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Abstract

A recent extensive experimental study of impurity production and penetration for various density regimes is de-
scribed. Deuterium and carbon emissions near a neutraliser plate (NP) of the Tore Supra Ergodic Divertor (ED) has
been measured with an absolutely calibrated visible endoscope, for high- and low-density plasma regimes. From these
radiation measurements, we have deduced an effective carbon flux, and at an order-of-magnitude estimate of the NP
erosion: 50 m for the fall 1999 experimental ED campaign (=500 shots). Combining the measured carbon and deu-
terium fluxes, we deduce a global experimental carbon sputtering yield for the NP in the range 2 x 1072-3 x 107! for
ohmic pulses, showing evidence of the importance of carbon self-sputtering. © 2001 Elsevier Science B.V. All rights

reserved.
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1. Introduction

The impurity screening effect and radiation efficiency
at the plasma edge are intimately connected to impurity
generation and transport. In order to understand and
control these effects in Tore Supra Ergodic Divertor
(ED) plasmas, it is necessary to study the behaviour of
the impurity production and penetration for various
density regimes [1]. A recent extensive experimental
study of these phenomena is the object of this paper.

Radiation measurements and flux particle calcula-
tions, concerning the region in front of [2,3] and behind
[4] the Outboard Pump Limiter (OPL), have been de-
scribed in the past. This diagnostic has proven to be a
useful tool to investigate the spatial localisation of ra-
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diation near a material structure [5]. An improved ver-
sion of this diagnostic has been used to study the region
in front of an equatorial plane ED target plate neu-
traliser [6].

The ED creates a small peripheral magnetic pertur-
bation by means of six toroidally spaced octopolar field
coils; as a result, the edge magnetic field configuration is
ergodised, and the extracted ion flux is concentrated
onto adapted B,C neutraliser plates (NPs). Seven ac-
tively cooled NPs are poloidally arranged on each of
these modules; most of the recycling (Dt — D, or Dt —
D) and sputtering (physical, D* — C, or chemical,
D" — C,D,) processes occur in this region. Although
the NPs are originally B,C coated, TS is an all-carbon
device, and redeposited carbon quickly covers all the
internal plasma facing components (no boron is spec-
troscopically seen, already a few shots after boronisa-
tion). As a consequence, the main plasma-surface
interaction processes concern only carbon. The present
data are taken from two experimental scenarios with a
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density ramp (n2%° =0.2-1 x 10 m™3; 7% =60
10 eV).

2. Experimental setup

The main diagnostic used in this study is a visible
endoscope, located in a top part of the torus, enabling
views of the internal components of the machine (OPL,
antennae, or one of the equatorial plane NPs). Light is
guided to the endoscope imaging system by a movable
mirror (inside the vacuum vessel), and an optical sleeve
consisting of a sapphire window and relay lenses. Out-
side the vacuum vessel, light is divided by a beam splitter
for simultaneous measurements by a CCD camera (high
spatial resolution, 1 mm/pixel, low spectral and tempo-
ral resolution, 100 ms), and by a set of optical fibres
connected to a visible spectrometer (low spatial resolu-
tion, high spectral and temporal resolution). The CCD
camera is equipped with interchangeable interference
filters, allowing to measure (on a shot-to-shot basis) the
Da (6561 A) and CII (5145 A) spectral lines. The other
path from the beam splitter leads to three optical fibres,
providing spectral resolution for selected zones of the
endoscope field of view. These fibres have been used to
determine the absolute calibration of the CCD images at
the wavelengths of interest. The total (systematic and
statistical) uncertainty of the brightness measurement is
estimated at 30%.

3. Radiation in the region near the NP
3.1. Localisation of the radiation

Although the NP region interacting with the plasma
is approximately plane, it is necessary to look at the
influence of its geometry on the radiating map. The NP
is made of four identical fingers, separated by three
vents, designed for particle collection (Fig. 1). These
vents are terminated by V-shaped notches (also named
V-point, to which the field lines are connected with an
incidence angle close to normal); consequently, the in-
cident flux is higher here than on any other region.
Another region of intense plasma-surface interaction is
the Langmuir probe located in the central vent; indeed,
the domed probe [7] penetrates slightly more into the
plasma than the surrounding surface, resulting in
peaked recycling and sputtering in this region. A CCD
image of the NP (Da wavelength), on which we have
superimposed its geometry and the six different chords
used for the data in this paper (along the fingers,
Ly, Ly, Ly, and perpendicular to them, I,/,,1;), is
shown in Fig. 1. No chord along the fourth finger has
been taken, since the magnetic shadow of the nearby
OPL (~2.5 m upstream) is cast upon this region.
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Fig. 1. CCD picture (Da wavelength) with superimposed neu-
traliser plate geometry (white lines represent the edges of the
fingers) and chords along which the profiles discussed below
have been taken (dotted lines).

Fig. 2 shows the Da brightness profiles along the six
chosen chords. The upper part (chords across the fingers;
the two dotted vertical lines delimit the neutraliser region
from the CFC tile structure of the ED modules) shows
that the average brightness from the NP is considerably
larger than that from the surrounding structure (above
the CFC tiles). The /; profile has three radiation peaks
due to the V-point structure in each vent (light grey
shadowed regions in the figure); as expected, the Do ra-
diation enhancement on the lower V-point is the largest
one, since it is not affected by the probe (contrary to the
middle V-point) or LPM (contrary to the upper V-point)
shadows, and comes from a relatively small surface of
roughly 1 cm?. This enhancement, as well as the relevant
surface, is smaller for the CII radiation. The radiation
increase on the /; profile clearly shows the effect of the
Langmuir probe coming from a larger surface (with a
linear dimension of approximately 4 cm). Finally, on the
I3 profile, which is farther away from the NP notches, the
V-point and probe effects are strongly attenuated.

The lower part of Fig. 2 shows the longitudinal
profiles parallel to the finger structure; the radiation
profile intensities increase approximately linearly along
the fingers, up to a maximum just before their upper part
(indicated by the full line). Only the middle chord, L,, is
affected by local phenomena; the effect of the Langmuir
probe is clearly seen. The linear decrease occurs on a
distance of approximately 17 cm, which can probably
characterise the extent of the ‘wetted zone’ of maximum
incident flux. From these data, we can experimentally
estimate the wetted surface of the NP from the radiative
behaviour of Dot : Sy = 17 x 10 cm?.
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Fig. 2. Do brightness profiles along the three transversal chords
(top), and along the three lower fingers (bottom).

3.2. Evolution of the radiation with the electron density

The ED configuration is characterised by the exis-
tence of three density regimes: (1) the linear regime at
low plasma density, with n%% oc (n); (2) the high re-
cycling regime, with n2% o (n,)’; and (3) the semi-
detached regime, with n2% decreasing with increasing
(ne). Two equivalent ohmic pulses with a density ramp
have been selected in the low recycling regime (#27627,
27632), and two in the high recycling regime (#27633,
27644). Fig. 3 compares the radiative CII profiles
(along chords /; and L;, normalised to their peak val-
ue), at low and high density (n9% =0.2 x 10" and
1 x 10" m™3). Together with the corresponding Do
pictures, the data show that the Do and CII bright-
nesses increase with the electron density; their profiles
remain essentially unchanged in shape over the entire
density range. Note that the Da and CII radiations
remain attached to the neutraliser structure, with no
profile spread or elongation as the density increases
(the semi-detached regime is not considered in this
paper).
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Fig. 3. Normalised CII brightness profiles along the transversal
chord over the V-points (top), and along the lower finger
(bottom), at two different edge electron densities.

4. Flux and sputtering yield estimations
4.1. Flux calculation

The next step in the data analysis is to calculate the
D° and C'* influxes using the endoscope images, on
which it is easy to select a region non-polluted by local
effects, such as shadowing, probe, or V-point. Our work
area is a rectangle of approximately 2 cm?, located under
the Langmuir probe on the lowest finger (see Fig. 1). The
influxes are estimated, using the standard equation [8],
from the absolute brightnesses in the selected region.
Input data for this estimation are the local n. and T,
values (measured by the Langmuir probe installed in the
middle NP vent [7]), needed to calculate the number of
ionisations per photon of the relevant transitions (using
the atomic physics database ADAS [9]).

Assuming that the wall is saturated by deuterium, we
shall first estimate the global deuterium balance between
the incident ions coming from the plasma and the
emitted neutrals resulting from the recycling process.
Fig. 4 compares the incident D* flux (#°") measured by
the Langmuir probe, and the neutral deuterium flux
(¥™) measured via the Do radiation, by the endoscope
system, for two ohmic pulses, at low (#27632) and high
density (#27644), respectively. A reasonable agreement
between the two fluxes is found (especially as far as the
temporal trend is concerned); the factor of two difference
in the low-density case (TS27632, up to 6 s) may be due
to the large Zy value of this plasma [10], possibly re-
sulting in a significant carbon contamination of the in-
cident flux detected by the probe. Moreover, a recent
comparison between the Do endoscope measurements
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Fig. 4. D° influx measured with endoscope (®;,) and incident
D™ flux measured by the Langmuir probe (®,,) for two density

ramp up pulses (TS27632 at low density and TS27644 at high
density).

and the results of a simulation using the code ED-COLL
has also shown a satisfactory agreement [11].

The deuterium and C'* influxes, measured by the
endoscope system, are plotted as functions of the edge
electron temperature in Fig. 5. The emitted D° flux ex-
hibits the same dependence on n. and T, as the incident
D+ flux (®ine ox nt%° /T%) down to T, ~ 15 eV. Below
this value, the flux decrease indicates the transition to
the semi-detached regime. On the other hand, the carbon
influx decreases continuously with decreasing edge
electron temperature. This is expected at low tempera-
tures (high recycling regime, ¥ points on the figure),
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Fig. 5. Experimental and simulated carbon fluxes (bottom) and
experimental deuterium flux (top) as a function of the edge
electron temperature.

since the decrease of the physical sputtering yield, for
T. < 30 eV, is steeper than the incident flux increase (in
this temperature range the sputtering yield varies as
Yonys < T2 [12]). In the same figure, we compare the
predicted influx of neutral carbon, calculated by BBQ (a
plasma-surface interaction 3D Monte Carlo code [13],
recently adapted to the ED configuration [14]), including
only physical sputtering, with the experimental influx
measurements. The difference at higher temperatures (<
points) is possibly due to self-sputtering processes (C"*
— (% becoming more important with increasing edge
temperature (see below). Although the incident carbon
flux is smaller than the deuterium incident flux, self-
sputtering can play an important role for carbon gen-
eration at the largest values of the edge temperature; in
this range, the Zy value is quite large [10]. Note that it
was not possible to have images of the NP in the neutral
carbon light (9080 A interference filter), mainly because
of the low sensitivity of the CCD camera at this wave-
length. However, since the neutral carbon ionisation rate
is very large for our plasma parameters, we have as-
sumed that the C'* flux represents the carbon source
(this has been validated a posteriori by the BBQ code).
Finally, the carbon flux from the NP is in the range:

7 x 10* < @ < 6 x 10*! particle s~' m~> (1)

for 10 < T:dge < 60 eV. It must, moreover, be noted that
the BBQ simulations indicate that carbon redeposition
can not be neglected, especially in the high recycling
regime.

4.2. Erosion measurements

Neglecting carbon redeposition, we can estimate the
NP eroded thickness over the entire fall 1999 campaign.
Considering only ohmic shots (Ng,oc = 517) and an av-
erage carbon flux from the endoscope measurement
({®c) = 2.5 x 10?! particle s~! m~2), we obtain a gross
erosion of approximately 50 pm. This must be compared
with the 10 pm directly measured by the ultrasonic
probe after the end of the experimental campaign [15]
(which, however, included also a relatively small number
of shots with moderate additional power). Given the
approximations involved in our evaluation, and the fact
that we have neglected redeposition, this order of mag-
nitude agreement can be considered as satisfactory.

4.3. Sputtering yield estimation

The ratio of the C!* flux (equivalent to the carbon
source) to the Dy flux (equivalent to the incident D"
flux) gives an estimation of the total carbon sputtering
yield; this is plotted in Fig. 6 as a function of the edge
electron temperature. This figure also shows the theo-
retical physical sputtering yield [12] Y,, adapted to the
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Fig. 6. Experimental carbon sputtering yield and theoretical
data for physical and self-sputtering contribution for Z.; = 4
and Z. = 2, as a function of the edge electron temperature.

T4 abscissa using the sheath theory [16]. Note, how-
ever, that the theoretical sputtering yields assume an
incoming ion flux at normal incidence; in the experi-
ments, the average incident angle of field lines on the NP
is in the range 12° > o > 6°. The experimental curve is
clearly higher than Y, for 72%¢ above 20 eV and has a
different dependence on this parameter. Fig. 6 shows
heuristic estimates of the self-sputtering contribution for
Zer = 4 (as measured above 7% = 50 eV), and Zy = 2
(a typical value for lower temperature). It appears that
self-sputtering can quantitatively account for the differ-
ence observed between the evaluated sputtering yield
and Y.

5. Conclusion

This paper describes an extensive study of radiation
from the equatorial NP of one of the ED modules. The
endoscope data show that the radiation of deuterium
neutrals and of the carbon impurity source is localised
on the NP. From the endoscope images, we have eval-
uated the deuterium and carbon fluxes from the NP. In
spite of the assumptions inherent to these evaluations,
the estimated Dy flux is in reasonable agreement with the
D™ incident flux measured by the Langmuir probe. The

estimated carbon flux strongly increases for edge elec-
tron temperature values above a few tens of eV, which
seems to point out to C self-sputtering as an important
C production mechanism. These data confirm that the
high recycling regime is favourable from the point of
view of impurity generation, as seen when studying the
dependence on T:dge of Z. and of the carbon concen-
tration in the confined plasma [10]. Finally, we have
evaluated, assuming that no redeposition occurs, the
gross carbon erosion during the fall 1999 campaign;
although the estimated value of 50 pum is five times larger
than the net value measured in a post-mortem analysis
of the NP, the evaluation presented here seems to give
the right order of magnitude for the thickness of the
eroded layer.
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