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Abstract

This work constitutes the first extended analysis of the spatial structure of type-I
ELM filament footprints on the JET outer limiters and upper dump plates. The
data is obtained using a wide angle infrared diagnostic (with time resolution of 125
Hz) and concerns ELMs with energy in the range 0.07 < AWgpm/Wped < 0.32.
Type-III ELM filaments are not observed to deposit significant heat loads. The
typical poloidal width of an ELM filament footprint is of order of 4 - 10 degrees on
the outer limiters and of order of 1- 4 degrees on the upper dump plates with weak
linear dependence on the ELM size. Their quasi-toroidal mode numbers are in the
range of 30-60 and 20-30 respectively.
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1 Introduction

Edge localized modes (ELMs) are quasi-periodic MHD instabilities occurring
as a result of pedestal pressure gradients found at the edge of H-mode plasmas
[1]. In recent years, clear evidence of the ELM as a filamentary structure [2]
propagating radially (v, ~ 10° m/s) across the scrape-off layer (SOL) and
extending far outside the separatrix [3,4] have been shown. This filamentary
nature is also consistent with the non-linear ballooning mode theory [5], i.e.
the peeling-ballooning mode, which is thought to be responsible for the evo-
lution of the instability into several filamentary structures. The filaments are
highly elongated along the magnetic field lines. By substracting two images
(pre- from post-ELM) obtained with the slow, visible camera at JET Ghen-
drih et al. in [6] were the first to find evidence for interaction between ELM
filaments and the JET main chamber. This has been confirmed using infrared
(IR) imaging on both JET [7,8] and ASDEX Upgrade [9-11]. A detailed dis-
cussion of radially propagating ELM filaments and the evolution of parallel
losses may be found in a recent review paper [12].

ELMs can release up to 10% of the stored energy in a short amount of time
(0.1 ms - 1 ms) and are therefore a serious threat for the safety of plasma-
facing components (PFCs) in ITER, particulary the divertor target plates.
Understanding ELM physics, topology and dynamics is essential if reliable
extrapolations are to be made to ITER. Specifically, the heat fluxes deposited
on the limiter tiles by the ELM filaments (up to ~ 10 % of the total expelled
energy [14]) have been less studied than divertor fluxes, but are a potential
threat given the planned use of Be plasma-facing components on the ITER
main chamber. It has been found on ASDEX Upgrade [9] that about 25%

of the ELM energy is deposited on the first wall with a rather homogenous



temperature pattern, when averaged over many ELM events [13]. In this con-
tribution we present the first analysis of ELM filament footprints, for a wide
range of ELM energies, on the outer limiters and upper dump plates of the
JET main chamber. Recent results on visible imaging of filamentary nature

of Type-I and Type-IIT ELMs on JET is discussed in [15].

2 Experimental set-up

Analysis of the spatial distribution of power deposition due to ELM filaments
striking the main chamber PFCs have been performed with a wide angle in-
frared system. For the data presented here, the device was operated at a frame
rate of 125 Hz and integration time of 60 us. Low frame rate resolution does
not allow to study the dynamics of the heat loads due to ELMs. The image is
512x408 pixels allowing simultaneous viewing of the outboard limiters and the
upper dump plates with the resolution of a few milimiters. Figure 1(a) shows
the full frame view of the machine in infra-red, as seen by the camera. The
areas of interest to the analysis described in this paper are contained within
the dashed lines. For the analysis described below, the real space coordinates
of these regions are mapped to toroidal and poloidal coordinates, helping to
quantify the size and separation of the filament footprints.

Many of the results presented here are derived from measurements made in
a short discharge series (#68190-#68196), all of which are characterized by
a magnetic equilibrium with an ITER-like shape (see Fig. 1c). They have
been operated at relatively high injected power (8 - 16 MW), plasma cur-
rents of 2.5 MA and 1.5 MA and toroidal fields of 2.5 T and 1.5T respectively
(qos = 3.3). For this configuration the separatrix is in proximity of the upper

dump plates (1 — 1.5 cm, when mapped to outer midplane), which makes them



the first limiting surface. Even at these small distances, Type-I11 ELM fila-
ments (AW < 50 — 60 kJ for the investigated discharges) are not observed to
deposit heat on the dump plates, nor on the outer limiters. In contrast, Type-I
ELM filament footprints are observed over a wide range of ELM energies - 0.1
MJ < AWgrm < 0.8 MJ. ELMs smaller than 0.1 MJ do not create detectable

power deposition imprints on the PFCs of the main chamber.

3 Structure of ELM filament footprints on main chamber PFCs

An example of an ELM filament footprint on the upper dump plate is shown
in Fig. 1c. This image is a difference of two IR frames (pre- and post-ELM),
which were mapped onto the toroidal/poloidal plane. Clearly one recognizes
areas of excess heat flux deposition, which are helically aligned. Three elon-
gated structures have inclination angle of Af/A¢ ~ 0.07, which is in very
good agreement with pitch of magnetic field lines reconstructed with EFIT
(AY/Ap = 0.069) for the time before the ELM crash. This agreement is con-
sistently found for all cases of ELM filament dump plate interaction which
have been studied. Typically there are two to four traces of ELM filaments,
which appear at different poloidal angles with no preferential deposition loca-
tion. It also seems that the number of structures is independent of the ELM
size, in contrast to the footprints width (69) and their separation (Ad). In or-
der to quantify those values profiles along the poloidal coordinate are created.
An example of the profile constructed from the area marked with dashed rect-
angle is presented in Fig. 1(e). As expected from the image in Fig. 1(c) there
are three peaks visible at ¥ ~ 15°,19° and 21°. For more detailed discussion
of these quantities see section 4.

The structure of the filament footprints on the surface of the outer limiters



is analyzed in a similar way. An example of a typical poloidal profile of the
surface temperature change due to filaments striking the limiter surface in
these high triangularity discharges is presented in Fig. 1(d). There are three
hot spots appearing located near the equatorial plane (J = 90°), marked with
labels 2, 3 and 4 in Fig. 1(e). There are also cases in which an additional one
or two impact points are observed at higher or lower ¢. In the majority of
cases, interactions on the limiter surface occur preferentially near the equato-
rial plane (e.g. the peak labelled 3 in Fig. 1(e)) and have the highest amplitude
there. This can be also seen in Fig. 2, where the histogram of the deposition
location on the outer limiters is presented. The most preferred location for
the power deposition falls into a range of (100° < ¥ < 105°), to which there is
shortest distance from the separatrix. Almost all traces of the filaments strik-
ing the surface of the limiter are located within the range of (85° < ¥ < 115°).
This is consistent with the results of experiments at DIII-D [16]

To see more clearly the helical nature of ELM filament interactions on the out-
board PFC’s, Fig. 3 (a) shows a full frame snapshot (inter-ELM background
substracted) from the low triangularity discharge #66515, where there is little
or no interaction with the upper dump plates and in which the first limiting
flux surface resides near the outboard midplane. The shape of the equilibrium
is presented in Fig. 3(b). A series of 3, poloidally separated hot spots are visi-
ble (highlighted by A, O and O), forming helically aligned structures. In order
to compare them with the pre-ELM magnetic equilibrium they are mapped
onto the poloidal/toroidal grid in Fig. 3(c) overlaid on which are the trajecto-
ries of field lines residing on a magnetic flux surface 6 cm from the separatrix
at the outboard midplane (corresponding approximately to the radial loca-
tion of the limiters). Here again filaments are well aligned with the pre-ELM

calculated topology of the magnetic field lines. From the toroidal separation



of three filaments Ay ~ 30° implies quasi-toroidal mode number ny,, ~ 12,
what is roughly consistent with the peeling-ballooning model of ELM dynam-
ics. A similar result was obtained in [6]. Both results, from upper dump plates
and outer limiter suggest that the Type-I ELMs do not noticeably disturb the
poloidal and toroidal components of the pre-ELM magnetic structure in the

scrape-off layer.

4 Variation of footprint structure with ELM size

In the analysis here, ELM size (AWgpy - obtained from fast diamagnetic loop
measurements) is normalized to the pedestal stored energy, Wyeq. The latter
(Whed = 3/2-ne- (Te+T;) - Vilasma) is estimated using Thomson scattering mea-
surements (n, and T.) and charge exchange recombination spectroscopy (T5).
Values of the pedestal stored energy are in the range 1.7 - 2 MJ, which is 30%
of the plasma energy (Wpiasma 5 - 6 MJ). The analysis have been performed
over a wide-range of ELM energies (0.07 < AWgran/Woea < 0.32). Results,
expressed in terms of filament width (07), quasi-toroidal mode number (ny;)
and ratio of filament width to separation (69/Ad), are presented in Fig. 4(a)
for the outer limiters and in Fig. 4(b) for the upper dump plates. Release
of ELM energy to the PFCs of the main chamber is not axisymmetric but
localized in the outer midplane as a set of helical events. Their separation is
therefore described with the quasi-toroidal mode number, which can be calcu-
lated from the toroidal separation of filament footprints (., = 27/Ayp). To
obtain a value of Ay the relation between poloidal (n,,) and toroidal mode
number (no) is used - Nyor/Npol = AV/Ap = a. In order to properly calcu-

late the separation of the footprints on the outer limiters analysis has been



performed for imprints near the equatorial plane. It is most likely that those
structures result from adjacent filaments. They have been labeled 2, 3 and 4
in section 3 and this nomenclature is maintained in Fig 4.

On the outer limiters filament widths show large scatter with no clear de-
pendence on the ELM size. Widths vary between 4° (6 cm) and 8° (12 cm)
with peak number 3 (see Fig. 1)being the widest for most of investigated ELM
events. For the quasi-toroidal mode number most of the points cluster between
Nngor = 30 and 40, corresponding to a footprint spatial separation of the order
of 8 - 9 degrees. This value seems to be constant for almost all investigated
ELMs. Taking into account that both d9 and A are constant with the ELM
size, their ratio of them oscillates around a value of 69/AY = 0.8 £ 0.2.

In contrast to the outer limiters, both the filament footprint width and the
filament separation have some dependence on ELM size, although, as before,
the data are scattered. There is a trend for a linear increase of dv} with increas-
ing ELM size from 1 - 2 degrees (5 cm) at AW/W,,.q =~ 0.1 to about 3 degrees
(11 cm) at AW/W,eq = 0.25. Ratio of filaments width and separation cluster
around value of 09/Av¥ = 0.6 + 0.2. Meanwhile, the toroidal mode number is
monotonically decreasing with the ELM size from value of about 60 (Av & 3°)
at AW/Wea = 0.1 to value of ny,, ~ 20 (AU = 5°) at AW /Weq =~ 0.28. This
is consistent with ELITE calculations shown by Snyder et al. in [17]. The cal-
culations there are performed for three different densities showing that with
the electron density increasing from 2x 10 m=2 to 6x10* m~=3 the range of
most unstable modes shifts from (10 - 30) to (50 - 70). The size of ELMs is

reduced as density is increased.



5 Summary

In this work we have performed extended analysis of the spatial structure of
the filament footprints during type-I ELMs on the plasma facing components
on the outer limiters and upper dump plates of the JET main chamber. The
data is obtained with help of a wide angle infrared diagnostic. The filaments
are observed for Type-I ELMs in the energy range of 0.1MJ < AW < 0.8M J
or 0.07 < AWgpm/Whpea < 0.32 when normalized to the pedestal energy, which
are typical ELM sizes in high power JET discharges. They have the form of
narrow stripes when seen on the PFC and follow pre-ELM magnetic field lines
and therefore they do not noticeably disturb/distort the SOL magnetic field.
Typically one observes several filaments hitting the area of the first limited
flux surface in the midplane region, especially in the area of shortest distance
to the separatrix. The maximum observed temperatures on average highest for
the central footprint of a set of more than one filaments. We have estimated
quasi-toroidal mode number, which is the calculated inverse toroidal distance
of two neighboring filaments, for the hot spots on the upper dump plates and
outer limiters. Obtained value is about 12 for the low triangularity case, which
is in rough agreement with the peeling-ballooning model and observation made
at ASDEX Upgrade and MAST. In high triangularity the poloidal width of
the filaments on the outer wall limiters is of order of 6 degrees (10 cm). The
poloidal distance between these filaments vary from 6 to 12 degrees (ny, ~
30 — 40) on the outer wall limiters and from 2 to 6 degrees (n, ~ 20 — 60)
on the dump plates confirming the high level of variability as reported from
ASDEX Upgrade [10] and DIII-D [16]. In extension to ASDEX Upgrade results
[10] the data presented here seems to show a monotonic change of filament

footprints width and separation with the ELM size.
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Fig. 1. (a) Wide angle view of the JET vessel with highlighted areas, where the
analysis of the ELM power deposition zone is made. (b) EFIT reconstruction of
the magnetic equilibrium for discharge #68190. (c¢) Image of the upper dump plate
transformed to toroidal /poloidal plane. Three traces of the helically aligned filament
footprint are visible (they are indicated with white dashed lines and labeled A,B
and C). Example of the profile of type-I ELM filament across upper dump plate
(d) and along the left outer limiter (e). Values of poloidal angle () in (e) increase
towards the bottom of the vessel. Definition of 69 and A% is indicated in (e).
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Fig. 2. Histogram of the position on the outer limiter, where the Type-I ELMs strike
the surface.
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Fig. 3. (a) Wide angle infrared image illustrating footprints of type-I ELM fila-
ments deposited on the surface of the outer limiters during the discharge #66515.
Footprints of three filaments are identified and marked with green, yellow and blue
circles. (b) Reconstruction of the magnetic equlibrium for the discharge #66515. (c)
The same footprints as in (a) mapped onto the vessel technical drawing and com-
pared to the overlaid topology of the magnetic field lines from EFIT. Reconstruction
is made for the magnetic flux surface deep in the scrape-off layer (r — 74, = 6 cm.)
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Fig. 4. Variation of filament footprints structure with ELM size for the outer limiters
(a) and upper dump plates(b): top - footprint width (d¢), middle - toroidal mode
number nq, bottom - ratio of the filament imprint width to the separation of the
filaments (69/A9)
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