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1. INTRODUCTION

The selection of candidate target plate and wall materials for future
reactors is a difficult problem, combining considerations of heat flux
dispersal, erosion, disruption survivability, and neutron compatibility.
Nonetheless, confinement research in many present tokamaks is conducted
using nearly complete graphite coverage and, even when selected areas
are metal covered, coating by carbon films is observed [1]. With the
longer and higher power shots of present limiter tokamaks, the surface
temperature of plasma facing components increases to a range where
catastrophic impurity release is possible (e.g., plasma termination by
"carbon blooms" [2] [3]). The physical characteristics associated with these
high surface temperature, high particle flux phenomena, although not well
understood quantitatively, are important for assessing the limiting
conditions (particle flux and maximum surface temperature) for which
carbon might be used in future fusion experiments.

Recent detailed investigations of basic chemical sputtering processes
have enabled the formulation of an improved analytic description for this
carbon generating mechanism [4]. The chemical erosion is shown to result
from both surface-thermal (yield Ytherm) and collisional (Ysurf)
processes. Ytherm is thought to be a function of incident deuterium flux
density. It was determined that for increasing flux: (1) the yield decreases
more strongly than previously estimated and (2) the maximum yield shifts
to higher temperature. Accompanying this theoretical and accelerator-
based work, recent results obtained in limiter tokamak experiments have
also underscored the importance of the dependence of the sputtering yield
on the particle flux density. Experiments on a temperature-controlled test
limiter in Textor-94 [5] observed a flux-dependent chemical sputtering
yield varying approximately as <|)-0.76. Modelling [5, 6] suggests that the
chemical sputtering process has a complex geometrical dependence for the
test limiter. Therefore, examination under high particle flux conditions in
a number of tokamak geometries is warranted. However, since chemical
sputtering is only observed at low flux density values in the Tore Supra
experiments (using a 'real' limiter with a different geometry and a
different exposition history), the resulting yield values cannot be used to
determine a systematic dependence.



On the other hand, ion beam experiments show that, at temperatures
above 1300 K, an additional carbon production mechanism, radiation-
enhanced sublimation (RES), arises. RES (characterized by the isotropic
emission of single carbon atoms with thermal velocities) results in an
anomalously enhanced erosion yield, Yres> above 1300 K, increasing
exponentially with the reciprocal surface temperature [7, 8]

Yres = Yo exp(-Eres/kT)

where Eres denotes the activation energy of the RES yield (of the order
of 0.78 eV). At much higher temperatures (= 2200 K), normal thermal
emission (sublimation) dominates. RES is the strongest carbon influx
channel from carbon plasma facing components above carbon
temperatures of approximately 1500 K, and limits seriously the use of
carbon as a high temperature material (because ion beam results indicate
that carbon self-sputtering yields can exceed unity above a critical
temperature, leading to runaway erosion). However, the few existing
tokamak data show contradictory results concerning the surface
temperature dependence. Recent Tore Supra experiments indicate that
carbon originating from RES was produced above surface temperatures
around 1100 °C [9] , while similar Textor experiments did not detect an
increase in the carbon flux until the surface temperature was above 1900
°C [10, 11]. Due to the lack of experimental observation in tokamak-based
experiments, the flux dependence of RES has not been studied for elevated
flux level.

This paper gives some results on the temperature and flux
dependence of chemical sputtering and RES, extending to higher flux
densities available data.

2. DESCRIPTION OF EXPERIMENT

The deuterium plasma parameters of the experiment are the
following: toroidal magnetic field Bt = 3.75 T, minor radius
a = 0.70 m, major radius R = 2.44 m, plasma current Ip = 0.8 to
1.7 MA, and volume averaged electron density <ne> = 1.6 to 3.9
1019 m~3. Note that a particularly small minor radius was chosen in



order to isolate, as much as possible, the graphite limiter as the primary
impurity source.

A schematic of the limiter in the equatorial plane is shown in figure
1. The tangency point, labelled as TP, identifies the portion of the limiter
closest to the plasma and as such determines the last closed flux surface
(LCFS). Note that in the figure the radial distance is not to scale with the
toroidal distance, in order to highlight the limiter profile; most of the
limiter surface is nearly tangent to the LCFS. The leading edge is the
portion of the limiter which is nearly perpendicular to the magnetic field
lines. The limiter dimensions are 0.5 m in the toroidal direction and
0.6 m in the poloidal direction.

A reciprocating Langmuir probe located 60° toroidally and 90°
poloidally away from the limiter gives the electron temperature (Te) and
density (ne) in the scrape-off layer. The temperature just inside the LCFS
is measured by Thomson scattering. The surface temperature of the
limiter, except when stated otherwise, is deduced from an infrared camera
(0.02 m/pixel spatial resolution), which has the same optical view of the
limiter as the visible endoscope.

The principal diagnostic is a visible endoscope [9, 12] that combines a
spectroscopic view of the limiter with a CCD camera view. Light emitted
near the limiter surface is guided to the endoscope imaging system by a
mirror located under vacuum on the top of the torus and then to a beam
splitter for simultaneous measurements by the two systems. The light is
guided from the beam splitter by fiber optics to a visible spectrometer
with an Optical Multichannel Analyzer (OMA) detector. The projection of
one fiber on the limiter has a surface area of about 3 10~4 m^. The
location of the specific regions observed in this experiment are depicted in
figure 1. The other path from the beam splitter leads to a CCD camera
equipped with interchangeable interference filters for the Da (6561 A), C
II (5150 A) and C III (4647 A) lines. The two systems thus provide both a
detailed spatial resolution (CCD, 0.0025 m/pixel), and an absolute
calibration (spectrometer + OMA).

The flux density values have been calculated from the measured
absolute brightnesses with the standard equation [13], using the atomic
physics data base ADAS [14] to calculate the number of ionizations per
photon, S/XB, for the atom or ion transitions of interest (S an X being the
ionization and excitation rates, respectively, and B the branching ratio).



Finally, the total D l + outflux has been estimated either by dividing the
total number of deuterium ions (= <ne> times the plasma volume) by the
particle confinement time or from Langmuir probe measurements.

3. EXPERIMENTAL RESULTS

Evidence for chemical sputtering and RES as carbon generating
mechanisms in Tore Supra small plasmas leaning on the outboard graphite
limiter has already been reported [9]. Here we shall extend those results
by concentrating on the temperature and flux density dependence. We
extend available data for chemical impurity production from plasma
facing components at normal tokamak operating conditions to flux
densities approximately one order of magnitude larger than those found in
the literature [11]. Experiments with a temperature-controlled test limiter
at these flux density values have been reported in Textor [5].

One of the signatures of chemical sputtering is the presence of the CD
molecular band at 4310 A; its brightness is used to calculate the methane
flux density. Figure 2 shows the methane yield (ratio of the methane flux
density to the deuterium ion flux density) and the C II to Dy brightness
ratio as functions of the surface temperature. The methane flux density
from the ion side leading edge is estimated to be 1.4 10^1 CD4 mr2 s~l
(Te = 20 eV, S/XB(CD) =110 dissociations per photon) for an incident
deuterium flux density of 3 10^3 particle n r 2 s~l, whereas for the
tangency point it is 1.1 1021 CD4 n r 2 s"l (Te = 70 eV, S/XB(CD) = 170
dissociations per photon) at an incident deuterium flux density of 8 10^3
particle n r 2 s~l. The S/XB(CD) values are based on calculations [15],
which have been compared with measurements [16]. The methane
sputtering yield is 0.0047 CD4/D"1" from the limiter ion side (lower flux
density value), and 0.0014 CD4/D+ from near the tangency point (higher
flux density value).

These values can be compared with those reported in Textor [5],
where an internally heated EK98 graphite test limiter had a homogenous
surface temperature distribution at = 500 °C. The resulting values of the
CD4/D+ yield were typically a factor 2 higher than those reported here
for similar plasma conditions (Te and D+ flux density). However, since
the surface temperature distibutions differ in the two experiments, and
other extrinsic factors (previous limiter and wall conditioning, metal



covering, ...) are not well characterized, this can be regarded as agreeing
reasonably well.

The data of figure 2 show that the methane yields from both the
tangency point and the ion side leading edge have their maximum at a
surface temperature below ~ 800 °C (the maximum being at a lower
temperature for the lower deuterium flux density case; no data below =
400 °C are available) and decrease continuouly for higher temperatures;
they become very weak for surface temperatures above =1100 °C. The
two yield curves (at different flux density values) are apparently
consistent with the predicted shift in the maximum of chemical sputtering
to higher surface temperatures with increasing flux density [4].

The C II to Dy brightness ratio (also shown in figure 2) gradually
decreases with increasing temperature up to a surface temperature of
1100 to 1300 °C; similar results have been reported in Textor [17].
Furthermore, a large reduction in the methane yield only results in a
small reduction of the C II brightness (i.e., of the C^+ flux density). At
higher surface temperatures the C II brightness increases, due to RES (see
later). The slow increase, at temperatures above 1300 °C, of the C II to
Dy ratio for the higher deuterium flux density case is due to the fact that
the C II brightness increases only slightly more than the Dy brightness. A
gradual increase in the Dy brightness was also noted in the lower flux
density case.

Comparing the results from similar plasma conditions, it was
determined that the maximum value of the total CD4 flux from the limiter
was 4 1020 CD4 s~l (estimated by taking the maximum in the flux density
to be uniform over the entire limiter). This methane flux is only 33% of
the total C 1 + flux (« 12 102 0 C i + s"l), determined from the absolutely
calibrated CCD camera images. Furthermore, it was observed in the C II
filtered CCD images that the C II brightness is constant over most of the
limiter (with the exception of the ion side leading edge for high density
plasmas), for the surface temperature range for which the thermal
component of chemical sputtering is expected to vary (surface
temperature < 900 °C). Therefore, the data show that the generated
methane does not contribute much to the C*+ flux.

The C II brightness and the C II/Da brightness ratio (from the
filtered CCD images of the ion side leading edge; experimental conditions:
(|) = 3 102 2 particle n r 2 s~l, ne = 1 1 0 ^ m~3, Te = 10 eV) are shown in



figure 3 as functions of surface temperature, in the range where chemical
sputtering is important. The maximum occurs at a surface temperature of
= 560 °C, as expected from plasma simulation experiments [18]. This
agreement, in combination with modelling results requiring chemical
sputtering in order to reproduce the C II brightness pattern across the
limiter [9, 12], indicates that the chemical sputtering mechanism is
responsible for the peaking. It must be noted, however, that the C II
brightness peaking shown in figure 3 (reflecting the expected surface
temperature dependence of chemical sputtering) is the sharpest one
observed and corresponds to the lowest deuteron flux density and lowest
Te case. The experimental conditions spanned the following ranges: 0 = 3
1022 to 8 1023 particle m"2 s - l , Te = 10 to 100 eV, and n e = 8 101 7 to 1
1019 m - 3 .

It is concluded that chemical sputtering is not a significant
contributor to the C^+ flux; physical sputtering is thought to dominate,
since the maximum estimation for the methane flux is only 33% of the
total carbon erosion (modelling of the central carbon content also shows
that the important generation mechanism for the confined carbon is
physical sputtering [9]). Due to the low birth energy of methane,
chemically sputtered carbon has a higher redeposition probability than
physically sputtered carbon. Consequently, it is thought that chemical
sputtering is observed to be a source for the C^+ flux only from the ion
side leading edge, since physical sputtering is approximately 10 times
weaker there, due to the lower Te value (relative to the tangency point).
The lower Te value (together with a lower ne value) also increases the
probability of carbon being produced from methane [19].

As already discussed, when the surface temperature exceeds =1100
°C, RES becomes dominant as the carbon generating mechanism [9].
Figure 4 extends these results by showing the change in the carbon (Cl+)
flux density (determined from the C II 5145 A brightness) as a function
of the surface temperature for 4 different flux density values. The surface
area, for which the incident D + flux density values were calculated, is the
area normal to the field lines at the location observed by the spectometer
fiber. The locations observed by the spectrometer fibers on the limiter
are schematically shown in figure 1. Note that the symbols used in
figures 1 to 6 are self-consistent. Two techniques were used to determine
the surface temperature. For three data points (x, • , •) , infrared camera



data was used; for the remaining two points (+, o) absolutely calibrated
visible spectroscopy (blackbody radiation) was used for the determination
of the surface temperature [12, 20].

Figure 4 is an Arrhenius plot [21] of our data, in order to quantify
the experimentally observed exponential relationship between the C+l
flux density and the surface temperature. The dashed line indicates the
slope expected from previous experimental work, the RES activation
energy (Eres)> determined from ion beam experiments, being 0.78 eV
[22]. The activation energy values, determined from the slope of the data
in figure 4, are shown in figure 5 as functions of the D+ flux density.
Except at the highest deuterium flux density, the C^+ flux density
increases exponentially with an activation energy Eres of approximately
0.8 eV, in reasonable agreement with the ion beam experiment average
value. This exponential scaling, as well as the temperature value at which
the carbon flux density starts to increase (= 1100 °C), are characteristic of
radiation enhanced sublimation. However, the Eres value at the highest
flux density value is considerably lower (almost a factor of two) than the
expected value. In the context of the present understanding of the RES
mechanism (production of free carbon defects which diffuse to the surface
and desorb, in competition with annihilation at internal defects), the
decrease of the activation energy might just be the signature of the
increased importance of the annihilation process at the highest flux density
value, as discussed in [11].

Figure 6 shows the sputtering yield as a function of the incident D +

flux density. The surface temperature of the limiter was approximately
1400 °C in each case. The low flux density data (the two lowest values)
and the high flux density data point belong to two different data sets
(therefore possibly affected by calibration uncertainties); they have been
normalized by taking the sputtering yield to be identical for the flux
density value (}) = 3 10^3 particle m-2 s~l, which both data sets share in
common. The solid curve included in figure 6 is not a fit to the data; it is
only given as an indication, based on a sputtering yield of the form Y ~
(j)~0-i, which is a fit of previous RES data at lower flux density values
[11]. Figure 7 is a compilation of different data on the carbon yield for
different experiments as a function of flux density, confirming that the
sputtering yield decreases with increasing particle flux density, in
reasonable agreement with the reported scaling ((f>/1020)-0.1 ? which was
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determined from the low ion energy data of the PISCES plasma
simulators and from ion beam experiments [22, 23]. The results presented
here extend published data by one order of magnitude to an ion flux
density value of 8 1()23 particle m~2 s~l.

As already mentioned, these data, clearly indicating the RES origin
of carbon above =1100 °C, are in contradiction with recent results from
Textor [10, 11], where no carbon increase was seen below = 1900 °C.
However, there is an important difference in their experiment, since they
used a test limiter, necessarily not having had the previous exposition
history as our limiter, which is a 'normal1 tokamak plasma facing
component. Nonetheless, this issue is not clear, and needs further
experimentation.

4. MODELLING

The dependence of the observed C*+ flux density on 1/T above ~
1100 °C (figure 4) is strongly suggestive of the temperature dependence
expected from RES. However, to make a closer connection between the
fundamental generation process and the observation, we must consider
that, while the C II measurement is taken at selected points, the impurities
which produce this excitation may come from anywhere on the limiter.
To clarify the relation between RES impurity production and these
observations, the C II emission which can be expected from RES
processes of the type observed in ion accelerator experiments is simulated.
For this purpose, the BBQ impurity generation and transport code [6] has
been used to calculate the expected emission due to a source from physical
sputtering and RES impurity generation. The sputtering yield in the
model is assumed, following [4], to be

Ytot=Yphys+QDe-°-78/kTwall

Here, Yphys (physical sputtering yield) and Q D (yield parameter) are
taken from [4]. The surface temperature spatial distribution is based on
previous calculations for this limiter geometry [24]. The temperature
spatial distribution is scaled with the total heat flux (which varies as the
density is varied). Carbon neutrals generated by radiation-enhanced
sublimation are assumed to be emitted at the local thermal energy.



Figure 8 compares the spatial distributions of the emission for C II
and CIII which are expected from a RES and physical sputtering source
for a case where the maximum surface temperature is 1900 °C. As can be
seen, the C II emission is localized near the high surface temperature
regions of the limiter, due to the fact that RES-generated impurities are
assumed in the calculation to be emitted at the local surface temperature
(= 0.1 eV). The C III emission in contrast is diffuse and aligned with the
local field lines. The C III shown here is only the prompt emission from
the limiter; additional sources from other plasma facing components will
produce even more diffuse emission and are not included. Thus, the C II
measurement, if due to RES, would be characteristic of locally generated
impurities and should be expected to follow the 1/T dependence of
laboratory experiments.

Since the measured carbon flux does not necessarily arise from a
single point on the limiter, such a comparison with the expected RES
emission rate must be made using comparable integrated values. Figure 9
shows the trend of BBQ model predictions for the dependence of the total
C l + influx (integrated over the limiter) on the total incident D+ flux (also
integrated over the limiter), when RES and physical sputtering contribute
significantly. The calculations have been made for five values of
maximum limiter surface temperature, with the spatial profile of the
limiter surface temperature [Tsurf(x,y,z)] scaled to the profile calculated
in [24]. TSUrfmax ranges from 900 to 2500 K (a possible contribution from
normal sublimation at the highest temperature has not been included). For
each of these limiter surface temperature profiles, BBQ calculations of
carbon emission and penetration have been made for the plasma edge
conditions (ne, Te, scrape-off layer decay lengths Xne, A,Te, and the
resulting particle flux) corresponding to those measured by a
reciprocating Langmuir probe in four different discharges (varying in
plasma density). As core plasma density increases, it is assumed that the
local flux amplification at the limiter increases proportionally. This series
of calculations therefore gives a database which can be compared with the
database of experimental observations.

In the simulations the RES yield is assumed to vary with flux
density locally as <J) (where (j) is the local value of the incident D+ flux
density at each point on the limiter). Thus, (j) varies with position on the
limiter because of variations in ne and Te in the scrape-off layer.
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Comparing figure 9 with figure 4, the global dependence of <J>cl+ vs
1/Tsurf, predicted by the calculations, follows the observed trend
reasonably well. Furthermore, a trend toward lower carbon flux with
increased incident particle flux is seen at each surface temperature value.
A more precise identification of the model with observations is probably
not warranted, because of the important role played by the status of wall
conditioning variables mentioned earler.

Figure 10 shows the dependence of the predicted influxes of higher
carbon charge states (C3+-C5+) on the incident flux density <|), for the
same peripheral plasma conditions. The situation for the higher charge
states is more complicated, since the densities of these ions depend more
sensitively on processes which influence penetration efficiency and scrape-
off layer transport (e.g., assumptions about the level of anomalous cross-
field transport, Danom)- Thus, the flux dependence of the influx of
higher impurity charge stages is more complicated, and needs further
work in order to be correctly understood.

5. CONCLUSIONS

A visible endoscope system (filtered CCD camera and absolutely
calibrated spectrometer) and an infrared camera system were utilized to
study the carbon flux from an inertially-cooled limiter in Tore Supra.
From the variation in the carbon flux with plasma parameters new data
were obtained for the dependence of the processes of radiation enhanced
sublimation and chemical sputtering on incident ion flux density.

Significant carbon production from radiation-enhanced sublimation
was observed for surface temperatures greater than 1100 °C, with an
activation energy of around 0.8 eV, in good agreement with the value
from ion beam experiments (0.78 eV). The observed dependence of
radiation-enhanced sublimation on incident deuterium particle flux density
was in reasonable agreement with the often quoted value of ((f)/1020)-01

over a range of 3 to 80 1022 particles nor2 s~l , extending this scaling to
higher flux density values.

Chemical sputtering was observed only in a region of the leading
edge with low deuterium flux density. Chemical sputtering from the
limiter was not a significant source of carbon in the core. Values inferred
for the chemical sputtering yield are similar to those observed with a
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temperature-controlled test limiter in Textor, when accounting for
possible differences in prior wall conditioning and metal coatings.
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FIGURE CAPTIONS

Fig. 1 - Schematic view of the limiter in the equatorial plane. TP
represents the tangency point, while Bt and Ip represent the toroidal
magnetic field and current, respectively. The locations from which
the data shown in fig. 2 was measured are indicated with the flux
density symbols used in fig. 4.

Fig. 2 - Methane yield and C II (5145 A)/Dy brightness ratio as a function
of the surface temperature for two different flux densities.

Fig. 3 - C II brightness and C II (5145 A)/Da brightness ratio measured
from the ion side leading edge for a flux density of 3 10^2 particles
m~2 s~l.

Fig. 4 - Arrhenius plot of the C flux density as a function of surface
temperature for different incident D + particle flux densities. The
line indicates the scaling determined in ion beam experiments. The
location on the limiter where the data were measured is given by the
flux density symbols of fig. 1.

Fig. 5 - RES activation energy (as determined from the slope of the data
in fig. 4) as a function of D flux density. The location on the
limiter where the data were measured is given by the flux density
symbols of fig. 1.

Fig. 6 - Sputtering yield as a function of incident D + flux density. The
location on the limiter where the data were measured is given by the
flux density symbols of fig. 1. The line indicates the scaling
determined in ion beam and plasma simulator experiments.

Fig. 7 - Compilation of different data on carbon production from
different experiments, as function of flux density.

Fig. 8 - BBQ calculation showing the predicted spatial distribution of CII
(top) and CIII (bottom) emission using an impurity generation model
with physical sputtering and radiation-enhanced sublimation.

Fig. 9 - Results from a database of BBQ calculations showing the
dependence of the total Cl+ influx (averaged over the limiter) on the
total incident D+ flux (also integrated over the limiter). The database
is produced by assuming the background plasma edge conditions for
the discharges in the series which lead to the variation in 0, and
calculating impurity emission for five limiter temperature profiles,
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with TSUrfmax varying from 900 to 2500 K. This trend should be
compared with that in fig. 4.

Fig. 10 - Database of BBQ results showing the predicted dependence of
total C3+, C4+ and C$+ influxes (averaged over the limiter) as
functions of total incident D+ flux (also integrated over the limiter).
Conditions are the same as for fig. 9.
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