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Abstract
In magnetic fusion devices, error field (EF) sources, spurious magnetic field perturbations, need
to be identified and corrected for safe and stable (disruption-free) tokamak operation. Within
Work Package Tokamak Exploitation RT04, a series of studies have been carried out to test the
portability of the novel non-disruptive method, designed and tested in DIII-D (Paz-Soldan et al
2022 Nucl. Fusion 62 126007), and to perform an assessment of model-based EF control
strategies towards their applicability in ITER. In this paper, the lessons learned, the physical
mechanism behind the magnetic island healing, which relies on enhanced viscous torque that

a See Maggi et al 2024 (https://doi.org/10.1088/1741-4326/ad3e16) for JET Contributors.
b See Joffrin et al 2024 (https://doi.org/10.1088/1741-4326/ad2be4) for the EUROfusion Tokamak Exploitation Team.
c See Zohm et al 2024 (https://doi.org/10.1088/1741-4326/ad249d) for the ASDEX Upgrade Team.
d See the author list of ‘MAST Upgrade Results Towards Integrating High Core Confinement and Divertor Power Dissipation’ by J Harrison et al to be
published in Nuclear Fusion Special Issue: Overview and Summary Papers from the 29th Fusion Energy Conference (London, UK, 16–21 October 2023).
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acts against the static electro-magnetic torque, and the main control achievements are reported,
together with the first design of the asynchronous EF correction current/density controller for
ITER.

Keywords: error fields, plasma control, ITER

(Some figures may appear in colour only in the online journal)

1. Introduction

Error fields (EFs) are the long wavelength component of any
non-axisymmetric fields present in tokamaks, which are due
to unavoidable imperfections associated with misalignments
and deviations occurred in the manufacture and assembly of
the magnets, current feeds, eddy currents associated with 3D
wall structures, magnetized ferromagnetic components of the
machine and in the vicinity of the plasma, etc [1]. EFs can
interact with the tokamak plasma through multiple mechan-
isms, such as rotation braking, confinement degradation, ener-
getic particles losses, MHD triggering, potentially driving a
plasma disruption [2].

For EF detection and control, ITER is equipped with 18
superconducting correction coils, named here EFCC, located
external to the vacuum vessel, 6 in the upper, midplane and
lower rows, as reported in red in figure 1. The EFCCs will be
connected to 9 independent power supplies andwill be used for
the identification and the minimization of n = 1 EFs. In addi-
tion to this EFCC set, 27 ELM control coils, located internal
to the vacuum vessel, will be available, 9 in the upper, mid-
plane and lower rows, as shown in blue in figure 1. The ELM
coils will be connected to 27 independent power supplies and
will be used for the identification and correction of n = 1 and
n= 2 EFs in scenarios when these coils are not used for ELM
control or in scenarios when the coil currents required for the
ELM control leave sufficient margin.

At the beginning of ITER commissioning, such EF actu-
ators will be exploited to identify EFs. For this purpose, the
compass scanmethod has been standardly executed [3] in vari-
ous magnetic fusion devices, such as NSTX [4], ALCATOR-
CMOD [5], ASDEX-Upgrade [6], JET [7, 8], MAST [9,
10], EAST [11], DIII-D [12, 13], KSTAR [14] and RFX-
mod [15]. This method is based on the assumption that
the magnetic island formation (locked mode) for a given
ohmic plasma scenario, during the magnetic field penetra-
tion process, depends only on the amplitude of the total non-
axisymmetric field, Btot. The total non-axisymmetric field is
the sum of the externally applied magnetic field, the non-
axisymmetric component of the externally applied magnetic
field, and the EF one. The critical threshold value of the
external field should lie on a circle in the complex (Re(Btot),
(Im Btot)) plane. The EF topology, i.e. amplitude and phase, is
inferred from the possible shift of this circle that is obtained
by measuring the locked mode onset, as the external magnetic
field is ramped with several different toroidal phases.

However, the compass scan is challenged by the require-
ment of exciting magnetic island with a potential disruptive
nature. Such kind of dynamics cannot be tolerated in future

disruption-averse tokamaks such as ITER [16] and SPARC.
This issue has been solved in the novel non-disruptive com-
pass scan method [17], which has been designed and tested in
DIII-D and relies on magnetic island healing. Recently, such
a novel method has been executed in JET and in MAST-U, as
documented in this paper, to assess its portability among mag-
netic fusion devices.

Once the EF source has been identified, the correction cur-
rents for its minimization are yielded, which can be used in
a pre-programmed way during plasma operations. Note that
such empirically identified EF correction strategy represents
the optimum point of correction in a given coil configuration.

Besides empirical EF correction, control strategies based
on an accurate description of the EF sources by electro-
magnetic modelling coupled with the plasma response by the
IPEC code have been shown to be a promising route for min-
imizing the EF components that couple strongly to the plasma
resulting in increased drive for magnetic islands [18, 19]. A
comparison of IPEC predictions against empirical n = 1 EF
control currents in DIII-D, in both ohmic and H-mode plas-
mas, found good agreement [20].

In this context, model-based EF correction strategies have
been recently tested in ASDEX-Upgrade, which improved
achievable βN by 10% [21] and allowed the exploration of the
lowest density in the low torque regime. The main insights of
this plasma response EF modelling, documented here, help to
establish the basis for designing current feedback control for
the coils able to track the pre-programmed correction currents
for a given coil configuration and target equilibrium.

In this paper, the portability of the non-disruptive com-
pass scan method for EF identification in DIII-D, JET, and
MAST-U devices is presented in section 2, along with the les-
sons learned. Themodelling of the physicalmechanism behind
magnetic island healing is provided in section 3. The develop-
ment of functionalities for EF identification studies in ITER is
described in section 4 and the main results achieved on model-
based EF control in AUG are reported in section 5. Discussion
and conclusions are found in section 6.

2. A new method for EF identification

A powerful method for identifying the intrinsic EF sources in
fusion devices standardly adapted in tokamaks is the compass
scan. However, this is not a disruption-free technique being
based on the triggering of a locked mode. The locked mode
can indeed lead to a plasma disruption during the execution of
the compass scan test, when the plasma current is in the flat-top
phase, as shown in the MAST-U case presented in figure 2 on
the left. Disruptions can occur also after the execution of the
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Figure 1. Geometry of error field actuators in ITER: the EF control
coils (in red) and the ELM coils (in blue).

compass scan, when the plasma current is ramping down, as
in the JET case reported in figure 2 on the right. Here, a resid-
ual locked mode was present despite the EF correction current
has been switched off and its amplitude increased during the
plasma termination.

Such dynamics cannot be tolerated in future disruption-
averse tokamaks such as ITER and SPARC. To overcome
this issue, the non-disruptive compass scan method has been
designed and tested in the DIII-D tokamak in the IP = 0.8MA,
BT = 1.4 T Ohmic plasma scenario [17]. Similar to the con-
ventional compass scan, an increasing probing field is applied
until a magnetic island forms, but once this event is detected
in real-time by the locked mode detector, as shown in figure 3
on the left, the plasma control system engages asynchronous
control waveforms that enable prompt healing of the mag-
netic island. Magnetic island healing is achieved with a double
action: (1) the current in the EF correction coils is reduced
as quickly as possible, to remove the island drive, and (2) the
density is increased, to stabilize the magnetic island.

To assess the portability of the non-disruptive compass
scan method to ITER, dedicated experiments have been per-
formed at JET and in MAST-U Ohmic plasma scenarios, with
IP = 1.8 MA, BT = 2.1 T and IP = 0.75 MA, BT = 0.5 T,
respectively. In both these devices, 4 EF correction coils, loc-
ated external to the vacuum vessel, have been exploited to
induce probing n = 1 magnetic fields. Promising results have
been obtained, which demonstrated the high fidelity of the
method and allowed us to gather a series of lessons learn that
are of fundamental importance towards ITER and SPARC.

In particular, at JET, the magnetic island healing has been
achieved not only by gas puff, as in DIII-D, but also with pellet
injection, as reported in figure 4. The lockedmode is stabilized
when the plasma density increases at least 15% which can be
reached by pellet injection in a faster time scale with respect
to gas puff, as shown in panel (b). This result paves the way
for using pellets to increase the density in ITER, which is the
preferable actuator because of the slow time response of the
gas valves and better particle penetration of pellets.

For the execution of these non-disruptive compass scan
experiments, a real-time locked mode detector has been
designed and included in the JET real time control system to
initiate the asynchronous EFCC/density control. On the other
hand, for the offline analyses, the dynamics of the locked
mode has also been investigated, besides the commonly used
observers (i.e. density drop, temperature flattening), through
a novel approach which consists in looking for signatures of
Beta Alfvén Eigenmodes, as proposed in [22, 23]. The locked
mode formation is indeed accompanied by the appearance of
MHD activities in the Mirnov spectrogram, which correspond
to two lines with initially slightly different frequencies, i.e.
9 kHz and 12 kHz, as reported in figures 4(d) and (e). The
lower MHD branch, with initial 9 kHz frequency, has a time
evolving frequency. Its frequency depends on the locked mode
amplitude, so on the islandwidth. On the other hand, the higher
MHD branch, with initial 12 kHz frequency, has a nearly con-
stant frequency and could be associated with the presence
of the m = 3, n = 1 magnetic island being the external 3D
field applied made up of a spectrum of poloidal harmonics, as
described in [24].

It is worth reporting that if the density cannot be raised suf-
ficiently, the magnetic island is not healed. This has been the
cause of plasma disruptions in non-disruptive compass scan
tests performed at JET. An example is reported in figure 5.
In the discharge plotted in black, as the locked mode onset
has been detected by the JET real-time control system, an
increase of plasma density has been requested by injecting for
0.8 s 2 mm Deuterium pellets paced at 7 Hz. As reported in
panel (b), the plasma density slightly varies and its increase
is not sufficient to stabilize the locked mode which eventu-
ally grows in amplitude, finally leading to a plasma disrup-
tion. On the other hand, in the discharge highlighted in blue,
pellets injected at 14 Hz for 2 s have been requested, which
efficiently increase the density. Based on the tests performed
at JET, the pellet injection settings used in this later discharge
are the optimal ones to effectively stabilize the magnetic
island.

Another lesson learnt during testing the non-disruptive
compass scan method in MAST-U is the importance of
the locked mode detector, which initializes the asynchron-
ous EFCC/density control. Unfortunately, such a real-time
algorithm was not available in MAST-U control system and
the triggering action has been set up empirically based on the
knowledge of the locked mode onset in the conventional com-
pass scan.

The discharge reported in black in figure 6 shows as an
example a conventional compass scan test in MAST-U, where
a locked mode has been triggered at t = 0.37 s because of
the application of the probing field. The signature of locked
mode onset, besides the magnetics, can be clearly seen on
the time behaviour of the plasma density, which presents a
sharp decrease as reported in panel (c). When testing the non-
disruptive compass scan in the discharge plotted in blue, the
empirical mode onset time has been used to switch off the
EF correction current and to request a density increase, which
allows the magnetic island healing. However, if the triggering
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Figure 2. Time behaviour of (a)–(d) plasma current, (b)–(e) plasma density, (c)–(f ) compensated n = 1 radial magnetic field during the
execution of compass scan tests in a IP = 0.75 MA, BT = 0.5 T Ohmic plasma scenario in MAST-U (on the left) and in a IP = 1.8 MA,
BT = 2.1 T Ohmic plasma scenario at JET (on the right).

time is set up earlier on, at t = 0.35 s, as in the discharge
plotted in red, the locked mode is not triggered, rendering the
experiment useless.

It is important to stress that the non-disruptive compass
scan relies on an accurate detection of the magnetic island
onset. The detection of magnetic island, standardly based on
magnetic field measurements, is expected to be one of the
main metric in the disruption prediction algorithm, and as such
would be available in early device operations. However, dur-
ing the non-disruptive compass scan tests, a procedure that
allows magnetic measurements to be compensated from the
external magnetic fields induced by the EF actuators, needs
to be applied to guarantee a robust and high fidelity mode
detection. For this purpose, studies have been carried out at
JET to define new locked mode detectors for initiating the
magnetic island healing as reported in [22]. Thanks to their
simplicity and robustness, such locked mode detectors can be
straightforwardly applied in the ITER plasma control system
and be exploited during EF detection pulses scheduled in the
first ITER plasma operations.

The non-disruptive compass scan method necessitates the
enhancement of functionalities in the real-time control sys-
tem compared to the conventional compass scan for accur-
ately detecting the locked mode and initiating asynchron-
ous EF current/density control. Nevertheless, it offers sev-
eral advantages. Firstly, it prevents plasma disruption, and
secondly, it reduces the required number of pulses for EF

identification. The limitation on the number of compass scan
tests during the plasma current flat-top phase is primarily dic-
tated by the available solenoid flux, contrastingwith disruption
events.

3. Modelling of magnetic island healing

In this section, the magnetic island mechanism has been mod-
elled to improve our understanding on the required density
increase and to explain the experimentally observed beha-
viour. For these purposes, the RFXlocking cylindrical code
[25] has been used. It has been adapted to JET geometry by
taking an effective cylindrical minor radius a = aJET√κ, with
aJET = 1 m, κ = 1.6, and by considering the magnetic bound-
ary made up of two thin shells: the vacuum vessel located at
rν = 1.3a, with time constant τν = 3ms, and the support struc-
ture at rb = 1.7a, with τ b = 30 ms, as in [26]. The EFCC set,
placed at rc = 1.8a, is also included.

Given the low-β Ohmic regime under consideration, the
equilibrium is set using a zero-pressure and a general-
ized Wesson-like current profile µ0J0(r) = σ(r)B0(r), with
σ(r) = 2((1 − (r/a)α1)α2/R0 q(0), µ0 the magnetic permeab-
ility, J0 the equilibrium current density, R0 the major radius,
q(0) the on-axis safety factor [27]. By taking α1 = 2.8, α2 = 5
we get a tearing-stable equilibrium, suitable to simulate the
locked mode formation by EFCC.
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Figure 3. Time behaviour of (a) plasma current, (b) outboard
midplane poloidal/radial magnetic field and (c) density of DIII-D
non-disruptive compass scan test performed in DIII-D.

The radial profile of the complex radial field harmonic ψm,n

(r, t) ≡ −i r bm,n r (r, t) related to the m = 2, n = 1 magnetic
island is computed by solving Newcomb’s equation where
bm,n r is the radial magnetic field of the m, n mode, includ-
ing the effects of the external passive and active conductive
structures. In particular, the radial magnetic field diffusion
across the two shells is described by the thin-shell dispersion
relation [28].

Regarding the physics at the q = 2 surface (located at
0.86a) two distinct regimes are assumed: (i) the linear viscous-
resistive-regime [29], to simulate the penetration at the q = 2
surface of the EFCC magnetic perturbation, starting from a
tearing-mode-free plasma. The resistive diffusion time τR is
computed by Spitzer resistivity with a neoclassical correction
(τR ≈ 1 s), (ii) the Rutherford non-linear regime, to simulate
the subsequent evolution of the width of the locked magnetic
island thus formed. In the Rutherford regime, the island phase
is evolved by assuming the island to be frozen within the elec-
tron fluid at the q = 2 surface (no-slip constraint). In turn, the
electron velocity is obtained by adding the diamagnetic drift
to the ion (single-fluid) velocity.

In particular, the ion velocity is the solution of single-fluid
toroidal and poloidal motion equations, similar to those con-
sidered in [28]. They include: (i) the electromagnetic torque
(EM) developed by the interaction between the magnetic
island and the external conductive structures; (ii) the viscous
torque produced by the kinematic perpendicular viscosity v
and the fluid motion; (iii) a phenomenological poloidal flow
damping term; (iv) a phenomenological momentum source.
The perpendicular viscosity is quantified through the viscous
diffusion time τ v = a2/ν, taken of the same order of the estim-
ated energy confinement time τE (τE ≈ 0.2 s).

The basic simulation is displayed in figure 7. In the visco-
resistive regime, as the current in the EFCC is ramped up
(black trace figure 7(a)), a magnetic island begins to form, due
to the finite resistivity which allows the change of the topology
of the magnetic surfaces. However, in the terminology of [29],
it is a ‘suppressed island’, not subjected to the no-slip con-
straint. At about 1 s a sharp increase of the island width
is observed: this marks the mode-penetration, which means
that the island enters the non-linear regime subjected to the
no-slip constraint and locked to the external magnetic field
perturbation.

The EFCC current is then kept at a finite value to mimic the
presence of an intrinsic residual EF. In the non-linear regime
the island width saturates at W/a ≈ 0.06 (figure 8(a) blue
trace), though the underlying equilibrium is tearing stable. The
island phase φW, reported in black in figure 8(b), promptly
reaches a stationary value, but a finite shift∆φ with respect to
the EF phase φEFCC is observed (red trace, same figure).

This shift is required by the balance, in stationary con-
ditions, between the EM torque produced by interaction of
the island with the EF, and the viscous torque due to the
fluid motion, which acts to drag the island. Schematically, the
torque balance for a locked island can be written as

const× |IEFCC2,1 |W2 sin(∆φ) =−ρvω0, (1)

where ρ is the mass density, and ω0 the angular frequency of
an island rotating with the unperturbed fluid (i.e. under zero
EM torque) at the q = 2 surface. In this expression, IEFCC2,1

is the value which simulates the presence of the residual EF.
In equation (1) the left-hand side describes the EM torque,
whereas the right-hand side represents the viscous torque.
The constant in the left term incorporates various equilibrium
dependent quantities.

For fixed values of IEFCC2,1 and W equation (1) shows
that |∆φ| tends towards π/2 as the magnitude of the viscous
torque (the right-hand side) increases. At |∆φ|= π/2 a further
increase of the viscous torque prevents the possibility of sat-
isfying the torque-balance condition, hence the island unlocks
and begins to rotate. Therefore, increasing the plasma density,
i.e. ρ, is a recipe to spin-up a locked island and stabilizing it,
if ν and ω0 do not decrease.

This method has been experimentally tested and interpreted
by simulations in [17]. Here, we try to go deeper in the mech-
anism responsible of the island spin-up and subsequent stabil-
ization. A set of simulations are then performed by increasing
the density, after the locked island has formed, while keeping
ν and ω0 unaltered. The effect of increasing ρ by 5%, 10%
and 25%, from t = 2 s onwards, is reported in figure 8. A
5% increase is not enough to unlock the island. But, above
a 10% density increase the island spins-up after reaching the
critical value |∆φ| = π/2 (figure 8(b)). At the same time, the
width decreases up to the complete disappearance of the island
(figure 8(a)), due to the fact that rotation suppresses the EF
destabilizing effect.

The assumption of keeping ν andω0 constant while increas-
ing the mass density is justified by experimental analyses.
Indeed, a dependence of the rotation profile on density is only
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Figure 4. Time behaviour of (a) plasma current, (b) plasma density, (c) compensated n = 1 radial magnetic field during and (d)–(e)
magnetic spectrograms of non-disruptive compass scan tests in the IP = 1.8 MA, BT = 2.1 T Ohmic plasma scenario at JET where magnetic
island healing has been achieved by gas puff (in black) and by pellet injection (in red).

observed in the core region, during the non-disruptive compass
scan experiment, while at the q= 2 surface the profile remains
unaltered. Moreover, the energy confinement time does not
vary while changing the plasma density. This suggests that the
plasma is in the saturated Ohmic regime [30], thus the kin-
ematic viscosity v ≈ a2/τE can be kept constant with density.

These modelling insights are in good agreement with the
JET experimental results reported in figure 4 and similar stud-
ies performed with the TM1 code, described in [17]. They also
suggest that a faster density increase, as the one obtained by
pellet injection, guarantees a quicker magnetic island healing.

4. Development of controllers for EF identification
in ITER

In preparation to the execution of the non-disruptive compass
scan method in the first plasma ITER operations, a series of
real-time algorithms are being finalized, i.e. the locked mode
detector and the asynchronous control of current in the EF
actuators and plasma density.

The locked mode detector aims at identifying non-rotating,
non-axisymmetric magnetic field perturbations associated
with the onset of a locked mode and relies on a wide cov-
erage of magnetic field sensors available in ITER [31], such
as the 9 MHD saddle coils, which measure the normal mag-
netic field component and are evenly spaced and located in
each sector of the machine, external to the vacuum vessel, and

the 18 high-field tangential pickup coils, which measure the
local tangential magnetic field component and are deployed
on the inner surface of the vacuum vessel.

During EF identification studies, the magnetic field meas-
urements used in input to the real-time detector shall be com-
pensated by the external magnetic field induced by the EF
actuators in order to guarantee a reliable and robust detec-
tion of the locked mode formation. As documented in [22],
an ad-hoc locked mode detector algorithm, based on com-
pensated magnetic field measurements, has been designed and
successfully tested at JET and paves the way for its exploita-
tion in ITER and beyond.

When executing the non-disruptive compass scan exper-
iments, the locked mode detector has the primary role of
enabling the control actions for magnetic island healing which
is achieved by the asynchronous EF current and density con-
troller. Such a controller, as the locked mode formation is
detected, requests a prompt reduction of current in the EF actu-
ator and simultaneously a density rise allowing the magnetic
island stabilization.

In preparation to ITER experiments, the proportional-
integral (PI) current regulator designed for the Engineering
Operation of the EFCC system [32], the primary system for EF
control, has been tuned to meet specific requirements. Indeed,
effective EFCCs is achieved by effectively tracking the cur-
rent ramp-up waveforms in the EFCC until the locked mode is
detected. Then the current in the coils shall be discharged as
fast as possible, by also minimizing the current undershoots.
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Figure 5. Time behaviour of (a) plasma current, (b) plasma density,
(c) compensated n = 1 radial magnetic field during the execution of
the non-disruptive compass scan tests in the IP = 1.8 MA,
BT = 2.1 T Ohmic plasma scenario at JET where 7 Hz for 0.8 s (in
black) and 14 Hz for 2 s (in blue) pellets have been injected to heal
the magnetic island.

This performance is the result of fine-tuning the PI gains,
with the optimal set having a proportional gain of 1 and an
integral gain of 0.15, as depicted by behaviour of modelled
EFCC current shown in black in figure 9(a). It is noteworthy
that utilizing a non-optimal gain set, as indicated by the red
curve in the same figure, introduces undesirable EFCC current
oscillations.

As the current in the EFCCs is discharged, the asynchron-
ous controller allows an increase of density, which will be
achieved in ITER by pellet injection because of the faster dens-
ity response.

The level of density increase needed to heal the magnetic
island is not known at present, given the EF sources still
need to be determined. However, an assessment of the dens-
ity raise associated with pellet injection has been carried out
by ASTRA code [33], complemented with SMARTmodelling
[34] to simulate the high field side pellet injection from the
equatorial location.

Such a study has been carried out considering the low dens-
ity Ohmic current flat-top phase of Ip = 5 MA, Bt = 2.65 T
ITER scenario for various basic sizes of pellets assumed for
ITER. The simulated behaviour of plasma density in presence
of a single and multiple pellet injection at different sizes is
reported, as an example, in figures 9(b) and (c). Note that the
relative increase of plasma density depends on the pellet size.
Indeed, it is possible to increase plasma density by 40% by
injecting one medium-size pellet (90 mm3) or by injecting

Figure 6. Time behaviour of (a) plasma current, (b) plasma density,
(c) compensated n = 1 radial magnetic field during the execution of
non-disruptive compass scan tests in the IP = 0.75 MA, BT = 0.5 T
Ohmic plasma scenario in MAST-U.

multiple smaller pellets. Note the study of multiple large pel-
let injection (90 mm3) has not been reported because after the
second pellet arrival, the density will exceed the Greenwald
limit. The injection of multiple pellets is the preferable option
to increase the pellet injector reliability.

5. EF control in low density, low torque ITER
relevant regimes

Experiments on model-based EF control [10, 13, 20] rely on
an accurate understanding of the spectral composition of the
intrinsic EF, from which an assessment of the best strategy for
correction can be designed based on how 3D fields couple to
the plasma. To contribute on the identification of the optimal
EF correction approach towards ITER operation, EF control
studies have been carried out in ASDEX-Upgrade in chal-
lenging ITER relevant regimes: the low torque, low density
Ohmic plasma scenario.

ASDEX-Upgrade is the suitable test-bed experiment for
conducting this type of study. On one hand, it is character-
ized by the presence of an the intrinsic EF source, due to the
feedthroughs of the poloidal field coils, which are located on
the upper and lower part of the tokamak and toroidally local-
ized at around ϕ = 320 deg [35]. On the other hand, ASDEX-
Upgrade is equipped with an EF correction coil, known as
the B-coil set, consisting of 8 coils located above (BU) and 8
coils below (BL) the device midplane. These coils are internal
to the vacuum vessel and powered by independent power
supplies [36].
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Figure 7. (a) Time evolution of EFCC current (in black) and normalized island width (in blue). The evolution is dictated by the
visco-resistive regime in the time interval highlighted in green, while by the Rutherford regime after mode penetration, which occurs at
about 1 s. In this regime the EFCC current is kept at a finite value to mimic the presence of an intrinsic residual EF. (b) Island phase velocity
(in black) and ∆φ, the difference between the island and EF phases, (in red), in the Rutherford regime.

Figure 8. (a) Time evolution of EFCC current (in black) and normalized island width (in blue) and (b) ∆φ, the difference between the
island and EF phases (in red) for different values of mass density.

To identify EF correction recipes, two codes have been
applied and tested: the CAFE code, which is a purely
electro-magnetic field model, which includes the poloidal
field coils systems and the presence of their feedthroughs
[37, 38], and the MARS-F code, which is able to calculate the
response of the plasmas to the known intrinsic EF source [39].
Plasma response effects including poloidal mode coupling and
field amplification are indeed key elements in quantitatively
determining the penetration threshold and optimal correction
of EFs [10, 13].

The criterion adopted for EF correction was based on
the full cancellation of the normal magnetic field amplitude
aligned with the pitch of the field lines at the q = 2 surface,
both in vacuum approximation, so deduced by CAFE model-
ling, and including the plasma response, obtained by coupling
CAFE with the MARS-F code.

These model-based EF correction recipes have been tested
in IP = 0.8 MA, BT = 1.5 T plasmas in the low density

regime, and explored by ramping down the density, to mimic
the first ITER operation at low-plasma rotation. The metric
that has been used to judge the efficiency of the EF correc-
tion recipe is the achievement of a lower density level with
respect to the reference discharge, while avoiding the plasma
disruption.

Figure 10 represents thee similar plasma discharges where
no EF correction has been applied (in red) and where vacuum
(in green) and plasma response (in cyan) EF correction
currents have been tested in feedforward from t = 1 s.
Consistentlywith previous findings [10, 19, 40], the EF correc-
tion strategy that does not neglect the response of plasma to the
applied EF performs better, allowing to access the operation
at lower densities than otherwise in ASDEX-Upgrade. This
method of correction, however, requires the full knowledge of
the EF source. It is crucial for the early ITER operation to pri-
oritize the validation of the EF model. This can be achieved
through laser tracking, digital photogrammetry methods, and
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Figure 9. Time evolution of (a) prescribed trajectory (in orange) and simulated n = 1 EFCC current when using the optimal PI gain set (in
black) and non-optimal one (in red) and (b)–(c) plasma density from ASTRA modelling predictions in presence of single and multiple pellet
injections at various sizes of pellet in the Ip = 5 MA, Bt = 2.65 T divertor ITER scenario.

EF identification studies outlined in section 2, to ensure a con-
fident application of EF correction.

Once the source geometry of the intrinsic EF is fully
known, it needs to be implemented in a 3D electro-magnetic
code, and complimented with plasma response modelling,
making it more challenging to provide real-time correction
by this method. For this reason, in present fusion devices EF
correction currents are pre-calculated before experiments and
applied in a feedforward manner. However, upcoming tests
aim to advance this approach by integrating it into a real-time
feedback scheme.

It is worth reporting that the same of EF correction
approach has been also adopted recently in the high-beta
regime, as documented in [21], improving the achievable βN

by 10%.

6. Conclusions

In this work, robust and reliable methodologies that should
be adopted for identifying and correcting EF sources in ITER
have been presented, considering cross-machine studies car-
ried out in ASDEX-Upgrade, DIII-D, JET and MAST-U.

This set of experiments (i) shows that the non-disruptive
compass scan method is a valuable alternative to the conven-
tional compass scan, permitting the minimization of disrup-
tion risk, by achieving the magnetic island healing, and the
optimization of the experimental time, allowing more than one
EF identification test in just a single discharge as the solenoid
flux allows, (ii) provides a series of lessons learn/insights that
would be of primary importance for ITER commissioning,
such as the careful optimization of pellet injection settings
to guarantee an effective magnetic island stabilization, (iii)
motivated the development of controllers, such as new detect-
ors for locked mode and the asynchronous EF current/dens-
ity controller by pellets, and the establishment of workflow
strategies for calculating model-based correction strategies
that, thanks to their portability, can be transferred to ITER and
to next step fusion devices.

In preparation to EF identification and control experiments
related in ITER, it is essential to allocate dedicated efforts
in the coming years to acquire knowledge of intrinsic EF
sources using laser tracking and photogrammetry techniques.
Additionally, there is a need for the development and test-
ing of EF control metrics aimed at reducing rotation brak-
ing. In ITER, unlike contemporary medium-sized devices
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Figure 10. Time behaviour of (a) plasma current, (b) density, (c) n = 1 Br amplitude in three similar Ip = 0.8 MA, Bt = 1.5 T Ohmic
discharges performed in ASDEX-Upgrade where the low density regime prone to a locked mode has been explored (red, reference) and
model-based vacuum (in green) and plasma response (in cyan) EF correction strategies have been tested. (d) Distribution of B coil
correction currents as foreseen by vacuum modelling (in green) and including plasma response (in cyan). The symbols have been used to
distinguish the current level in the upper and in the lower B coil rows.

where rotation is primarily induced by neutral beam injec-
tion, the plasma inertia will be significantly larger. However,
the torque increase, at best, is only marginal. This results in a
low rotation regime, offering less effective shielding of EFs.
Consequently, the plasma scenario becomes more susceptible
to locked modes and plasma disruptions.

In this context, the design of the ITER plasma control sys-
tem assumes significant importance. This is because the EFCC
and the ELM coil systems in ITER serve several purposes.
They are not only employed for EF minimization but also play
crucial role in ELMand neoclassical tearingmode control. The
latter involves locking the magnetic island by applying a proxy
EF in front of the electron cyclotron launcher, as recently pro-
posed in [41]. Consequently, the development of a set of real-
time flexible functionalities becomes imperative to effectively
orchestrate the same actuators for multiple purposes based on
the plasma state.
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