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TORE-SUPBiA ia a superconducting Tokanuk aimed at studying long plasma pulses (>30 s).

It is equipped with two types of pump limitera (PL). A provisional type, semi-inertially cooled

between shots, has been used for plasma scrape off characterization. The e-folding length Xq for power

deposition on these components has been unfolded (1.0cm < Xq < 2.4cm) for different plasma

parameters. On one hand it has been found almost independent of electron density (lO^m*^ < ne <

5 1019m*3), of power level up to 4MW and of toroidal magnetic field (1.5T < Bt < 4T). On the

other hand the strongest dependence ia with plasma current (Ip"1/2). The second type used for long

pulse operation, ia actively cooled during shots, its thermal time constant being less than 2 seconds.

Experiments using this HER relevant technology are presented. Three of the actively cooled limitera

have been successfully tested ia a steady state regime with a surface temperature less than 100O0C

(Ip- 1.6MA). The design value for power removal on this type of limite» has been obtained. Peak

power fluxes of 10 MW/nt3 (3.5MW/m3 on avenge) have been estimated. This represents a

breakthrough for high heat flux components since critical heat flux and burnout with subcooled flow

boiling are major aspects for this land of design.

1) Introduction
Plasma facing components (PFC) are one of the key issues of the next step

generation of tokamaks and particularly of TIER. One has to bear in mind,Vieder
[1], that ITER PFC will be exposed, as far as we know , up to 3OMWVm2 during the
initial physics phase (104 pulses lasting 60Os). This means that PFC will have to be
"Actively Cooled" (AQ during shots to reach steady state temperature and to prevent
them from reaching unacceptable surface temperatures.

Nowadays, among the largest machines, Dm-D, JET, JT60, 1IFl1R, and
TORE-SUPRA, only TORE-SUPRA has actively cooled plasma facing components
(ACPFC), Guilhem [2], The other machines rely on quasi inertia! heat capacity of
PFC, reaching sometimes temperatures up to 280O0C on some small localized
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surfaces, Ramsey [3], Dietz [4]. Li this case the energy conducted to the PFC is
stored in the bulk material during the shot. Then the stored energy is released during
the time interval between two pulses, to the cooled FFC support structures and is
radiated on cooler surfaces in the machine. On the contrary, PFC in TOKE-SUPRA
are all actively cooled (45O0K, 4.1O6Pa, 7m/s) during and between the pulses so that
their temperatures reach an equilibrium value after a few seconds depending on the
tile thickness. On TOKE-SUPRA, the inner wall and the limiters are made of
graphite. Ih this paper, we will discuss the pure graphite vertical limiters. Some of
them, semi-inertially cooled between shots, have been used for plasma scrape off
characterization, the other ones are actively cooled during shots and should reach
rapidly steady state surface temperature conditions. Experiments using this
technology are presented.

2^ Semi-înerrial limiters for plasma scrape-off characterization.

À semi-inertially cooled limiter has been used to characterize plasma edge
interaction with plasma facing components. It is made of thick graphite blades
(5890PT Le Carbone Loraine), bolted to an actively water cooled mechanical
structure. The surface temperatures of the limiter have been calculated using a model
which takes into account: 1) the geometry of the limiter, 2) the heat transfer through
the thick blades, 3) the heat transfer through the bond down to the water, 4) the
field line geometry (including ripple), S) an exponential e-folding length for power
deposition, Xq - [(DL L//) / Cs]1

1̂ where DL is the cross field diffusion
coefficient, L// the connexion length and Cs the ion sound speed. The code has been

run for a wide range of free parameters in order to constitute a data base as a function
of: 1) pulse length with constant heat load, 2) e-folding length from 0.5cm to 2.5cm,
3) Qjffg (the incident heat flux at the last closed flux surface (LCFS)), from
0.5MW/m* to 40MW/m2. Figure 1 presents code results for Xq= 1.2cm,
Q1CT9=IOMWm2 at time t=2, 5 and 8 seconds. This has to be compared to the
experimental surface temperature measurements of figure 2, obtained by an infrared
camera viewing the limiter during a shot. Comparing code results to measured
surface temperatures, we can obtain the power deposition e-folding length and the
power incident to the limiter. The e-folding length Xq for power deposition on these
components has been studied (figure 3), for different plasma parameters. It varies
from 1.0 to 2.4cm. On TOKE-SUPRA , PFC have been build for an a-priori e-
folding length of 1cm. We find almost no dependence on electron density (1019m'3
< ne < 5 10l9m-3), on lower hybrid power level (Phyb. < 4MW) and of toroidal
magnetic field (1.5T < Bt < 4T) but Xq shows a strong dependence with plasma
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current (Ip-1/2). This Xq variation is consistent with a simple scrape-off layer model,
Conn [5]. This model is based on the following asumptions:
1) no strong neutral source, 2) the ions flow with the ion sound speed along magnetic
field lines, Cs = [k(5/3Te+Ti)/mi]1/2. 3) a Bohm like cross field diffusion, D"Te/B.
Under these asumptions the radial dependences (x=0 at the LCFS) have the following
exponential form: A - B exp("x/j\), where x is the distance (in the SOL) from the

LCFS and X is the caracteristic decay length for density, temperature or power. For
power deposition the decay length is (see figureS):

Xq = 7.3 T6
1'4 Ip'1^ : Xq(m), Te(eV), Ip(A)

3) Actively cooled limiters.

A set of six actively cooled vertical limiters are tested in a steady state
regime. The limiter head, figure 4, consists of graphite tiles brazed on copper tubes.
The thickness of all components and the water flow with a swirl structure has been
optimised for a heat removal capacity of JUWWm3,Chappuis/Deschamps [6]. Surface
temperatures reach equilibrium after 2 seconds see figure 5. Power handling capability
is 0.7MW for each limiter in a steady state regime. Codes have been developped to
predict surface temperatures for 0.6cm < Xq < 2.5cm and 3MW/m2 < QICTS <
40MW/m2. The same procedure as for the semi-inertial limiter has been used but we
improved it by adding a third dimension since the individual cooling tubes are
circular so that we have an inhomogeneous heat deposition along the circumference of
the tube (see figureS). Figure 5 presents one of the results from the code with
QLCre=10MW/m2 and 20MW/m2 for Xq=1,0cm.

Three of the actively cooled limiters have been successfully tested in a steady
state regime with surface temperatures less than 100O0C (Ip=I.6MA). We
obtained the design value for power removal. Peak power fluxes of 10 MW/m2

(3.5MW/m2 on average) are estimated. This represents a breakthrough for high heat
flux components.-Critical heat flux and burnout safety margin with subcooled flow
boiling are major aspects for their design, Schiosser[7j. The time constant to reach a
stabilized temperature is less than 2 seconds (shot duration = 10 seconds) as expected
from modelling of heat transmission through the 2.5mm graphite layer tile, and the
brazed joint to the water. The power extracted by each limiter does not depend on the
number of limiters and increases linearly with available power. This proves that there
is no short parallel magnetic connection between them. This is also verified by a
complete power balance of the ACPFC (calorimetry on each component). A certain
amount of particles and energy which are not intercepted by the vertical limiters, flow
to the recessed actively cooled components. They are (in order of increasing distance
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from the plasma): 1) the ergodic divertor coils, 2) the inner board bumper limiter and
3) the outer first wall.

Almost all tiles on limiters are well bonded to the copper cooling tubes
excepted a small number characterized by a lower thermal contact with the cold sink
(lack of fabrication reliability). This can be seen on figure 6. The temperature of such
tiles can reach 180O0C in standard shots. This is explained by a thermal runaway
phenomenon occuring locally on a small part (100cm2) of the limiter head (1600cm2)
without any deterioration of the plasma properties and particularly no change of the
carbon content in the discharge although it is observed for as long as 4 seconds.The
observed hot spot which occurs always on defectuous tiles (10mm x 18mm) spreads
on a wider surface. The size of such a surface depends strongly on ohmic heating

. power and hence on power and particule fluxes at the plasma edge. So far, no
correlation has been found with plasma parameters as: plasma displacement, ohmic
power, runaway electrons, change of bulk and edge temperatures, neutrons
production, locked modes, soft X-ray, impurities. The phenomenon starts when the
temperature of the defectuous tile reaches 140O0K- 150O0K. The time to reach this
onset temperature depends on power and hence on particle flux to the limiter. This
phenomenon is characterised by a strong increase of local carbon flux shown by the 8
fold increase of C-U at 657.8nm as shown figure 7, without any sign of carbon influx
in the plasma bulk (no increase of C-VI line intensity and bolometry signals).
Molecular or atomic hydrogen influx (monitored by Ha intensity) is not modified at
the beginning of each thermal runaway (figure 8), except at the first appearance (when
10% increase of the core density is observed). Once, the zone has been outgassed by
overheating, no change is seen on the plasma density. Another piece of information is
that molecular or atomic hydrogen influx decreases during a shot, until a very low
level of Ha light is attained. A Langmuir reciprocating probe, connected to the same
flux tube of the limiter (proved by a sudden decrease of limiter surface temperature
when it passes the LCFS) does not indicate any change of ion flux during this
phenomenon. Finally, modelling of critical heat flux events indicate that this cannot
explain what is observed (stable temperature for as long as 4 seconds). Indeed we
know that the surface temperature is very high, up to 180O0C as measured by infrared
thermographie measurements and by continuum radiation close to Ho/Da and Cn
lines emission (656.3nm, 657.8nm) interpreted as b?ackbody radiation, figure 9. No
sign of carbon bloom is observed on TORE-SUPRA during these experiments.
Surface temperature modelling indicates that locally the energy deposited goes from
the initial 10MW/m2 to at least 20MW/m2. This is close to the critical heat flux for
these limiters.
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The most likely explanation is that radiation enhanced sublimation (RES)
J.Roth [8], R.Reichlc [9], D.D.R.Summers [10], J.N.Brooks [11] sets in and that the
carbon influx is turned back to the limiter (ionisation within the negative sheath),

gaining energy through the sheath and give it up to the tile front face (and to adjacent
tiles) causing a further spreading of the hot zone. This point is still under

investigation. The decrease of reemitted hydrogen flux with increasing tile

temperature can well be explained with the diffusion of a large amount of hydrogen
into inner regions of graphite Franzen [12].

4) Conclusions.
The strongest dependence for the e-folding length is found with plasma current

(TpJ"!̂ . Actively cooled limiters have been successfully tested up to 10MW/m3 in a
DC regime. A critical point is that any small area thermally insulated from the cold
sink can be the source of a local increase of deposited power (RES + ionisation
within the negative sheath). If the safety margin is not large enough, critical heat flux
will occur, Schlosser [7], R.D.Watson [13]. The "zero defect option" (all tiles well
brazed to the cooling sink tube) is indeed a necessity for these high heat flux
components to prevent local overheating and destruction of FFC.
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FIGURES CAPTIONS

Figure-1: Mesh used to compute surface temperatures of one blade of a semi-inertially
cooled limiter (half of the limiter extension in the toroidal direction) and
predicted surface temperature profiles at times t=2, 5 and 8 seconds.

Figure-2: Infrared temperature measurements during a shot. One of the leading edge
is clearly seen.

Figure-3: Power deposition e-folding length as function of density, lower hybrid
power, magnetic field, plasma current and safety factor q at the edge. The
strongest dependence is with plasma current.

Figure-4: Section of one actively cooled tube constituting a limiter head (along
toroidal magnetic field). Note the swirl to increase heat transfer and hence
critical heat flux.

Figure-5: Half section of one actively cooled tube (10MW/m2; steady state conditions)
and code results when 10MW/m2 and 20MW/m2 incident power are
applyed.

Figure-6: (left) Infrared surface temperature of an actively cooled limiter. Note the
overheating on a small portion of the limiter,
(right) Time dependence of the temperature of 3 points on the limiter
head (see left for localisation).

Figure-7: C-n and Ha lines intensities (stable conditions) as function of tiles
temperature averaged on a zone including the overheated tiles.

Figure-8: (left) time history of 30 successive OMA scans lasting 0.4s each.
(right) One OMA scan at t=3s showing C-II, Ha lines and continuum
radiation interpreted as blackbody radiation from the hot tiles.
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