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Introduction

A serious concern for ITER and future fusion reextis the excessive heat load caused by
type-lI ELMs, leading to an untimely erosion or rimgtof the divertor target [1]. Such an
event commences with the collapse of the H-modegtat] ejecting an important quantity of
hot plasma into the scrape-off layer (SOL), wheris iconvected along the open field lines
onto the targets. According to present empiricalisgs, type-l ELMs on ITER could deposit
as much 10-15 GW/m2 on the ITER divertor targeisjalues which are unacceptable from
the point of view of target lifetime. As a consence, a great deal of effort is being devoted
to understanding the ELM release mechanism fronpéuestal, the transport of energy in the
SOL, both perpendicular and parallel to field linasd the nature of power deposition on the
targets (timescales, magnitudes, scaling with epstrpedestal parameters [3]). The latter is
of particular interest since, if sufficient time darspace resolution is available in a
measurement of the target power flux, the databeansed not only to provide quantitative
assessment of the heat loads from the materiatg pbview, but also to test physics models
of the ELM SOL transport (such as sophisticatediglarin-cell (PIC) kinetic simulations [4],
or 2D fluid-monte Carlo treatments [5]). For tpigrpose, Infra-Red (IR) thermography is an
important diagnostic method, measuring absolutgetaenergy deposition and, with the
advent of multi-pixel IR sensitive semiconductotettors and fast read out times, providing
time resolution sufficient to resolve the fine distaf the ELM-target interaction. If the
effects of surface layers on the bulk target sabstcan be properly accounted for (see
below), IR measurements also have the advantagea$uring the direct surface power flux,
without the requirement to account for the tardetagh (whose parameters vary significantly
during the ELM [4]). Langmuir probes do not hawstluxury, nor can they provide the
spatial resolution possible with IR. This contribuat presents the first IR measurements of
ELM heat loads obtained on TCV using a new fast#ifhera diagnostic viewing the outer
divertor target.

Experiment

Figure 1 illustrates the implementation of the n@®vdiagnostic on TCV together with the
time evolution of the B emission, the divertor peak power fluxes and tlesma stored
energy during an ELMing H-mode discharge with famiveoroidal field (Ip = 340 kA, B=
1.44 T, n=5010°"m=3) comprising a long X3 ECRH heated phase (~ 600 &¥orbed
power) and a shorter ohmic phase at the end giutse. During the X3 phase, the ELMs are
largest (ELm xs = 40 Hz,AWg /W ~ 15-35%), returning to smaller ELMs:(fon = 80 Hz,
AWg n/W ~ 5-10%) in the ohmic H-mode phase. At suclydavalues oAWg /W, these
smaller ELMs would be classified at type-I, in aast to the usual ohmic H-mode on TCV,
when £ mon ~150 -200 HZAWg m/W ~ 2-4% and the ELMs are thought to be of type-II
[6]. In the case of the larger, X3 heated ELMsclassification has yet been possible but they



are likely to be type-l [7]). In what follows, thevo different ELM phases will simply be
referred to as “ohmic” and “X3” ELMs.

The new fast, snap-shot type IR camera (CMT 25@&rihosensorik GmbH) and associated
germanium relay optics image the vacuum vessel floater target) from the top of the
machine, providing straightforward viewing with thile surfaces perpendicular to the focal
plane. The camera is equipped with a 256x256 CMHElfplane array sensitive in the 1.5 -
5.1 um wavelength range operating at a full frame actoisrate of 880 Hz, and up to 25
kHz in sub-array mode (freely configurable in 8x&gb units) with minimum integration
times of Tiy = 1 ps. At these high framing speeds, the ) time resolution is easily
sufficient to provide
several measure-
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Figure 1: Left: experimental setup including the

I _ difference code
equilibrium reconstruction of TCV shot #33644.

THEODOR [8],

Top: some ELM-relevant signals fo the same pulse.
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Y FOV from X3-heated (0.4 - 1.4s) large ELMs to smalleParameters of the
polycrystalline grap-

hite TCV target
tiles, together with a simple model for the thirydes present on tile surfaces (due to
boronisation and redeposition processes). Whikssdhthin deposited layers complicate the
derivation of heat fluxes from surface temperatutiesy are also critically important to the
usefulness of the IR diagnostic on TCV for ELM plgs their presence significantly
increases the system sensitivity - even small EMite AWg y~ few 100 J can be easily

resolved (see below and Fig. 2).

Data analysis

Typically, the thermal response of the tile surfacethe ELM heat load is enormous in
comparison to what would be expected on the basia simple semi-infinite solid

ELMs in the ohmic phase.



approximation for bulk graphite. Assuming that 568AWFg, v arrives on the vessel floor and
imposing a single exponential radial profile wkh= 3 cm (based on measurements of the
ELM power flux profile) yields a rise of 30 °C féne ohmic phase (small) ELM shown in
Fig. 2. In reality, the rise exceeds 150 °C. Applyithe same semi-infinite solid
approximation on bulk graphite, but by taking tle¢ual peak heat flux value computed using
THEODOR (2.5 MWn¥, using a simple layer model in the code) yieldsyan 6 K rise,
insufficient to be resolved by the system at thwe ilstegration times required if the maximum
time resolution is to be achieved. It is thus @elyi the surface layers that make this analysis
possible for these small TCV ELMs.
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Figure 2: Temperatures and power fluxes for an ELM in theiolphase of the discharge in Fig. 1 (left) and a
large ELM during the X3 phase (right). The acquisitirate permits the study of individual ELM evemtih
several points recorded already in the rise phalee temperatures are quite large — a consequendairf
layers poorly coupled to the tile surface.

It is interesting to note from Fig. 2 that the Elride time,t; (defined as the time for the IR
power flux to reach its peak value beginning fro6%lof the peak) is longer for the X3
ELMs than for the ohmic phase ELMs even thoughlfraansit times are shorter given the
higher pedestal temperatures during the X3 phasegso Fig. 3). This may be a feature of
these ECRH plasmas which are primarily electronidtean contrast to the more usual type-I
ELMs produced in neutral beam heated discharges.

Figure 3 compiles several quantities of interegshwegard to ELM studies plotted against
ELM expelled energy fraction for all of the ELMs the discharge of Fig. 1. The integral
energy to peak, W, is an important quantity. In combination with, it determines the
maximum surface temperature that will be reachedabsgurface in response to the ELM
transient [9]. For the large X3 ELMs, M(normalized to the total energy deposited during
the ELM, Br) takes values in the range 0.3-0.4 in common wittasurements of type-I
ELMs on JET [10] and recent PIC simulations [4]eTatio of Er/AW shows that for these
TCV X3 ELMs, only at most 25% of the ELM energy pris recovered at the outer target
and that in some cases as little as 15% is fouadig®on losses due to the ELM cannot be
accounted for here, nor is a measurement avaiililee inner target. Recent observations on
ASDEX Upgrade and JET [11] have revealed a trendhi® ELM to deposit more energy on
the inner than outer targets in forward field. Idd@ion, a number of machines find
significant ELM-main wall interactions (includingCV during these X3 ELMs, see [12]). It
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