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Abstract

Previous experiments in DIII-D (Paz-Soldan et al 2022 Nucl. Fusion 62 126007) introduced a
method to identify intrinsic error fields (EFs) in tokamaks with minimal disruption risk by
promptly healing driven magnetic islands during the conventional ‘compass scan’. This paper
presents recent experimental and numerical advancements in extending this approach to low gos
plasmas, and projects its applicability to ITER. Non-disruptive EF measurement is achieved at
qos = 4.5 and 3.9 without any initial EF correction (EFC) by reducing the time between the
occurrence of the locked mode (LM) and control action to 10 ms and increasing the density
50%-100%. However, 50% correction of the intrinsic EF is required to achieve island healing at
qos = 3.2 with 10 ms delay for the control action. Nonlinear two-fluid modeling with the TM 1
code reproduces the DIII-D experimental observations, indicating that promptly turning off the
3D coil current reduces both magnetic island width and electromagnetic force, while raising the
density increases plasma viscosity, facilitating magnetic island healing. The simulations show
that for scenarios with ggs = 3.2, lowering the control action time to 5 ms will lead to island
healing without EFC. TM1 simulations are extended to future ITER scenarios with 5 MA and
7.5 MA plasma currents, predicting the dependence of required density rise on action time and
EF amplitude. These simulations indicate that, benefiting from the much longer resistive time,
island healing can be successfully achieved in ITER when taking control action 100-500 ms
after a LM occurrence.
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1. Introduction

Intrinsic error fields (EFs), arising from imperfections in
magnetic field-coil manufacture and assembly, have been
a concern in tokamaks since the 1970s [1-7]. These EFs,
often with magnitudes as small as one part in 10* of
the toroidal field, can detrimentally affect plasma rotation,
confinement, and even trigger disruptions by inducing locked
magnetic islands [8—13]. To mitigate these effects, toka-
maks are equipped with EF correction coils (EFCCs) [3],
designed to trim the non-axisymmetric field and counteract the
intrinsic errors, particularly that driving magnetic island at the
m/n = 2/1 (where m and n are the poloidal and toroidal mode
number) rational surface. The key element for the correction
of intrinsic EFs is its measurement, which informs the current
waveform (including amplitude and phase) for the EFCCs in
the experiment operation.

In recent decades, various plasma-based techniques have
emerged for empirically measuring the intrinsic EFs, includ-
ing: (1) the ‘compass scan’, which involves ramping up EFCC
current to induce magnetic islands at different toroidal phases,
allowing derivation of EF amplitude and phase. Widely adop-
ted in tokamaks worldwide, this method is a staple in EF
measurement [2, 8, 10, 11, 14-19]. (2) Electromagnetic (EM)
torque balance on a saturated island [20-22], which inter-
acts the magnetic island using low-frequency EFCC cur-
rent, revealing the intrinsic EF information through the island
dynamic. (3) Plasma response-based optimization [15, 23-26],
which assesses rotation braking by adjusting EFCC current
to achieve maximal angular momentum. While robust, these
methods face challenges in early tokamak operation, espe-
cially for ITER, due to the need for either producing disruptive
island and or precise plasma diagnostics. Developing a non-
disruptive EF identification strategy, requiring minimal dia-
gnostics and actuators while remaining reliable for low gos
values down to 3, is thus imperative.

Recent DIII-D experiments [27] have demonstrated an
improved compass scan approach for non-disruptive EF meas-
urement, utilizing only magnetic diagnostics and asynchron-
ous control of the EFCCs along with a density actuator (gas or
pellets). This method employs prompt healing of the magnetic
island to minimize the disruption risk, achieved by swiftly
turning off EFCC current to eliminate the drive for the locked
magnetic island, and concurrently increasing density via gas
puffing to stabilize it. These actions, integrated into the plasma
control system (PCS), are activated promptly upon detection
of the magnetic island. Furthermore, successful replication of
this technique in MAST-U and JET [28] confirms its robust
applicability across different devices. However, extrapolat-
ing this method to ITER necessitates addressing several chal-
lenges outlined in [27], including (1) operating at lower edge
safety factor (qgs ~ 4.5 compared to ITER’s gg5 ~ 3.0), (2) EF
correction (EFC) was performed in the demonstration experi-
ment, but the inability to fully correct the intrinsic EF during
early tokamak operation, and (3) potential differences in the
growth timescale of locked magnetic islands in ITER com-
pared to recent devices. Addressing these challenges requires
further experiments on existing recent devices to inform the

first two questions, while nonlinear modeling, validated by
recent experiments, can aid in resolving the third question.

In this work, experiments are performed in the DIII-D toka-
mak to extend the non-disruptive EF measurement method to
qos as low as 3.2. The investigation examines the sensitivity to
varying degrees of EFC and the timing of actions to deactivate
EFCC current and initiate gas puffing upon island detection
across different ggs values. The experimental results indicate
the method’s viability without EFC for g¢s = 4.5 and 3.9, with
corresponding action times of 200 ms and 10 ms, respectively.
However, for g9s = 3.2, effectiveness is observed only with
50% EFC and 10 ms action time. Nonlinear MHD simulations
conducted using the TM1 code [29-31] offer insights into
experimental observations, demonstrating that promptly deac-
tivating EFCC current diminishes island drive and EM force,
while increased density enhances plasma viscosity, facilitat-
ing magnetic island healing. By using the experimental equi-
librium and profiles, the modeling consistently simulate the
required density for island healing. The simulations predict
that reducing the control action time to 5 ms could achieve
island healing without EFC for g9s = 3.2. Based on these
consistencies with DIII-D experiments, the TM1 simulations
are extended to ITER 5 MA and 7.5 MA plasmas to project
the feasibility of this method. Simulations project successful
island healing with control action taken 100-500 ms post-LM
penetration and density increased by 100%. The organization
of this paper is as follows: section 2.1 introduces the exper-
imental setup, and section 2.2 presents the experimental res-
ults. Section 3 presents the nonlinear modeling for the DIII-D
experiment. The predictions of this method for ITER 5 MA
and 7.5 MA plasmas are introduced in section 4. Finally,
section 5 contains concluding remarks and a summary of key
findings.

2. Experimental results

2.1. Experimental setup

The DIII-D experiments detailed in this study extend the
non-disruptive EF measurement method to gos values as low
as 3.2, building upon the discharge initiated in [27]. The
DIII-D Ohmic discharges presented here are configured in an
upper single null configuration as shown by the poloidal cross
section of plasma shape in figure 1(a), with major and minor
radii of R = 1.7 and a = 0.6 m, respectively. The plasma
current is held constant at 0.8 MA, while the toroidal field
is systematically adjusted from B; = 1.4 T to 1.0 T, result-
ing in decreasing ggs values from 4.5 to 3.2. Figures 1(b)—(d)
shows the profiles of safety factor g, electron density and tem-
perature measured by Thomson Scattering [32] for the Ohmic
plasmas, with a core line-averaged density of 1.5 x 10! m—3
prior to the compass scan. The 2/1 rational surface shifts from

N = 0.69 to 0.8 as gos5 deceases from 4.5 to 3.2. The in-
vessel coils [33], consist of a lower row (IL) and an upper
row (IU) as shown in figure 1(a), are configured to generate
n = 1 non-axisymmetric magnetic perturbations for both EFC
and compass scan procedures. The toroidal phase difference
A®yr, = 240° between the IU and IL coil currents is used to
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Figure 1. Equilibrium and profiles of target plasma in terms of (a)
poloidal cross-sections of plasma shape and the 2/1 magnetic island
for gos = 3.2, profiles of (b) safety factor g, (c) electron density and
(d) temperature for gos = 4.5, 3.9 and 3.2, and (e) the plasma
toroidal rotation. Here, the I-coils (IL, IU) and Gas puffing location
are shown in (a), and the dotted lines in (b)—(e) indicate the

m/n = 2/1 rational surface.

achieve optimal resonant coupling with the plasma. The LM
signal, monitored by saddle loop coils, is integrated into the
PCS to enable real-time LM detection. In addition, the core
line-averaged electron density, measured via interferometer
[34], is fed into the PCS for the feedback control of density
rise through adjustments to the gas puffing rate. The location
of D, gas puffing is shown in figure 1(a).

Figure 2 illustrates the temporal evolution of shot 194597,
showcasing the key elements of the non-disruptive EF meas-
urement process. Shot 194597 is areproduction of shot 178328
from [27], with go5 = 4.5, except for the deactivation of EFC,
denoted by Iggc = 0 in figure 2(a). In DIII-D, the initial
guess of EFC is from an empirical PCS algorithm [17], and
the required I-coil current for EFC is approximately 0.9 kA
at —55° as illustrated in figure 7. For clarity, the I-coil cur-
rent is segmented into two components: one dedicated to EFC
and the other for generating resonant magnetic perturbation
(RMP) used in the compass scan, though the applied spectrum
of both components is the same. The fundamental concept
underlying the non-disruptive EF compass scan entails the
following steps: (1) upon surpassing a threshold, the linearly
increasing RMP current (I/gpmp in figure 2(a)) initiates the first
LM penetration, evident from the rapid rise in the LM sig-
nal 0By depicted in figure 2(b). (2) The PCS automatic-
ally identifies LM occurrence when its amplitude (dByy;) sur-
passes the default threshold (6Bpmm). (3) Following a time
delay (Zgelay) post-LM detection (Zgelay = 200 ms in this case),
the PCS undertakes actions to avoid LM: it promptly ceases
the RMP current to eliminate the LM drive (as depicted in
figure 2(a)), while concurrently activating gas puffing to elev-
ate density in accordance with the feedforward target density
(figure 2(c)). Here, the delay time #gelay > O is necessary to
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Figure 2. Time history of shot 194597 showing successful island
healing with density increase and without EFC. (a) I-coil current for
EFC and RMP, (b) LM signal and threshold for detecting it in PCS,
(c) line-averaged density and feedforward target density, (d) gas
puffing rate, and (e) time evolution of the poloidal magnetic
perturbation in the toroidal array showing the onset and healing of
LM.

avoid the uncertainty in detecting the LM onset via magnetic
diagnostics. The augmented density stabilizes the LM, result-
ing in a ~50% density rise at t = 2.25 s, accompanied by com-
plete island healing. This intervention effectively avoids the
LM island, evident from the d By evolution (figure 2(b)) and
poloidal magnetic perturbation 0B, (figure 2(d)). Following
island healing and plasma recovery, the process is iterated for
a second compass scan. Notably, the LM undergoes a slight
phase shift and locks to the EF upon RMP current cessation,
as illustrated in the 2D contour plot of the LM poloidal mag-
netic perturbation (figure 2(e)).

Figure 2 clearly demonstrates the suitability of this method
for early tokamak operation, as it relies solely on basic dia-
gnostics and actuators, encompassing magnetic and density
measurements, as well as gas puffing or pellets. To under-
score its robustness for ITER-relevant gos5 values (/3.2), we
extend this method to lower gos values in the subsequent sub-
section. Through comprehensive scanning of parameters such
as delay time (Zgelay), magnitude of density rise, and EFC
fraction, non-disruptive EF compass scans are extended to
qos = 3.2.

2.2. Non-disruptive EF measurement at lower qgs

Challenges escalate when extending this method to lower gos
plasmas due to faster growth and larger ultimate width of
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Figure 3. The 2/1 LM island grows faster and larger at lower gos.
Time evolution of (¢) RMP current for compass scan, and (b) the
derived 2/1 magnetic island width for gos = 4.5 (blue), 3.9 (red) and
3.2 (black). Here, the data of shot 194598 and 194605 are from the
second compass scan, Ar = 0 corresponds to the time of LM
occurrence.

the 2/1 LM island. Figure 3 illustrates the temporal evolu-
tion of the RMP current alongside the derived m/n = 2/1
LM island width for discharges across various ggs values.
Here, the island width is derived from measured radial mag-
netic perturbations and the equilibrium using the formula
W = 4(LgrsdB./mB))"> [9], where Ly = Rq’/ryq’ represents
the magnetic shear length, ry denotes the minor radius of the
2/1 rational surface, ¢’ = dg/dr, and 6B, and B; corresponds
to measured radial magnetic perturbation and equilibrium tor-
oidal field, respectively. Subsequently, the derived magnetic
island width is normalized to the normalized poloidal flux
1N. For shot 194597 with gos = 4.5, the 2/1 magnetic island
width (referred to as Wy;;) grows and saturates at 12% of the
normalized poloidal flux within ~70 ms. Remarkably, even
without control intervention, it does not culminate in a major
disruption [1], as evidenced by the second compass scan in
figure 2. Conversely, for shot 194605 with g9s = 3.9, Wy
grows to 0.15¢yN in =60 ms, subsequently leads to major
disruption. Moreover, in shot 194598 with ggs = 3.2, Wy
grows even faster and larger, reaching 0.2y in around 50 ms.
The accelerated growth of the 2/1 LM in shot 194598 causes
plasma disruption much earlier than the initiation of con-
trol action with #4e1,y = 200 ms. Notably, Wy, exhibits addi-
tional rapid expansion post-saturation but before disruption for
qos = 3.9 and 3.2, likely attributed to the emergence of addi-
tional LMs via mode coupling [35, 36].

It is crucial to initiate the control action as early as pos-
sible for effective island healing, as depicted in figure 4. The
delay time since LM occurrence is systematically varied from
200 ms to 8 ms for ggs = 3.2, with the fraction of EFC ranging
from 100% to 75%, and its impact on island healing and dens-
ity rise is illustrated in figure 4. Results demonstrate that when
the delay time exceeds 10 ms, island healing becomes unat-
tainable due to the substantial growth of the 2/1 LM island,
leading to significant density pump-out [31, 37] and impeding

194598: td =200ms_:
elay
194599: t =30ms
delay

194600: t =15ms
delay

OEMI.[*.LL.un_IlL:JL.AALuIJ._. 1

R o 1 L B o e e e e L B Jmam e e

3-(b) -

Figure 4. The island healing is sensitive to the delay time at low gos.
Time history of the (a) 2/1 LM island width, and () line-averaged
density for gos = 3.2 with fgelay varied from 200 ms to 8 ms. Here,
the dotted curves in (b) indicate the target density.

density rise, as exemplified by shot 194600 in figure 4(b), des-
pite the discharge sustaining for over 300 ms post-LM occur-
rence. Conversely, for 4y < 10 ms, island healing is suc-
cessfully achieved, necessitating a 65% density rise in 194601
with fgelay = 10 ms, and no obvious density rise in 194603
with #4¢1ay = 8 ms. The disparity in the time evolution of island
width and density in figure 4 unveils the distinct roles of turn-
ing off RMP and density rise: (1) immediately turning off
RMP removes the drive for the LM island growth, resulting in
a smaller saturated island width. Notably, the primary cause
of island healing in shot 194603 is this effect, as the dens-
ity rise responds too slow to influence it. (2) Owing to the
delayed transport time of gas puffing, the density rise com-
mences stabilizing the LM 50-100 ms post- action, with a fur-
ther ~100 ms typically required for complete island healing,
as evidenced by shot 194600.

The density rise required to heal the LM island is con-
tingent upon the EF amplitude (or EFC fraction), as demon-
strated in figure 5 for gos = 3.9. In DIII-D, the default cur-
rent and phase for EFC are implemented in the PCS based on
previous systematic studies [17], with the EFC fraction being
adjustable. In shot 194605 with 50% EFC, the control action
is on with Zgelay = 20 ms and 71 gareer = 2.5 x 10" m™3 upon
LM detection. Promptly turning off the RMP current results
in the slow rotation of the 2/1 LM, depicted in figure 5(c),
with the ensuing density increase further hastening its rota-
tion (At = 0.15-0.2 s). Ultimately, island healing is real-
ized at At = 0.21 s when the density is augmented by 50%.
Conversely, shot 194608, devoid of EFC, initiates the control
action with Zgely = 10 ms and ne areee = 3 x 10" m™3. The
overall evolution of the island width is same as that of shot
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Figure 5. The required density rise depends on the fraction of EFC.
Time history of the (a) 2/1 LM island width, and () line-averaged
density and target density (dotted lines) for shot 194605 with 50%
EFC and 194608 without EFC. 2D contour plot of the poloidal
magnetic perturbation around island healing for (c)

194605 and (d) 194608. Here, gos = 3.9, tgelay = 20 ms and

Negarget = 2.5 % 10" m™ for shot 194605, and gelay = 10 ms and
Negarger = 3 x 10" m™ for shot 194608.

194605, except the 2/1 LM shifts its toroidal phase slightly
and locks to the EF without rotating until final vanishing as
shown in figure 5(d). Complete island healing is accomplished
at At = 0.202 s with the density increased by 72%. For com-
parison, to attain island healing at gos = 3.2, a 65% density
increase is required for 100% EFC, and 78% for 50% EFC.

Island healing is realized at the three distinct gos values
through the optimization of the delay time and density rise,
elucidated in figure 6. Specifically, island healing is robust for
gos = 4.5 and 3.9 without EFC, necessitating a density rise of
around 50%, with corresponding #gelay of 200 ms and 10 ms,
respectively. For ggs = 3.2, island healing is attainable only
with no less than 50% EFC, a delay time of approximately
10 ms, and a minimum 65% density rise. Building upon the
insights from shot 194603 (depicted in figure 4), we anticipate
that complete island healing can be achieved without EFC by
decreasing fgelay to ~5 ms with a >60% density rise, although
experimental demonstration is pending. Subsequently, we sub-
stantiate this projection through nonlinear modeling.

Based on the aforementioned scans, the compass scan
has been successfully completed for plasmas with different
qos, providing valuable insights into the amplitude and phase
required to compensate the EF, as shown in figure 7. The I-
coil current trajectory and RMP threshold current (marked by
crosses), where LM penetration and magnetic island formation
occur, are plotted on a polar graph of amplitude and phase.
The starting points of the compass scan, indicated by solid
circles, represent fraction of EFCs applied (ranging from 0%
to 100%). The RMP threshold current is fitted to a circle on
the polar plot (black circles) with an 8% uncertainty margin,

T T T T T T
[ (@) a5 - 1
[ Ggs=4-5: WO EFC, t,_ =200 ms ]
4gs=3.9: WO EFC, 1, =10 ms ]
05=3.2: 50% EFC, t

delay= 10 ms ]

0 0.2 0.4 0.6 0.8 1
At (s)

Figure 6. Island healing is achieved at different gos. Time evolution
of (a) 2/1 LM island width, and () line-averaged density for
q95s =4.5,3.9 and 3.2.

while the grey circles represent a =10% deviation from the
fit. The centroids of these circles (denoted by black stars) rep-
resent the optimal I-coil current and phase required to correct
the intrinsic EF, which are found to be 0.873 kA at 125° for
qos = 4.5 in figure 7(a), 0.803 kA at 122° for g95 = 3.9 in
figure 7(b), and 0.635 kA at 114° for g9s = 3.2 (figure 7(c)).

The newly measured EF values are consistent with the
default EFC settings for gos = 4.5, as indicated by solid circles
with 100% EFC. However, a small deviation is observed for
qos = 3.9 (figure 7(b)), and a more significant 25% difference
is noted for gos = 3.2 (figure 7(c)). These discrepancies are
likely due to variations in the target plasma over the exten-
ded period of time [27]. Furthermore, discharges marked in
blue, red, and magenta demonstrate the successful completion
of two compass scan pulses within a single discharge, illustrat-
ing the potential to reduce the number of dedicated discharges
required for a full scan. Notably, at the lower ggs = 3.2, the
penetration threshold for the second compass scan is higher
(as seen in discharges 194603 and 194609 in figure 7(c)), due
to insufficient recovery of density after a larger gas puff. This
suggests that a longer time delay is necessary before initiat-
ing the second compass scan when significant gas puffing is
applied.

3. Non-linear modeling for DIII-D experiments

To understand the DIII-D experimental results outlined in
section 2, we use the TM1 code [29, 30] to simulate the EF
penetration and island healing in the DIII-D Ohmic plasma
with m/n = 2/1 helical magnetic boundary conditions. TM1
is a nonlinear two-fluid MHD code with cylindrical geo-
metry and circular cross-section. The details of the model are
introduced in [31], including the equations, assumptions and
limitations, its input and its output. Toroidicity and plasma-
shaping effects on the EF/RMP are introduced through the
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Figure 7. Compass scan results for EF measurement at (a) gos = 4.5, (b) go5 = 3.9, and (c) g95 = 3.2. The black, blue, red and magenta
solid circles are the start point with different fraction of EFC, and the trajectories of the I-coil current ends with the penetration threshold
marked by ‘X’ and ‘4. Fitting of these penetration threshold in black circle reveals the optimum current and phase to correct EF as marked
by ‘%’. Here, the ‘X’ and ‘+’ markers correspond to the first and second compass scan in a single discharge labeled in blue, red and

magenta color. The fraction of EFC is also labeled for the solid circles.

use of the toroidal ideal MHD code GPEC [38], which com-
putes the ideal MHD plasma response to the 3D vacuum field
and decomposes the total magnetic perturbation into helical
harmonics that serve as the boundary conditions for TM1.
Previously,TM1 has been utilized to model the EF penetra-
tion in TEXTOR [39] and DIII-D [35, 40], as well as RMP-
driven edge-localized mode (ELM) suppression in DIII-D and
KSTAR (31, 37, 41-43].

In this section, we focus on the DIII-D plasmas with
qos = 4.5 and 3.2 as our simulation targets, and the equi-
librium and profiles for the TM1 simulation and GPEC ana-
lysis are shown in figures 1(b)—(e). The plasma toroidal
rotation in figure 1(e) is adopted from another experiment
[44] with similar plasma parameters. The following trans-
port coefficients calculated by the TRANSP code [45] are
used p = y1 = 3D, = 1 m?> s7!, here y, . and D
are the viscosity, thermal and particle diffusivity. To model
the density rise, an additional time-dependent particle source
is implemented in the electron continuity equation, with the
assumption that density ramps to the target flattop within
approximately 150 ms of the control action initiation (based on
the behavior observed in shot 194608, as depicted in figure 5).
The time evolution of the change in the density profile from the
TMI1 simulation, illustrated in figure 8, aligns with the density
profile evolution characteristics observed with D, gas puffing,
as indicated by the black dotted curves from shot 194597 at
various time points.

TM1 simulations for shot 194597 with gos = 4.5 are shown
in figure 9. Ramps of the n = 1 RMP current at 40° are applied,
a static intrinsic EF is also included in the simulations with
0.89 kA at —55° (equivalent to experiential measurement) to
simulate shot 194597 without EFC. LM penetration occurs at
t = 0.37 s when the RMP current exceeds the threshold, as
illustrated in figure 9(c). The LM Island rapidly grows and
saturates at 13% of the minor radius in ~100 ms. Concurrent
with the LM growth, it leads to density pump-out (depic-
ted in figure 9(b)) and a rapid increase in EM force (shown
in figure 9(d)), resulting in plasma rotation deceleration and

Figure 8. TM1 simulated change in the density profile since the
control action is on. For comparison, the change in the density
profile at different time from shot 194597 are shown in black dotted
curves.

increased viscous force (as see in figure 9(e)). Here, the EM
force Fpm = ji x by, the viscous force Fvs = ppu V2, j
and b, represent the current density perturbation and mag-
netic perturbation [9, 46], respectively. At t = 0.57 s, 200 ms
after LM occurrence, the control action is initiated. This action
entails on the one hand, turning off the RMP current, which
diminishes the drive for LM island, evident from the rapid
drop in the island width. Concurrently, it reduces the EM
force exerted on the magnetic island, as indicated by the
decline in Fgy (figure 9(d)). On the other hand, the addi-
tional particle source is initiated with different target density
rise (0%—100%) scanned in the simulations. As plasma density
increases, plasma viscosity rises, leading to stabilizing effects
on the LM island, as evidenced by the decreased island width
(figure 9(c)). Island healing is achieved when the density rises
by more than 45%, consistent with DIII-D experimental obser-
vations marked in figure 9(b). Additionally, faster density rise
correlates with quicker island healing, due to the critical dens-
ity being reached sooner.
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Figure 9. TM1 simulations for shot 194597 with gos = 4.5, without
EFC and different magnitude of density rise. Time history of (a)
RMP and EF current, (b) line-averaged density, (c) 2/1 magnetic
island width, (d) EM force, and (e) viscous force. Here, negative
force means opposite to the direction of plasma rotation, and vice
versa.

TMI1 simulations for shot 194609 with go5 = 3.2 and 50%
EFC are shown in figure 10. The setup for the EF and RMP
current are same as figure 9 except the EF current is different.
The LM penetration occurs at ¢ = (.39 s, and the island width
grows rapidly and saturates at ~20% of the minor radius if
the control action is off. Then in the simulations, the control
action is turned on with 7gejay scanned from 160 ms to 4 ms,
and the target density is set to increase 110%. It is evident that
island healing can only be achieved when f4c1qy is 10 ms or
less, and quicker healing is observed with shorter fge1.y. For
tdelay = 10 ms, at the time of complete island healing, the
density is increased by 70%, consistent with the observations
from shot 194609 shown in figure 6. Moreover, the simula-
tions reveal that the required density rise is lower for shorter
Idelay» aligning with observations from shot 194603 shown in
figure 4. In cases where #gelay > 10 ms, the large LM island
leads to density pump-out, hindering the density from reach-
ing the target during the flattop, in line with observations from
figure 4. Simulations with the RMP turned off, but without
density rise, are depicted in dotted curves from comparison,
highlighting the stabilizing effect of density rise on LM heal-
ing. Besides, additional simulations are conducted for this
low g9s plasma without EFC, as shown in the blue curve in
figure 10. It predicts that island healing can be achieved at
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Figure 10. TM1 simulations for shot 194609 with 95 = 3.2, 50%
EFC and different delay time. Time history of (a) line-averaged
density, and (b) 2/1 magnetic island width. Here, #gelay is scanned
from 160 ms to 4 ms, and an additional simulation without EFC and
with fgelay = 5 ms is shown in blue curve. The dotted curves show
the simulations by turning off RMP at different #4e1ay but without
density rise.

q95 = 3.2 without EFC when an earlier control action is taken,
i.e. tgelay = S ms.

4. Projection for ITER early operation

Given the robustness demonstrated non-disruptive EF meas-
urement method across DIII-D [27], JET and MAST-U [28],
and the consistency between DIII-D experiments and TM1
simulations, it merits consideration to apply this method for
ITER’s early operation. In this section, we expand the TM1
simulations to ITER to investigate the viability of this method
for n = 1 EF measurement during the early operation with
I,=5MAandB,=18T,and I, =7.5MA and B, =2.65T.
Figure 11 shows the equilibrium and profiles utilized for the
simulations with ggs = 3.2 for both plasmas. The toroidal
rotation in figure 11(e) is predicted using ASTRA transport
simulations [47]. Specifically, for the 5 MA plasma, the rota-
tion profile is calculated assuming 20 MW of ECH and 10 MW
of NBI power, with a Prandtl number (Pr) of 0.3 and a ratio
of toroidal momentum to thermal confinement time (74/7g)
of 1. For the 7.5 MA plasma, it assumes 20 MW of ECH
and 33 MW of NBI power, with a Prandtl number of 0.3 and
T4/Te = 1. The plasma viscosity is then derived from the
assumed momentum confinement time (0.87 s for the 5 MA
plasma and 1.8 s for the 7.5 MA plasma), and the follow-
ing relation for the anomalous transport coefficients are used
u = x.1 = 3D, . Given the planned use of pellets injection
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Figure 11. Equilibrium and profiles for the ITER I, = 5 MA (blue)
and 7.5 MA (red) plasmas in terms of (a) poloidal cross-sections of
plasma shape and 2/1 LM island for I, = 7.5 MA plasma, profiles
of (b) safety factor ¢, (¢) electron density, (d) electron temperature
and (e) toroidal plasma rotation. Here, the dotted lines in (b)—(e)
indicate the m/n = 2/1 rational surface.

as the primary gas fueling in ITER [48], the density response
time is expected to be around 10 s ms due to its higher injec-
tion speed. For the ensuing simulation, it is assumed that the
density rise will approximate the target flattop in 1.0 s.

Figure 12 illustrates the TM1 simulations for ITER plas-
mas with /, = 5 and 7.5 MA. The RMP field follows a con-
sistent ramping rate, with a subsequent 0.5 s ramp-down when
the control action is initiated, as shown in figure 12(a). For
I, =5 MA, an intrinsic EF amplitude of 6B,/B = 0.8 x 10~
is applied, while for I, = 7.5 MA, it is reduced to 0.6 x 1074,
Compared to the initial value, the core line-averaged dens-
ity is increased by 100% in 1 s as shown in figure 12(b). For
I, = 5 MA plasma, due to the much larger resistive time, the
LM island takes more than 1 s to grow up and saturate after it
opens at 3.9 s (dark red curve in figure 12(c)), one order longer
than in DIII-D. This prolonged growth time allows for greater
flexibility in timing the control action upon LM detection.
Consequently, initiating the control action with fgefoy = 0.06 s
effectively heals the LM island, contrasting with #gelay = 5 s,
where the island becomes too large for healing. Simulations
for I, = 7.5 MA plasma exhibit a similar trend, with the island
requiring even more time to grow and saturate. Too late action
has little effect on the island width.

The dependence of achieving full island healing on EF
amplitude and #4e1,y is investigated through scanning for the
I, = 5 MA plasma with fixed 100% density rise. Specifically,
the normalized EF amplitude 6B,/B; is scanned from 1073 to
10~*, while Idelay 1s varied from 0.062 s to 5 s. As depicted in
the 2D contour plot of the saturated 2/1 magnetic island width
after the control action versus 6B,/B; and fg.ay in figure 13,
it reveals that with §B./B; < 0.4 x 10~* and 100% density
rise, island healing is consistently achieved cross fgefay = 0.06 s
to 5 s. However, for 6B,/B, > 0.4 x 10~%, the required #gelay

-
R
1
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Figure 12. TM1 simulations for ITER 5 MA (solid curves) and

7.5 MA (dotted curves) plasmas with different 74e1ay. Time history of
(a) RMP and EF amplitude dB; normalized by By, (b) core
line-averaged density normalized by the initial density, and (c) 2/1
magnetic island width.
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Figure 13. TM1 simulations results for ITER 5 MA plasma in
terms of 2D contour plot of the 2/1 magnetic island width versus EF
amplitude and #gelay (0r 2/1 island width when the action is on).
Here, the density rise is fixed with 100%, and the white vertical line
shows the target EF amplitude in ITER.

decreases as the EF amplitude increases. Given the targeted
EF amplitude of 6B,/B; ~ 0.5 X 10~* in ITER [4, 49], this
non-disruptive EF measurement method appears robust for
delay < 4s.

A comprehensive scan is conducted, varying the density
rise, EF amplitude, and the delay time, to predict the required
density rise at different EF level and different #4c1ay. This pre-
diction is illustrated in figure 14 for I, = 5 MA and 7.5 MA.
For I, = 5 MA as shown in figure 14(a), it is evident that,
for a fixed #4e1ay (i.€. 0.1 ), the required density rise increases
from 5% to more than 100% as the EF amplitude increases
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Figure 14. TM1 simulations for the required density rise to achieve
island healing at different delay time and EF amplitude. 2D contour
plot of required density rise versus 6B;/B; and fgelay for (a)

I, =5MA and (b) I, = 7.5 MA.

from 107> to 10~*. Similarly, for a fixed EF amplitude, tak-
ing the ITER target EF for an example, the required density
rise increases from 10% to more than 110% with 741,y increas-
ing from 0.06 s to 5 s. For fgelay < 0.6 s, island healing is
robust for the scanned EF range with 5%—-130% density rise.
Conversely, for I, = 7.5 MA as shown in figure 14(b), while
the overall trend is same as I, = 5 MA, full island healing
is more constrained with shorter #4c1.y or weaker intrinsic EF
amplitude due to the larger magnetic island. For the target EF
amplitude in ITER, the required density rise is more than 70%
with #gelay < 0.2 s. Consequently, an earlier control action is
imperative to prevent large island and disruption, particularly
for the higher 7, plasma.

Given the important role of plasma viscosity in island heal-
ing, the nondisruptive EF measurement method is expected to
be sensitive to the choice of plasma viscosity in the MHD sim-
ulations. The absence of a first-principles model for determin-
ing plasma viscosity in ITER introduces uncertainty into the

01 02 03 04 05 06 07 08 09 1
B /B, (107)

Figure 15. Sensitivity of TM1 simulations on plasma viscosity for
the required density rise to achieve island healing at different delay
time and EF amplitude at I, = 5 MA. 2D contour plot of required
density rise versus B;/B; and tgelay for (a) 1/3 and (b) 3 times of the
plasma viscosity used in figure 14(a).

extrapolation. To address this, additional simulations were per-
formed to explore the sensitivity of the results to changes in
plasma viscosity. In these simulations, the viscosity was var-
ied to 1/3 and 3 times the value used in figure 14(a) for the
I, = 5 MA plasma, with the corresponding required dens-
ity rise shown in figure 15. The results indicate that lower
viscosity requires a larger density increase for island heal-
ing, and higher viscosity requires less. For example, with
8B./B; = 0.5 x 10 and fdelay = 0.3 s, the required density
rise is 30% as shown in figure 14(a), but this increases to
70% for p/3 (figure 15(a)) and decreases to 10% for 3 x p
(figure 15(b)).

Finally, TM1 simulations are conducted to examine the
influence of RMP ramp-down time on island healing. The sim-
ulations are performed for I, = 5 MA with a 90% density rise
and EF amplitude 6B,/B; = 0.8 x 104, with the ramp-down
time scanned from 0.5 s to 3 s as shown in figure 16(a). It
shows robust island healing for 0.5-3 s ramp-down time, and
faster RMP ramp-down leads to quicker island healing with
less density rise as shown in figure 16(b). It has been assessed
for ITER that turning off its EFCC current from the engineer-
ing limit current to zero will take about 3 s for the top and
bottom rows, and less than 1 s for the middle row [28, 50].
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Figure 16. TM1 simulations results for the influence of RMP
ramp-down time on island healing in ITER 5 MA plasma with 90%
density rise and B.,/B; = 0.8 x 10~*. Time evolution of (¢) RMP
waveform with ramp-down time varying from 0.5 s to 3 s, and (b)
the 2/1 magnetic island width. The dotted curve in (b) shows the
normalized core line-averaged density.

Additionally, there is consideration for utilizing the ELM con-
trol coils for n = 1 EFC in ITER, given their ability to be turned
off much faster, in less than 0.5 s. Consequently, we conclude
that the non-disruptive EF compass scan method is robust for
ITER’s early operation.

5. Discussion and summary

The DIII-D experiments and nonlinear modeling presented in
this work have demonstrated the robustness of non-disruptive
EF measurement with ITER relevant low gos. Despite these
promising results, several open questions persist regarding the
ultimate deployment of such a technique to a fusion-grade
tokamak plasma:

(1) Full island healing without EFC has not been achieved for
qo5 = 3.2, although the nonlinear simulations suggest the
possibility by reducing the delay time since LM occur-
rence. Future experimental demonstrations are warranted
to validate this potential.

(2) The present DIII-D experiments are conducted in low cur-
rent plasma. Analytical theories [51, 52] have indicated
that the dynamics of LM penetration depend on the ion
Larmor radius p  through the linear layer physics. For
matched gos and By, increasing I, results in a lower 0,
affecting the LM penetration threshold, although the nor-
malized intrinsic EF by B; remain constant. Documenting
the influence of plasma current on extrapolating this
method to devices with high plasma current is crucial.

(3) Uncertainties persist regarding the nonlinear projection of
this method for ITER’s early operation. While simulations
favor the method due to longer LM island growth time
in H-mode electron density and temperature profiles, they

also indicate potential challenges, such as requiring over
100% density rise, which may exceed the disruptive dens-
ity limit. Additional simulations are warranted, particu-
larly for ITER Ohmic plasmas.

(4) The effect of the resistive wall on island healing is not
included in the MHD simulations, although it is known
to inhibit the island from spinning up at low rotation
frequencies [9, 53]. During the island healing process,
once the RMP is turned off, the island remains locked to
the intrinsic EF and gradually shrinks to a small width (less
than 5%, as shown in figures 2(e) and 5(d)). It then spins up
and quickly disappears, with the resistive wall effect acting
to resist this spin-up. Given the much smaller island width
and the short interaction time, we anticipate that omitting
the resistive wall effect results in only a slight underes-
timation of the required density rise for achieving island
healing.

(5) The effects of pellet injection on raising density in ITER,
including pellet size, injection frequency, and speed,
have not been considered in the simulations. Recent JET
experiments [28] highlight the significance of these factors
in achieving island healing. Thus, both experimental and
simulation studies are essential to comprehensively doc-
ument these factors and ensure the feasibility of the non-
disruptive EF measurement method in ITER.

In conclusion, recent DIII-D experiments have demon-
strated the viability of the non-disruptive EF measurement
method with ggs as low as 3.2. Utilizing the TM1 code for
nonlinear modeling, we successfully reproduce the experi-
mental findings and elucidate the underlying mechanisms.
Specifically, our simulations reveal that turning off RMP
removes the drive for LM island and EM force on the island,
and the concurrent density rise leads to increased plasma vis-
cosity and stabilizes the LM island. Extending our simula-
tions to explore the method’s applicability in ITER’s early
operation reveals continued robustness for both I, = 5 MA
and 7.5 MA plasmas. Importantly, our findings underscore the
advantage of swiftly implementing control actions to maxim-
ize effectiveness.
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