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Abstract

We report on a systematic surface analysis of the graphite tiles coming from different locations on the first wall of the reversed-field
pinch device RFX by secondary ion mass spectrometry. Both boron and the main contaminant species were investigated. The largest
values of the total boron intensity are found for tiles positioned in front of the injection valve, the lowest for those at the gap. The
in-depth profiles of the normalized boron signals are interpreted as signatures of a plasma-wall interaction, namely of the plasma coming
in contact with the wall in restricted regions, mainly determined by the magnetic field configuration, during its lifetime.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Wall erosion and re-deposition are major effects of the
interaction of a plasma with the surrounding wall, a clue
issue in nuclear fusion technology. To keep the radiative
losses low, the plasma impurities must be limited to low-
Z eclements, i.e., the effective charge must approach
Zer =2 1 as far as possible, which implies that low-Z mate-
rials must be used for the first, plasma-facing wall. To this
purpose, boronization of the graphite tiles covering the
inner wall of the vacuum vessel is adopted in several fusion
relevant devices. Another important feature, mostly related
to the magnetic field structure, is that the effects of erosion
and re-deposition on the tiles are generally expected to be
inhomogeneous (localized). Due to this, measurements on
a variety of tiles selected from different parts of the vessel
wall are required in order for a significant insight in these
effects to be achievable. An additional complication comes
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from the fact that the fusion experiments are carried out in
different magnetic configurations, e.g., tokamaks and
stellarators, and in vacuum chambers with very different
shapes, e.g., with either circular or elongated cross-sec-
tions. As a consequence of this each system must be inves-
tigated quite individually [1,2] and the general conclusions
one can draw are bound to be only qualitative or otherwise
to be applicable at best to a limited number of devices.

In this work we report a systematic investigation based
on secondary ion mass spectrometry (SIMS) of a series of
graphite tiles of the inner wall of reversed-field fusion
device RFX after a long exposure to the plasma in the first
phase of RFX operation. A point worth being stressed is
that during this early phase the dynamic evolution of
magneto-hydrodynamic (MHD) perturbations, in particu-
lar the so-called tearing modes and plasma disruptions,
may have significantly contributed to the plasma—surface
interactions.

To reveal the expected correlations between the effects
detectable on the tiles and the underlying plasma-wall
interactions, SIMS analysis of the tile surfaces and near-
surfaces has been performed on a set of tiles coming from
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different toroidal and poloidal positions in the vacuum ves-
sel of RFX. The main criterion in the selection of the tiles
was that of correlating their positions with the known inho-
mogeneities of the passive stabilizing shell. The major
target of our investigation was characterizing the boron
distribution in the tiles and its dependence on the poloidal
and toroidal coordinates.

2. Tile composition, experimental set-up and measuring
procedures

The vacuum vessel of RFX is made of Inconel 625 and
the first wall of the device includes 2016 graphite tiles that
completely surround the last closed magnetic surface.
While basically polycrystalline, the graphite of the tiles,
produced by Carbon-Lorraine as PT5890 [3,4], also
included amorphous carbon. The boron film was deposited
on the tiles via glow discharge cleaning (GDC) in a He
atmosphere. The average thickness of the hydrogenated
boron film deposited on the tiles has been estimated, over
a range of the order of hundred nanometers, using a
mechanical profilometer [4]. Extensive investigations of
the quality of the boron coatings prior to the exposition
to the plasma were performed by a number of groups
[5,6] including that of RFX [7,8]. Further, all samples are
currently analyzed via Rutherford backscattering [9].
Besides the boron, these analyses reveal the presence of
both metallic and non-metallic impurities, such as V, Cr,
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Mn, Mo, Fe, Co, Ni, Cu, Zn and Se, in almost all the
samples.

The samples used in our analysis by the SIMS were cut
out from tiles selected from different toroidal rows (Al,
A38, Ad4, AS9, A60, A68) and different poloidal positions
(T1, T8, T15, T22) (see Fig. 1). The total amount of sam-
ples was 24 and their typical size ca. 15x 10 x 1.5 mm®.
The SIMS measurements were carried out by a dedicated
SIMS set-up based on standard commercial components
[10-12]. The equipment was completed by a Hiden EQS
1000 Mass Energy Analyser made of a combination of an
electrostatic energy analyser and a quadrupole mass filter.
The mass spectra were collected using 6 keV mass-filtered
1605 ions generated by a duoplasmatron ion gun (model
DP50B by VG Fison). The spectra were produced in
sequence, which required no more than 70s per each.
The in-depth elemental distributions were evaluated from
the mass spectrometric data just after the end of the related
measurements. The primary beam was raster-scanned. The
‘crater effect” was avoided by recourse to electronic gating
of the registration system. Thanks to this, only secondary
ions coming from the limited central area of the crater were
collected. The depth of the sputter craters and the surface
topography were determined by a Tencor Stylus Profiler
P-10. Finally, roughness measurements were also made
from three different areas of the samples, each of
600 x 600 pm? size, randomly chosen on their surfaces.
The identification of the ion species in the measured spectra
was obtained using the numerical code DECO [13].
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Fig. 1. Schematic view of the sample positions selected for the SIMS measurements (letter A denotes the toroidal rows and letter T the poloidal positions).
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3. Experimental results

A typical mass spectrum of the positively charged sec-
ondary ions corresponding to a depth of about 1 pm is
shown in Fig. 2. The spectrum looks very complex since
it includes mass peaks of: (i) atomic ions of the deposited
boron and impurities; (ii) surface contaminant species;
(iii) oxygen- and hydrogen-containing molecular ions.
The distributions of these identified species along the toroi-
dal and poloidal positions have been published elsewhere
[14].

Fig. 3 shows the normalized dependences of the
signals versus sputtering of the samples from the toroidal
row A59. The in-depth boron profiles for the samples com-
ing from other toroidal rows can be found in Ref. [14]. The
depth scale in Fig. 3 is derived from the total depth of the
sputter crater H as determined by the stylus profilometer
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Fig. 2. Mass spectrum of the positive secondary ions measured upon
sputtering of the A1-T1 sample. Experimental conditions: 'O primary
ions, Ey = 6 keV, I, = 250 nA, raster 0.5 x 0.5 mm?, 50% electronic gating.
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Fig. 3. Normalized boron depth profiles for the samples from the toroidal
row A59.
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Fig. 4. Intensities of B™ ions normalized to the signal and summed
up over a depth of 2 pm vs toroidal position at different poloidal sites.

after ending the sputtering. The average erosion rate was
assumed to be given by V, =dh/dt =2 H/T, with h the
depth sputtered per unit of time, H the total depth sputterd
and T the total time of sputtering. The estimated value is
Vsp =30 £ 15 nm/min. The trend of the normalized boron
intensity summed up within a depth of 2 um versus the
toroidal position at four poloidal sites is shown in Fig. 4.

As regards the identification of the impurity species, the
SIMS and XPS (X-ray photoelectron spectroscopy) [15]
spectra confirmed both the presence of the metallic and
non-metallic elements previously mentioned. In particular,
we found that signal levels significantly higher than in all
other cases were exhibited: (a) for the toroidal rows Al,
A38 and A44 by the samples associated to the poloidal
position T15; (b) for the toroidal rows A59, A60 and
A68 by the samples associated to the poloidal positions
T8 and T22.

4. Discussion of the results

Of special interest are the profiles from row A59 shown
in Fig. 3 since their different behavior, namely the fact that
the concentrations approach a common value only asymp-
totically in the depth, can be safely ascribed to deposition
for T1 and T22, and to erosion for T8 and T15. This
scenario is compatible with a well-known behavior of the
plasma, namely with the fact that during the flat top it is
in contact with the external wall and then dies on the
high-field side. The abrupt changes exhibited by the spectra
from surface sub-layers are a result of surface contamina-
tion and therefore can be neglected.

Fig. 4 shows that the largest values of the boron signal,
more than 75 on our scale in arbitrary units, are found for
the samples A44-T1 and A68-T1. As seen in Fig. 1, these
tiles were placed near to the H, and B,H¢ gas-inlet valves
toroidally and opposite to the same valves poloidally. Also
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worth noticing is that the sites with the highest boron con-
centration do not depend on the distance from the GDC
anode. The smallest level of the normalized boron inten-
sity, less than 25, was detected for the samples A59-T8
and A60-T15, and the lowest level for the samples coming
from the toroidal row A59. As confirmed also by movies
we recorded, the sites indicated in Fig. 1 are effectively
those where, on magnetic considerations, the strongest
plasma-wall interactions are expected to occur during the
high-power discharges. More detailed predictions are diffi-
cult to do because, due to the displacement that the plasma
column undertakes during its lifetime, the wall surfaces it
touches may change in time. The lowest boron concentra-
tions observed for the samples A59-T8 and A60-T15 can
be explained as due to their being located just at, and
beyond, the gap of the passive stabilizing shell, where the
major erosion and re-deposition are generally recorded
[16].

The presence of metallic ions (Cr, Mn, Mo, Fe, Co, Ni,
Cu) is clearly due to re-deposition of the constituents of the
vacuum vessel. The presence of Zn, Se, Zr and V is not very
illustrative since it is ascribable to special circumstances.
Indeed, the former two elements come from fragments of
an optical window imploded during a previous experiment,
and the latter two from the electrodes used for edge biasing
experiments [9]. As expected, the re-deposition of these ele-
ments occurs at the poloidal sites where the magnetic field
is higher, i.e., where the plasma either is born or dies. Far
from the gap the highest re-deposition occurs at the poloi-
dal position T15. Here too the associated distributions
agree with the already quoted displacements of the plasma
column.

It is finally worth stressing that some criticality in the
interpretation of our results arose due to the roughness
of the tile surfaces, due to their long exposure to the plasma
(up to 10000 discharges). Dedicated measurements con-
firmed that the average roughness of the samples in some
cases even exceeded 5 pm, which value is definitely larger
than the nominal thickness of the deposited boron layer.
Besides this, a substantial distribution of the SIMS depth
profiles was produced due to the inhomogeneity of the
deposited layers made evident by our SIMS mapping [14].

5. Summary and conclusions

A series of graphite tiles coming from representative
and/or critical locations in the vacuum vessel of the RFX
device were analyzed by the SIMS technique after a long
exposure to the plasma. Both boron and the main contam-
inant species affecting the tile surfaces were investigated.
The selection of the tiles was such as to allow span all
the most significant toroidal and poloidal positions. Mea-
surements of the normalized boron intensity in the depth
at four poloidal positions and a number of representative
toroidal sites were reported. The largest total boron
content was found for a tile position practically in front
of the injection valve and the lowest near to the gap. The

in-depth profiles of the normalized boron signals were
unambiguously interpreted as signatures of a wall interac-
tion with the plasma column, as expected. Contaminants
from the materials of the vacuum vessel were found all
throughout the tiles. The distribution of their surface
concentration was found to be in substantial, even if only
qualitative, agreement with an interpretation based on the
evidence that during its displacements the plasma comes
in touch with the wall in preferential regions. Evidence
has been also produced that the plasma-wall interaction
becomes significantly stronger at the gap of the passive
stabilizing shell.

We recognized that the accuracy of our measurements
was partially limited by the roughness of the samples,
due to their particularly long exposures to the plasma.
Adding to the ‘natural’ imperfections of the surfaces, in
same cases the total roughness even exceeded in-depth
the nominal thickness of the boron deposited layers. This
limiting factor is at a large extent intrinsic to the experi-
mental conditions since, while known, the aging of the tiles
normally cannot be chosen at will. Nevertheless in some
cases, e.g., in fusion devices with technological mission,
one could take profit of the shutdowns of the machine to
remove (and replace) the tiles at the most critical sites in
order to make them available for periodic measurements
in more favorable surface conditions.

As regards the contribution of the MHD activity,
namely of the tearing modes and the plasma disruptions,
to our data, we can but say that, these effects being likely
quite randomly distributed, while possibly affecting the
individual measurements, they are not expected to substan-
tially modify the interpretation of our results.
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