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Abstract

Currently 85% of the plasma facing components of ASDEX Upgrade are tungsten coated.
Carbon influx from W PFCs is still observed but a reduction of the C content is found in
plasma discharges and a lower C fraction is measured in deposited layers in agreement with
modelling. W sputtering from the low field side guard and ICRF limiters is mainly due to
fast particles from NBI as well as from ions accelerated in the rectified sheath during ICRF
operation. The increase of the W source area is reflected in increased W concentrations.
For medium to high density discharges the techniques developed so far, namely central
heating and ELM pace-making, allow keeping the W concentration in the range of 107>,
Boronisation strongly reduces the W influxes and similarly the W content especially during
ICRF operation, but this reduction is only temporary and equilibrium is reached already

after about 100 discharges.
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1 Introduction

With the decision of building ITER, magnetic confinement fusion research entered
a new era. Although the optimization of the plasma performance is still the ultimate
goal for an economic use of fusion power, other areas of research gain considerable
importance. This is especially true for the plasma wall interaction since the extrap-
olation from present day devices towards ITER and beyond is largest. ITER [1]
still follows a conservative approach using beryllium for the main chamber PFCs
in order to minimise the risk of strong power loss through impurity radiation in the
central plasma. In a reactor however, Be will not be a viable solution due to its high
erosion yield and high-Z components may have to be used [2,3]. This is the reason
why a long term program was started in the divertor tokamak ASDEX Upgrade to
implement tungsten PFCs and to explore their feasibility. The area of W-PFCs has
been increased steadily since 1999 reaching a fraction of 85% for the 2005/2006
campaign. The technical solution chosen is of W coatings on graphite and CFC.

In the following section the rationales for and the tests of the different coatings are
presented. Section 3 describes the evolution of the W concentrations with increas-
ing W area of the PFCs and provides indications for a progressive transition towards
a C free device. The recent W coating of all poloidal low field side guard and ICRF
limiters clearly revealed their dominant role as W source, especially during opera-
tion of ICRF. This behaviour is adressed in more detail in Sec. 4. Although ASDEX
Upgrade devotes a significant part of its program to W investigations, several ex-
periments are performed, which intentionally use plasma parameters or/and heating
scenarios which are only partially compatible with the W PFCs. This is the reason
why boronisations are performed regularily. Their impact on the W influxes and

concentrations will be described in 5. Finally, conclusions of the operation with W



PFCs at ASDEX Upgrade are drawn and further developments as well as potential

consequences for a future fusion device are outlined.

2 The road to an all W device

Tungsten has an electrical conductivity 200 times larger than the one of carbon
based materials, which would lead to considerably higher load of the support struc-
tures due to eddy currents and halo currents if bulk tungsten tiles were used. These
higher forces would make the transition from a device designed for C-based PFCs
very costly and time consuming and therefore ASDEX Upgrade has chosen the
coating solution. In preparatory experiments using markers [4—7], the erosion at
different positions of the PFCs has been evaluated and the thickness and the tech-
nique of the coating was chosen accordingly [8,9]. It turned out that thin coatings
(d < 10um) could be reliably produced on graphite using physical vapour depo-
sition (PVD) techniques. These thin coatings withstood power loads of more than
15 MWm 2 up to melting conditions and showed very good adhesion when pro-
duced by plasma arc deposition [10]. They even survived thermal shocks using an
ion beam with power loads above 30 MW/m 2 for 0.3 s, which are expected at the
dump regions of the neutral beam injection in case of failure of the primary protec-
tion circuits. W coatings on graphite (SGL Carbon R6710) were more reliable than
on CFC (Dunlop DMS 704), which can be attributed to the very inhomogeneous
surface characteristics and the strong mismatch of thermal expansion coefficients
depending on the fibre orientation of the CFC.

Long term marker measurements at the strikepoint region of the lower divertor,
which were performed in the last campaign, yielded a W erosion measured by

Rutherford Back Scattering of about 0.2um per 3040 s of divertor plasma. However,



SEM measurements reveal that on a microscopic scale even a complete erosion of
the 0.5 um marker can be found. To allow several campaigns with typically 5000
s of divertor plasma each, coatings clearly thicker than 5 ym are required. Since
PVD coatings in the range of 10 um were found to be prone to delamination [10],
vacuum plasma spray (VPS) coatings, similar to the ones used in the ASDEX Up-
grade W divertor experiment [11] are foreseen for the strike point region. Therefore
two graphites (SGL Carbon R6710 and Schunk FP479) were coated to a thickness
of d = 200um. After initial problems and defects occurring at test tiles used at the
low field side auxiliary limiters, reliable VPS coatings were independently devel-
oped by Plansee and Sulzer-Metco. They passed successfully thermal screening
with power loads up to 23.5 MWm™2 as well as cyclic loading at 10 MWm™? [12].
Since 1999 ASDEX Upgrade is being steadily converted from a complete carbon
device to one with an almost full W coverage [13]. The sequential procedure al-
lowed integrating the construction work into the annual repair and upgrading works.
Simultaneously, the influence of certain PFCs on the plasma performance (for ex-
ample operating with a C or a W divertor [14]) and mixed material effects could be
studied [6]. Fig.1 shows a view into the ASDEX Upgrade vacuum vessel. Currently
all PFCs except the strikepoint area of the lower divertor, the horizontal frames of
the ICRF antennae and some diagnostic tiles are W coated, representing a W area
of nearly 36 m? or about 85% of all PFCs. The components which were coated
most recently are all poloidal low field side (LFS) guard and ICRH limiters, the
lower passive stabiliser loop and the roof baffle in the lower divertor as indicated in

Fig. 1. The stages of the W programme are reported in more detail in [15].



3 Evolution of intrinsic impurities

As expected, the average W concentration (cw ), which is extracted from spectro-
scopic measurements (see for example [14]), increased together with the W cov-
erage of the in-vessel surfaces. However, since W transport is the main parameter
determining the central W concentration [16,17], the source effect is easily ob-
scured. A way to overcome this caveat is to concentrate on identical discharges
with a rather high level of transport as presented in [14]. In this case an increase of
cw by a factor of ten within the period of 2001/2002 to 2003/2004 (7.1 m? — 24.8
m? W PFCs) could be observed for low density ohmic discharges. However, these
discharges represent only a tiny subset of all discharges performed, and therefore
a different strategy is pursued here in order to characterize the whole parameter
space. Fig. 2 shows all W concentrations, taken during time intervals of sufficiently
constant plasma parameters starting with the 2001/2002 campaign. The increase of
the area of W coated PFCs from 2001/2002 until now is indicated at the top of the
figure. The figure clearly underlines the above mentioned fact because cy different
by a factor of 1000 are measured in discharges which are close in time. The increas-
ing number of measurements going from older to more recent discharges originates
from the fact that c above the detection level is found more often, but also that the
diagnostics have been steadily improved and the detection limit could be lowered.
The data set shows an increase of the centre of gravity of cy up to around discharge
#18200. Only during the present campaign a further increase of cy is found for the
discharges with additional wave heating (green and red squares, see below). This is
due to a strongly increased W source during ICRF heating, as will be described in
the next section. The blue dataset is characterized by the additional condition of an

auxiliary heating power (P,,,) above 7 MW, which represents an intermediate value



at ASDEX Upgrade. The green symbols denote the further subset with more than 2
MW wave heating and finally the red ones represent discharges where in addition
fie. > 7-10" m™3 (50-70% of the Greenwald density limit, depending on plasma
current). For each of the different subsets the range of the observed concentrations
narrows. Especially, the constraint on plasma density results in lower cy . Together
with the techniques developed so far, namely central heating (preferentially ECRH)
and ELM pace-making, cy can be kept in the range of 107>.

Although the graphite PFCs are reduced to only 15% of the complete surface, car-
bon is still existent in the plasma discharges, which could influence the results on
the operation with tungsten due to surface layers, edge cooling and W sputtering
by impact of C ions. However, a survey of the W PFCs in the main chamber per-
formed after the end of the 2005 campaign revealed that only minor amounts of
C are existent in deposited layers. The absolute areal density of the whole layer
is smaller than 8 - 10?2 atm 2. More details of this surface analysis are presented
in [18]. The long term evolution of the C content in plasma discharges was eval-
uated by means of CXR and soft X-ray spectroscopy. The measurements show a
reduction by a factor 2-3 of the typical initial values of cc = 1 — 2% over the last
few years. Modelling with a particle transport and migration code could reproduce
this slow reduction process [19]. It reveals that the main ingredients are the strong
main chamber recycling and the reduction of the carbon sputtering yield for thin
C layers. Additionally, divertor carbon sources are important, contributing signifi-
cantly to the core C content by leaking in the range of 10'° C-atoms/s into the main
chamber.

A surprising observation at first glance was the increase of the plasma density dur-
ing the start-up phase of the plasma compared to the situation with mainly C PFCs.
Boronisations can reduce this effect temporarily, but the density quickly recov-

ered after about 20 discharges. Spectroscopic investigations revealed that He plays



a major role in this process, by supplying up to about 50% of the electron den-
sity during the early (limiter) phase of the discharge. The usual way of operating
ASDEX Upgrade with graphite PFCs was to use a He glow discharge (HeGD) in-
between plasma discharges to deplete the D inventory in the PFCs and to reduce
the amount of adsorbed impurities. The W surfaces exhibit a different storage and
release characteristics and therefore lead to a higher He content in the plasma. This
could be demonstrated clearly by reducing the frequency and duration of HeGD
which immediately led to a reduction of He content and density at the beginning
of the discharge [20]. Laboratory experiments are under way to reveal the nature
of this different behaviour. First results show that the amount of He, which could
be stored for typical HeGD impinging energies of a few hundred eV, is larger by
up to a factor of three for W, compared to C. However, more important, the stored
He is more easily released from W, which could explain the observed behaviour.
The temporal behaviour after boronisation relates to the coating with boron and
its sequential removal as confirmed by spectroscopic measurements of the W, B
(see Sec. 5) and C influx (see [19]). Although at first sight the He release is an un-
wanted property of W in a low duty cycle device as ASDEX Upgrade it will be an

advantage in equilibrium, since large inventories will not build up.

4 Tungsten Influxes

As already pointed out earlier [16,14,21], transport plays the major role in de-
termining the W concentrations in the plasma. However, after having coated all
poloidal low field side limiters with W it became evident that the beneficial in-
fluence on central particle transport from central ICRH could be overridden by the

increased W influx leading to an equally radially enhanced W density. A similar be-



haviour has been reported from the all-molybdenum device Alcator C-Mod when
operating with Mo ICRH limiters [22,23]. Therefore, special emphasis was put on
the investigation of the W sources, especially during ICRH [24,25]. Fifteen lines-
of-sight are used to measure influx profiles along the limiter height. The set-up al-
lows the simultaneous measurement the W I line at 400.8 nm, a B [T at 412.3 nm and
the Balmer-0 transition at 410.1 nm. The newly installed back-illuminated frame-
transfer CCD camera increases strongly the temporal resolution enabling ELM re-
solved influx measurements. The measured photon fluxes are transformed into ion
fluxes using photon efficiencies (S/XB). The effective sputtering yields were cal-
culated by dividing the impurity fluxes by the deuterium flux taking the viewing
geometry into account [25].

Fig. 3 shows the evolution of the effective sputtering yield, central and edge con-
centrations of W together with other plasma parameters in a discharge (I, = 0.8
MA, B, = 25T, Tp=6-10% sfl) where the distance to the LFS was varied
(Raus scan). When the ICRF is switched on, I'y /Tp = Yj}’f immediately increases
by more than a factor of five whereas the effective sputtering yield for B, measured
on the same lines of sight, stays nearly constant. This immediate reaction suggests
that an additional average sheath potential A®, r accelerates the sputtering ions onto
the target. Comparing several discharges with ICRF on and off and assuming an ad-
mixture of about 1% light impurities (for example C) with an ion charge of Z=4,
an increase in the mean sheath potential in the range 1-100 V can be extracted [25]
(A®,r ~ 10V for the presented discharge). The edge W concentration (deduced
from W emission at 7, =~ 1 keV) reflects this initial increase of the source. During
the R, s-scan the W yield (and the W flux) varies considerably, reaching almost
the pre-ICRF value for the largest distance (smallest R,,s). However, neither the
total radiation nor the edge W concentration change significantly, suggesting that

the W source is shifted away from the limiters towards unobserved locations. The



central W concentration (7, > 2.5 keV) drops initially to a value similar to that at
the edge, but after rearrangement of the plasma profiles (sawteeth appear from 2.4s
on) a moderate peaking (c§" /cifge ~ 3) of the W profiles develops. A similar
discharge without RF shows a peaking of 10 (see also [14]). This means that due
to the increase of the edge concentration the benefit for lower central concentra-
tions gets smaller with the increased W source induced by ICRH. Similarly to the
presented R-scan, density and g scans were also performed. By varying the edge-g
the angle between the field lines and Faraday screens is changed. Depending on the
details of the plasma shape, they are nearly parallel for gg9s5 ~ 3 and lowest electrical
fields are expected in this case. However, even for different combinations of B; and
I, (performed in the upper divertor) no significant change of the W influx is found.
In a density scan Y. sy could be lowered by a factor of 2 by increasing the gas puff
rate by a similar factor. Different to the R,,s-scan the reduction of the yield is also
reflected in the W concentrations which decrease also by a factor of 2.

The influence of medium-Z impurities on the W-sputtering yield at the LES limiters
was demonstrated by the injection of trace amounts of argon (I, = 102! s~ for
50 ms). The Ar puff led to a central Ar concentration of 2- 10~%, decaying within
200-300 ms. For a period of about 100 ms the W yield is increased by a factor of 5.
The increased yield is partially reflected in the W concentration. Interestingly, the
increase in the central concentration is larger than at the edge, pointing to a change
of central transport due to the additional radiation, as already found in radiative
scenarios. Similar experiments without ICRF heating resulted also in an increase
of the W yield, but more importantly, they could lead to an unstable situation, be-
cause of central accumulation of Ar and W. This behaviour clarifies the fact that
the ICRF on one hand increases the W source at the W limiters drastically but on
the other hand it can prevent central impurity peaking.

The influence of the ICRF power on the source rate is evaluated in more detail

10



in Fig. 4. Here the W influx from all LFS limiters was added and evaluated dur-
ing phases with and without ICRH. The ratio AF{{,{IE; / I'w,Lim Was calculated in the
following way: (I'w, Lim (ICRF + NBI) — 'y 1im (NBI only)) /T'w Lim (ICRF + NBI).
The ICRF induced fraction rises with the power fraction reaching values of > 90%
already at Pjcrr/Paux = 0.5. Even more strikingly already for the lowest ICRF
power fractions, the ICRF induced W influx dominates. The influx of the LFS lim-
iters is only one possible source of tungsten. In terms of their area (active area
~ 0.3 m?) they represent only a minor fraction of the W PECs. However, due to the
large particle and energy flux densities impinging on them, the W source is easily
measurable. In contrast, the area of the central column (heat shield, HS) is much
larger (an active area of 8.4 m? is taken for the assessment), but the W-flux den-
sities are considerably smaller and barely measurable. In order to get hold of the
W-flux from the heat shield <I>§(}$S, the measured C flux density is integrated over
the whole area and multiplied with the W erosion yield by C of ¥, = 102 (repre-
senting the yield from C3Tat T, = 10 eV). Fig. 5 shows the ratio of the measured
W influx from the LFS limiters to the calculated W influx from the heat shield for
different P,,,. For discharges without ICRF heating, the typical ratio is in the range
of 1, suggesting an equal portion from both sources. However as soon as ICRF is
used, the ratio increases by a factor 2-10, pointing to considerably higher W fluxes
from the (small) limiter area than from the central column. For the highest auxiliary
heating powers, the relative importance of the limiters decreases again. The arrow
in the figure marks an example for the evolution within a discharge with 10 MW of
NBI heating, when adding 3 MW of ICRF heating.

All of the above statements are made for ELM integrated measurements. Results
for ELM resolved measurements are presented in [25]. It is found that indepen-
dently of the ELM energy the effective yield for W is increased during an ELM by

a factor of 10 and that the total W flux is dominated by the sputtering during ELMs
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(= 70%). However due to the fact that the ELM energy is decreasing inversely to
their frequency, this value is almost constant for type I ELMy H-Modes in ASDEX

Upgrade.

5 Effect of boronisation

ASDEX Upgrade devotes a significant part of its program to the W investigations.
Part of this is the development of integrated scenarios, to demonstrate the operation
in C free machine by using noble gas injection together with ELM pacemaking
and central heating (see for example [26]). But there are also several experiments,
which intentionally use plasma parameters or/and heating scenarios that are not
very compatible with the W PFCs. For this reason reason boronisations are regu-
larly performed [20], to access and to explore a large working space. Boronisations
strongly reduce the impurity level in ASDEX Upgrade. Oxygen plays only a sig-
nificant role shortly after a major vent [20]. In contrast, the content of medium-Z
impurities such as Fe and Cu, which are also existent in the plasma (see for ex-
ample [27]), as well as W are strongly suppressed (1-2 orders of magnitude) under
otherwise similar conditions.

The reduction of W-influxes and the temporal evolution of the boron coverage is
especially evident in ICRH dominated discharges. This can be measured in iden-
tical discharges, which are run every day of operation. They are ohmic (I, = 0.8
MA, B; = —2.0 T, so called ohmic standard discharge) except for a short pulse of
0.5 s of 1.8 MW ICRF heating at a target density of n, = 3.5- 10" m™3. Fig.6
shows the W-influxes (I'y) and the effective yields (I'y/I'p) at the ICRF limiters
and guard limiters as well as W densities (ny) versus number of discharges after

a boronisation. For a fresh boronisation an H-Mode is achieved, which increases
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the plasma density considerably. For this reason ny is given instead of cy for eas-
ier comparison with the influxes. As can be deduced from the upper two parts of
the figure, the effect of boronisation at the ICRF limiters is only very transient and
equilibrium is reached already after 20 discharges. This observation is in line with
estimates taking into account the measured hydrogen flux and an effective boron
erosion yield below 1% at the ICRF limiter. For the guard limiters the time-constant
is considerably larger reflecting the smaller particle and energy load. The W density
recovery occurs on an intermediate timescale, suggesting that the ICRF limiters are
not the only significant source during ICRF heating as already presented in Fig. 4.
In order to exclude effects of boronisation on the investigation presented in Sec. 4,
all analyzed discharges were taken at least 40 discharges after boronisation.

Further evidence for the long term evolution of the W concentration and other im-
portant plasma parameters after boronisation can be deduced from the comparison
of #21031 (shown in Fig.3, 45 discharges after boronisation) and the identical dis-
charge #20982 (= 150 discharges after boronisation). In both cases the external
gas puff, the plasma shape and the addition heating were set identical. In discharge
#20982 the total radiation was higher by 30 % (4 MW) and 71, was higher by 10%,
which partly accounts for the higher radiation. When comparing the radiation pro-
files, which are hollow in both discharges, an overall increase of the radiation power
density by a factor of 2 inside the normalised poloidal radius p ,,; = 0.8 is found. In
contrast the stored energy was identical in both discharges and the effective B yield
was lower by a factor of two. The tungsten effective yield was increased by about
50% and its edge and central concentration were larger by a factor of 3. These val-
ues demonstrate the further reduction of B coverage, which was already in #21031
close to equilibrium, and support the consistent picture that the observed limiters
were already closer to equilibrium than other surfaces (see also [19] for timescales).

Additionally it suggests that the W radiation is not dominant for # 21031 because
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of the moderate increase of P, for tripled cy.

6 Conclusion and Outlook

In the present campaign ASDEX Upgrade is equipped with an area of about 36
m? of W coated tiles, representing about 85% of all PFCs. The main newly added
components are the low field side poloidal guard limiters, the roof baffle in the
lower divertor and the lower passive stabilizer loop. The increased W-area results
in higher W concentrations in the plasma. Especially the LFS limiters represent a
significant W source mainly during ICRF operation. The beneficial effect of cen-
tral (wave) heating is still valid, however under certain circumstances (for example
dominant ICRF) this effect is overridden by an enhanced W concentration over the
whole plasma radius due to the high W influx. Investigations have been performed
to characterize the erosion mechanism during ICRF heating and indications for an
increase of the sheath potential have been found. The effect of the strong source
could only be significantly reduced when increasing the density. Increasing the dis-
tance of the plasma from the limiter resulted only in a reduction of the local source
at the limiter but the edge W density remained unchanged pointing to a compen-
sating increase elsewhere. This behaviour made the balance of the heating methods
more delicate and suggests a preferential use of ECRH for central heating. The ba-
sis for this procedure is already laid, because a two frequency (104/144 GHz) long
pulse gyrotron is set-up and a multi-frequency gyrotron will be installed soon, al-
lowing to operate at a large range of toroidal fields. Concomitantly with the increase
of the W surface an increase of the He concentration was observed in the plasma.
Investigations show that the storage and release of He from W surfaces is different

from that from graphite. After adjusting our operating parameters, the He content,
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which originated from HeGDs could be reduced again to an acceptable level. Clear
indications for the reduction of the carbon content are found during the last two
years. The slow decrease of the C concentration can be explained by strong main
chamber recycling. Additionally, it was found that the divertor carbon source con-
tributes significantly to the core C content by leaking into the main chamber. This
behaviour will be examined in more detail [19], because it makes the use of CFC at
the strikepoints of ITER even more questionable. A faster reduction of the C con-
tent in the plasma is expected as soon as the strikepoint region of the lower divertor
is coated with W. The cryo-pump and the turbo-molecular pumps act as strong sink
of hydrocarbons during the discharges. From the measured pumping rate of 6- 1018
ats~! [28] a rapid depletion of C can be expected after the elimination of primary
sources especially, since a rather low C deposition is found already at present in the
main chamber [18]. The elimination of all uncoated graphite tiles is foreseen for
the next campaign. Thick VPS coatings (200 um instead of 3-5 ym) have been suc-
cessfully tested and will be ready for installation. A dedicated program will then be
run in ASDEX Upgrade with no or very few boronisations, to investigate the com-
patibility of a W first wall and divertor with reactor scenarios. So far, boronisations
have been performed regularly in order to permit a broad range of experiments,
which partly are orthogonal to the requirements identified for W PFCs, such as low
edge densities, off axis heating, counter NBI, etc.. These experiments were grouped
right after boronisations for most efficient use of the experimental time. However,
the observed time scales for the recovery of W influx and W concentrations suggest
that ITER-like high density operation with significant heating power from NBI and
ICRF is feasible without relying on the beneficial effect of covering the W compo-

nents by boronisations.
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s

Fig. 1. View into the ASDEX Upgrade vacuum chamber. All major PFC, except the strike-
point region of the lower divertor are W coated. The most recently installed W-coated PFCs

are indicated.
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Fig. 2. Database of W concentrations, taken during time intervals of sufficiently constant
plasma parameters starting with the 2001/2002 campaign. The increase of the area of W
coated PFCs is indicated at the top of the figure. Each of the coloured symbols gives a

subset of the previous one with the additional constraint given in the inset.
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Fig. 3. Plasma parameters, effective W and B sputtering yields (Y.yy) and W-concentration

(cw) of discharge # 21031 during a scan of the outer plasma radius (R ;).
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Fig. 4. Increase of W influx from all LFS limiters due to ICRF ( AF{,I%’LQ{-; /Tw,Lim) as a func-

tion of the ICRF power fraction. The line is drawn only to guide the eye.
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Fig. 5. Ratio of the W source at the LF'S limiters over that at the heat shield ( @”uﬂfl‘ffm / @6{,”1,35 )
during ICRF+NBI and NBI only as a function of the total auxiliary heating power (P ;).
Note that the influx from the limiters is measured whereas the one from the heat shield is

only derived from the measured C influx using an effective sputtering yield of 0.01.
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Fig. 6. Evolution of W-influxes (T'y ), effective yields (I'w/Up) at the ICRF limiters (trian-
gles) and guard limiters (squares) as well as W densities (ny ) versus distance to a boroni-

sation during identical discharges (see text for details).
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