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Study of gross and net erosion in the ASDEX Upgrade divertor
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Abstract

Erosion of carbon and tungsten in the divertor of ASDEX Upgrade was investigated by surface analysis of target tile
probes. The probes were exposed in the divertor using a manipulator system. Erosion of carbon was measured by graphite
probes covered with a 150 nm layer of e isotope to distinguish from the intrinsic carbon content. Tungsten erosion was
measured by similar probes with 1-20 nm tungsten markers evaporated on the surface. From the measured erosion,
sputtering yields were determined using plasma parameters at the target plates obtained from flush mounted Langmuir

probes.
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1. Introduction

For fusion devices in a divertor configuration, the
selection of suitable divertor target materials is of crucial
importance. The direct contact of the plasma with the
target plates leads to material erosion, which in turn may
result in contamination of the confined plasma with the
respective impurities. Among the materials considered for
target plate design, carbon and tungsten are presently
considered most favorable, in particular because they are
best suited to withstand a high stationary heat load as well
as transient pulses.

However, both materials suffer from a number of disad-
vantages. While tungsten has a high sputtering threshold
for deuterium, the tolerable concentration in the core
plasma is on the other hand very small and sputtering
could be enhanced by other impurities. Carbon is not as
critical as tungsten with respect to the impurity concentra-
tion but even under low temperature, high density divertor
conditions, there might be substantial carbon production
due to chemical erosion. While the basic properties of
plasma facing materials have been investigated to great
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detail in laboratory experiments and using computer simu-
lations, the results obtained under such idealized condi-
tions still need to be tested with results from experiments
in the real environment. In the following, we present such
results from erosion studies by analysis of material probes
exposed to plasma discharges.

2. Experimental

For the investigation of erosion and deposition pro-
cesses in the divertor of ASDEX Upgrade under realistic
conditions, a manipulator probe system was constructed,
which allows exposure of test tiles in the outer divertor
plate for single discharges (Fig. 1). Up to six probes are
held in a magazine where they are fetched by the manipu-
lator and moved to a special purpose segment in the outer
target plate. The probe takes the position of a removable
tile, which is mounted on a pneumatically driven swivel
arm mechanism. Probe exchange is possible between two
subsequent discharges and an air lock system allows re-
placement of the magazine between discharges for ex-situ
analysis of the probes.

Video observation of the probe surface and spectro-
scopic investigation of impurity fluxes above the probes is

0022-3115 /97 /$17.00 Copyright © 1997 Elsevier Science B.V. All rights reserved.

PI1 S0022-3115(96)00587-9



K. Krieger et al. / Journal of Nuclear Materials 241-243 (1997) 684-689 685

Fig. 1. Schematical view of the probe manipulator geometry at the
outer target plate.

provided by the ASDEX Upgrade boundary layer spec-
trometer [1], which is equipped with a mirror system to
allow observation of approximately two thirds of the AUG
interior. The telescope optics of the spectrometer allows
for a spatial resolution of <5 mm at the target plates.

For the interpretation of the probe analysis results, the
particle flux onto the target plates and the energy of the
incident particles must be known. For interpretation of the
spectroscopic observations, electron density n, and tem-
perature T, above the target plates are required. Direct
measurement of these quantities at the target plates is
performed by a set of flush mounted Langmuir probes. To
obtain information on the variation of n, and 7, along the
magnetic field lines in the divertor, radial profiles of both
n, and 7, are provided by a sweeping Langmuir probe
system some centimeters above the outer target. The poor
spatial resolution of the target Langmuir probes can be
compensated by mapping the profile shape of the sweeping
probe along the magnetic field lines down to the target and
matching the absolute value to the target measurements.

To model the erosion processes with subsequent trans-
port of impurities in the scrape-off layer and eventual
redeposition, the trace impurity Monte-Carlo code DI-
VIMP [2] is used. The necessary plasma background model
can be established by either using the internal DIVIMP
‘onion skin’ plasma model or results from the B2 code [3].
For iterative modelling of the neutral particle transport,
EIRENE [4] is used in both cases.

Net erosion, i.e. the difference between erosion and
subsequent redeposition, is determined by probes covered
with thin layers of the respective material and measuring
the thickness of the material before and after exposure in
one or several subsequent discharges. The ion beam meth-
ods used for surface analysis also provide information on
the depth distribution of the remaining material. In the case
of carbon, the isotope 3C was used for the probe prepara-
tion to distinguish between the probe material and the
intrinsic carbon content of the machine. Deposition and
implantation of impurities and deuterium from the dis-

charge were analyzed by exposure of clean graphite probes
and subsequent surface analysis.

For quantitative analysis of high Z material on the
graphite substrate, Rutherford backscattering (RBS) with
*He ions in the energy range from 0.7-2 MeV is used.
This method also allows to distinguish the C from the
'2C isotope. Implanted deuterium was detected using a
*He ion beam and the nuclear reaction 3He:(D,p)oz.

The contamination of tungsten with light impurities
cannot be determined by RBS analysis. In this case, the
surface was analyzed by Auger electron spectroscopy
(AES) and X-ray photoelectron spectroscopy (XPS), which
are sensitive to only the first few atom layers. In order to
obtain depth distributions, the surface can be removed step
by step using argon sputtering.

3. Carbon erosion studies

The erosion of carbon as target plate material in AS-
DEX Upgrade was investigated in Ohmic deuterium dis-
charges at medium plasma density and in neutral beam
heated L-mode discharges at high plasma density. Graphite
test tiles with a 150 nm °C coating were used. Since the
erosion was expected to be too small to obtain a significant
effect in only one discharge, the probes were exposed to
series of similar subsequent discharges. Fig. 2 shows the
“C thickness obtained by RBS analysis before and after
probe exposure in the L-mode discharges. The erosion is
quite uniformly distributed along the radial target coordi-
nate.
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Fig. 2. (a) Thickness of '*C layer before and after 4 s exposure to
L-mode discharges (7, =6.3x 10" m™3, Pyp; =5 MW) in ra-
dial direction along the target plate. The arrows denote erosion
values as expected from ion beam experiments on physical sput-
tering and chemical erosion of carbon. (b) Results from flush
mounted target Langmuir probes.
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To determine erosion yields, we assume stationary
plasma conditions. In that case, the surface density of the
eroded material N,, which is given by the difference of the
measurements before and after exposure, can be expressed
by

(M

where I, is the net flux of eroded material atoms, Y is the
erosion yield and I+ is the flux of incident plasma ions.
For the determination of I'y-, the inclination of the mag-
netic field lines to the target plates, #, must be taken into
account. Assuming sound speed

N:=f1f_ dt=fYI‘D+ dr=7YIy: At

o =T+ T,)/m, (2)

for the plasma particles entering the sheath [5] and T, =T,
one obtains

I'py+=ncesin 6 3)
The erosion yield is then finally given by
Y= N,/(n /4T, /m; sin 6A1) (4)

Using Eq. (4), one obtains in the vicinity of the strike
point Y. = 12X 1072 in the L-mode discharges and
Y=05X 1072 in the Ohmic discharges. Because the
eroded '*C isotope can be distinguished from redeposited
'2C from other locations, the measured yields can be
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attributed to gross erosion in this particular case. For
comparison, the arrows in Fig. 2 denote the erosion for the
L-mode scenario as expected from ion beam results on the
erosion yield of physical and chemical sputtering. Despite
uncertainties in the measurement of the particle flux and
energy at the target, the measured target erosion is clearly
smaller. However, the occurrence of chemical erosion is
evident from other diagnostics, like mass spectrometry of
the exhaust gas [6]. A possible explanation for this behav-
ior, which is also observed in the Ohmic case, is a
decrease of the chemical erosion with ion flux, as de-
scribed in [7] by a factor of 3 to 5 respectively. Conse-
quently, the observed hydrocarbons might be explained by
production at the main vessel walls where the hydrogen
flux is orders of magnitude smaller than at the divertor
plates.

4. Tungsten erosion

In earlier tokamak experiments with tungsten limiters,
the plasma contamination due to limiter erosion and close
limiter-plasma contact reached intolerable levels. The us-
age of tungsten as target plate material appears much more
favorable, in particular for reactor relevant high density
low temperature divertor operation. To investigate the
feasibility of tungsten in a divertor machine, ASDEX
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Fig. 3. Results from erosion measurements in L-mode (left) and Ohmic discharges (right) with spatial profiles of the WI spectral line
emission above the target and 7, and I, measurements from flush mounted target Langmuir probes.
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Upgrade was equipped with tungsten coated graphite di-
vertor tiles. Quantitative determination of tungsten erosion
is not possible by spectroscopic measurements because
tungsten atomic rate coefficients are very uncertain. As an
alternative, probe measurements were done for Ohmic and
NBI-heated L-mode discharges as well as for H-mode
discharges.

For erosion measurements, tungsten marker stripes with
a thickness of 1-20 nm were prepared on graphite probe
tiles in radial direction using vapor deposition.

4.1. Ohmic and L-mode discharges

Fig. 3 shows the results for a probe exposed in medium
density L.-mode discharges and for a similar probe exposed
in a series of low density Ohmic discharges. The L-mode
case is an example of a divertor plasma with compara-
tively low temperature and high density. Consequently, the
observed erosion is almost negligible, with an upper limit
of Y= 15X 1073, which is close at the detection limit.
Similar values can be estimated from measurements of
tungsten eroded at other divertor tiles and subsequently
deposited on a pure graphite collector probe.

The Ohmic discharge series represents an operating
regime with high temperature~low density conditions in
the divertor. In this case, the observed effective tungsten
erosion yield related to the incident D*-flux reaches a
value of Y, =5X10"* at the strike point. The spatial
distribution of the WI spectral line emission is clearly
correlated with the probe erosion pattern. Comparison of
the line emission with results from material probe analysis
and taking into account Langmuir probe temperature and
density measurements could be used to obtain a rough
absolute calibration of the WI line.

4.2. H-mode discharges

Comparison with the Langmuir probe data in the Ohmic
and L-mode experiments showed that the tungsten erosion
depends strongly on the plasma temperature. Therefore,
substantial erosion by ELM temperature pulses was ex-
pected for H-mode discharges.

Surprisingly and in contrast to Ohmic and L-mode
discharges where, except for erosion, no modification of
the initial tungsten layer was found, in H-mode discharges
the initial layer became distributed deeply into the graphite
substrate material.

Fig. 4 shows the tungsten depth distribution in the
vicinity of the strike point from RBS analysis of a 2 nm
tungsten marker after exposure to a series of 5 MW neutral
beam heated H-mode discharges. The deepest penetration
of =400 nm is obtained at the position where the temper-
ature reaches is maximum during an ELM heat pulse.
Langmuir triple probes were used to measure the temporal
evolution of the temperature on the ELM time scale. The
peak value during ELM’s reached 60 eV. This is, however,
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Fig. 4. Depth distribution of a tungsten marker at the separatrix
strike point before and after exposure to a 5 MW H-mode
discharge. The two curves denoted with s.p. — 0.5 ¢cm and s.p. +0.5
cm represent the depth distribution 0.5 ¢cm inward and outward of
the strike point location. The given tungsten surface densities are
obtained by integrating over the respective depth profile.

a lower limit because the probes are restricted from mea-
suring higher temperatures by their voltage supply. Simula-
tions of ELM behavior with the B2 /EIRENE code [8]
result in higher temperatures up to 100 eV at the strike
point.

Since the plasma temperature between ELM’s is com-
paratively low (= 15-20 eV), one can attribute the ob-
served effects to the ELM’s alone. With an ELM fre-
quency of 180 Hz and an ELM duration of = 0.5 ms the
resulting time integral over all ELM peaks is 0.5 s. By
integrating over the depth distribution of the remaining
tungsten and comparison with the initial thickness using
Eq. (4), one obtains an erosion yield of 10~ *, This may be
a lower limit as increasing W dilution in the surface layer
will reduce subsequent W erosion.

4.3. Comparison with results from simulations

The impact energy of an ion incident on a material
surface is given by it's thermal energy and by the energy
gained in the sheath

E, = 2kT, + skT. + ZykT, = (3Z + 2) kT, (5)
fory=3and T, =T,.

Fig. 5 shows a comparison of the measured effective
erosion yields for the described scenarios with results from
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TRIM sputtering simulations taking into account the en-
ergy and angular distribution of an isotropic Maxwellian
distribution accelerated in the sheath potential [9]. In Ohmic
and L-mode discharges the energy of the deuterium ions is
too low to result in significant sputtering of tungsten, while
it contributes to 50% in H-mode discharges. Carbon, which
is still the main plasma impurity, is ionized in the charge
state C** at these temperatures. The resulting impact
energy Eq.-= 14kT, is sufficient to cause significant sput-
tering. However, the calculated effective sputtering yield
for a carbon concentration of 1% is by a factor 5-10
higher than the measured values. A plausible explanation
for this observation is the effect of prompt local redeposi-
tion of W™ ions within their first gyro orbit after ioniza-
tion, which occurs because of the small ratio of ionization
length to gyro orbit radius of W* [10].

4.4. Long term effects on tungsten coating

In order to monitor the long term evolution of the built
in tungsten coated target tiles, a probe with a similar
plasma spray coating was exposed routinely to discharges.
After 74 mainly Ohmic discharges, the probe was analyzed
for implanted deuterium. The resulting radial profile of the
deuterium surface density increases strongly towards the
average position of the strike point.

The observed deuterium concentration is mainly at-
tributed to codeposited carbon. The depth distribution of
carbon in the tungsten coating was measured by stepwise
erosion of the surface layer and analysis with Auger
electron spectroscopy. Fig. 6 shows the results at the
position of the highest D content. Near the surface, the
tungsten fraction is only 40% and increasing to approxi-
mately 70% in a depth of 500 nm. In a depth of 40 nm a
stoichiometry close to a tungsten carbide (W/C=1) is
obtained, which can account for a high level of deuterium

102 e e
B
. -
@ -
> 103 e ] |
2 e H-mode/ELMs
[0} y
> B OH -
jo] /
£ !
5 o
=1 b
B 4.
& 107 |
|
!
i
5| ! & L-mode ;
10° IJ . R I RS -
0 20 40 60 80

Plasma temperature [eV]

Fig. S. Measured net erosion compared to results from ion beam
experiments and TRIM simulations.
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Fig. 6. Depth profiles of tungsten and light impurities near the
average strike point position on a tungsten long term probe tilc.

retention [11]. The broad distribution may be a result of the
high surface roughness of the plasma spray coating. There-
fore, pure tungsten may only be found in depths larger
than the grain size > 10 um. The results show that in a
machine with carbon wall elements, it is impossible to
maintain a divertor with clean tungsten target tiles. This
will tend to reduce the tungsten erosion and increase the
retained hydrogen isotopes and has to be taken into ac-
count in further studies of tungsten as divertor material.

5. Summary

Erosion of carbon and tungsten in the divertor of
ASDEX Upgrade has been studied by exposure of material
probes in various discharge scenarios. The net erosion of
thin layers of the respective material was determined by
surface analysis using ion beam methods. Combining these
results with measurements of plasma temperature and ion
flux at the target by Langmuir probes, it was possible to
determine erosion yields for different plasma conditions.

In the case of carbon, the resulting yields are higher
than expected from physical sputtering by the incident
plasma alone. Chemical erosion processes might account
for the missing contributions. The measured erosion is,
however, smaller than the chemical erosion yields as mea-
sured in low flux ion beam experiments. Decrease of
chemical erosion with increasing flux has been observed in
a number of other experiments and could explain the
discrepancy.

The observed tungsten erosion yields are smaller than
the theoretically expected values in the whole temperature
range covered by these experiments. On the other hand,
prompt local redeposition due to the small ratio of ioniza-
tion length and W* gyro radius leads to an effective
80-90% decrease of the observed net erosion. Taking this
in account, a much better agreement with erosion calcu-
lated from ion beam results is obtained.

Apart from erosion, further modifications of the origi-
nally clean tungsten surface were found. Carbon, which is



K. Krieger et al. / Journal of Nuclear Materials 241-243 (1997) 684—-689 689

still used to cover most of the plasma facing wall elements
and boron from the boronization procedure are intermixed
quite deeply into the surface. The resulting modifications
of the tungsten material properties have to be taken into
account for the future use of tungsten in conjunction with
carbon as plasma facing material.
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