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Abstract

The paper describes the investigation of the progressive erosion of an a-B:D coated test piece during 22 pulses in the
SOL of TEXTOR-94. Time resolved observations by colorimetry reveal that the erosion proceeds in steps: during an
intermediate phase the rates do not exceed = — 1.5 nm/s. Thereafter they jump to about —6 nm/s. This is due to carbon
incorporation and triggered when the concentration approaches = 40%. The changing composition may influence the ratio
of the BII/CII emission near the surface. The process ends with a carbon rich layer on the remnants of the boron film.
Combination of different investigations (AES, NRA, EPMA) results in a preliminary model description.
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1. Introduction

Carbon erosion from wall elements (limiter, divertor) is
still a major concern in fusion devices [1]. Thin boron
containing coatings can protect the surface and prevent the
tokamak plasma from oxygen and impurity release for a
limited time [2]. Despite erosion due to the hydrogen the
coatings are partly reformed by simultaneous deposition of
impurities eroded at other locations and transported in the
scrape-off layer (SOL) [3]. This can change the composi-
tion of the near surface layer of the coating and hence the
resistivity against erosion. Its life time can increase re-
markably [4]. It depends on the balance of erosion and
deposition fluxes which decay radially with distance from
the plasma edge. The complex patterns depend on the
shape of wall elements. Investigations of large areas are of
importance in order to understand the erosion and deposi-
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tion processes and to develop proper in-situ repair tech-
niques [5]. The paper describes briefly in its first part the
colorimetric observation of the progressive erosion of a
pure a-B:D protective film on a test piece exposed in the
SOL plasma of TEXTOR-94. The technique [6] and part of
the results [4] have recently been published. The emphasis
is laid on the spectroscopic observations and on the post
mortem analysis made by means of AES sputter depth
profiling and by ion beam analysis. The combination of the
resuits leads to a model which can describe quantitatively
the erosion rates in terms of the particle fluxes and as a
function of time and of distance from the plasma edge. The
model remains preliminary, however, since considerable
boron reflux has to be assumed which could not be proven
experimentally.

2. Experimental

Colorimetry measures the color coordinates (R, G, B)
of the interference colors of transparent coatings appearing
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in illuminating white light by means of a color CCD
camera. Their relation to the film thickness is calibrated
within the range 30 to 500 nm [6]. Image processing yields
contour lines over extended areas. For the erosion experi-
ment, a preboronized (between 95 and 110 nm pure a-B:D
on an Al interlayer of = 300 nm) graphite tile was brought
into the SOL and exposed during 22 discharges (121.3 s).
Because its plane surface (60 mm X 63 mm) was tilted to
the toroidal direction (8 = 20.8°) the different surface loca-
tions corresponded to different radial distances from the
plasma edge (r,=46.0 cm) and covered the radial range
of 47.2-49.5 cm (see Fig. 2). This tile was screwed on a
graphite block. The block was shielded by Al-plates (2 mm
thick) to avoid carbon sputtering. The surface to be eroded
pointed to the ion drift side with about 40 m field line
distance to the next neighbored limiter. Most of the plasma
pulses (=7 s duration, n,=25X10" cm™ I =
350 kA, By =225 T) were auxiliary heated for 2 s by
neutral beam co-injection (NBI) of 1.3 MW. This in-
creased the density n(r,) and the temperature T(r,) at the
last closed flux surface (LCFS) from 2.4 to 6.2 x 10"
cm™? and from 25 to 44 eV, respectively [7]. During the
exposures the emitted BII light was observed from side
and top by CCD cameras. The ratio BI[/CII was deter-
mined by a spectrometer viewing the probe from the side
20 mm apart from its right end. Its slit covered the radial
range r=48-44 cm (cf. Fig. 2). After each pulse the
changed color patterns were recorded and thickness pro-
files scanned with 0.2 mm space resolution in toroidal
direction at 10 different poloidal locations. There was little
thickness variation in poloidal direction only, thus the data
have been averaged resuiting in one single profile with a
statistical error of = 10%. The deposit was analyzed post
mortem across the surface in toroidal direction by means
of sputter depth profiling with Auger electron spectroscopy
(AES), by nuclear reaction analysis (NRA) to measure the
amount of boron, and by electron probe micro-analysis
(EPMA) to quantify also other incorporated components
(Si, Al C).

3. Observations

3.1. Colorimetry

Fig. 1a summarizes the evolution of the film thickness
in the erosion dominated zone in form of profiles along the
toroidal direction of the tile. This direction corresponds —
because of the tilting — to increasing radial distances r
from the plasma center. Due to the erosion by the D *-ions
in the SOL the initial film thickness of 100~110 nm in this
zone is reduced pulse by pulse. A sharp edge is formed
with a sudden drop by more than 40 nm. The edge moves
radially outward over the tile with decaying speed (char-
acteristic time 7y =37 s) and creeps against a location
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Fig. 1. (a) Thickness profiles in the erosion dominated zone as
measured by colorimetry. The total exposure times elapsed are
given. Because of the tilted surface different toroidal locations
correspond to different distances r from plasma center. At ry =
48.4 cm net erosion turns into net deposition. (b) Time evolution
of thicknesses as evaluated from (a) at different radial distances.
At ry =484 cm the thickness remains constant throughout the
whole exposure time of {21.3 s.

corresponding to the radial distance r, = 48.4 cm (‘transi-
tion point’) where net erosion turns into net deposition.
Here, the impurity deposition (mainly carbon) exceeds the
erosion by D*, and the thickness increases gradually with
a maximum increment of = 25 nm at r = 49.1 cm (end of
the information range; not shown). This can better be seen
from the time evolutions of the thicknesses at selected
radii as evaluated from the profiles (Fig. 1b). The curves
are splines through the somewhat scattering data. One
example (triangles) is given for r, =48.4 cm where the
thickness remains constant throughout the whole exposure
time. The erosion process proceeds in three pronounced
steps: (i) the first = 20 nm (dashed line in Fig. 1a) are
eroded slowly with rates between 0 and about — 1.5 nm /s,
strongly depending on r. The times (z,,) for this ‘inter-
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mediate’ erosion last from 20 s (r =474 cm) up to 110 s
(r =482 cm); (ii) thereafter the rates jump abruptly to
= —6 nm/s almost independent from r and last until
further 40-50 nm are eroded (‘peak’ erosion); (iii) eventu-
ally, the rates decrease again and seem to level off.
Thicknesses less than = 20 nm are difficult to measure.

3.2. Spectroscopy

As an example Fig. 2 shows the characteristic BII
emission light pattern during the NBI phase of one of the
discharges. The contour lines correspond to intensity steps
of 20% each beginning in the center. The maximum
radiation at r; = 46.6 cm appears between the LCFS and
the end of the tile. This is due to boron leaving the surface
and is consistent with the short ionization length [8] of
0.6 cm under the conditions present at r = 47.2 cm, It also
means that part of the boron can be redeposited. The BII
light intensity measured by the spectrometer decreased
during the sequence of discharges and reached an almost
stationary level with a characteristic time 7= 29 s. This
value corresponds to the time 75 and indicates the shrink-
ing area of the a-B:D layer on the tile itself as the source
of the radiating boron. The CII light intensity decreased
very slightly and followed the general trend of that of CV
measured in the plasma center. It indicates the background
flux as the major carbon source in the SOL. Part of the
C-ions hitting the surface are reflected and re-ionized, part
of them remain deposited and increase the carbon concen-
tration in the surface near layer. The BII/CII ratio ap-
proached a stationary value corresponding to about 25%
B *-ions related to carbon [7]. Carbon accumulates in the
film and becomes increasingly eroded, but the contribution
to the CII light seems to be hidden by the dominant
background flux.

B Il emission

toroidal direction

Fig. 2. BII emission light pattern observed above the tilted surface
by a CCD camera during the NBI phase of one of the discharges.
The contours represent intensity steps of 20% each beginning in
the center at r; = 46.6 cm. Left is ion drift side.
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Fig. 3. Concentrations of boron as determined by AES sputter
depth profiling at 7 locations across the tile in toroidal direction.
The thicknesses are recalculated from the transition to the Al
substrate. For comparison the last measured thickness profile
(dots) is given.

3.3. Post mortem analysis

Indeed, the AES depth profiling carried out at 7 differ-
ent locations across the tile revealed that the erosion/de-
position process had left a carbon rich layer (a-C /B:D) on
top of the remnants of the initial a-B:D film. The results
summarized in Fig. 3 show that the B-content (related to C
and the other implanted impurities) becomes less than 20%
near the surface (crosses and boxes). The thickness scale is
recalculated from the depth of the interface to the Al-inter-
layer. The 50% line (squares) may indicate the transition to
the virgin a-B:D. For better comparison a thickness profile
(dotted) is given which was measured colorimetrically
after the end of the experiment. Except the enrichment of
carbon in the upper = 20 nm and the loss of boron in the
erosion zone, we observe in the deposition zone (left part
of the figure) considerable less boron than measured ini-
tially and its replacement mainly by carbon. This is backed
by the determination of the boron areal densities by NRA
(7.8 X 10'7 cm~ %) and by EPMA (6.0 X 10'7 ¢cm™~2) which
would represent thicknesses of 78 and 60 nm, respectively
(p,pp=1.0x10% B/cm? [4]). The rest up to about 120
nm is due to incorporated carbon and silicon (= 10%)
which was present because of proceeding silane puffing
experiments. Moreover, about 150 nm Al of the interlayer
was eroded at the very end of the tile (right) where
nevertheless a thin deposit still exists which consists of a
mixture of Al, C and B. It seems that this layer is very
resistant against erosion and may cause the eventual drop
in the erosion rate when the thickness falls below about 40
nm. The observations suggest that impurities transported in
the SOL can be incorporated into regions (=20 nm)
deeper than implantation depth (few nm) of the ions
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independent on whether the process leads to net erosion or
deposition.

4. Modeling

4.1. A simple equation

The fact that erosion turns into deposition at the fixed
radial distance r,=48.4 cm suggests a stable ratio be-
tween the eroding hydrogen flux I'p(r) and the impurity
(mainly C) deposition flux I'(r) in the SOL [9], but with
different decay lengths Ay and Ac-. This leads to the
simple equation

dE (particlescm s~ ') = {FC(ro)e’(’"'")/"C

- YFD(rO)e‘(”"'V)‘D} sin &

(1)

which should describe the net erosion or deposition d E in
a first approximation. §=20.8° is the tilt angle, Y the
sputter yield by D*-ions. I'y(ry) =17 x 10'® cm~2 57!
and A, = 1.1 cm are figured out of the n_, T, values at the
LCFS and by means of their radial decay in the SOL [7]
and giving consideration to the ohmic and the NBI heated
phases of the plasma pulse. The impurity flux was not
measured, but has to be consistent with the observed net
erosion /deposition. If we interpret the deposit found on
the Al shielding plate at r=49.8 cm (1.36 X 10'® cm ™2
determined by EPMA) as grown in 121.3 s by a carbon
flux with A.=2 cm [3] we find I'o(ry) =226 %X 10"
cm~? s~} The flux ratios I'./I', between 0.8% and 2%
depend on r, but correspond to earlier observations [10]. ¥
is the last free parameter in Eq. (1) to fit the data. As the
amorphous boron contains some carbon we expect Y = 0.01
[11,12]. The best fit yields ¥ =0.0135 for the measured
intermediate rates (Fig. 4). The circles are calculated by an
extended equation (next chapter). As shown earlier [4] Eq.
(1) can describe also the much higher ‘peak’ erosion rates
if the sputter yield Y is set to an accordingly higher value.
The reason for the sudden increase remained unclear,
however. As will be pointed out the jump of the rate is
likely due to the further admixing of carbon up to higher
concentrations ¢. If e.g. c(¢) exceeds about 40% in the
a-C /B:H film the sputter yield Y increases by factors 35
for low energy H3 [13] and HI and DJ [14] ions. The
time f,, to achieve the changeover from intermediate to
peak erosion should therefore indicate that the concentra-
tion c(¢) in the surface near layer has reached such a
value. This, however, is not correctly described by Eq. (1)
and the fluxes assumed here which yield times less than
=20 s at e.g. r=48.2 cm while ¢ = 106 s is observed.
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Fig. 4. Intermediate rates and deposition rates as measured

(crosses) across the tile depending on radial distance and compari-

son (thick line) to the model Eq. (1) with ¥ =0.0135. Calcula-

tions made with the extended model (circles) include boron

redeposition in the erosion zone.

4.2. Extended model equation

In order to decelerate the evolution of the carbon
concentration c(¢) the direct redeposition [15] of part of
the eroded boron has to be assumed. This is not unlikely
because of the short ionization length Ag = 0.6 cm adja-
cent the end of tile during the NBI phase. The B*-flux
may also radially be distributed with a similar decay length
in a first approximation. It decays with the characteristic
time 7%= 29 s, most likely due to the shrinking source area
(rg =37 s). This leads to a factorization in time ¢ and
space r of the B* redeposition flux which has to be added
to the balance Eq. (1):

Tg(r.t)y=T%(r,0)e /"sin 8, (2)
Ig(r.0)=1/A Tp(0)e™" 7"/, (3)
I3(0) =% [YTo(r)b(0)dr. 4)

I'y(0) is integrated within the radial extension r, =47.2
cm, r, =49.5 cm of the tile and may represent the initially
(r = 0) eroded amount of boron. 50% of it may flow to the
electron drift direction. Since the boron concentration b(0)
=1 the prefactor 1/As I'g(0) in Eq. (3) becomes 5.5 X
10" ecm=2 571,

The erosion of C and B are assumed to be proportional
to their actual concentrations c(¢) and b(r). Conservation
of the initial number of particles Ng(0) (cm™?2) is assumed
in the considered layer volume which is represented by the
increment A = Ng(0)/p, 5.p- This means that the particle
loss d E(t) at the surface is currently be replaced by a flux
Fg= —dE of ‘fresh’ boron through the interface. Dis-
cretisation in time steps d¢ finally yields the time evolution
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of the carbon concentration c(¢) and the total erosion E(t)
at a location r:

c(r. 1) =N(1)/Ng(0), (5)
Ne(t+dt) =Ne(1) + [ Te(r) = YT (r)e(r, 1)]dt
with N(0) = 0. (6)
E(r,t)=Y.dE(r, t)dt, (7)
dE(r, 1)y =Tc(r)~YIp(r)+1Ig(r, 1). (8)

Redeposition of the eroded carbon (mainly in the form of
CD, radicals [16]) is not considered because of ionization
lengths > 12 mm [8].

4.3. Fitting procedure

Since both carbon and boron deposition fluxes are not
measured, the fitting procedure shall proof only the sug-
gestion that boron redeposition can decelerate the evolu-
tion ¢(r, 1) in agreement with the observed intermediate
times #,.(r) and the erosion rates. Whether the redeposition
of boron is fully described by Egs. (2)—(4) is rather
uncertain. But, as a consequence of the additional flux Iy
in Eq. (8) the one for carbon should be less than assumed
in Eq. (1) in order to fit the net rates still correctly. Factors
fB(r) and fC(r) have therefore been applied to the fluxes
I';, and I, and varied until the fit condition was satisfied:
<(r, t) should approach 40% within the measured interme-
diate times f,(r) while E(r, )= —20 nm. Here, the
eroded thickness E is calculated with p, c 5p=6.5X
10?2 ¢cm™? [6]. The third fitting parameter A is the thick-
ness of the involved layer. Because of the boundary condi-
tions for the parameters and the great number of data there
was little freedom of choice. As an example Fig. 5 shows
that only A= 21 nm fits the time 7, =28 s valid for

C[%]

10 15 20 25 30 35 40
EXPOSURE TIME [s]

Fig. 5. Example how the fit conditions ¢(r)=40% and E =
— 20 nm are satisfied for the observed intermediate time £, = 28 s
at r = 47.6 cm by variation of the involved thickness (A4 =21 nm;
FE=061, f8=215)
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Fig. 6. Measured (crosses) erosion times ¢, before peak erosion is

achieved depending on radial distance and comparison (circles)

with calculations which include a boron redeposition proportional

to r. Redeposition by B™ only (diamonds) or even no redeposi-

tion (full circles) do not fit the data.

r=476 cm (fy=2.15, fo=0.61). Such values for A
were found also for the other radii in the erosion domi-
nated zone. It strongly limits the fitting scenarios and
determines the relations f(r). As expected, the factor f€
for I':(r) is below unity and ranges between 0.8 and 0.5
for r =47.3 and 48.1 cm, respectively. Other values cause
disagreement with the measured rates and times. f® in-
creases from = 1 to =9 in this range and means that an
enhanced boron reflux has to be assumed compared to Egs.
(2)-(4) to fit the data. If I'y(r, 1) is split into a term I}
according to Eq. (3) the additive term I'g'(r, 1) = 1.6 X
10'%(r — 47.4)e '/ becomes proportional to r. Note, that
both of the terms are almost negligible after about 60 s.
However, the mechanism responsible for the enhanced
B-reflux is not clear yet. Until simulations by means of the
ERO-TEXTOR code [17] are done, we only can speculate
that the contribution I'y' might probably be due to boron
which remains neutral after the erosion.

5. Results

Fig. 6 summarizes the results of the fitting procedure. It
shows the times 7, (r) where intermediate erosion turns to
peak erosion as measured (crosses) and as calculated
(circles), both depending on radial distance r. As before
we assumed Y = 0.0135. The possible agreement is strik-
ing especially in comparison to the other two cases where
either the additive term I'y is neglected (diamonds) or
even the boron redeposition at all (dots). The intermediate
rates calculated according to Eq. (8) are time averages, but
agree as before in the considered range (circles in Fig. 3).
If Y is set to the value 0.047 at time ¢, the calculated
rates jump to the observed peak values of = —6 nm/s.
The calculations show that the carbon concentration c()
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can continuously increase within the time ¢, up to a value
where it triggers the transition from low to high sputter
yield, i.e. from slow to fast erosion. The time behavior can
be described correctly if boron redeposition is assumed.

6. Conclusions

The model presented can only be a preliminary step to
understand the complex processes in layers affected by
simultaneous erosion and deposition, and we do not stress
the absolute numbers in the equations. Nevertheless, it
supports the basic idea that the time evolution ¢(¢) of the
carbon concentration in the near surface layer of the boron
film rules the erosion speed. The sputter yield Y increases
drastically if c(t) exceeds = 40%. AES depth profiling
shows that the erosion process ends with a carbon rich
layer on top of the a-B:D remnants.

The model suggests that the direct redeposition of
boron must not be neglected. It decays with time because
of the gradual erosion of the boron coating, but decelerates
the evolution of ¢(¢). This prolongs the time ¢, for the
intermediate erosion and hence the life time of the protect-
ing coating in the erosion dominated area. The changing
ratio of concentration b(¢)/c(¢r) may also influence the
ratio of the BII/CII emission light observed by spec-
troscopy which usually is understood as being caused by
the flux ratio only.

The layer involved seems to have a thickness of
= 20 nm which is more than ion stopping power (few nm)
of the impurity ions transported in the SOL and hitting the
surface. This is not understood yet, but obviously a reason
why boron can be eroded in zones of net carbon deposition
and why an Al containing C/B deposit remains in the
erosion zone even if Al is sputtered out of the substrate.

Colorimetry can measure time resolved, in-situ and on
extended areas erosion and deposition rates of protecting
coatings in TEXTOR-94 and provides a good data base for
modeling. The validation of the quantitative description in
terms of a balance of the impurity deposition fluxes in the

SOL, of the redeposition fluxes and of the hydrogen
erosion with the sputter yield Y as the key parameter
becomes possible if additional information from other
techniques is used.
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