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Abstract

The release of deuterium and impurity atoms from a W test limiter exposed to the edge plasma of TEXTOR is

studied both experimentally and by means of Monte Carlo simulations. Experimentally, spatial intensity distributions

of Dc, CII, OII and WI line spectra emission are observed around the limiter, whereas the particle release from the

limiter is simulated combining the TRIDYN model with a transport model of released particles in the plasma. Good

agreement is found in spatial distributions between experimentally observed WI line intensity and simulated ionization

events of physically sputtered W atoms. The observed Dc line emission is attributed to the re-emission of very low-

energy (� 0.1 eV) D atoms, the energy of which depends on the limiter temperature. Low-energy C and O atoms are

also observed probably due to chemical sputtering or surface reaction of implanted (deposited) impurities producing

hydrocarbons and volatile oxides. The observed CII and OII line emissions at a distance more than about 1 cm from the

limiter surface are in¯uenced by the physical sputtering of impurities deposited from the background plasma on the W

limiter. Ó 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Recently, the use of high-Z metals, e.g., molybdenum

(Mo) and tungsten (W), as plasma facing components

(PFC) is under continuous discussion and investigation

in present fusion research due to low erosion rate and

good thermal properties [1]. Impurity release and its

penetration into a plasma are serious problems in their

use as a PFC in future thermonuclear fusion reactor.

Due to di�erent PFC materials and plasma±surface in-

teraction processes, e.g., re¯ection, desorption, evapo-

ration and sputtering, the energy and angular

distributions of atoms and molecules emitted from the

PFC surfaces are di�erent from each other, which results

in di�erent penetration depths in the plasma. We have

exposed a W test limiter to edge plasmas in TEXTOR-94

under various conditions with ohmic and auxiliary

heating, and observed spatial distributions of line spec-

tra emissions of impurities, such as W, carbon (C) and

oxygen (O) atoms, and deuterium (D) atoms in front of
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the limiter surface [2]. On the other hand, a dynamic

Monte Carlo simulation code of plasma±surface inter-

action has been developed which is combined with

transport of released particles in the plasma [3].

In this paper, the emission processes of D and the

impurities W, C and O from the W test limiter are

studied experimentally and compared with computer-

simulated results. In the simulation, low-energy re-

emission of the particles is taken into account for the

emission process, in addition to the re¯ection of incident

ions and physical sputtering of W and impurities de-

posited (implanted) on (in) the W limiter.

2. Simulation model and experimental condition

The experiments are made under standard TEXTOR

operating conditions with a plasma current of 340 kA

and a toroidal ®eld of 2.25 T. The plasma is heated by

NBI at a power of 1.3 MW for 3 s, in addition to ohmic

heating for 7 s. The W test limiter is 12 cm long in to-

roidal direction and 8 cm wide in poloidal direction with

a round surface shape (toroidal and poloidal curvature

of 7.5 cm). The test limiter is inserted from the bottom of

the vessel up to a minor radius of 45 cm, which is 1 cm

deeper into the plasma than ALT-II graphite main

limiter at 46 cm. The temperature increase is measured

by two thermocouples which are embedded 7 mm be-

neath the limiter surface at both ion and electron sides.

Radial distributions of spectral line intensities of emis-

sions from neutrals and ions around the test limiter are

measured by an image intensi®ed CCD-camera coupled

to a spectrometer [2]. In this study, we observe Dc (440

nm), CII (426.7 nm), OII (434.6 nm) and WI (408 nm).

In the simulation, only the ion side of the W test

limiter immersed in the TEXTOR edge plasma is mod-

eled by a rectangular prism with a base of 6 cm ´ 8 cm,

forming an inclination angle of 12° against the magnetic

®eld lines. Simultaneous incidences of impurity C and O

ions, as well as fuel D ions, are taken into account for

the ion-surface interaction. The velocity distributions of

the bombarding ions are assumed to be Maxwellian with

an ion temperature Ti;lim at the limiter. The average

charge states of C and O ions are determined to be +4

and +5, respectively [4]; their gyromotion (also of D

ions) is not taken into account. The D, C and O con-

centrations in the bombarding ion ¯ux are taken to be

97%, 2% and 1%, respectively [5]. After sheath acceler-

ation in front of the surface, the ions bombard the center

of the limiter surface; the sheath potential is ÿ2.48 Te;lim

[6], where Te;lim is the electron temperature at the limiter

and Te;lim � Ti;lim is assumed. The ion temperature may

be somewhat higher than the electron temperature, e.g.,

by a factor of two, in the edge plasma; which depends on

the discharge conditions. However, the change in Ti;lim

slightly in¯uences the energy of sputtered atoms and

then their penetration length in the plasma, in spite of

the change in the energy of bombarding ions. In the edge

plasma, radial pro®les of edge electron density and

temperature measured by a He atomic beam at di�erent

toroidal position from the limiter [7] are ®tted to linear

and exponential functions, respectively, as input pa-

rameters for our simulation code. The electron density is

taken to be half of the observed value due to the de-

crease along the magnetic ®eld lines when approaching

the limiter.

Ion-surface interaction at the test limiter is simulated

using the same Monte Carlo model as in the TRIDYN

code [8]. The three ion species (D�, C4� and O5�) are

chosen randomly according to the composition of the

incident ion ¯ux. Our TRIDYN-type Monte Carlo

model treats the slowing down of the incident ions in the

solid and the associated formation of recoil atom cas-

cades in the binary collision approximation. It takes

dynamic alterations of the local composition which arise

from the deposition of implanted ions and the collisional

transport of solid atoms into account. This causes

physical sputtering of implanted C and O due to further

bombardment with incident ions, in addition to the

physical sputtering of W. The surface binding energy of

the multicomponent solid is the sum of each sublimation

energy weighted by the surface atomic concentration. In

this simulation, the low-energy re-emission of particles,

such as desorption and chemical sputtering, is simply

considered, in addition to the high-energy re¯ection of

projectile ions and the physical sputtering of W and

implanted (not re¯ected) impurities C and O.

The re¯ected and re-emitted projectiles (also sput-

tered particles) are neutral atoms because their energy is

low enough to be neutralized within the solid or near the

surface. The particles with given energy and angle of

emission go straight into the edge plasma until they are

ionized due to impact of plasma electrons. According to

the Monte Carlo method, the ionization point is deter-

mined using the rate coe�cients which are calculated as

a function of local electron temperature using the ap-

proximate formulae obtained by Boley et al. [9] and

Lennon et al. [10]. The motion of the ionized particles is

followed by analyzing the kinetic equation for the Lo-

rentz force and collisional friction force in the plasma,

using the Runge±Kutta±Gill method. The charge state

of the ionized particles is changed during gyromotion

through successive ionization, which is also treated using

the Monte Carlo method. The detailed description of the

model has been given elsewhere [3].

3. Comparison between experimental and computer-sim-

ulated results

Fig. 1(a) and (b) show the calculated radial distri-

butions of the number of ionization events of neutral W
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atoms physically sputtered from the test limiter exposed

to TEXTOR edge-plasmas with di�erent electron den-

sities (ne;lim at the limiter). Since local electron density

(ne) and temperature (Te) increase with increasing dis-

tance from the limiter, the ne- and Te-dependence of

ionization events per photon for line emission of atoms

(or ions) is necessary for strict comparison of the cal-

culated distribution with the observed line intensity. At

the distance of 3 cm, however, the ne and Te are only

about 1.6 times larger than those at the limiter. Fur-

thermore, for the WI (also Dc) line emission, the ion-

izations/photon is approximately constant for the

relevant temperature range, although for the CII and

OII line emissions, it increases by a factor of 10 with

increasing temperature of 20±200 eV [11]. In this study,

therefore, the ne- and Te-dependence of the ionizations/

photon is not taken into account. Nevertheless, at low

ne;lim, the calculated distribution is in good agreement

with the observed distributions of WI line intensity.

Normal threshold energy for physical sputtering of W

by D ions is much higher than those by C and O ions;

222, 53.1 and 45.2 eV due to impact of D, C and O ions,

respectively, according to a few-collision model [12].

Therefore, the release of W is mostly due to physical

sputtering by impurities C and O ions. With increasing

ne;lim, the calculated distributions are localized near the

limiter surface due to frequent ionizations of neutral W

atoms in the plasma, as observed somehow in WI line

intensity. Wide distribution of emission of W atoms on

the inclined limiter surface with an angle of 12° against

the line of sight of the CCD-camera causes observed WI

line intensity to change more slowly with a distance near

the limiter (<0.3 cm). In our calculation, since all the

atoms are emitted at the center of the limiter surface, the

number of neutral W atoms steeply increases when ap-

proaching the limiter. At high ne;lim, furthermore, the

ionized W atoms may recombine with plasma electrons,

resulting in broad radial distributions of the number of

neutral W atoms; which our simulation code does not

include.

The release of D atoms from the W limiter is mostly

due to re¯ection of incident D ions and re-emission of

implanted D as D2 molecules and D atoms; both D and

D2 have been observed experimentally [13]. In addition,

since impurity C ions are deposited on the W limiter,

chemical sputtering of deposited C by impact of D ions

will also occur. As a result, D atoms dissociated from

chemically sputtered molecules, e.g., CD4, may be re-

emitted. The observed Dc line intensity shows a large

decrease with a distance from the limiter, in comparison

with the calculated number of ionization events of high-

energy re¯ected D (not shown here). The emission of

implanted D is simulated with Maxwellian velocity dis-

tributions with the temperatures of 1, 0.1 and 0.01 eV.

As shown in Fig. 2(a)±(c), the calculated distributions of

D re-emitted with the temperature of 0.1 eV are in rough

agreement with the distribution of observed Dc line in-

tensity. With increasing ne;lim, however, the observed Dc
line intensity shows a smaller decrease than the calcu-

lated distribution with a distance from the limiter. This

is due to an increase in the energy of re-emitted D atoms.

Low-energy D atoms around 0.5 eV and below can be

produced through electron impact-induced dissociation

of D2 molecules, precisely dissociative excitation [14].

Both D2 and D are released from the limiter, where the

fraction of D released in form of D2 to that released in

form of atoms increases with increasing electron density

[13]. Therefore, the increase in the fraction of D2 due to

the increase in ne;lim might explain the deviations of the

observed distributions from the calculated ones. On the

other hand, the increase in ne;lim is accompanied with an

increase in the target temperature of the W test limiter.

The measured temperatures at the ion-drift side of the

limiter by a thermocouple are about 440, 540 and 740°C

Fig. 1. Calculated radial distributions of the number of ion-

ization events of physically sputtered W atoms and observed

distributions of WI line spectrum emission in the TEXTOR

edge plasmas with di�erent electron density (temperature) at the

limiter. (a) ne;lim� 3.4 ´ 1012 cmÿ3 (Te;lim� 100 eV) and (b)

ne;lim� 6.2 ´ 1012 cmÿ3 (Te;lim� 68 eV). In the ®gure, the ob-

served WI intensity is adjusted so that the observed distribution

is best ®tted for the calculated distributions on a log scale.
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for the cases of (a), (b) and (c), respectively, although the

surface temperature rises much more as the thermo-

couple show. As a result, chemical sputtering producing

CD4 mentioned below may be also one of possible ex-

planations for the target temperature dependence of the

energy of emitted D atoms.

Some of impurity C ions bombarding the limiter are

deposited in the surface layer. The deposited carbon

layer was observed at the edge of the limiter where the

local electron temperature was low [15]. Our TRIDYN-

type model simulates the surface composition change

due to the deposition of C (and also O). The calculated

maximum concentration of C in W is 0.7±0.9 in the C/W

atomic ratio, therefore, tungsten carbides WC and W2C

may be produced near the limiter surface. The deposited

C is released through some recycling processes by fur-

ther impacts of D ions and impurities C and O ions. The

physical sputtering of deposited C occurs due to impact

of most constituent D ions, as well as impurities C and O

ions; the threshold energy for physical sputtering of C,

even by light D ions, are 29.3 eV [12]. In Fig. 3(a) and

Fig. 3. Calculated radial distributions of the number of ion-

ization events of C� ions (emitted and ionized) and observed

distributions of CII line spectrum emission in the TEXTOR

edge plasmas (the same as Fig. 1). The re-emission and physical

sputtering of implanted C are assumed, in addition to the re-

¯ection of bombarding C4� ions; the re-emission temperature is

0.1 eV.

Fig. 2. Calculated radial distributions of the number of ion-

ization events of re-emitted D atoms and observed distributions

of Dc line spectrum emission in the TEXTOR edge plasmas

with di�erent electron density (temperature) at the limiter. (a)

ne;lim� 3.4 ´ 1012 cmÿ3 (Te;lim� 100 eV), (b) ne;lim� 5.0 ´ 1012

cmÿ3 (Te;lim� 83 eV) and (c) ne;lim � 6.2 ´ 1012 cmÿ3 (Te;lim� 68

eV). The re-emission of implanted D with the temperatures of

0.01, 0.1 and 1 eV are assumed in the calculation.
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(b), the re-emission of deposited C with the temperature

of 0.1 eV and the physical sputtering are assumed as the

recycling process, in addition to the high-energy re¯ec-

tion of incident C ions. Comparisons between the ob-

served distributions of CII line intensity and calculated

distributions of the number of ionization events of C�

ions (emitted and ionized) show that the release of C

atoms can be explained with both the low-energy re-

emission and the physical sputtering. The observed CII

line intensity near the limiter (<1 cm) is in¯uenced

mainly by the re-emission, whereas the contribution of

the physical sputtering is enhanced at a distance far from

the limiter for high ne;lim.

The di�erent penetration length between the re-

emitted and physically sputtered C into the plasma is

related to the di�erence between their energy distribu-

tions of emission. As shown in Fig. 4, the physically

sputtered C atoms have a long high-energy tail in the

energy distribution, in addition to low-energy peak of a

few eV. Therefore, the number of ionization events of

physically sputtered and subsequently ionized C atoms

decreases slowly with increasing distance from the lim-

iter, in comparison with that of re-emitted C atoms with

a temperature of 0.1 eV (also 1 eV). In Fig. 4, no de-

position of C is assumed for the case of the re-emission,

so that all of the incident C ions, which were not re-

¯ected at the surface, are re-emitted just after implan-

tation in the limiter. Since the released C atoms are

sampled at intervals of 1 eV, furthermore, the energy

distribution of the re-emitted atoms is not clearly shown

in the ®gure: most of the atoms have an energy of less

than 1 eV. One of the origin of the re-emission of the

low-energy C atoms might be chemical sputtering of

deposited C by the most constituent (97%) D ions pro-

ducing CD4. Such very low-energy C atoms, which have

thermal energy, are experimentally also observed in

TEXTOR by introducing the gases CH4 and CO

through a small hole in a test limiter [16]. Both physical

sputtering of deposited C and high-energy re¯ection of

impurity C ions cause much deeper penetration of

emitted C atoms into the plasma, and are thus less

dominant for CII line emission near the limiter. The

chemical sputtering of deposited C in W will be some-

what di�erent from that of pure graphite. Recently, the

lower sputtering yield of tungsten carbides in compari-

son with that of graphite was observed under keV D�

ion bombardment by Wang et al. [17].

Fig. 4. Calculated energy distributions of C atoms emitted from

a W test limiter into the TEXTOR edge plasma with

ne;lim� 6.2´1012 cmÿ3 (Te;lim� 68 eV) at the limiter. The re-

emission and physical sputtering of implanted C are shown, in

addition to the re¯ection of bombarding C4� ions. The emitted

C atoms are sampled at intervals of 1 eV.

Fig. 5. Calculated radial distributions of the number of ion-

ization events of O� ions (emitted and ionized) and observed

distributions of OII line spectrum emission in the TEXTOR

edge plasma (the same as Fig. 1). The re-emission and physical

sputtering of implanted O are assumed, in addition to the re-

¯ection of bombarding O5� ions; the re-emission temperature is

0.1 eV.
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The above-mentioned e�ects of physical sputtering

and re-emission with thermal energy can be clearly rec-

ognized also for the OII line emission as shown in

Fig. 5(a) and (b). However, the comparison between

observed and calculated distributions shows that the low

energy fraction is less important. The O ion ¯ux bom-

barding the limiter (1% of the total ion ¯ux) is much

smaller than that of D ions. Therefore, chemical sput-

tering of W and deposited C by O ions producing vol-

atile oxides, e.g., WO3 and CO, may be less dominant

for the OII line emission than the chemical sputtering

producing CD4 for the CII line emission. Another origin

of the low-energy O atoms will be the subsequent release

after surface chemical reaction producing something like

D2O formation. On the other hand, physical sputtering

of implanted O by impact of D ions is likely to occur due

to much larger energy transferred from a D ion to an O

atom than to a W atom in the surface layer.

4. Conclusion

Experimentally observed spatial distribution of WI

line intensity around the limiter can be explained within

the presented model calculations by the physical sput-

tering of W due to impact of impurity C and O ions. The

observed Dc line emission is attributed to the re-emis-

sion of very low-energy (� 0.1 eV) D atoms, the energy

of which seems to depend on the limiter temperature.

Low-energy C and O atoms are also observed probably

due to chemical sputtering or surface reaction of im-

planted (deposited) impurities producing hydrocarbons

and volatile oxides. In addition, the observed CII and

OII line emissions are in¯uenced by the physical sput-

tering of implanted impurities.
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