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ARTICLE INFO ABSTRACT

Keywords: This work describes the usage of Error Field Correction Coil (EFCC) system [Barlow I. et al. 2001 Fusion Eng. Des.
JET 58-59 189], which is a set of 4 coils located external to the vessel of the JET device, with the aim of introducing
Control

Error field correction coil system

non-axisymmetric n = 1 magnetic field perturbations in various targeted plasma experiments. Besides being used
to characterize and correct the intrinsic error field, the EFCCs system has been exploited to i) probe plasma

stability in high-fy regimes through the MHD spectroscopy technique, allowing the identification of resistive-
wall mode stable operational scenarios, ii) study radiation asymmetry when testing the shattered pellet
injector as the prime candidate for ITER disruption mitigation system, and iii) control edge localized modes,
permitting a reduction in heat fluxes and carbon erosion of the divertor target plates.

1. Introduction

Magnetic fusion devices are often equipped with non-axisymmetric
coils, located internal and/or external with respect to the vessel, to
induce magnetic field perturbations. Depending on the number of
mounted coils, located possibly in two or three toroidal rows, and of
power supplies available, magnetic fields perturbations with various m/
n spectra (m/n is the ratio between the poloidal/toroidal mode
numbers) can be induced, altering the plasma behavior in various ways.

On one hand, magnetic field perturbations can, for example, be used
to i) mitigate/suppress edge localized modes (ELMs) [1-5], while
avoiding the degradation of the fast-ion confinement [6], ii) guarantee
stable detachment operations [7], iii) probe plasma stability [8-18], iv)
control and to force rotation of MHD modes [19,20], v) compensate
spurious magnetic fields, i.e. error fields (EF) [21-25], vi) control
runaway electrons [26] and vii) modify the onset of density limit
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disruptions [27].

On the other hand, externally applied magnetic field perturbations
can affect negatively the plasma through various mechanisms, i.e.
damping the toroidal flow, degrading particle confinement trough
density pump-out, inducing excessive magnetic stochastization,
increasing the threshold for L-H transition, destabilizing MHD modes
and even inducing plasma disruptions [28].

To minimize such negative effects, when designing plasma experi-
ments which foresee externally imposed 3-D fields, the coil current
amplitude, spectra content, coil phasing among the coil rows, are fine-
tuned, empirically and/or by the use of an electro-magnetic code
coupled with plasma response modeling [29].

In this work, we present an overview of the use of the JET Error Field
Correction Coils (EFCCs) [30], which is a set of 4 non-axisymmetric coils
located outside the vacuum vessel [31]. Over the years, this system has
been exploited for various purposes, such as probing MHD plasma
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stability, studying radiation asymmetry when testing the shattered
pellet injector (SPI), the disruption mitigation system (DMS) for ITER,
identifying and correcting the intrinsic EF and performing ELM control
studies. In particular, the manuscript is structured as follows: Section 2
presents the EFCCs system in detail; Section 3 summarizes the series of
experiments aforementioned, which exploited the EFCCs system and
finally, Section 4 gives the conclusions.

2. The error field correction coil system

On JET, external non-axisymmetric magnetic fields can be applied by
the Error Field Correction Coil system (EFCCs), made up of four coils,
spanning each 70 deg in toroidal angle and with a radial distance along
the winding of 5.3 to 7 m from the axis of the machine, arranged sym-
metrically around the vacuum vessel and external to it. A perspective
view of EFCCs system is shown in Fig. 1(a). The coils are located in
octants 1, 3, 5 and 7 of the vessel; each coil has 16 turns and it carries a
maximum of 6 kA in a single turn.

The EFCCs can be wired inn = 1 and n = 2 configurations. Then =1
configuration, used in some experiments presented in this work, is
induced by feeding EFCCs with oppositely directed currents in toroidally
opposite coils. The induced magnetic field perturbations can have
various fixed toroidal phases, by varying the EFCC current polarities in
the quadrature pairs of coils.

Originally, the EFCCs system was designed for compensating the
intrinsic error field arising from asymmetries in the poloidal field coils
due to the presence of feedthroughs [30,32], replacing the internal
saddle coils which were disabled during the 2004 JET shutdown because
they suffered many hardware failures, most severely with frequent
in-vessel earth leaks [33].

Studies on error fields on JET show that the amplitude of the intrinsic
error field is relatively small: the locked mode threshold in 1.9 MA
plasma current, 2 T toroidal field plasmas is approximately B 1/Br ~9.6
107>, where By,1 is the 2/1 radial magnetic field component and Br is the
toroidal field [34-38]. For EF correction, EFCC current of approximately
130 A was envisaged in one coil pair, the 3,7 EFCC, and —60 A EFCC
current in the other one, the 1,5 EFCC [38].

A characterization of the frequency response of the JET wall to
externally applied n = 1 magnetic field perturbations in vacuum has
been carried out, by performing dedicated vacuum discharges and by
calculating the n = 1 radial magnetic field (B,) amplitude and phase,
obtained linearly combining normal magnetic field signals from a subset
of four saddle loops located in identical poloidal locations, 90 ° apart in
the toroidal direction, mounted on the low field side midplane of the
vacuum vessel and placed below the EFCC coils. A sketch of EFCCs and
saddle loop sensors in JET device is shown in Fig. 1(b).

The frequency response of the JET wall has been identified analyzing
a database of both carbon (C) and ITER-like Wall (ILW) vacuum dis-
charges to assess if the change of JET wall, which took place in 2008
[39], affects the magnetic field penetration, and so the eddy currents

EFCC
EFCC

Bolometer =5

Fig. 1. (a) Perspective view of JET showing the error field correction coils (in
red). (b) Toroidal view of the error field correction coils (solid colored lines)
and the corresponding saddle loop sensors (dashed lines), together with the
location of bolometry diagnostics and the shattered pellet injector (SPI).
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pattern induced in the vessel wall.

An example of a JET-C experiment in vacuum is reported in Fig. 2(a,
b), where the time behavior of EFCC current rotating at 30 Hz is shown
in the top panel and the induced n = 1 magnetic field, in the bottom one,
as measured by a combination of midplane saddle loop signals located in
the same octants as the EFCCs. Several vacuum shots with magnetic field
perturbations rotating at frequencies up to 100 Hz have been analyzed.
In this way, the transfer function between EFCCs and midplane saddle
loops can be calculated.

The transfer function experimentally identified is reported in Fig. 2
(c,d), where the blue symbols correspond to C wall data, the red ones to
ILW. The data from vacuum C wall discharges matches well those of
ILW, therefore it is possible to conclude that the penetration of the
external magnetic field is not sensitive to the change of wall material in
JET.

The MARS-F code [40] has been benchmarked against these data. To
retrieve a good match between the experimental results and MARS-F
modeling, a model with two shells has been implemented in the code.
In particular, the first shell, which corresponds to the JET vacuum
vessel, has been located at r = 1.3 a, where a is the minor radius of JET
and equals to 0.459 m. On the other hand, the second shellisatr=1.7 a,
and approximately corresponds to the location of the JET mechanical
support structure. In this case, the shell has a thin structure, with a
poloidal gap covering about 10 % of the total poloidal circumference,
and with the wall time 10 times larger than the JET wall time. The re-
sistivity in this gap has been increased by a factor 100 with respect to the
other region. The fit achieved with this double shell model is reported in
Fig. 2(c,d) with a dashed green line and is in good agreement with
experimental trends.

3. Experiments with error field correction coils

In this section, we provide an overview of experiments where the
presence of EFCCs has been exploited for targeting various physics
studies.

a) EFCCs used to probe plasma stability

Stability at high plasma pressure is an important requisite for
advanced tokamak plasma scenarios, such as those foreseen for ITER
and compatible with the steady-state operation of future reactors. Such
scenarios rely on increased normalized beta (fy) plasmas for efficient
operation. Here Py is defined as p B; a/I, where p is the ratio of the
plasma pressure to the magnetic field pressure, B, the toroidal magnetic
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Fig. 2. Time behavior of (a) EFCC current and (b) n = 1 magnetic field as
measured by a combination of signals of midplane saddle loops located in the
same octants as the EFCCs. (c-d) Transfer function between the EFCCs and n = 1
connected saddle coils identified using JET-C wall (blue dots) and ILW data (red
dots). The dashed green line corresponds to MARS-F code modeling.
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field in T, a the minor radius in m and I, the plasma current in MA.

As reported in [19], the resistive wall mode (RWM), which is a global
kink-like, non-axisymmetric instability, has often been considered as a
major obstacle to steady state operation in the advanced tokamak sce-
nario. Although the presence of a conducting vessel wall tends to in-
crease the p-limit, especially in low torque regimes, it is critical to ensure
that the RWM stays stable when the plasma pressure exceeds the ideal
no-wall beta limit, p%°""!. the ideal p limit calculated in the complete
absence of a wall [40-42].

A safe way of probing no-wall stability consists of examining the
plasma response to externally applied magnetic fields though the so-
called MHD spectroscopy technique. When the plasma pressure ex-
ceeds the no-wall f-limit, an enhancement of the Resonant Field
Amplification (RFA) metrics, defined as the ratio of the plasma response
to the externally applied magnetic field, occurs.

Looking for the RFA enhancement as an indicator of the no-wall limit
has been used in scenario development of high—f experiments in several
devices, such as DIII-D [8-10], C-wall JET [11-15], ASDEX Upgrade
[16] and MAST [17] tokamaks and in RFX-mod reversed-field pinch
[18].

Here, we report the use of the RFA technique to probe plasma sta-
bility in advanced tokamak scenarios in JET ILW plasmas. The discharge
reported in Fig. 3 represents an experiment and refers to an I, = 1.55
MA, B; = 2.4 T plasma. As shown in Fig. 3(d), the n = 1 magnetic field
perturbation has been induced by feeding the EFCCs with 200 A current
oscillating at 30 Hz, the optimal frequency for probing plasma stability
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Fig. 3. Time behavior of (a) NBI power, (b) Dy, (c) Bn, (d) current in EFCCs and
(e) RFA measurement of 87,434 JET-ILW plasma.
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[14]. The induced magnetic field perturbation was typically 5 times
below the locked mode onset error field threshold and was not seen by
any other diagnostics except magnetics.

The RFA metric has been calculated as the ratio of the total n = 1
radial magnetic field measured at a 90 deg-shifted toroidal angle with
respect to the EFCC field, to the total n = 1 radial magnetic field
measured with a toroidal phase alignment with the EFCC current. For
the EFCC and sensor coil geometry in JET, the numerator represents the
pure plasma response, while the denominator predominantly measures
the vacuum field from the EFCC current.

The behavior of RFA as a function of time is reported in Fig. 3(e). The
response of the plasma is significantly enhanced when fy is around 2.3.
The observed sharp increase of the RFA metrics, by a factor 3, indicates
that the plasma is near the no wall beta limit.

After the increase of RFA and in concomitance of a giant ELM,
around t = 44.2 s, a p collapse event happens, as shown in Fig. 3(c).
Magnetic crashes associated with collapses are very fast events, with
durations of the order of 0.5 ms, and in this case the sudden loss of
diamagnetic stored energy is about 10 %.

A statistical analysis, reported in [43], highlights that beta collapse
events happen when py > 2.5, the value for which the plasma pressure is
beyond the no-wall beta limit as suggested by the RFA metrics. A
detailed characterization of beta collapse events and their effects on
plasma performances in ILW plasmas will be presented in a dedicated
paper.

The plasma stability limit identified in advanced scenarios on JET-
ILW plasmas has been compared with the results obtained during C
wall operations when RFA measurements are available. As opposed to C
wall plasmas, the RFA technique has been applied in a restricted data-
base of discharges, characterized by qui, value around 1.7. In any case,
it is possible to compare C wall and ILW results, since RFA measure-
ments in C wall plasmas with quin, ~1.7 are available.

The dependence of the fy, when the RFA increases sharply, on the
minimum q is shown in Fig. 4. The value of qu;i, has been determined
from the EFIT code [44] reconstruction which includes motional Stark
effect and low-n MHD activity measurements as constraints.

In the figure, blue indicates C wall discharges, red ILW ones. The
decrease of Py with increasing qmin has been already reported in [14],
and it is mainly due to the dependence of plasma stability on the current
profile.

The new RFA data, collected during ILW experiments, follows the
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Fig. 4. Py at the time instant when RFA shows a pronounced increase as a
function of qumin. Each symbol type represents a different pulse. Blue dots
correspond to C-wall plasmas, red ones to ILW ones.
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same trend of the C wall ones. However, more data needs to be collected
scanning various q values to confirm the same carbon wall dependence.
Note that, the ILW RFA data is towards the lower end of the C data. Small
changes in pressure and current density profiles between C and ILW
cases, in particular close to the pedestal region, can indeed be respon-
sible for changes in the RWM-driven beta limit [15].

a) EFCCs used to study radiation asymmetry during mitigated plasma
disruptions

In order to reduce disruptions related risks in ITER, a DMS has been
designed [45]. Such a system relies on the injection of a mixture of
frozen material and gas, originating from the shattering of a cryogenic
pellet on the surface of a bent pellet guide tube, the so-called SPI [46,
471.

The SPI has the advantage with respect to the massive gas injection
(MGI) of allowing for deeper and faster penetration of radiating mate-
rial, as demonstrated on DIII-D [48] and on JET [47].

When a disruptive or pre-disruptive plasma state is detected, the SPI
is triggered, resulting in a collimated spray of pellet material delivered
to the torus. This spray of pellet material can dissipate a large fraction of
the plasma thermal and magnetic energy through radiation, thus mini-
mizing thermal loads on the tokamak first wall and divertor during the
thermal quench, and mechanical stresses on the plasma facing compo-
nents during the current quench [45,46,49]. Moreover, if the density
rise due injected material is large enough, the collisional drag on seed
runaway electrons is enhanced, allowing the suppression of large
runaway beams [50,51].

In ITER one of the main concerns on disruption mitigation is the
concentrated radiative load on the tokamak first wall and diagnostic
equipment due to toroidal radiative asymmetries, which can affect the
life-time of these components [46,47,49]. Experiments using both MGI
and SPI, performed in various devices, as in Alcator C-mod [52], DIII-D
[51], also supported by NIMROD modeling calculations [53,54], and
JET [46,47] have shown that the radiation peaking distribution during
the disruption process depends in particular on the relative phase of the
gas/pellet shards injection with respect to the n = 1 O-point phase,
which is the toroidal position of the of the center of the magnetic island.

In order to test the efficiency of the SPI concept in removing energy
from the plasma fast enough and uniformly enough to effectively miti-
gate disruptions in ITER, an SPI system has been developed and tested at
JET [47]. The system has the flexibility of delivering pellets in hydrogen,
deuterium, neon and mixtures thereof with argon, at various velocities
and with different shard size.

Among the SPI-related studies in support to ITER operation, a
characterization of the toroidal distribution of the radiated power dur-
ing induced disruptions in JET has been carried out. To perform this
study, either a good toroidal coverage with the bolometry diagnostic is
required, or the toroidal dependence of radiation can be deduced
varying the location of the n = 1 O-point phase with respect to the in-
jection location.

Because of the limited bolometry coverage at JET, the EFCCs system
has been exploited to induce n = 1 3D magnetic fields, at which then=1
mode is locked to. By varying the EFCC current polarities, the phase of
the locked mode has been varied on a pulse-to-pulse basis. The SPI
system has been triggered at a fixed time instant, as in H mode plasmas
described in [47] or when the locked mode amplitude, or its time de-
rivative, exceeded pre-set thresholds, as in the I,=1.9 MA and B=2.1 T
Ohmic discharges represented in Fig. 5.

In these discharges, during the plasma current flat-top the locked
mode is induced by the application of n = 1 3D fields with various phases
by means of EFCCs while ramping down the plasma density, which fa-
vors the onset of the mode, as reported in figures (b, a), respectively.

In particular, the SPI system, which in this case injected 100 % neon
pellets, was activated in real-time when the n = 1 amplitude of the
locked mode was above 10.6 mT or its time derivative, calculated as a
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point phase of a series of I,=1.9 MA discharges with externally applied mag-
netic field perturbations with various toroidal phases.

first order transfer function, is above 3 mT/s, as shown in Fig. 5(c,d). The
time of SPI triggering has been represented with a vertical dotted line in
the figure.

It is interesting to note that a sudden increase of the normal magnetic
field component, associated with the locked mode onset, is observed
earlier in the discharge highlighted in blue in the figure. This is due to
the fact that the toroidal phase of the external field coincides with the
toroidal phase of JET intrinsic EF, as reported in [55] and discussed in
the next subsection, and this amplifies the magnetic island triggering.
Conversely, when the toroidal phase is opposite to the toroidal phase of
the intrinsic error field, as in the plasma highlighted in cyan, the sudden
increase of the normal magnetic field component occurs later on, being
the intrinsic error field partially compensated by the external field.

After the SPI s fired, the pellet enters the plasma travelling at around
300 m/s, causing the plasma thermal quench, which occurs in time
scales of the order of 1 ms, and the current quench, a fast current descent
with typical duration of a few tens of milliseconds. During these events,
the plasma energy was released as radiation, which has been detected by
the vertical and horizontal bolometry diagnostics, whose toroidal posi-
tion is represented in Fig. 1(b).

Fig. 6 represents the time behavior of the vertical and horizontal
radiation of the discharges reported in Fig. 5, i.e. PYSii! and phojizontal
after the SPI triggering. Note that the radiation increase depends on the
toroidal position of the locked mode with respect the location of the SPI
and the bolometry diagnostics. For example, the discharge highlighted
in cyan in Fig. 5 shows the fastest radiation increase, of about 5 ms after
the SPI triggering, where the O-point phase of the locked mode is in front
of the SPI, located in octant 1, and relatively close to the vertical bol-
ometry fan, in octant 2.

By calculating the radiation asymmetry factor, defined as

P¥§c1itical _ Plr"tgé'izontal / (P¥§étical + Pilao({izontal)’ and by using an
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interpretative 1D radiation model, described in [46,47], which assumes
a Gaussian-like impurity density and cosine-dependence for n = 1 mode,
the toroidal peaking factor (TPF), i.e. e the maximum radiated power at
a specific toroidal location over the averaged radiated power, can be
deduced. The TPF is an important parameter, which needs to be quan-
tified in existing devices equipped with an SPI system, to access the
tolerable radiation peaking towards ITER operation to avoid damage of
plasma facing components and diagnostic equipment. In particular, at
JET dedicated studies are carrying out to identify a possible scaling of
the TPF with the thermal plasma content, using pellet with various
injected velocities, which will be documented in a separated
publication.

a) EFCCs used to correct JET intrinsic error field.

The JET device is characterized by the presence of an intrinsic EF,
associated with the feedlines in the poloidal field coils [32,35].

The impact of such a spurious magnetic field on hybrid and baseline
plasma scenarios, the main operation regimes explored during the JET
DT campaign, has been investigated statistically [55].

The analysis shows that a large fraction of disruptions in JET induced
by the disruption mitigation valve (DMV), is associated with the pres-
ence of a tearing mode, which slows down due to wall image currents
and then finally locks, increasing in amplitude. In particular, the DMV is
activated when the locked mode amplitude normalized to the plasma
current is above 0.2 mT / MA. When this threshold is reached, a trigger
is passed to the disruption protection system high voltage power supply
which induces a current into the DMV coil causing the valve to open and
to inject the gas into the plasma. As a result, the radiation increases due
to the interaction between the injected gas and the plasma, which
effectively reduces the plasma energy, avoiding thus damage to vital
plant components and structures.

The onset of the locked mode occurs in the plasma current ramp up
phase in the early experiments aimed at performing hybrid scenarios
presented here, and in the plasma ramp down in baseline plasmas. The
dynamics of the locked mode is quite reproducible. As a matter of fact,
no clear dependence of the n = 1 O-point phase and of n = 1 normalized
mode amplitude on density and qos has been observed, as shown in
Figs. 7 (a,b) and (c,d), respectively. In the figure, the color code has been
used to distinguish 2 ensembles of discharges analyzed: red represents
12 hybrid discharges, which exhibit a locked mode disruption during the
plasma current ramp-up phase, green represents 70 baseline discharges,
which exhibit a locked mode disruption during the plasma current ramp-
down phase. Each point corresponds to the median of the distribution of
the aforementioned quantities, while the bar corresponds to the 25th
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Fig. 6. Time behavior of radiation from vertical (solid line) and horizontal
(dotted line) signals after SPI triggering. The database of discharges is the same
as in Fig. 5.
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and the 75th percentiles of the distribution.

The statistical analysis reveals that the n = 1 O-point phase is not
equally distributed around the toroidal angle, but is localized around
octants 4-5. This evidence is also confirmed by considering the
normalized distribution function of the n = 1 O-point phase at various
instants before the DMV triggering, reported in Fig. 8. In both the en-
sembles of discharges analyzed, the n = 1 O-point phase is localized
around octants 4-5, indicating the presence of an intrinsic error field.

The presence of such an error field induces a braking of the mode
rotation up to the mode locking. It is worth stressing that the mode
locking could be avoided if the plasma rotates thanks to the field
shielding mechanism [56]. However, neutral beam injection, which is
the main source of plasma rotation in JET, can neither be applied during
plasma current ramp up, nor in the plasma current ramp down phase,
due to plasma scenario constraints.

To avoid disruptions, in this case, potentially two approaches can be
pursued: the first one is avoiding the onset of the tearing mode, the
second one is avoiding the mode locking mechanism to occur.

Regarding the first approach, an optimization of the plasma current
ramp up has been adopted, which envisaged an increase of density at the
X point formation [57], avoiding the development of magnetic shear
reversal. To monitor the equilibrium profile evolution, a metric based on
electron temperature hollowness has been developed. This quantity,
defined as (Tcore-Tedge)/Tcores Where Teore and Tegge are the volume
averaged temperature in the core and at the edge from the electron
cyclotron emission (ECE) diagnostic [58,59], triggers an alarm when is
above an empirically defined threshold, thus allowing a safe plasma
termination, if the plasma is moving toward conditions prone to tearing
mode destabilization.

The second approach proposed aims at avoiding the locking mech-
anism itself, by correcting the intrinsic EF. Here, we report a set of ex-
periments where the EFCC currents have been ramped up initially to
induce a locked mode. Afterwards, the optimal correction currents for
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Fig. 8. Normalized distribution of the n = 1 O-point phase at various instants
from the DMV triggering during plasma current ramp phase (a) and during
plasma ramp down phase (b).
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EF compensation has been successfully applied to prevent mode locking.

Fig. 9 compares two discharges with I, = 1.9 MA, B, = 2 T in which
the EFCC system has been used to study plasma displacement in pres-
ence of 3D external magnetic fields [38]. Within this target, error field
correction studies have been performed as well. EFCC currents have
been used to induce a locked mode, by ramping up the current. The
EFCC current should be larger than 0.8 kA to induce a locked mode in
this plasma scenario. Indeed, the discharge highlighted in red in the
figure does exhibit a locked mode as it can be detected by the change of
slope of the n = 1 Br amplitude reported in Fig. 9(d). Conversely, the
discharge highlighted in black, where lower EFCC currents have been
applied, does not show a locked mode. After the mode locking was
triggered, the optimal error field correction currents for the intrinsic
error field have been applied and correspond to 130 A in the EFCC pair
located in octants 3 and 7, and —60 A in the other EFCC pair, in octants 1
and 5 [38].

Eventually, the application of these EFCC currents is able to spin up
the mode, which rotates at a few Hz. This experimental evidence proves
that by controlling the EF, the mode locking mechanism can be avoided.
This paves the way of using the EFCCs system to avoid locked mode
disruptions. Forthcoming experiments are planned at JET to assess the
reliability and the robustness of EF correction for DMV trigger
avoidance.

a) EFCCs used to edge localized mode control
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Edge localized modes (ELMs) are MHD periodic instabilities inher-
ently present in high confinement plasmas and associated with the
presence of large edge current densities and steep pressure gradients
[1-5]. ELMs cause detrimental heat and particle fluxes onto plasma
facing components, so posing a threat for the integrity and lifetime of
these components [2]. On another hand, ELMs are useful to flush im-
purities out of the plasma and therefore controlling the frequency and
amplitude of the ELMs is an advantage for plasma operation. A possible
method to control ELMs consists in applying external magnetic field
perturbations. Such a method allows for ELM mitigation or completed
ELM suppression [60-64].

In JET Carbon wall, ELM control has been investigated by applying
mainly n = 1 external magnetic field perturbations by means of EFCCs.
As documented in [5], such a study has been carried out in plasmas with
I, up to 2.0 MA, high triangularity up to 0.45, By up to 3.0, and qgs in the
range 3.0— 4.8. With the application of n = 1 magnetic field perturba-
tions, ELM mitigation has been achieved. The frequency of ELMs has
been indeed increased by a factor of 4, allowing a reduction in heat
fluxes on and carbon erosion of the divertor target plate.

ELM control by using externally applied n = 2 magnetic field per-
turbations has been attempted, as well, in plasmas with B, =1.6 T, I, =
1.6, 1.25 and 1.1 MA, so qos varied between 3.1 and 4.5. Also in this
case, ELM mitigation has been obtained and the frequency of ELMs has
been increased by a factor of 3.5.

It is worth documenting that the triggering of the first ELM, which
defines the transition from L to H mode, can be detected by analyzing the
time behavior of the RFA indicator, defined in subsection a). Indeed, an
increased RFA has been observed not only at high fy in C and ILW
plasmas, but at low Py, as well.

This evidence is shown in Fig. 10, which reports the time behavior of
By and D, signals and the RFA metrics of a C wall plasma in panels (a-b)
and of an ILW one, in (d-e). While the RFA metrics as a function of y is
plotted in Figs. 10 (c-f).

Note that the first RFA peak occurs at By values about 2.1 and 1.2, for
the C and ILW plasmas, respectively, considerably below the no-wall
beta limit, which is about 2.8 and 2.3. This behavior is connected with
the development of the edge current density during the ELM-free period,
which destabilizes the n = 1 ideal peeling mode. This mode couples with
the internal n = 1 mode lowering the stability limit, thus increasing the
RFA [64].

By comparing Figs. 10 (a-c) with Figs. 10 (d-f), it is possible to notice
that in ILW plasmas, the first ELM appears at lower iy with respect to the
C wall one. This is because during ILW operations increased deuterium
gas rates are used compared to JET-C operation in order to avoid large
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Fig. 10. Time behavior of (a-d) py and D, (b-e) RFA versus time and (c-f) RFA a
function of By. The blue traces refer to a C wall plasma, instead the red ones to
an ILW experiment.
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impurity influxes of tungsten into the plasma [65,66].
4. Summary and conclusions

In this work, an overview on the use of the EFCC system in JET in
various physics targeting plasma experiments has been reported.

In vacuum shots, a characterization of the frequency response of the
wall to n = 1 magnetic field perturbations applied by means of EFCCs
has been carried out, demonstrating that the change of the wall from
carbon to a combination of beryllium and tungsten has no effects on the
n = 1 magnetic field penetration. In the end, very small strips (poloidal
limiters) spread around the torus have been added in the ITER-like wall,
resulting in a not so large area comparing with the actual vessel and
metallic structure supporting the TF coils.

In presence of plasma, the EFCCs system has been exploited to
investigate plasma stability, both in carbon wall and ILW plasmas,
through the RFA indicator, defined as the ratio of plasma response and
the externally applied magnetic field. The RFA indicator increases not
only when the plasma is approaching the fy "2, in high plasma
pressure regimes, but also before the triggering of the first ELM, at low
plasma pressure.

In JET, by using EFCCs to induce n = 1 and n = 2 magnetic fields,
ELM mitigation has been achieved. The frequency of ELMs can indeed
increase by up to a factor of 4 with a similar reduction in ELM energy
loss [5].

EFCCs have also been tested to ameliorate the intrinsic error field by
applying an opposing non-axisymmetric magnetic field. Error field
correction allows for locked mode spinning up, paving the way to avoid
locked mode disruptions.

Recently, the EFCCs system has been used to induce a locked modes
located at various toroidal locations for radiation asymmetry studies
related to MGI and SPI tests for ITER [47,51].

Despite the restricted coils coverage with respect to the one designed
in ITER, which consists of 3 rows of 6 superconducting coils each,
located external to the vessel [63,67], the JET error field correction
system allows the achievement of interesting and important engineering
and physics insights in preparation to ITER operation.
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