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Abstract

Two different sets of long term samples (LTS) were exposed in TEXTOR-94 at the liner with boronized and silic-
onized wall conditions. Measured erosion/deposition rates of the coating constituents were compared with sputtering
rates calculated for pure elements. D°-fluxes at the LTS locations were determined by the B2-EIRENE code. Over the
whole liner, erosion of initial coatings by D° is observed. Boron erodes at a rate of 8.4 x 101> B cm™ s~!, while silicon
erodes at a rate of 5.6 x 10'3 Si cm ™ s7!, a factor of 1.5 lower than that of boron. With boronized walls, carbon atoms
initially present in the a-C/B:D layers are eroded at a rate of 7.6 x 10'2 C cm™> s™!, at the same time 1.7 x 10"
(Fe+ Cr+Ni) cm~2 s7! are deposited. Compared to boronized conditions where carbon erodes, deposition of carbon
(1.7 x 108 ¢cm~2 s7!) and of metals (3.8 x 10> em~2 s7!) occurred during the Si campaign. Due to long time exposure
at high wall temperature (350°C), hydrogenic isotopes desorb; (D + H)/(B + C) and (D + H)/(Si + C) ratios degrade from
originally ~0.4 to ~0.2. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

In tokamak devices, the surface composition of the
first wall is determined by the conditioning and opera-
tional history of the machine. Aside from sputtering by
ions, all areas of the plasma facing components (PFC)
are bombarded with energetic neutrals created pre-
dominantly in charge-exchange (CX) collisions [1,2].
Both sputtering of plasma limiting components by in-
cident ions, and sputtering of the vessel wall areas by
energetic neutrals are dominant sources of impurities
transported throughout the machine.

Since the total flux of CX-neutrals at the wall com-
ponents is of the order of 10'° particles cm™2 s~!, erosion
by hydrogenic neutrals is the dominant mechanism at
wall areas not hit by ions from the plasma [2-4]. Addi-
tionally, D, and He glow discharge cleaning between
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plasma operations leads to a pronounced erosion of the
vessel components. Moreover, CX-neutrals affect the
inventory of hydrogenic species in the wall. Material
removed at one location is transported in the scrape-off
layer and deposited at obstacles present in the machine.
It can form, also on areas far from the last close flux
surface (LCFS), several 100 um thick, flaking, differently
structured deposits [5-10]. Generally, the location of
erosion differs from that of the redeposition.

One of the critical issues for the choice of the vessel
wall materials for future fusion devices like ITER is the
erosion behavior of the PFCs. To predict the erosion
rate and the transport of eroded particles to other lo-
cations, a detailed knowledge about erosion mechanism
is required. Hence, quantification and global description
of the production of impurities and their redeposition at
different areas of the vessel will be presented.

2. Experimental

Because of relatively low particle fluxes close to the
vessel wall, reasonable measurements are only possible
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using long term samples (LTS) exposed throughout
whole the experimental campaigns. Two operational
campaigns were used for long term erosion/deposition
studies in TEXTOR-94. Batches of LTS have been in-
stalled directly at the inner wall (liner) at a radius of
55 cm. Due to the good thermal contact of the liner, the
temperature of the LTS can be taken to be the regular
one of the liner vessel (350°C). Though the LTS have
had an undisturbed line-of-sight to the plasma, they
were protected by limiters (toroidal belt limiter ALTII,
main poloidal limiters, and inner bumper limiter)
against direct plasma contact. TEXTOR-94 was oper-
ated at different line averaged plasma densities ranging
between 1.5 x 10'3 and 6 x 10'3 cm™3, the plasma cur-
rent was typically 350 kA, and the toroidal magnetic
field 2.25 T. Neutral beam injectors (2) supply up to
1.5 MW per injector and ICRH up to 1.3 MW per an-
tenna (2). TEXTOR-94 was operated predominantly
with D, fuelled plasma discharges with a minor plasma
radius of 46 cm.

For characterisation of the layers deposited during
boronizations with deuterated diborane or siliconiza-
tions using deuterated silane, additional targets were
exposed to the conditioning procedures. They were re-
moved from TEXTOR-94 directly after conditioning
and examined by electron probe microanalysis (EPMA),
elastic recoil detection analysis (ERDA), nuclear reac-
tion analysis (NRA), thermal desorption spectroscopy
(TDS), ellipsometry, and by sputter Auger electron
spectroscopy (AES).

During the operational campaign August-December
1997 16 LTS holders equipped with Si (111), Inconel 625
and graphite samples were mounted at different toroidal
positions 45° below the inner equator, about 10° below
the lower edge of the inner bumper limiter (ix 20 in
Fig. 1). During the operation, all the samples have sus-
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Fig. 1. Poloidal distribution of physical sputtering rates of
silicon, boron and carbon by D° at TEXTOR-94 liner radius
[14]. The poloidal coordinate ix refers to the calculation grid of
the B2-EIRENE code [13].

tained the same treatment as the wall. 1600 discharges,
ohmic and auxiliary heated, with a total discharge time
of about 7620 s were performed. Additionally, two
boronizations as well as periodic discharge cleaning
procedures in deuterium followed by discharges in he-
lium occurred. The second long term experiment took
place between March and July 1999. Again a batch of 16
LTS holders equipped with polished Si, Inconel, and
graphite samples was attached to the liner. Eight of the
fitted holders were joined, as previously, at the bottom
45° below the equator (further called bottom), the other
eight holders were mounted at the top of the machine (ix
49 in Fig. 1). In toroidal direction, the holders alternated
between top and bottom positions. During this cam-
paign, two siliconizations and 1430 plasma discharges
mainly in D,, ohmic and auxiliary heated by NBI and
ICRH, with a total discharge time of 6600 s were per-
formed.

16 toroidal positions distributed alternatively over
two poloidal locations within the torus allowed to ana-
lyse latent poloidal as well as toroidal variation of the
erosion/deposition behavior of the liner wall. After dis-
mounting, the LTS were analysed by ion beam tech-
niques (NRA, ERDA), TDS, EPMA, and by sputter
AES. The thickness and optical constants of the layers
were determined by ellipsometry.

3. Results and discussion
3.1. Particle fluxes and sputtering rates

Ions flowing along the magnetic field lines of the
plasma are the primary source of particles which erode
the limiters defining the LCFS. Major erosion is ob-
served at the plasma exposed faces of the limiters [11,12].
After hitting the limiter surfaces, the ions recycle as low
energetic neutral particles back into the plasma and
collide with incoming, high energetic ions in CX colli-
sions. This creates fast neutral particles, which dominate
the erosion at the vessel wall.

Particle fluxes of CX-neutrals with energy and an-
gular distribution I' = I'(E, 0) have been calculated for a
typical TEXTOR ohmic shot (350 kW, n.=3.5 x
10" cm™3) using the B2-EIRENE code [13]. The integral
energy distribution for each wall segment Af and each
energy interval AE on a logarithmic scale used in the
calculation is defined as I'(E,0) =L [, [, T(E,
0)dEdO. The energy distribution of the neutrals is
broad, varying from a few eV up to several keV. The
maximum particle flux I" appears at about 100 eV. The
total particle fluxes impinging the wall at poloidal po-
sitions occupied by the LTS are 2.1 x 10'° at the top and
4.7 % 10" D cm™ 57! at the bottom.

Sputtering rates have been calculated for different
materials at normal incidence applying the modified
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Bohdansky formula using parameters from [14] and the
incident D°-fluxes provided by the B2-EIRENE code.
For carbon, only physical sputtering was taken into
account. Fig. 1 shows the poloidal distribution of the
sputtering rates of Si, B, and C at the outer calculation
boundary of the B2-EIRENE code representing the
vessel wall. The largest rates are observed at the edges of
the ALT-II and the inner bumper limiters. It is due to a
high production of CX-neutrals generated by large
particle fluxes to the edges of the limiter tiles. At these
points, the magnetic field lines hit the limiters at an angle
of about 8°. The incident high ion fluxes result in a high
flux of recycling D° inducing a large flux of energetic
CX-neutrals. This leads, consequently, to an enhanced
sputtering rate. Besides these edges, large sputtering
rates are noticed at the surface of the ALT-II limiter and
at the surface of the inner bumper limiter. The erosion of
boron is generally higher than that of silicon. Carbon
shows the lowest erosion. However, it should be kept in
mind that only physical sputtering of carbon was taken
into account. Due to the additional contribution of
chemical erosion by the formation of methane, the total
carbon erosion is considerably larger.

3.2. Long term behavior of the vessel wall

During the first long term exposure with boronized
wall conditions, two boronizations were performed
(exposure no.1). By the boronizations 9.9 x 107 B cm 2,
1.7 x 10" C cm™2, and 5.8 x 10'7 D cm™? were depos-
ited in the form of an approximately 220 nm thick a-B/
C:D coating. By two siliconizations (exposure no. 2), a
~250 nm thick a-Si:D layer consisting of 9.5 x
107 Si cm™ and 4.2 x 10" D cm ™2 was formed. Addi-
tionally, 0.2 x 107 C em™* were incorporated at the
interfaces. In both cases, the D/(B + C) or D/Si ratio was
between 0.4 and 0.5, ratios typical for this type of con-
ditioning layers.

The LTS exposed in the boronized machine to dis-
charges at the bottom show pronounced erosion of the
original coating. However, deposition of Fe, Ni and
some Cr is also observed. The toroidal distribution of
the erosion/deposition is shown in Fig. 2. The figure
displays also the expected B and C erosion calculated
from the D°-fluxes in a typical TEXTOR ohmic shot at
the poloidal position of the LTS as dashed (boron) and
dotted line (carbon), respectively. The calculated sput-
tering rates of pure elements are here multiplied by
factors representing the composition of the original
coating (0.8B+0.2C). The data illustrate that the aver-
age value of the erosion measured at one poloidal po-
sition over the whole toroidal direction is within a factor
of ~2 in good agreement with the calculated data.
Metals deposited on the LTS may originate from areas
at which the conditioning layer is lacking, damaged, e.g.,
by arcing and disruptions. The relative concentration of
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Fig. 2. Toroidal distribution of the total erosion/deposition of
the wall components at liner radius of the boronized TEXTOR-
94.

Ni:Cr:Fe in this deposit is about 0.5:0.2:0.3, with some
similarity to the composition of the Inconel wall
(Ni:Cr:Mo:Fe = 06:0.2:0.1:0.05) but with an excess of Fe
and none Mo. Except two toroidal positions (coils 1 and
11), the observed erosion and deposition shows only
small toroidal variations. Plain graphite test limiters are
often used in sector 10/11. They provide an additional
source of sputtered C which might deposit at adjacent
regions, as is suggested from the carbon deposition on
the LTS at coil 11, see Fig. 2.

In the second long term exposure (siliconized walls),
the LTS were coated with layers essentially free of car-
bon. As mentioned above, carbon is located exclusively
at the interfaces, the C/Si ratio is around 0.02. The
measured erosion/deposition in the second long term
exposure is shown in. Fig. 3. Since at the same toroidal
position only small difference of the erosion/deposition
between the two poloidal locations was observed, the
data yielded from the top and bottom of the device were
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Fig. 3. Toroidal distribution of the total erosion/deposition of
the wall components at liner radius of the siliconized device.
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Table 1
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Calculated and measured mean erosion and deposition rates of B, Si, C, metals, and D in boronized and siliconized TEXTOR-9%4

Material Calculated Boronized TEXTOR-94 Siliconized TEXTOR-94
sputtering rates (atoms cm 2 s71) (atoms cm 2 s71)
- -2 -1
(atoms em™ s77) Mean erosion Mean deposition Mean erosion Mean deposition
rate rate rate rate
Boron 9.1 x 101 8.4 x 10" - - -
Silicon 4.1 x 108 - - 5.6 x 10" -
Carbon 3.3 x 10" 7.6 x 10" - - 1.7 x 1013
Iron + Nickel - 1.7 x 10" - 3.8 x 10'2
Deuterium - 5.1 x 10" - 5.8 x 10" -

averaged. At all toroidal positions, the a-Si:D coating
is eroded, with a minimum erosion of about 1 x
10'7 Si em™? at coil no. 13 and a maximum erosion of
about 9 x 107 Si cm™2 at coil no. 8. Despite the ob-
served Si erosion, however, a net carbon deposition,
spread over the whole torus, took place. The mean C/Si
ratio increased from the initial value of 0.02 directly
after the siliconizations to a value of 0.6 in the films
modified by the plasma. As proven by depth profiles
measured by sputter AES, the carbon is concentrated at
the top of the eroded initial coatings. This carbon
originates from the graphite limiters; fractions of con-
ditioning films deposited upon the limiters erode within
only a few plasma discharges, and uncovered, original
limiter surfaces emerge. However, only a small part of
the C atoms sputtered from the limiters reaches the
outer wall. Except 2 positions (coils no. 1 and 8),
the calculated Si erosion is in a good agreement with the
measured one. The enhanced erosion at these positions
is not clarified yet. As in the prior experiment, metals
eroded from the bare, destroyed areas of the wall are
transported through the machine and deposited, among
other places, at the liner surface.

A summary of the erosion/deposition performance of
both wall conditionings are presented in Table 1. Inte-
grating the erosion rates over the entire area of TEX-
TOR-94 liner (3 x 10° cm?) 2.5 x 10" Bs™! and 1.7 x
10" Si s™' erode in the plasma discharge. Total sput-
tering rates of B, Si, and C calculated for incident (D°)-
fluxes at the locations of the LTS are also shown. The
energy distribution of the impinging neutrals have been
taken into account. Due to the lower Si-sputtering rates
(Fig. 1), siliconized walls erode slower than boronized
ones, the erosion of siliconized walls proceeds a factor of
~0.6 slower than the destruction of the walls under
boronized conditions. The a-Si:D coatings protect the
first wall more efficiently. As mentioned above, the net
erosion of carbon in the machine coated with a-C/B:D
turns to the net carbon deposition in the siliconized,
initially carbon free device. The deposition of metals in
the siliconized machine is a factor of about two higher
than that in a machine with boronized walls. However,
this may be caused by some higher number of local

destroying events during the campaign with siliconized
vessel.

During the long time operation, the walls lose to
some extent deuterium initially present in the condi-
tioning layers. Deuterium inventory reached values be-
tween 5 x 10" cm™? at the high erosion area and
1 x 107 cm™? at the low one. Additionally, a significant
amount of protium is observed in the deposited layer
[15]. High amount of protium providing a H/D ratio of
~2 have been found by ERDA and NRA. Occasional
discharges in hydrogen, neutral beam injections of hy-
drogen, and certain H,O uptake from air moisture
during storage in air may support both the hydrogen
implantation and the isotope exchange in the film. The
ratios of (D +H)/(B+ C) and (D + H)/(Si+ C) after the
exposure is ~0.2. Compared to virgin deposits with a
ratios of 0.4-0.5, a reduction of a factor of ~2 occurs.
The depletion of the (D+H) value in these films is
mostly due to thermal desorption by the long term op-
eration of TEXTOR at the wall temperature of 350°C.
As measured by TDS, the desorption of D and H ex-
hibits a broad maximum, starting already at about
200°C.

4. Summary

Erosion and deposition effects at the liner wall of
TEXTOR-94 have been studied under boronized and
siliconized wall conditions by two sets of LTS. The
measured erosion/deposition rates of the coating con-
stituents were compared with sputtering rates calculated
for pure elements. The D’-fluxes and their energy dis-
tribution at the LTS locations were determined by the
B2-EIRENE code.

Over the whole liner, a pronounced erosion of the
initial conditioning coatings by CX-neutrals is observed.
According to the calculations, the total D’-fluxes in
ohmic discharges (n. =3.5x 10" cm™3?) at the LTS
positions are up to 4.7 x 10! D cm™ s~'. Boronized
walls erode a factor of ~1.5 faster than the siliconized
ones. The measured erosion is in good agreement with
calculated values. Carbon as a component of the
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a-C/B:D films erodes together with boron. Initially car-
bon free siliconization layers display pronounced net
deposition of C. Additionally, deposition of metals on
top of the coatings was seen.

During the exposure, coatings lost deuterium but
incorporated a substantial quantity of protium. How-
ever, a depletion of hydrogenic species in the coatings
was observed.
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