construct a

density scan. A few shots have also been performed with

1 and 2 MW of Lower Hybrid additional power, al-

lowing to extend the electron temperature range. The

ion ¯ux in the throat increased by more than one order

of magnitude from 1022 to 1.2 ´ 1023 mÿ2 sÿ1. Since at

low density and high temperature, the carbon concen-

tration is quite large in the scrape o� layer, a correction

of the ion ¯ux in the throat has been done as function of

the Zeff as described in Ref. [7]. As the deuterium ¯ux

increases, the electron density increases from 1018 to

8 ´ 1018 mÿ3 while the electron temperature decreases

from 50 to 10 eV. Fig. 2 shows the temperature and

density measurements deduced from Langmuir probes

as function of the ¯ux, for several shots. Chemical ero-

sion during these discharges has been monitored by the

partial pressure evolution of the deuterated methane

(CD4, mass 20 on the mass spectrum) and by emission of

the CD band around 430 nm. While the mass spec-

trometry measurements are integrated over the all sur-

face of the limiter, the second method provides a 2D

distribution of CD emission with a space resolution of

the interaction between the plasma ¯ow and the neu-

tralizer plates. The CCD camera with the CD band ®lter

is not absolutely calibrated, consequently, quantitative

measurement of the chemical erosion can only be de-

duced from mass spectrometry. The mass spectrum from

mass 2 to 50, is acquired in 150 ms. Although the C2

hydrocarbon contribution is not negligible, especially at

Fig. 1. Experimental set-up.

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

of deuterium ions ¯ux in the throat of the outer pump limiter.

R. Ruggi�eri et al. / Journal of Nuclear Materials 266±269 (1999) 660±665 661



low energy [8], only the CDn hydrocarbon behaviour has

been analysed in this paper. The mass 4 signal (deute-

rium) being saturated, deuterium partial pressure has

been deduced from the capacitance gauge measure-

ments; the relative error on the deuterium pressure is less

than 10%. Measurements have been taken during the

plateau of the discharges which last about 10 seconds in

the ohmic cases and between 20 and 30 s in LH heated

discharges. All the parameters are stationary except the

surface temperature which follows a law at Pt1=2, where

P is the power ¯ux to the neutralizer and t the duration

of the discharge. A strong e�ect on the CD4 formation

has been observed when the surface temperature rises

above 700 K, unfortunately due to the transient e�ect, it

is not possible to exclude a thermal desorption contri-

bution in the CD4 production. Therefore, chemical

sputtering yield dependence with surface temperature

has not been investigated; all the data have been taken at

the same temperature of 500 K. CD4 production as

function of ion ¯ux is plotted on Fig. 3, showing a

monotonic increase of chemical impurity production

with the ¯ux. Best ®t of the experimental data gives a

relation as

PCD4
/ P 0:7

D2
;

where PCD4
is the partial pressure of CD4 and PD2

is the

partial pressure of deuterium.

This dependence is comparable with those obtained

in a divertor con®guration on JT-60U [9]. However,

from our analysis, this result does not allow to conclude,

as found elsewhere [10] that the chemical sputtering yield

decreases with ¯ux as /ÿ0:3. This would mean that CD4

¯ux measured at the pump is equal to the ¯ux leaving

the carbon wall or in other term, that the mean free path

of CD4 is larger than the limiter dimensions, which is

not the case. That the reasons why the dissociation

process of CD4 must be carefully taken into account in

the simulations, in order to provide the CD4 production

at the surface and therefore the chemical sputtering

yield. Fig. 4 shows a pro®le on the toroidal direction of

CD band emission in the limiter, integrated along the

line of sight. The maximum emission is localized at the

edge of the neutralizer, close to the throat. The CD band

signal integrated over the interference ®lter could be

polluted by line emission or Bremsstrahlung emission.

The time evolution of one point of the neutralizer

viewed by the CCD camera and peak value of CD band

on the OMA spectrum are plotted on Fig. 5. Although

they are not taken at the same time location, high cor-

relation between both measurements gives good con®-

dence in the CD band pro®le obtained with the camera

and the CD ®lter.

4. Discussion

Chemical sputtering has been extensively studied

both in the laboratory and in fusion devices [3,11]. In the

Fig. 3. CD4 partial pressure measured at the pump as a func-

tion of the ¯ux to the limiter.

Fig. 4. CD band emission pro®le on toroidal direction mea-

sured with the CCD camera with CD band ®lter at 430 nm.

Fig. 5. Time evolution of CD band emission measured with the

OMA and the CCD camera with CD band ®lter at 430 nm.
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former case, chemical sputtering yield is directly mea-

sured, usually from weight loss or mass spectrometry

measurements. This provides a better understanding of

the process and allows the development of models which

satisfactorily describe the chemical sputtering yield de-

pendence with surface temperature, ions energy and ¯ux

[12]. In fusion devices, the chemical sputtering yield is

deduced from the interaction of the molecules leaving

the surface and the impinging plasma; this may explain

the larger discrepancy observed on di�erent tokamaks

[10,12]. Moreover, depending on the method (mass

spectrometry versus visible spectroscopy for instance)

results can vary signi®cantly even on a single machine

[13].

Analysis of the experimental results has been per-

formed by using Monte Carlo code with actual geometry

of the outer pump limiter of Tore Supra. The BBQ

scrape-o� layer impurity transport code [14] incorpo-

rates a particle transport model patterned after that of

the LIM code [15], including parallel streaming along

®eld lines, anomalous perpendicular di�usion, parallel

friction and electrostatic drifts. In addition, for chemi-

cally sputtered impurities, the Langer±Erhardt database

[16] for CD4 break-up reactions is incorporated, as de-

scribed in Ref. [17]. The models for impurity generation

by sputtering are taken from analytic ®ts to laboratory

data of Ref. [8] and from experimental measurements

presented and compared with the Roth formulae in Ref.

Fig. 6. 2D distribution of CD4 molecules and CD radicals in the throat of the OPL, calculated by BBQ code (a), simulated CD density

integrated over the CCD camera line of sight (b).
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[12]. The particle ¯ux dependence for the sputtering

coe�cient is assumed the same (that of Ref. [12]) in

both. The detailed 3-D plasma-facing geometry of the

pumped limiter throat region is treated, with an assumed

wall temperature distribution taken from detailed ®nite-

element thermal calculations of Koski et al. [18]. The

pumping e�ciency for the cases in question has been

extrapolated from previous detailed DEGAS studies of

pumping e�ciency for this limiter geometry [19]. Lan-

gmuir probe measurements of electron density and

temperature close to the neutraliser plate are used to

determine the background plasma (electrons and deu-

terium ions) in the simulation.

Calculated spatial distributions in the neutralizer re-

gion are shown in Fig. 6(a,b). Fig. 6(a) compares the

spatial variation of CD4 and CD density for discharges

22269 and 22273. The di�erent behavior in the intensity

patterns re¯ect the higher mean free path for both CD4

and CD radicals, for the lower density case. Fig. 6(b)

show the CD density distribution along the ®eld over the

same ®eld of view as presented in Fig. 4. The CD pro-

®les are also relatively ¯at in the simulation. These cases

are calculated using sputtering values from Ref. [8].

Since the comparison of candidate sputtering yield

models with the experiment depends, in part, on mea-

surements in the pumping plenum, Fig. 7 shows the

calculated disposition fractions of the CD4 ¯ux pro-

duced at the neutralizer plate as a function of incident

D+ ¯ux for nine discharges with similar neutralizer

surface temperatures, whose parameters are described in

Fig. 2. Most of the CD4 generated by chemical sput-

tering is either redeposited (on the side wall, top or

bottom surfaces of the neutralizer region) or can even-

tually escape into the main plasma. Only the pumped

fraction (4±10%) contributes to the measured CD4 par-

tial pressure in the plenum. Fig. 8 compares the expected

values calculated from the simulation using both Refs.

[8,12] values with the measured partial pressures in the

plenum. For these discharges the neutralizer surface

temperature (�500 K) was in a region where the results

from Ref. [8] are �10 ´ higher than the values in Ref.

[12]. The Ref. [8] levels are closer to the experimental

data for the outboard pump limiter.

Many uncertainties remain, of course. In the earlier

detailed comparison of the break-up components of

CD4 (through CD4�; CDn � . . .) with spectroscopic

measurements of these species in the PISCES device [17]

only a factor-of-two correspondence was seen, although

the trends were well reproduced. The pumping e�cien-

cy, while expected to be similar to that of D2 from basic

considerations, has not been directly determined. Nev-

ertheless, good agreement can be observed, especially in

the high ¯ux ± low temperature cases, between experi-

mental and simulated values, by using the Mechs et al.

[8] chemical sputtering yield formulation. The relative

discrepancy observed at lower ¯ux corresponds to

higher electron temperature discharges, heated by Lower

Hybrid. In these cases, the partial pressure ratio calcu-

lated by the code are well below the experimental values.

This is likely due to the error bars on the electron tem-

perature measurements (which could be due to a non-

maxwellian distribution) and uncertainties in the atomic

physics process (CH4 ionisation cross section varies by

two order of magnitude between 10 and 50 eV [20])

rather than a sudden variation of the chemical sputter-

ing yield.

Fig. 7. Chemical impurity generation at OPM neutralizer and

fraction disposed.

Fig. 8. Equivalent e�ective erosion yields, experimental values

compared BBQ simulations using chemical sputtering models

from Mech et al. [12] and Roth and Garcia-Rosales [8].
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Good agreement at high ¯ux between simulations

and experimental data are obtained by using Mech et al.

[8], From this curve and the yields introduced in the

simulation, we can deduce a chemical sputtering yield of

3 ´ 10ÿ2 at temperature of 500 K and ¯ux of 1023 mÿ2

sÿ1.

5. Conclusion

Chemical sputtering has been investigated on a pump

limiter neutralizer in Tore Supra. CD4 formation has

been monitored by optical spectroscopy and mass

spectrometry, surface temperature has been controlled

by infrared detectors. During a shot by shot density

scan, ion ¯ux in the throats of the limiter has increased

from 1022 to 1.2 ´ 1023 mÿ2 sÿ1. CD4 partial pressure

measured at the pumps shows a monotonic increase with

the ¯ux; experimental data have been ®tted with a /0:7

law. Numerically simulations with BBQ code using two

di�erent chemical sputtering yield formulae have been

performed. Results show that Mech's model reproduces

CD4 production at high ¯ux. Chemical sputtering yield

of 3 ´ 10ÿ2 is obtained with an ion ¯ux of 1023 m2 sÿ1

and a surface temperature of 500 K.
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