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ABSTRACT

Resonant magnetic perturbation (RMP) experiments at JET with the ITER-Like Wall have shown
the formation of pre-ELM footprint structures appearing a few milliseconds before and propagating
radially outwards until the major divertor heat load, caused by type-I edge localized modes (ELMs),
occurs. The formation of the pre-ELM structures is accompanied by a drop in the electron temperature
at the plasma edge. A comparison with a thermoelectric edge currents model results in qualitative
agreement to the observations, whereas the dynamics can be understood based on RMP enhanced

ballooning modes.

1. INTRODUCTION

The Edge Localized Modes (ELMs) which appear in High-Confinement Mode (H-mode) plasmas
have been one of the major topics of fusion research since they where first discovered at ASDEX [1,
2]. These ELMs lead to fast periodic losses of heat and particles causing strong increases in the heat
flux to the target plates. Non-controlled type-I ELMs could cause severe damage to the plasma facing
components in large scale fusion devices, such as ITER [3], therefore a full understanding of ELMs
is crucial. The ELMs have been studied from various directions, e.g. Magnetohydrodynamic (MHD)
behaviour through magnetics, heat loads on the divertor targets, release of particles to the Scrape-
Off Layer (SOL) and changes to the topology of the plasma edge. Although a lot of measurements
and research has been done in this area, the dynamics of ELMs are still not fully understood.

One of the most promising techniques to control ELMs is the use of nonaxisymmetric magnetic
perturbation fields [4{6], commonly applied as Resonant Magnetic Perturbations (RMPs). Fast infra-
red thermography is used on ASDEX Upgrade [7], DIII-D [8] and JET [9] as the key diagnostic for
the study of ELM heat loads on the divertor plates when RMPs are applied. Elsewhere, the MAST
tokamak uses a fast visible light camera for the observation of topology changes in the near X-point
region and lament studies [10, 11]. Through these techniques splitting of the strike-lines has been
observed when RMPs are imposed in Low-Confinement Mode (L-mode) discharges on various
machines [12—15].

A RMP ELM control experiment has been performed on JET with the new ITER-Like Wall,
which contains a Beryllium main chamber and a Tungsten divertor [16]. The Error Field Correction
Coils (EFCCs) [17] are used for the application of RMP fields to the plasma. The EFCCs can create a
magnetic perturbation with a toroidal mode number of n=1 and n=2. During the last shut-down the
power supplies of the EFCCs have been upgraded to provide a current of up to 6kA, twice as much
as before [5]. For the studies of the divertor heat loads pattern the upgraded infra-red thermography
system [18, 19] has been used. The quality of the thermography data is enhanced with the ITER-Like
Wall as the deposition of carbon layer on the divertor is no longer an issue [20]. In these experiments
an n=2 RMP field at an EFCC current of 5kA (so 80kAt in 16 turns) has been applied.

The recent experiments have shown pre-ELM structures seen as a change in the divertor heat

load pattern. A few milliseconds before a large amount of heat flux caused by the ELM reaches the



outer divertor plate, a footprint structure is formed near the original strike- line position. This grows
radially outwards until the major ELM heat load appears on the divertor plate. The structure then
vanishes after the ELM. The time-scale of this footprint pattern development is large compared to
the usual time-scale of ELM crashes.

This letter discusses the observation of the pre-ELM structures. These are of importance and
interest for the understanding of the dynamic processes during ELM events and their control
mechanisms by RMPs. A possible mechanism that could lead to the formation and propagation of

such pre-ELM structures is discussed.

2. EXPERIMENTAL OBSERVATION

In figure 1 a comparison of the divertor heat loads with and without applied RMP fields is shown.
Both plots on the bottom shows the heat flux deposition on the outer divertor, tile 5. The white
region marks the gap between two lamellas of the new ITER-Like Wall divertor. The change of the
radial position of the strike-line between the non-RMP and RMP case is caused by the applied EFCC
fields and the shaping control during the discharge. For the case without RMPs we observe standard
type-I ELMs as reported many times before [9, 21]. The ELM crash leads to a strong increase of
the heat flux to the position of the original strike-line. In addition an ELM comes with a radial burst
of particles deposited along the divertor plate in radial outward direction. The period between two
ELM crashes shows the increase of heat flux at the strike-line, but no further structures. In the case
of the applied RMPs a pattern, marked by the red ellipses, appears during the phase before an ELM
crash. These structures continue up to the major heat flux increase at the ELM crash.

Figure 2 shows two ELM periods during the RMP phase. After each ELM crash the heat flux
to the divertor plates is strongly reduced. During that time the pedestal temperature and density
recovers. In the presented measurement, about Sms before the next ELM crash occurs, the heat
load at the strike-line increases from about 4AMWm > to 7MWm ~. Slightly after the increase of
the strike-line heat load the mentioned footprint structures are created. These pre-ELM footprint
structures are seen as parallel lines in the time trace of the divertor heat load (2.76m <R<2.79m).
The position of these footprint structures is not constant in time, but moves radially outward. Most
of the lines are created at a radial position of 2.76m, with a distance of about 4cm to the original
strike-line. Their radial speed along the divertor target can be determined as approximately 20ms .
In the range of a millisecond before the major heat load appears the strike-line heat flux is reduced
again. The pre-ELM structures continues until the major ELM heat flux reaches the divertor plate.
Compared to typical ELMs at JET the heat load patterns of these ELMs shows a split nature where
the main heat load is not only deposited at the original strike-line position, but as well comparable
high heat fluxes can be observed at different radial positions. At the first increase of the heat load
at the original strike-line (red line) the outer edge electron temperature drops simultaneously with
the increased heat load and D, emission in the inter-ELM phase. After the formation of the pre-

ELM structure the edge electron temperature continues to increase as before until the pedestal crash



due to the ELM. The crash of the pedestal brings a strong edge temperature and density loss [22].

Comparing the Dy and Be II emission light from the outer divertor plate during this phase shows
that the pre-ELM structures only cause an increase of the Dy, emission. The Be Il emission stays
unaffected by the structures and increases only due to the major heat flux caused by the ELM crash,
which indicates that lower energetic particles are emitted.

Below an EFCC current of 2.5kA no pre-ELM structures on the outer divertor target could be
observed. A similar threshold behaviour was recently found on MAST [11] dealing with the effect
of RMPs on the topology change in the near X-point region.

A difference was found for different values of q95. Compared to the case presented in figure
2 (qgs5 = 3.2) the separation of the created structure to the original strike-line and its propagation
speed was found to be half for discharges with a higher edge safety factor (3.5 <qy5<4.5). Figure
3 shows the heat load pattern on the outer divertor. The applied RMP field is based on the same
EFCC current and conguration as above. The propagating structures are created in a distance of
less than 2cm to the original strike-line. Their propagation speed is about 7ms " This behaviour
with similar parameters was observed for various discharges with a edge safety factor between 3.5
and 4.5. No strong qy5 dependence was found regarding distance to original strike-line position and
propagation speed in this range.

3. DIFFERENCE TO RADIAL PROPAGATING ELM FILAMENTS

The ELM event can be described as a MHD mode in the plasma edge which becomes non- linearly
unstable causing an explosion of particles from the plasma edge to the SOL [23]. ELMs are
accompanied by laments which are created in the plasma edge region during their onset. These
laments separate from the plasma when the ELM crash occurs and propagate radially outwards
until they hit the first wall. The analysis of data of different sized tokamaks has shown that the
ELM lament propagation speed is typically in the range of 0.5kms ' to 2kms " [24]. A usual JET
plasma has a radial distance to the first wall of about 10cm at the mid-plane. The time the ELM
lament spends in the SOL before interacting with the wall and collapsing, is therefore in the range
of microseconds. While the observed pre-ELM structures appear on a range of milliseconds, they
cannot be explained by the much faster radially propagating ELM laments. The same argumentation
applies for inter-ELM laments that where found at MAST [25] to have a radial propagation speed
of 1kms " to 2kms .

A second aspect is the timing of the pre-ELM structures compared to the radially propagating
ELM laments. The radial propagation of ELM laments through the SOL is ob- served after the
crash of the pedestal. In the presented observations the footprint structures appear already prior to
the ELM crash, during the onset of the ELM.

The nature of the observed propagating structures has similar features to previous observations
of strike-line splitting during the application of RMPs; cf. ref. [15]. A requirement for strike-line

splitting is a change in the topology of the plasma. This is evidence of a magnetic perturbation



of the plasma edge already in the phase before the ELM crash, e.g. formed by internal modes,
additional current laments in the plasma edge, the applied RMP field or a combination of these.
The recent findings by Kirket al. [11] have shown lobe structures during RMP phases in the near
X-point region on MAST. Such lobes create footprint patterns on the divertor plates similar to RMP
experiments in L-mode plasmas. However, unusual for strike-line splitting by static RMPs is the
radial propagation of the footprint pattern. This points towards a dynamic nature of the observed
structures. It has been reported that additional thermoelectric currents in the plasma edge during

the onset of an ELM can lead to the formation of similar footprint patterns [26, 27].

4. INTERPRETATION BASED ON THE THERMOELECTRIC CURRENT MODEL

A loss of particles, preferably electrons, during the inter-ELM phase is seen as the drop in the
edge electron temperature. This causes an initial heat pulse transported through short connection
length flux tubes [28] to the targets leading to an increase of the electron temperature on the outer
target relative to the inner target; cf. Evans et al. [29]. The thermal difference causes an onset of
thermoelectric currents between the two targets which than self-amplies and leads to a further
change in the magnetic topology as presented in [26, 27]. The loss of mainly electrons will cause an
increase in the radial electric field at the edge, damping the electron losses and results in a continued
increase of the edge electron temperature while the self-amplication process of the thermoelectric
currents could continue.

An application of the thermoelectric current model to a strongly perturbed RMP plasma results in
one main difference regarding previous applications which also consider the intrinsic error field as
the initial perturbation. This is that the RMPs result in much larger regions of short connection length
flux tubes leading to a current density on the target considerably smaller than in the case of intrinsic
error fields; here assumed to be 1.5Acm . Figure 4 shows the prediction of the thermoelectric
current model (solid) for the pre-ELM structures compared to the measured heat flux (dashed); for
the discharge with JET Pulse Number 83462. The dashed-dotted line gives the expected penetration
depth based on the vacuum model only considering the RMP fields.

By comparison of the vacuum modelling to the thermoelectric current model results, the effect
of the additional thermoelectric edge current (about 2kA) is seen. The observed pre-ELM structures
cannot be explained without considering these additional edge currents that cause a strong change
of the magnetic topology.

A further increase of the thermoelectric current results in agreement of the predicted penetration
depth (solid) and experimentally observed heat flux prole (dashed) during the ELM crash; see Fig.5.
The model is applied analogous to ref. [27] with a thermoelectric edge current of 4.6kA.

DISCUSSION
The thermoelectric current model can predict the appearance of the pre-ELM structures, but not

their radial propagation. Considering the work by Harting et al. [15], and the model predicted edge



current increase, the propagation of these structures seems to be understandable as a toroidal shift
of existing footprint structures. Based on the following simple considerations, it can be shown that
such an explanation is not valid: (1) Additional edge currents cause a decrease of the local q value,
(2) this leads to a toroidal shift of the lobe like structures, (3) however, the lobes then shift in such
a way that, at a xed toroidal angle, footprints structures appear to shrink. This is opposite to the
observations!

A more likely explanation can be found by considering the existence of ballooning modes at that
early phase of the ELM, which are enhanced by the RMPs. Simulation results from the reduced MHD
code JOREK, have shown that radial propagating stripes in the heat flux on the divertor, are linked
to rotating ballooning modes during the ELM [30]. The modelling has stated a dependence of the
radial propagation direction on whether the ballooning mode rotation is clockwise or anti-clockwise.
The experimentally found radial displacement of the stripes on the divertor corresponds to a lament
rotation in the diamagnetic drift direction, which is opposite to the lament rotation that could be
induced by the Neutral Beam Injection at JET. A radial propagation of the pre-ELM structures could
therefore be due to the RMP effects on the ballooning mode stability, including threshold and growth
rate, whereas the mode numbers not necessarily are similar to the dominant RMP mode. Dedicated
simulations considering RMPs have not been carried out. However, experiments has shown that
an addition of RMPs causes a slowing down of the toroidal plasma rotation. A slower rotation of
the ballooning modes leads to a reduction of the radial propagation speed of the structures. This
is in-line with the experimentally observed difference in the propagation speed of the pre-ELM
structures compared to the ELM stripes, seen without RMPs (see Pamela et al. [30]).

Further studies are needed focusing on the discussed effects and if they can fully explain the
experimental observations. Open questions remains in the field of the propagation speed and its
link to the poloidal rotation of ballooning modes and the time scale of the self-amplication of the
thermoelectric current compared to the time scale of the pre-ELM structures. Furthermore, what is
the RMP effect on the radial propagation speed of ELM and inter-ELM laments?

SUMMARY

In this letter we have presented recent observations of pre-ELM structure in the divertor heat
loads. This is seen as the appearance of a dynamic heat flux pattern on the divertor plates a few
milliseconds before the ELM crash accompanied by a drop in the edge electron temperature and
an increase of the D¢, emission. A difference in the radial displacement and propagation speed of
this pattern has been observed for different qq5 showing a step between a value of 3.2 and 3.5. The
pre-ELM structures appear on a much longer time-scale than known from typical ELM crash rise
times. This suggests the inter-ELM phase has an effect on the particle transport to the divertor before
the explosive ELM crash. The presented thermoelectric current model explains the appearance of
the pre-ELM structures. Its radial propagation can be understood by considering RMP enhanced

rotating ballooning modes, as predicted by JOREK code simulations.
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Figure 1: Changes of the divertor heat loads with and without RMPs during the H-mode phase with a plasma current
1, =14MA, a toroidal field B, = 24T, an edge safety factor qo5 = 4.5. On the top, time-traces of the EFCC amplitude
(upper) and the Be Il emission from tile 5 (lower), on the bottom, divertor heat loads seen by the infra-red camera
without (left) and with (right) RMPs. In the case of the applied RMP field, pre-ELM structures can be observed (region
marked by the red ellipses). The white stripe in the heat flux plot indicates the gap between two stacks of the new JET

divertor. A reliable measurement of the heat load to the divertor plate is not possible at that positions
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Figure 2: Time-trace of the measured heat load pattern on
the outer divertor target tile 5 (top) during the application
of RMPs (I, = 14MA, B, = 1.7T, qys = 3.2). In addition
time-traces of the edge electron temperature for different
radial positions (middle) and the intensity of the Dy, and
Be Il emission light (bottom) are shown. A drop of the
outer edge electron temperature (solid line, R = 3.659m)
and an increase of the Dy light intensity can be seen,
when the pre-ELM structures are created (red line). The
intensity of the Be Il light is unaected by the creation of the
pre-ELM structure. Edge electron temperatures measured
at a more inward position (dashed line, R = 3.640m and
dashed-dotted line, R = 3.629m) are less affected than
those at the very edge.

Figure 3: Heat load pattern of the outer divertor (I, =
14MA, B, = 2.2T, qq5 = 4.0). The structures propagate
with a speed of 7ms " and are created much closer to the

original strike-line compared to the pulse presented in
Fig.2 (q9s=3.2).
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Figure 4: Prediction of the heat flux to the outer target for
the pre-ELM structure based on a thermoelectric current
model (solid) compared to experiment measurements
(dashed). A thermo-electric edge current of 2kA is
considered. The dashed-dotted lines gives the predicted
penetration depth from the vacuum model as a comparison.

Figure 5: Same as Fig 4 but for the heat flux to the outer
target during an ELM crash. The solid line shows the
predicted penetration depth and the dashed line gives the
measured heat flux profile.
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