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Abstract

Long pulse operation imposes severe constraints on plasma facing components. Tore Supra pioneers this operation
mode, with a large area high heat flux limiter technologically representative of next step experiments divertor targets.
The failure mode of the individual elements are described, along with the strategies employed to reduce the occurrence
of accidents. Two are developed: the knowledge of the heat flux in the scrape off layer and particularly the ability to
predict the power density on the component’s surface, and the feed back control of edge diagnostics. Emphasis is
set on infrared thermography which delivers 2D + time data, particularly useful for the prevention of accidents. This
diagnostic is sensitive to the growth of carbonaceous deposits, which are highly non-uniform in Tore Supra as is pre-

sented in the paper.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Long pulse operation is increasingly recognized as a
necessity for fusion experiments, to reinforce more vig-
orously the interest of the fusion road for power gener-
ation. Such operation requires an actively cooled first
wall, which also opens new technological and scientific
issues (plasma facing components (PFC), manufactur-
ing, safety margins in operation, PFC lifetime, fuel
retention etc. ..). The last two issues favor low in-service
surface temperatures, the choice of Tore Supra. A low
thermal resistance is needed, implying a reduced thick-
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ness (<10mm between the coolant channel and the sur-
face) and structure materials with high thermal
conductivity. The reduced thickness (compared to iner-
tial devices where amour tiles can be several centimeters
thick) goes along with moderate heat capacity. Such ele-
ments have a reduced resistance to off-normal events.
Moreover, inertial devices allow the tiles to reach
2000K, thanks to the use of adequate bolts, whereas
bonded actively cooled elements hardly go beyond
1000K to prevent melting of the metallic structure.
Hence guarantying safe operation in an actively cooled
experiment imposes tougher challenges than inertial de-
vices. Tore Supra has been a leading experiment in that
field for more than a decade. Operational safety is devel-
oped to reduce the water leak occurrence. Key points
are:
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e The identification of the degradation modes of the
components (Section 2).

e The implementation of safety diagnostics. Many,
such as visible light cameras, spectroscopy and calo-
rimetry are used to make the operation safer, further
facilitated when feed-back capabilities are set up.
Among all, infrared thermography appears as very
informative, due to the imaging possibility (2 spatial
dimensions and time). A wide infrared coverage of
the internal vessel has been installed at Tore Supra,
with feed back control capability (Section 3).

e The ability to predict surface heat fluxes, with a pre-
cision that is commensurate with the components
technological margins (the lowest safety margin at
Tore Supra is 40%). It encompasses a more general
knowledge of the scrape off layer (SOL), also
required for the various plasma losses to the wall
caused by the additional heating systems. These
losses carry a small fraction of the power but can
be very concentrated (Section 4).

e The apparent power density on the PFC deviates
from the models, due to the occurrence of carbona-
ceous deposits. The preliminary observations based
on infrared measurements are presented Section 5.

The aim of the collective effort toward operational
safety is to be able to guarantee a safe and predictable
operation domain with a reasonable confidence.

2. Tore Supra actively cooled components operation

Tore Supra is a circular superconductive Tokamak
designed during the mid-eighties, dedicated to study
the physics and technology of long pulses (~1000s).
All PFC where refurbished in 2000 to extend the dura-
tion capability (project Composants Internes Et Limi-
teur, [1]). The main heat exhaust component in Tore
Supra is a toroidal pumped limiter (TPL) extracting typ-
ically half the injected power, the rest being retrieved by
the vessel liner or shadowed secondary components. The
high heat flux elements consists in carbon composite ar-
mor tiles, bonded to a hardened copper alloy heat sink
cooled by pressurized water, a concept which has been
researched at Tore Supra for 15 years [2]. The same
materials have been chosen for the ITER divertor tar-
gets with a thick macrobloc structure.

The surface temperature of the hottest tiles of the
limiter are reported in Fig. 1 for a series of typical dis-
charges, showing the record injected energy of 1.07GJ
performed in 2003 [3] as well as the most powerful dis-
charges of 9.6 MW where the limiter peak heat flux
reaches SMW/m?. (Due to the extended time scale on
the abscissa, it is not visible that the temperature reaches
steady state during the first few seconds of that dis-
charge. The heat flux evaluation is discussed later.)
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Fig. 1. Surface temperature of the limiter’s highest temperature
tiles for a discharges series.
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Fig. 2. Surface temperature increase of the limiter’s highest
temperature tiles as a function of the power injected into the
plasma.

The limiter behaves according to design (Fig. 2), about
half way to the nominal performance (25 MW injected,
10 MW/m? peak heat flux). The performances presented
Fig. 1 are limited by the capability of the additional
heating systems and do not represent the TPL limits.
Their extension (CIMES Upgrade) is under way [4].

The TPL elements are the most exposed of Tore
Supra, and their failure modes have been extensively
studied. They can be divided according to the failure
consequences: with immediate ones and with delayed
ones. The first category is associated with a heat flux ex-
cess for a duration longer than the structure thermal
time constant (7). Single energetic events short relative
to t are not critical unless they are repetitive, a feature
not encountered at Tore Supra due to the absence of
ELMs.

There are two excess heat flux failure modes: (a) The
critical heat flux, where boiling sets up in the cooling
channel, reducing dramatically the heat transfer to the
coolant. This leads to the melting of the metallic struc-
ture and to a water leak in the vessel. (b) The de-bonding
of the tile. The fracture of the mechanical bond is asso-
ciated with a dramatic increase of the structure thermal
resistance. The behavior of the tile becomes then inertial



R. Mitteau | Journal of Nuclear Materials 337-339 (2005) 795-801 797

(radiative cooling). With the macrobloc technique, the
tile stays in place and continues to protect the metallic
structure from the plasma. This has also been observed
twice with the flat tile technology, one in the high heat
flux test facility EB200 and one in Tore Supra (Fig. 3).
It is however questionable how long such a tile might
stay in place under repetitive cycling. An inertial tile is
a weak link in the device, and evolves in two phases.
Firstly, the tile cooling is assured by radiation all over
the vessel. The high temperatures attained led to mate-
rial evaporation and erosion, causing surface recession
(self-shaping). Progressively, the system enters the sec-
ond phase where the incident heat flux reaches the adja-
cent tile due to the grazing incidence angle, with a
twofold increase of its heat load.

The prevention of those risks for the TPL imposes a
limit on the incident heat flux of 18 MW/m?.

The second category is associated to delayed risks be-
cause it is also desirable to assure a regular operational
capability during a given duration. They are related to
the aging of plasma facing components. Two are of con-
cern: (a) Bond fatigue, caused by the thermal cycling,
which causes plastic deformation of the surrounding
materials. The bond deteriorates and its thermal resis-
tance increases with the cycle number. For a given heat
flux, the surface temperature stabilizes at a higher value
than normal elements. If the deterioration is not homo-
geneous over the bond, the risk of critical heat flux in-
creases due to the narrowing of the thermal bridge
between the amour and the structure. A heat flux under
10 MW/m? allows 10* full power cycles [2]. (b) Erosion:
the uncertainties associated with the life time evaluation
lead to imposing a limit on the maximum surface tem-
perature of 1000K.

When an increasing number of bonds are damaged
(either partially or completely), the overall first wall
thermal resistance increases. It approaches gradually
the behavior of a conventional inertial Tokamak. The
operating domain becomes narrower, either in terms of
maximum admissible heat load (hence injectable addi-
tional power) or in term of discharge duration.

Fig. 3. Photo of the failed element of the former inner bumper,
damaged during low density operation: the interlayer has
melted while the tile remained in place.

Since the CIEL start in 2001, some incidents have
perturbed the operation of Tore Supra. Most of them
are associated to secondary limiters and to off-normal
loads that are insufficiently known. Although these
events were rather perturbing for the experiments, they
do not jeopardize the design of the limiter which is prov-
ing to be a very resilient component for the steady state
extraction of the power.

3. IR monitoring

Due to the importance of PFC surface temperature
or heat flux measurements, infrared thermography ap-
pears to be the most suitable tool to increase operational
safety. Tore Supra is equipped with seven endoscopes,
described in [5]. The temperature is measured with infra-
red focal plane array cameras having the remarkable
ability to deliver temperature maps between room tem-
perature and 1500°C within a single range, an achieve-
ment that was initiated in industry for the need of
Tore Supra. This characteristic is based on a triple expo-
sure during one camera cycle, with different integration
durations. The first one of 340 pus delivers the tempera-
tures between RT and 300°C, the second one of 65us
the temperatures between 300 and 800°C, and the last
one of 11pus the temperatures over 800°C. Each frame
out of the three exposures can include areas which are
under or overexposed. For each pixel, the camera elec-
tronics chooses the best integration time. A single frame
is reconstructed, containing the full dynamic range. This
technique, combined with the rather low overall trans-
mission of the endoscope (typically 25%) requires a
meticulous calibration. The optical elements are associ-
ated in three homogeneous groups, the sapphire window
at the vessel temperature (usually 120°C), the optical
head at 30°C and the endoscope body at 20°C. The tem-
perature is deduced from the radiance given by the cam-
era by subtracting the spurious contributions of each
group, using the calibration data established in labora-
tory using a black body. The acquisition system allows
feed back control capability, based on the maximum
surface temperature of up to 12 pre-defined zones of
interest per camera. The current design aims to reduce
the additional power before the maximum surface tem-
perature is reached, and to trigger a soft termination
of the plasma when the maximum surface temperature
is reached.

4. Limiter heat flux

The heat flux foot print on the limiter has been well
documented since the CIEL start in 2001 [6]. It can be
split between plasma conduction/convection and supra-
thermal losses.
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4.1. Observations of plasma convection

The majority of the plasma convection arrives on the
TPL. The heat pattern is strongly influenced by the ripple
of the toroidal magnetic field with the consequence that
the pattern has the periodicity of the toroidal field (TF)
coils (20°). Two areas of heat flux concentration are pres-
ent in a pattern period, one on the ion drift side, one on
the electron drift side. The separation between the two
heat flux legs is a cosine-like frontier drawn on the TPL
surface. Above the TF coils, the entry and exit of field
lines gives birth to private flux regions where only radia-
tion and charge exchange heat the surface. This pattern
has been modeled with the heat flux deposition code
TOKAFLU [7] based on the cosine model [8] and validated
by infrared emission of the limiter surface [6].

The TPL surface temperature increase is only a func-
tion of the incident heat flux and not of the time (Figs. 1
and 2). The maximum heat flux depends mainly on the
injected power, showing that this parameter is the first
one to consider for surface temperature scaling. Other
parameters (plasma current, toroidal magnetic field,
plasma shape, position etc. ...) do have an influence
too and no simple scaling can be derived, making man-
datory the use of a heat flux deposition code like
TOKAFLU.

The distance between temperature maxima on the
limiter is characteristic of the heat flux decay length
(44) that has to be set in the cosine model to reproduce
the heat pattern. It is evaluated to be 5 mm on the
TPL. This value is 4-6 times smaller than the 2, in the
SOL, which is evaluated to be between 20 and 30mm
by two independent diagnostics [9]. This ‘far SOL’ 4,
hence appears improper to model the limiter heat flux.
As a consequence, the deduction of the power extracted
by a secondary component from the power extracted by
the main limiter presents too large errors to be of any
use for operational safety. The simple SOL model
assuming a constant 4, in the SOL and on the PFC
proves too limiting for that objective.

Another feature of the plasma convection on the lim-
iter is that the heat flux cannot be modeled by one single
heat flux component along the field lines. A cross field
fraction has to be added to the cosine model. The heat
flux is then written as:

5 s
@ =¢@|-e sina+ ) -e cosa, (1)

where q)ﬁ is the heat flux along the field lines at the last
closed flux surface (LCFS), ¢ is the heat flux across the
field lines at the LCFS, ¢ is the distance from the limiter
to the LCFS and « the incidence angle. In Eq. (1), the
first term corresponds to the cosine model, the second
term is the contribution of the cross field heat flux.

The parallel power deposed on the limiter P can be
expressed as

P = / q)ﬁ e ising (2)
limiter

and the cross field power as

P, = / 0" e cos . (3)
limiter

On the TPL, P| and P, have the same order of magni-
tude [6]. Another evaluation of ¢, is given by the per-
centage of surface temperature increase in the valley
between the two heat flux maxima, of 80% instead of
zero if the heat deposition were purely parallel (Fig.
4). Few variations are observed with the plasma density,
and further scans with other parameters still show that
the local cross field heat flux fraction varies remarkably
little.

Over the years, the three major classes of limiters
have been researched on Tore Supra, namely localized
limiter (mushrooms, 1993-1996; poloidal x toroidal
dimensions = 0.4m x 0.4m), large area bumpers (inner
first wall, 1988-1999; 2.5m x 10m) and now the TPL
which is an intermediate case (since 2001, 0.5m x
15m). Although the fraction of cross field heat flux is al-
most constant with different plasma conditions for each
limiter type, large variations (between 0% and 100%) are
observed between the different types. A very good agree-
ment is observed between the number of directions
(poloidal and/or toroidal) along which the plasma is
close to the limiter and the amount of cross field heat
flux. These results are summarized in Table 1.

The smaller the limiter surface, the better the simple
cosine model fits the thermal pattern. At the other end of
the scale, large area limiters are dominated by cross field
heat flux. Finally, the cross field heat flux appears pri-
marily governed by the large scale geometry of the first
wall rather than plasma intrinsic characteristics. This is
strongly limiting in those models that spatially average
the cross field transport in the SOL for power deposition
modeling. Advanced modeling based on a Monte Carlo
principle is underway to address this issue [10].
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Fig. 4. Surface temperature increase at the limiter tangency
point compared to the maximum on the limiter as a function of
the plasma density.
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Table 1
Correspondence between limiter size and cross field power
fraction

Limiter size (1) (2) Remark
Modular 0.5 % 0.5m?> 0 0 No cross field heat
limiter flux is necessary
Inner 2% 10m? 100 2 Cross field heat flux
bumper is sufficient
TPL 0.5x 15m? 50 1 Mixed case

(1) Percentage of cross field power needed to reproduce the
thermal pattern observed by infrared cameras; (2) number of
directions of extension of the limiter (toroidal or poloidal).

This section shows that the heat flux pattern on the
main limiter is accessible to models, provided the cor-
rect Z, and fraction of cross field heat flux are set.
However, using additional heating modify this heat
pattern, and further heat flux profiles have to be ac-
counted for.

4.2. Suprathermal losses to the wall

These losses have a small influence on the global
power balance, because they carry a minor percentage
of the injected additional power. But they are concen-
trated and locally the heat flux density can reach the
same order of magnitude as from the plasma convection.
These mechanisms are documented [11-14] but have
new manifestations in the CIEL configuration. The
lower hybrid (LH) heating causes populations of supra-
thermal particles, but emphasis is set here on the ion
cyclotron resonance heating (ICRH) which has a strong
influence on the heat pattern. It is then dominated by
one unique concentration area at the tangency point be-
tween LCFS and limiter. The surface temperature scal-
ing as a function of additional power is 10-20% higher
than with lower hybrid alone. This is attributed to ion
ripple losses, and has some relevance for ITER because
of the relationship to alpha particles losses. The heat flux
is not caused by direct losses, which was verified by hav-
ing similar discharges with the inner bumper as main
limiter. In this configuration, the plasma convection
and conduction are directed toward the inner bumper
and the TPL is heated by the ripple losses. By varying
the distance between the LCFS and the limiter, it is pos-
sible to distinguish between the convection/conduction
and the ripple losses. During this series of discharges,
the maximum TPL heat flux was reduced by a factor
of 4 when the limiter depth in the SOL was increased
from 0 to 56 mm (Fig. 5). This indicates that the exces-
sive heating of the TPL during ICRH discharges cannot
be attributed to a high fraction of ripple losses. An in-
crease of the sheath transmission factor caused by the
energetic ions’ impact on the TPL is currently the first
candidate mechanism.
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Fig. 5. Maximum surface temperature increase per MW of
ICRH, as a function of the distance between the limiter and the
LCFS. The two pairs of dashed lines are the theoretical cases of
surface temperature increase with 0% and 100% ripple losses.
Data are plotted for two areas in modules 3 and 4 (modules are
60° toroidal sections of the TPL).

5. Carbonaceous deposits

Deposits have been first suspected after the infrared
images of low heat flux regions (deduced from the mod-
eling) presented increasingly higher temperatures than
heat flux concentration areas. Carbonaceous deposits
are an issue which is gathering more and more focus,
primarily due to their ability to store high quantity of
hydrogen, linked with the theme of retention [15,16].
For the operational safety, these deposits are also unfa-
vorable because they hide the surface temperature of the
actual component, hindering the expression of the sur-
face temperature as a heat flux. A visual inspection of
the limiter surface in 2003 indeed showed the presence
of deposits, at locations where the infrared images
showed over-heating. The deposits are of two kinds:

e dust having the form of sub-millimeter flakes. It is
loose and is easily removed by aspiration (although
the infrared images that where obtained afterward
still showed overheating areas, indicating that aspira-
tion did not remove all the dust),

e hard layer on the side of the gap between the tiles.
This layer holds firmly to the tile.

The two kinds of deposits are interpenetrated. In
both cases, the deposit grows in shadowed areas. For
the loose dust, it corresponds to the private flux region
at the surface of the limiter, for the hard layer to the sha-
dow in the gaps.

Quantitative infrared measurements confirm the
presence of deposits. The thermal time constant () in
suspected deposit locations is in a range of 0.2-0.5s, sig-
nificantly shorter than the expected 1 * 0.3s, calculated
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for the TPL elements and observed on a high heat flux
facility.

Even the tile surface in the areas of strong plasma
surface interaction is influenced by layers. 7 is here
0.4s, still smaller than 1s. A further indication is that
the incoming power on the limiter (evaluated from the
IR data to be 1142kW), is 42% higher than the value
evaluated from the calorimetry diagnostic. In this evalu-
ation, the area of known dust is extrapolated from the
rear of the elements.

The modeling of the deposits’ thermal behavior can
be split between two diametrically separated cases,
although there actually is a continuum of models with
all possible mixed cases.

1. The isolated, capacitive layer with a purely radiative
cooling (limit case for the flakes).
2. The conductive layer (limit case for the hard layer).

For case 1, the flake reaches a temperature where the
incident flux can be equilibrated by radiation of the two
faces. The D model (Fig. 6) supposes that the rest of the
machine is at the coolant temperature, an approximation
justified in an actively cooled Tokamak like Tore Supra
where the hot surface (2m?) area is small compared to
the overall size of the wall (100m?). The equilibrium tem-
perature depends only on the incident heat flux. For heat
fluxes under 0.1 MW/m? the steady state surface temper-
ature remains under 600°C. The thermal time constant
depends on the incident heat flux and on the thickness
of the layer, but it can be small or close to the limiter
thermal time constant itself so that it helps little to reveal
such an inertial behavior from the IR data alone.

Case 2 has a behavior closer to the one of a regular
structure. The stabilization temperature is a function
of the total thermal resistance. The time behavior may
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Fig. 6. Stabilization temperature and thermal time constant of
an isolated layer over an actively cooled plasma facing
component.
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Fig. 8. Toroidal section of the limiter (35°) and interpretation

of the surface temperature pattern (Colormap scale in Celsius).

deviate from an exponential (Fig. 7), due to the existence
of more than one thermal time constant if they are suf-
ficiently different but still measurable (the one of the reg-
ular structure and the one of the layer).

In the two cases, the deposit leads to higher surface
temperatures than expected, and 7 helps little to evaluate
the possible over-estimation.

The introduction of the in situ examination maps
helps to interpret the infrared images. A toroidal section
of 35° is represented (Fig. 8), along with the tiles delim-
itation. The private flux regions are approximately
located by the white dashed areas, the interest of precise
delimitation being reduced by shape change caused by
varying plasma parameters. The hottest areas are close
to the edges of the private flux region and the edges of
the tiles. The mapping justifies the use of the infrared
images, and allows deduction of heat fluxes from surface
temperature in areas of minimal perturbation.

6. Conclusion

Infrared measurements are extremely important for
Tore Supra’s operational safety. Major advantages
are the fact that they give the surface temperature, a
measurement strongly linked to heat load, and the
2D + time capability which is very informative. The
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interpretation of the infrared images has however to sep-
arate three mixed phenomena:

e Heat pattern description, including 4, and ¢,
evaluations.
Supplementary loads by additional heating.

e Occurrence of carbonaceous deposits with strongly
different thermal behavior.

This unknown multiplicity hinders the analysis of the
large amount of data produced. One developing method
consists of determining the deposits properties while
knowing the incident heat flux (active heating during
off-plasma phases), using reverse engineering methods.
The installation of high resolution optics in one endo-
scope is planned, and will help to resolve the transition
from loose dust to adherent layer. Finally, an increasing
confidence with infrared data interpretation could enable
the activation of an electronic interlock between the
infrared diagnostic and the plasma control, providing
feed back control capability which should be a significant
help in the achievement of higher power experiments.
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