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Abstract

This paper presents recent progress in studies of neoclassical tearing modes (NTMs) on TCYV,
concerning the new physics learned and how this physics contributes to a better real-time (RT)
control of NTMs. A simple technique that adds a small (sinusoidal) sweeping to the target
electron cyclotron (EC) beam deposition location has proven effective both for the stabilization
and prevention of 2/1 NTMs. This relaxes the strict requirement on beam-mode alignment for
NTM control, which is difficult to ensure in RT. In terms of the EC power for NTM stabilization,
a control scheme making use of RT island width measurements has been tested on TCV. NTM
seeding through sawtooth (ST) crashes or unstable current density profiles (triggerless NTMs)
has been studied in detail. A new NTM prevention strategy utilizing only transient EC beams
near the relevant rational surface has been developed and proven effective for preventing
ST-seeded NTMs. With a comprehensive modified Rutherford equation (co-MRE) that
considers the classical stability both at zero and finite island width, the prevention of triggerless
NTMs with EC beams has been simulated for the first time. The prevention effects are found to
result from the local effects of the EC beams (as opposed to global current profile changes), as
observed in a group of TCV experiments scanning the deposition location of the preemptive EC
beam. The co-MRE has also proven able to reproduce well the island width evolution in distinct
plasma scenarios on TCV, ASDEX Upgrade and MAST, with very similar constant coefficients.
The co-MRE has the potential to be applied in RT to provide valuable information, such as the
EC power required for NTM control with RT-adapted coefficients, contributing to both NTM
control and integrated control with a limited set of actuators.
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1. Introduction

Reliable control of neoclassical tearing modes (NTMs) is
important to achieve a desirable plasma [ (ratio of the plasma
pressure to magnetic pressure) and reduce the possibility of
plasma disruptions. For instance, m/n =3/2 and 2/1 NTMs
are predicted to be metastable on ITER and 2/1 NTMs can
reach a width of 5 cm within a few seconds after mode onset
and then rapidly lock [1-3], where m and n represent the pol-
oidal and toroidal mode numbers, respectively. With highly
localized deposition and flexible steering capability, the elec-
tron cyclotron heating and current drive (ECH/ECCD) system
will be used as the primary actuator for NTM control on ITER
[2, 4]. Much progress has been made on NTM control in vari-
ous devices regarding the prevention of the onset of NTMs
and the stabilization of existing modes [5-8, and references
therein].

The alignment of electron cyclotron (EC) beams with the
target mode location is a key parameter for NTM control since
the stabilizing effects decrease quickly with increasing mis-
alignment level [9, 10]. For instance, the EC effectiveness
would drop to zero for misalignments as small as 1.7 cm on
ITER [11]. Advances in real-time (RT) equilibrium recon-
structions, diagnostics and ray-tracing codes [12-15] con-
tribute to a better estimation of mode and beam locations,
while more NTM-control-oriented strategies have also been
developed. For example, (quasi-)in-line electron cyclotron
emission (ECE) diagnostics circumvents the requirement on
RT equilibrium reconstructions or ray-tracing [16, 17], though
it can be technically challenging to separate the megawatt-
level EC beam from the miliwatt-level ECE signals. Control
algorithms seeking the minimum of island width or island
width growth rate have also been developed [6, 18-21]. How-
ever, given the strict requirement on beam-mode alignment
and time-varying plasma conditions, keeping a good beam-
mode alignment in RT remains a very challenging task. For
TCYV, a simple and robust sweeping technique has been pro-
posed and tested, where a small sinusoidal oscillation is added
to the deposition location of the control EC launcher [22]. The
sweeping technique has proven effective for NTM stabiliza-
tion and prevention, as will be discussed in section 2.

Another important parameter for NTM control is the EC
power needed to stabilize or prevent a given mode. A typ-
ical practice on present devices is to use a preprogrammed EC
power for NTM control, for example, the maximum power
of the selected control beam(s). For NTM stabilization, an
upgraded control scheme making use of RT island width meas-
urements has been tested on TCV, in an ‘ask for more if not
enough’ fashion [8, 23]: an extra EC launcher is assigned
to NTM control in RT if the total power from existing EC
launcher(s) is not sufficient to fully suppress a given NTM,
as will be elaborated in section 2.1. In this paper, we newly

propose obtaining a faster and more direct RT estimation of
the required EC power by applying physics-based models in
RT, as will be discussed in section 6.2. This is especially relev-
ant for large tokamaks like ITER, where 2/1 NTMs need to be
stabilized within a few seconds after their onset to avoid mode
locking and plasma disruptions [2, 3]. A better knowledge of
the required EC power for NTM control is also beneficial for
overall integrated control, where multiple control tasks need
to be performed with only a limited set of actuators.

Compared with NTM stabilization, NTM prevention is typ-
ically more efficient in terms of the EC power required [5, 8].
However, it may require a longer temporal duration of the EC
power and thus a larger total input energy, which needs to be
taken into account in the selection of NTM control strategies
[24]. Different seed island sources for the metastable NTMs
have been identified, such as sawtooth (ST) crashes, fishbones,
edge localized modes [25-29, and references therein] and the
newly confirmed three-wave coupling [30]. The seed island
can also be provided by an unstable tearing mode (TM) ori-
ginating from unstable current density (j) and safety factor (q)
profiles. Similarly, if this TM grows to a size larger than the
critical island width of the NTM, the mode could then grow
neoclassically, i.e. evolving from a current-driven TM to a
pressure-driven NTM [31]. This type of NTM has been called
‘triggerless’ or ‘seedless’” NTMs in the literature [31-35]. In
this work we treat [N]TMs with a single modified Rutherford
equation (MRE) that is able to capture both TMs and NTMs.
We use ‘NTM’ instead of the more generic labeling ‘[N]TM’
to simplify the notation and to consider the fact that even TMs
have a finite neoclassical contribution as soon as there is finite
island width.

Much research has been performed on the seeding phys-
ics, contributing to the development of RT NTM prevention
schemes. For TCV, ST-triggered NTMs have been studied in
detail [36, 37]. Fast seeding of 3/2 and 2/1 NTMs, happen-
ing within a few hundred microseconds after the ST crash,
has been observed for ST crashes with a sufficiently large ST
period (7sr), whereas for small 757 the mode decays within a
few milliseconds. It is thus important to control 7gr such that
the seed island width remains below the critical island width of
NTMs. New approaches such as ST pacing and locking with
EC beams around the g =1 surface have been demonstrated
on TCV, where 7g7 and the occurrence of each ST crash can
be well controlled [38, 39]. With a good knowledge of the
ST crash timings, a new NTM prevention strategy that util-
izes only transient EC beams near the relevant ¢ = m/n sur-
face has been developed. As elaborated in [37], 3/2 NTMs
have been successfully prevented with sufficiently high tran-
sient preemptive EC power on the ¢ = 3/2 surface, where the
preemptive EC beam was switched on right before each ST
crash, with its timing controlled by simultaneous ST pacing
with EC beams around the g = 1.



Plasma Phys. Control. Fusion 64 (2022) 044008

M Kong et al

Triggerless NTMs, observed reproducibly in TCV dis-
charges with strong near-axis ECCD have also been studied
in detail. Two distinct stages of island width evolution have
been discerned experimentally [31]. As shown by figure 4 of
[31], the island starts with a relatively slow evolution (domin-
ated by a positive tearing mode stability A’) from mode onset
to small island width and exhibits a faster growth (domin-
ated by the perturbed bootstrap current contribution) once the
island width reaches around 3 cm. Similar trends have been
observed in more recent TCV experiments and simulations,
as discussed in [8, 34]. Experiments with a ramp-down of the
near-axis ECCD power also confirm the neoclassical feature
of the observed modes in similar scenarios: the island width
decreases with decreasing power and the mode quickly self-
stabilizes once its width reaches below 2 cm [8]. This is a clear
feature of NTMs seen on different tokamaks, for example, in
JET discharges [1]. It is worth noting that in most present-day
tokamaks, as soon as the island width is larger or about equal
to 2cm, the neoclassical contribution is non-negligible, even
in L-mode.

An unexpected density dependence of the onset of these
triggerless NTMs has been identified based on the statistics of
many TCV discharges: the modes only occur within a certain
range of density and the range broadens with increasing near-
axis ECCD power [34]. The existence of the density range is
surprising as one would expect easier mode onset with lower
density, where the (near-axis) current drive efficiency thus the
modification of the j and g profiles (hence A’) enlarges. With
a simple model developed for the A’ at zero island width
(denoted as A}), the observed density dependence of mode
onset is found to result from the density dependence of the
ECCD efficiency and that of the stability of ohmic plasmas
[34].

Considering NTMs seeded by different mechanisms
(including triggerless and ST-triggered NTMs discussed
above), a more standard NTM prevention strategy is to
deposit continuous EC power around the target mode location
[5, 6, 40]. For TCV, this has been combined with the sweeping
technique mentioned above and proven effective for prevent-
ing 2/1 NTMs [8], as will be discussed in section 2.2. The
origin of the preemptive effects of EC beams on triggerless
NTMs has also been studied. As will be detailed in section 2.2,
the prevention effects are found to result from the local effects
of the EC beams (as opposed to global j or g changes) based
on a group of newly performed TCV experiments scanning the
deposition location of the preemptive EC beam, in accordance
with numerical simulations presented in [8].

TCV’s highly flexible EC system and RT plasma control
system [41, 42] have provided an ideal platform for exper-
imental studies on NTM physics and control, which in turn
facilitates the validation of theoretical models. In particular, a
comprehensive modified Rutherford equation (co-MRE) that
considers A’ both at zero and finite island width has been
developed, with well-defined constant coefficients determined
by simulating a rather complicated set of TCV experiments
involving co-ECCD (ECCD in the same direction as that of the
plasma current 1,,), counter-ECCD, sweeping, etc [8, 34]. In
this paper, we will show that the co-MRE is also able to predict

well the island width evolution in distinct plasma scenarios on
ASDEX Upgrade (AUG) and MAST, with very similar con-
stant coefficients (section 5). The co-MRE has the potential to
be applied in RT to provide valuable information, such as the
EC power required for NTM control, as will be discussed in
section 6.

Based on the discussions above, the rest of the paper is
organized as follows: section 2 presents experimental studies
on NTM physics and control on TCV; section 3 introduces the
co-MRE; section 4 shows numerical studies of NTMs with
the co-MRE on TCV, with examples from AUG and MAST
detailed in section 5; section 6 discusses possible RT applica-
tions of the co-MRE; and section 7 summarizes the main con-
clusions and outlook.

2. Experimental studies on NTM physics and
control on TCV

This section presents several examples of recent experimental
studies on NTMs in TCV, involving both NTM stabilization
(section 2.1) and prevention (section 2.2) with EC beams. Con-
trol strategies as well as underlying physics will be discussed.

2.1. Stabilization of NTMs with EC beams

As discussed in the previous section, a simple sweeping tech-
nique has been proposed and tested on TCV to ensure a good
alignment of EC beams with the target mode location [22].
As shown by the plots on the right in figure 1 (#49355), a
small sinusoidal oscillation is added to the poloidal launcher
angle, i.e. the deposition location of the control launcher (L5,
black trace in figure 1(d)), leading to a faster full stabilization
of the 2/1 NTM compared with the case without sweeping
(#49358). This demonstrates the effectiveness of the sweep-
ing technique for robust NTM stabilization, where a perfect
beam-mode alignment is almost impossible to ensure. The
sweeping technique relaxes the strict requirement on beam-
mode alignment, by making sure that the actual mode location
is reached by the control beam at least from time to time.

The amplitude of sweeping can be chosen based on the
error bars of EC beam deposition and mode location estim-
ations (e.g. those of ray-tracing and equilibrium reconstruc-
tion codes); the sweeping frequency should be fast enough
with respect to the evolution of NTMs (on a resistive times-
cale), while respecting the velocity constraints of the mechan-
ical movement of EC launchers. More detailed studies can be
performed to optimize these parameters.

In terms of the EC power for NTM stabilization, the ‘ask
for more if not enough’ scheme is illustrated in figure 2, where
the integrated control of NTMs, 8 and model-estimated safety
factor g profiles is performed with three EC launchers (L1, L4
and L6) [8, 23]. RT control starts from (2) and during the time
without NTMs, the power (figure 2(a)) and deposition loca-
tions (figure 2(d)) of the EC beams are controlled by the 3 and
q profile controller to follow their references. Once an NTM
(2/1 mode in this case) is detected, for example, at 3) and (%),
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Figure 1. 2/1 NTM stabilization with fixed (TCV #49358, left) or 0 05 1 15 5
sinusoidally sweeping (#49355, right) poloidal angle of the control ) Time [s] '

EC launcher (L5). The normalized deposition location (solid red
trace) and power distribution (colored contours) of L5 shown in (a)
and (b) are calculated by TORAY-GA, while the solid black line
there represents the normalized radial location of ¢ =2 based on RT
equilibrium reconstruction. Reproduced with permission from [22].

#H6701
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Figure 2. Integrated control of NTMs, 8 and model-estimated g
profiles on TCV: (a) EC power traces; (b) reference and RT £3; (c)
¢ = g~ ! profiles—different dashed/solid curves represent the
reference/RT-estimated ¢ values at different radial locations; (d)
deposition locations of EC launchers; (e) 2/1 NTM spectrogram.
Reproduced courtesy of IAEA. Figure from [8]. © EURATOM
2019.

L6 is assigned to NTM control and moved toward the g =2
surface to stabilize the mode.

The first NTM is fully stabilized at (4), whereas the second
mode persists longer than a preset time (one sweeping cycle
after L6 reaches the ¢=2), so a second launcher (L4) is
assigned to NTM control and moved toward the mode loca-
tion ((7)), though not enough time is left for L4 to reach the
target position in this discharge. During the control of NTMs,
B and g profile references cannot be followed well due to the
limited EC power available for 3 and ¢ profile control. A faster
and more direct RT estimation of the EC power for NTM con-
trol can be obtained by applying the co-MRE in RT, as will be
discussed in section 6.

Figure 3. An example of NTM prevention experiments with
continuously sweeping preemptive EC beam on TCV: (a) EC power
traces; (b) deposition locations of different EC launchers; (c) 2/1
NTM spectrogram.

2.2. Prevention of NTMs

Concerning NTM prevention with sinusoidally sweeping EC
beams on TCV, an example is shown in figure 3, where the
2/1 NTM does not occur until completely turning off the con-
trol beam (L1) at r~ 1.45 s. Complementary NTM stabiliz-
ation experiments (not shown here for conciseness), with L1
switched on after mode onset but otherwise the same settings
as the prevention cases, confirmed that these 2/1 NTMs (trig-
gerless ones with strong near-axis co-ECCD from L4 and L6)
would have occurred without the preemptive EC power from
L1. These are encouraging results as it is typically more diffi-
cult to keep good beam-mode alignment in NTM prevention
(i.e. before the mode onset), where the only information about
the target mode location is from RT equilibrium reconstruc-
tions.

To investigate the origin of the preemptive effects on these
triggerless NTMs, NTM prevention experiments with differ-
ent beam-mode misalignments of the preemptive beam L1 but
otherwise the same settings as #60163 (figure 3) have been
performed. The misalignment level can be quantified by:

— ﬁoffset
Xnorm,avg = W s (D
dep

where Dy = Z?’:’l (Pdep — Pmn) /N: Tepresents the averaged
offset of the center of sweeping with respect to the target mode
location (¢ =2 surface in this case), with pg,,, the radial depos-
ition location of the control EC beam, p,,, the radial location
of the mode and N, the total number of time instances during
the sweeping; wqep refers to the full e~! width of the control
beam. The preemptive effect of the control beam is quantified
by 7prevent> being either O (no prevention) or 1 (successful pre-
vention).

The results from a group of eleven NTM prevention tests
on TCV are illustrated by the red circles in figure 4, with
a fixed wgep = 5 cm in equation (1). For #60163 (figure 3),
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Figure 4. Summary of the effects of beam-mode misalignment on
2/1 NTM stabilization and prevention, taken from a series of
experiments with sinusoidally sweeping control beam and different
misalignment levels with respect to the g =2 surface. The NTM
prevention experiments involved are TCV #60158 to 60165,
#60167, #60168 and #60218, while the stabilization cases are
TCV #60118 to 60120, #60122 to 60125 and #60207 to 60209.

Xnormavg = 0 and 7prevene = 1, while the full list of the dis-
charges involved is given in the caption of figure 4. It can
be seen that successful NTM prevention can only be achieved
With Xpormave € (—0.5,0.5), i.e. having finite deposition on the
q="2. This shows that the prevention effects on these trig-
gerless NTMs originate from the local effects of the control
EC beam, rather than a global change of the ¢ or j profiles,
as also confirmed using simulations with the co-MRE [8].
More detailed studies need to be performed with full MHD
codes like XTOR [43] to further clarify different effects, for
example, the contribution from the helical component of the
current perturbation and from a modification of the local A’.
Similar experimental studies have been carried out for the
stabilization case, with the stabilizing effects quantified by:
Tlstab = Mv (2)
Wexp,0
where Wexp,0 and weyp, 1 represent the measured saturated island
width before and after switching on the control beam L1,
respectively. Results from a group of ten NTM stabiliza-
tion experiments are summarized by the blue solid squares in
figure 4, where by definition 7, = 1 represents full stabiliza-
tion, 7)yp = 0 no effect, Ny € (0, 1) partial stabilization and
Nsab < 0 an overall destabilizing effect. Compared with the
prevention cases, the stabilization curve shows an asymmetry
with respect to Xporm,ave: there seems to be an offset of about 0.3
N Xporm,ave, corresponding to an offset of about 0.06 in normal-
ized radial location (p). This on the one hand can be explained
by the uncertainties of the radial location of the reconstruc-
ted g = 2 surface especially when magnetic islands are present,
and on the other hand by the possibility that the island itself can
be asymmetric with respect to g =2 [44], though not enough
data is available in these discharges to check the latter point
further.

Another observation from the stabilization cases in figure 4
is that the misalignment towards the plasma center can
be destabilizing (nsp < 0), while misalignment towards the
plasma edge can lead to partial stabilization, or at least
no destabilizing effects have been observed. Combined with
numerical studies with the co-MRE, the destabilizing effect
is found to result from an increase of poloidal 3 (i.e. 3,)
and A’ (less stabilizing) [8, 33]. Considering the difficulty
of obtaining perfect alignment, these observations show that
it could be better to align the control beam outside the tar-
get rational surface than inside. Note that there is still finite
deposition of the EC beam inside the island for the rightmost
case With Xyorm ave = 1.2 (60122) when the EC beam passes
through the plasma for the first time (first-pass), considering
Wexp & Waep = S cm, the sweeping used and the uncertainty of
the radial location of ¢ =2. Moreover, the incomplete first-
pass EC absorption in these more outward cases (e.g. around
50% in #60122) causes the reflection of the originally largely
misaligned EC beams (With Xporm,avg > 0.5) by the inner vessel
wall, which may lead to more EC depositions at the mode loc-
ation and contribute to the observed partial stabilization. This
should be taken into account in further experiments.

3. Theoretical model

3.1 A comprehensive MRE (co-MRE)

This section introduces the co-MRE that has been used in
numerical studies of NTMs on TCV [8, 34]. Compared with
the standard MRE [1, 10, 45-47, and references therein], the
co-MRE considers A’ both at zero (i.e. Aj) and finite island
width (w). Similar to the standard MRE, the co-MRE takes the
form of:

TR dw _ _ _ _
pﬁ E = pmnA/ + pmnAl/?S + pmnA/GGJ + pmnAé‘D
‘mn

+ pmn A1/-1 + ﬁmn II’0L7 (3)

where the subscript ‘mn’ represents the value at the g = m/n
surface; p = pa is the radial location of a given flux surface in
meters, with p = 1/ ®/®,, where ® is the toroidal flux, @, the
value at the plasma boundary and a the minor radius (around
0.25 m for TCV); 7r = 110 P/ (1.220e0.mn) Tefers to the local
resistive time, with 7)., ., the local neoclassical resistivity
[48,49] and pig = 47 x 107" H/m.

Ay inequation (3) represents the destabilizing effects from
the perturbed bootstrap current; Aj;; considers the stabilizing
effects of favorable curvature; A/, and AJ; refer to the effects
of current drive and heating of EC beams, respectively; A},
represents the effect of the polarization current in the pres-
ence of a rotating island and can be stabilizing or destabilizing
depending on the relative rotation of the mode with respect to
diamagnetic frequencies:

Prn AIIES = a2ﬁmnr (4‘)

/
BS .
w2 +wi,

with
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—~ L
ﬁmnAl/?S = ﬁmnﬁp ‘Lb5| ( 1 (5)

—L,)’
where |Lys| = 1.46,/€,,, can be used for large aspect ratio toka-
maks and |Lp| = 2.3 /€y /(1 +2.3\/€mn) is valid for arbit-
rary aspect ratio [50]. A more accurate estimation of Ly

can be obtained based on the trapped fraction, as detailed
in [1, 48, 49]. €yun = D,/ Ro, With Ry the major radius (0.88 m

—1— 1 dg _ —1_ 14
for TCV). L " =s/pand L, ' = ;d—’i,
magnetic shear and P the plasma pressure.

Combining 3, = 2pop/ BIZ, and the analytical forms of the

(perturbed) bootstrap current density jis [48, 491, 5,,,Ajg can
also be expressed in terms of j,, as below. This is typically
more convenient for coupling with transport codes, as used in
the simulations presented in this paper:

where s is the

2/1’ORO qmn

mn AII?S ~ ﬁmn jbx,mn ) (6)

smnBO

for large aspect ratio tokamaks, whereas

2,U/0Lq mn .

ﬁmnAl/}S ~ pmn .]bb mns (7)

Bp,mn

should be kept for tight aspect ratio tokamaks like MAST,
where By is the toroidal magnetic field at the magnetic axis
and B, ,», the poloidal magnetic field (B,) at the ¢ = m/n sur-
face, with B, = i @ and ¥(p) the poloidal magnetic flux. wq.
in equation (4) accounts for the finite ratio of perpendicular to
parallel heat transport (x 1 /x)) at small w and can be evalu-
ated by [1, 51]:

Rk !
5.1 ( ) ] (’“’”) Pon- (8§
EmnSmnl X”v’””

— 1

Wde =

PnD661 = A3Ppn A6 —F———=> ©
\/ W2+ 0.2w3,
with
ﬁmnAlGGJ =-6 ﬁmnDR,mn? (10)
2
where Dp = —(q* — 1)5%[3 for arbitrary aspect ratio, with

522u0p/32 and B the total magnetic field. Dg g, ~

_ 12/"'0R3 Erzml pmn (
B% Szn ( ) an

mi

1) can be used for large aspect ratio

cases
_ 16,”40 ROan u chj w
P Al = —da4 N'di‘
b 7rsmnBO JZI: Wj@[’z/ “ Wdep.j
w w
X Geaj | —P, -)Md'(,D), 1D
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xGyil — P4 | Myl —,D; ), (12
H.,j (Wdepj7pdepd) Hyj (WdepJ j> (12)

where n; refers to the total number of EC launchers; /. is
the driven current, P; the absorbed power and pg,,, the radial
deposition location; g estimates the efficiency with which the
EC power is converted into a perturbative inductive current;
M4 and D terms are the effects of EC power modulation
and the power on-time fraction, respectively, and both equal
1 for continuous wave injections discussed here; N4 g terms
represent the dependence on w and G4 5 terms refer to the
effects of misalignment. More details of relevant terms can be
found in [8, 10]

— w

PomDpor = 6P po ———1— 13
Pmn 2 PoOL 6Pmn 2 POL w 4 Wﬁ)pol ( )
with
—— L \?2
PunBporL = Bp (—lqu) w;g (e,vi), (14)

where g (e,v) = /2 if v} < 0.3 and g (¢,v};) = 0 otherwise.
vi = v/ (ew?) is the normahzed ion collisionality, with w}
the electron diamagnetic frequency; w,, is the poloidal ion Lar-
mor radius and wq po1 = \/€w, [1, 31, 52].

P’ in equation (3) can in principle be calculated from
the equilibrium, but is very difficult to get consistent results
given the sensitivity of A’ to the derivatives of the reconstruc-
ted g and j profiles. A conventional approach applied in simu-
lations with the standard MRE is to use a constant ,,, A’ when
only relatively large w is involved [1, 24, 45, 46, 53, and refer-
ences therein]. p,,,A’ = —m is typically used as the medium
value inferred from PEST-III simulations [45], in between the
marginal classical stability 5,,,A’ =0 and the lower bound
of large-m stability (—2m). To reproduce the entire time-
evolution of w (including w=0 for triggerless NTMs), we
define a model considering the effects of w on A’ [54] and
recovering a constant A’ at large w:

(ﬁm A pmn Asal) w

\/W2 pmn pmnAs/at) pmn/a)z
15)

pmn A = ﬁmnA(g

where p,,, A/, represents the value at large w.

a) to ag in the co-MRE, similar to those in the standard
MRE, are constant coefficients considering the assumptions in
the model and the uncertainties in the data. These coefficients,
together with parameters such as A/, and « in equation (15),
need to be specified before any applications of the co-MRE.
These have been studied in detail in [8, 34] through interpret-
ative simulations of a rather complicated set of experiments on
TCYV, including NTM prevention, stabilization, sweeping, co-
ECCD, counter-ECCD, ECH, etc as will be briefly discussed
and summarized in the next section.

3.2. Coefficients in the co-MRE

With a given p,,,Al. a2 for Ajg (equation (4)) is typically
tuned based on the measured saturated island width (wgy)
when no off-axis EC beams are involved (i.e. p,,,Alp and

Py = 0) since:
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(16)

Wsat =

in this case, where p,,,Ajg; is much smaller than the other
terms for conventional large aspect ratio tokamaks. Note that
A’ (and corresponding a to obtain a given wg,) affects the
effective resistive time and the detailed time evolution of w,
for example, can be seen by dividing both sides of equation (3)
by A’. This is consistent with observations that a, affects the
island width growth rate % (w) from small to large w [34]. a, €
[1,2] and B,,,Aly € [—m, 0] tend to reproduce various TCV
discharges better [8, 34].

The term p,,,A( in equation (15) plays a more important
role at very small w. The w evolution is then quickly dominated
by neoclassical effects with increasing w, for example upon
reaching around 2cm for triggerless NTMs in the TCV dis-
charges studied [8, 34]. « in equation (15) affects the detailed
evolution from very small w to wgy. « € [3,30] tends to fit
numerous TCV discharges better, whereas larger values (but
below 100) may still be used: better w measurements with
lower noise levels would help to reduce the range of « [34].
as for p,,,Alg, (equation (9)) has been fixed to 1. Ranges of
as and as for p,,,Al, (equation (11)) and p,,,A/; (equation
(12)), respectively, have been estimated based on detailed sim-
ulations of a series of NTM stabilization experiments with co-
ECCD, counter-ECCD or ECH on TCV: a4 € [0.3, 0.65] with
a fixed as = 0.9 [33]. p,,,Apo;. (equation (13)) only plays a
role at very small w (typically below the noise level) given its
1/w? dependence [1]. And considering the uncertainties of its
sign, we will neglect the polarization term in the rest of the
paper, i.e. ag = 0 will be used as in [8, 34].

4. Numerical studies of NTMs with the co-MRE on
TCV

The co-MRE introduced in the previous section has been
applied in the numerical studies of triggerless NTMs (through
strong near-axis co-ECCD) on TCYV, involving the seeding
physics, NTM prevention and stabilization. In particular, a
simple model for Aj in equation (15) has been developed, tak-
ing the form of:

_ _ L
Pon 30 = P S ipmico + k=7 (17)
P
where p,,,A.,..o tepresents the stability of ohmic plasmas at

w =0, I.q the total current driven by all (near-axis or off-
axis) EC beams and kI q /I, the modification of the linear
stability by co-ECCD beams (destabilizing hence k> 0) [34].
k (a constant) and p,,, A/, .., (density-dependent) have been
determined based on fitting the measured occurrence of NTMs
in a large number of NTM onset experiments with the co-
MRE, as detailed in [34].

The Aj model has been able to explain the observed dens-
ity dependence of mode onset introduced in section 1, result-
ing from the density dependence of the stability of the ohmic
plasma (through 5,,,A/,,...o in equation (17)) and that of the
ECCD efficiency (through I.q (o) [34]. Together with the other
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Figure 5. 2/1 NTM stabilization: (a) EC power traces; (b) EC
deposition locations; (¢) NTM spectrogram.
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Figure 6. Island width evolution of #56171 (figure 5):
measurement (blue), simulation (red) and scaled /3, (green).

terms in the co-MRE, the A§ model also provides a complete
model for the description of the triggerless NTMs observed
in numerous TCV discharges with near-axis EC beams, from
the onset as a TM at w=0 to its saturation as an NTM at
weye- This has enabled simulating NTM prevention for the first
time, where the timing of mode onset and the detailed w evol-
ution after switching off the preemptive EC power have been
well reproduced [8]. The simulations have also highlighted the
importance of the local effects from EC beams on NTM pre-
vention, as discussed in section 2.2.

NTM stabilization cases have also been studied, with an
example shown in figures 5 and 6. As depicted in figure 5,
two co-ECCD launchers (L4 and L6) deposit near the plasma
center (red and green traces in (b)), leading to the onset of
a2/1 NTM at t~ 0.6 s (figure 5(c)) through a modification
of A’, i.e. triggerless NTMs as discussed; another co-ECCD
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Table 1. Coefficients used in simulations with the co-MRE. AUG #30594
Case ay (Ag) az (Abgy) as (Alp) as (Af) g (a) p |
S 5| 77,?77.'/5 ' ‘/—_
Theory 3.2 (large Ry/a) 1 1 1 -
TCV 56171 1.3 1 0.65 0.9
(2/1 NTM)
AUG 30594 1.5 1 0.65 0.9
(2/1 NTM) «
MAST 24082 2 1 N/A N/A
(3/2 NTM)

launcher L1 is switched on at r = 0.8 s (blue trace in figure
5(a)), sweeps around the expected mode location (figure 5(b))
and fully suppresses the mode once it reaches the mode loca-
tionatt~ 1.25s.

The corresponding simulation with the co-MRE, as depic-
ted by the red trace in figure 6, recovers well the measured w
in blue, in terms of the mode onset at w =0, mode growth as
well the full stabilization. In this simulation, (time-varying)
profiles, such as electron temperature (7,), g and various j
components used as inputs for the co-MRE, are taken from the
transport code RAPTOR [55]; EC-relevant parameters such as
Icq, Py and pye,, involved in equations (11) and (12) are taken
from TORAY-GA [56]; A(’) is evaluated based on equation
(17) with constant k=6 (as in [33]), while constant o = 10,
PunDl = —1.4,a0=13,a3 =1, a4 =0.65 and as = 0.9 are
used, as discussed in section 3.2.

Constant coefficients used in the simulations of TCV
(figure 6), AUG and MAST discharges (next section) with the
co-MRE are summarized in table 1. Compared with theoret-
ical values, a, for the Ajg term (equation (4)) shows a rel-
atively large deviation. In addition to the uncertainties of the
experimental data, other possible explanations for the discrep-
ancy are as follows. Firstly, a, = 3.2 is derived based on the
large aspect ratio assumption [51]. Different a, values have
been used to fit the measured (saturated) island width in the
experiments, for example, a; = 2.6 has been used to fit JET
discharges with a fixed p,, A’ = —m [1, 45]. Secondly, the
detailed form of |L,| when using equation (5) to compute
Az/ss also affects the fitted result, as discussed in [1, 45]. In
the examples shown in [1, 45], only the flattening of 7', was
included in |Ly,|, whereas the contribution from n, and T; was
implicitly included in the free parameter a, ( = 2.6). In this
paper, we have used equations (6) and (7) instead to compute
Ajs, where Jbs,mn 18 taken from transport codes that consider
the contribution from T,, n, and T;, with formulae given in
[48, 49].

The uncertainties of A’ also limit the accuracy of a. In
the TCV example shown here, as detailed above, A’ (equation
(15)) is constrained better by fitting the entire time evolution of
the mode (instead of merely considering the saturation phase),
including the onset and early evolution at small w. This in
turn helps to constrain a, better. In terms of a4 and as, vari-
ous assumptions involved in the theory, such as the Gaussian
distribution of the EC power deposition profile, flux-surface-
averaged EC power density and an asymmetric island could

Time [s]

Figure 7. Experimental overview of an NTM stabilization
experiment on AUG with I, ~ 1 MA: (a) NBI and EC power traces;
(b) EC deposition locations; and (c) 3/2 NTM spectrogram.

play a role in the deviation between the theoretical and fitted
coefficients [10, 57].

5. Applications of the co-MRE in simulations of
AUG and MAST discharges

The co-MRE, based on NTM physics, is expected to be applic-
able to different plasma scenarios. As an illustration, this
section presents simulations of one AUG (section 5.1) and one
MAST (section 5.2) discharge with the co-MRE, respectively.

5.1. Stabilization of 3/2 NTM with ECCD on AUG

In the AUG discharge considered, as shown in figure 7, a 3/2
NTM is seeded by ST crashes during the ramp-up of the cent-
ral neutral beam injection (NBI) power [58]; RT stabilization
of the 3/2 mode is performed with three co-ECCD launch-
ers, labeled as L5, L6 and L8, respectively, while another EC
launcher L7 remains near the plasma center following feed-
forward waveforms (figure 7(b)). The sweeping technique and
the ability to ask for more power discussed in section 2.1 prove
effective as well: the 3/2 mode is fully stabilized by the three
co-ECCD launchers at t~ 5.5 s, as indicated by the vertical
black dash-dotted line. The mode is triggered again later in the
discharge with increasing NBI power, though not studied fur-
ther in this paper. Note that the three control EC beams LS5, L6
and L8 were added one by one in this AUG discharge to invest-
igate the effects of the control EC power on mode evolution
and to demonstrate the ‘ask for more if not enough’ technique
discussed in sections 1 and 2.1. This is different from TCV
#56171 (figure 5), where the control EC beam was added
almost all at once at r =0.85 s.

Interpretative simulations with the co-MRE have been per-
formed for this discharge, as shown in figure 8. Time-varying
input profiles such as T, n, and g are taken from RAPTOR,
while EC-relevant parameters such as /.4 and pge, are from
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Figure 8. Island width evolution of AUG #30594 (figure 7):
measurement (blue), scaled 3, (green) and simulation with the
co-MRE (red).

TORBEAM [14, 15]. Lacking the knowledge about the seed
island width generated by ST crashes, we initialize the sim-
ulation with a measured wy = 6.65 cm at t = 2.6 s (vertical
black line in figure 8) and focus on the dynamic evolution of
the NTM with EC beams. Constant 5,,,Aj = 5, Al = —1
(i.e. p,,, A" = —1 in equation (15)) are used to stay away from
marginal stability to TMs. It can be seen from the red curve
that the simulation can reproduce the measurements well,
using constant coefficients that are very similar to TCV cases
(sections 3.2 and4): ap = 1.5,a3 =1,a4 =0.65 and a5 = 0.9.
These simulations also help to quantify various effects, for
example, the stabilizing effect from current drive (A(, in
equation (11)) is found to dominate that of heating (4}, in
equation (12)), consistent with theoretical predictions [10].

5.2. Self-stabilization of 2/1 NTM with  ramp-down on
MAST

In the MAST case considered, as shown in figure 9,a2/1 NTM
is destabilized along with the ramp-up of plasma 3, without
obvious seed island triggers (i.e. triggerless NTMs) [59]; the
NBI power is switched off right after the mode onset, leading
to a slow decay of j3; the 2/1 mode grows and eventually self-
stabilizes along with the 8 ramp-down.

Corresponding simulations with the co-MRE are shown in
figure 10, where the time-varying input profiles are taken from
transport code TRANSP, iterated with pressure-constrained
equilibrium reconstructions from EFIT. Similar to the TCV
cases, p,,,A) > 0 needs to be specified for this triggerless
NTM. Considering the modification of profiles along with the
(3 decay while lacking a detailed model for 7,,,A( in this case,
we use an ad hoc model based on the scaled global j,, i.e.
PN = ¢ By, Where ¢ is a constant coefficient to be tuned
based on the measured w.

normalized plasma (3; and (d) amplitude of the measured odd n
component of magnetic perturbations.

; MAST #24082
! Wexp
6 | Weim With ag=2
| Weim With a9=3.2
5| | = = Wgy With ap=3.2 |
i and ty = 0.219s
T 4 i |
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Figure 10. Island width evolution of MAST #24082 (figure 9):
measurement (blue), simulation with ¢ =9 and a; = 2 (red),
simulation with ¢ =7.7 and a, = 3.2 (dotted orange), and
simulation with the same coefficients as the orange case, but starting
from wg = 1.2 cm (dashed cyan).

Two different cases, starting from r=0.2 s with wy =0
have been investigated: one with c=9 and a, =2 (solid red
trace in figure 10) and the other with ¢=7.7 and a, =3.2
(dotted orange). p,,, AL, = —4, « =40 and a; = 1 are used in
both simulations, whereas a4 and as are not relevant here since
no EC beams are involved. It can be seen that the case with
smaller ¢ = 7.7 (thus a lower A’ drive) cannot describe well
the seeding and early evolution of the mode (dotted orange),
although another simulation with exactly the same parameters
as the orange case can reproduce well the measured w when
starting from ¢ = 0.219 s with wy = 1.2 cm (dashed cyan), as
was used in [59]. Simulation with fixed ¢ =7.7 and a larger
a, = 6 (not shown here) would reach a better wg, = 6.5 cm,
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Figure 11. co-MRE terms for the simulation of MAST #24082
with ¢ =9 and a> = 2 (red curve in figure 10).

but the timing when the mode reaches above the noise level
(similar to the orange trace) and the self-stabilization with 3
decay cannot be reproduced.

The uncertainties of the coefficients in this case stem from
the understanding of the seeding physics in this discharge:
if the mode were ‘pure’ triggerless, we would need a lar-
ger drive from A’ at small w (as used for the red trace in
figure 10), whereas the neoclassical drive could play a com-
parable or more important role if a finite seed island were
provided by other mechanisms. This happens below the noise
level of magnetic measurements in this discharge, hindering
further investigations. Nevertheless, together with the discus-
sions on TCV and AUG cases shown in previous sections, we
have seen that the co-MRE is able to describe well the w evol-
ution of seeded or triggerless NTMs in distinct plasma scen-
arios. Note that a, = 2 used for the triggerless case shown in
figure 10 (red trace) is within the range defined by TCV dis-
charges (section 3.2).

The time evolution of different terms of the co-MRE
(equation (3)) for the simulation with ¢ =9 and a, = 2 (solid
red trace in figure 10) is depicted in figure 11. It can be seen
that A’ and A, dominate the evolution at small w, whereas
Ajg is the main drive at ¢ € [0.23,0.27]s, when w reaches
around 4 cm. Compared with conventional tokamaks with
large aspect ratio, A/, plays a more important role in this
MAST case, as expected [50, 53].

6. Discussions on the real-time applications of the
co-MRE for advanced NTM control and integrated
control

The co-MRE has the potential to provide valuable information
in RT, for example, estimation of the EC power needed for
NTM control, evaluation of beam-mode alignment, prediction
of w evolution with different plasma conditions, etc. As dis-
cussed in sections 4 and 5, interpretative simulations show that
the co-MRE can recover the w measurements well with very

similar and constant coefficients, but the question remains if
and how one can find the optimal set of coefficients for each
different discharge in RT, a prerequisite for any RT applica-
tions of the co-MRE.

Following the discussions in previous sections, two main
parameters remain to be determined in RT: A that affects the
onset timing of triggerless NTMs and a, (with a given 5,,, Al,)
that affects wg,. These can be determined by comparing RT
simulations with RT measurements of w and adapting the coef-
ficients when necessary, for example, based on the measured
occurrence of NTMs (for Aj) or the time evolution of w (for
ay). As an illustration, the adaptation of a, will be discussed
in the next section.

6.1 Adaptation of a, based on w(t)

The RT adaptation of a, (with a fixed p,,,,A.,,) can be achieved
by tracing w(t) with the information from previous and present
time steps. For example, at each considered time step t, if the
number of Wpeasure inStances during ¢ € [ty — ty, ty] exceeds
a user-specified threshold np;, and a wg, has been reached
(based on the variation of Weasure) at the given time interval,
w(t € [ty — ty, ty]) is evaluated by the co-MRE with an ini-
tial wo = Wieasure (! =ty — i) and a5 taken from the previous
time step #y—; (or its initial value specified by the user if ty
is the first time step), where #); is of the resistive timescale
of the given scenario; wyjy, is then compared with Wieagure at
the same time interval and a, is adjusted based on the ratio
between their mean values, otherwise a, remains the same as
the previous time step.

In this scheme, p,,, A/, is specified by the user before a
discharge and —m is typically a good estimate. A better estim-
ation can be obtained by interpretative MRE simulations (as
in previous sections) or MHD stability calculations of similar
plasma scenarios. This is especially true for ITER, where only
a few and well-defined plasma scenarios will be considered
[60]. TCV #56171 discussed in section 4 (figure 5) is used
here to illustrate the method, through offline simulations mim-
icking RT situations. #3; = 80 ms and n,;, = 50 are used, while
PunDle = —1.4,a3 =1, a4 = 0.65 and as = 0.9 are kept as in
section 4.

As shown by the solid blue traces in figure 12(b), simula-
tions are performed every 50 ms during ¢ € [0.4, 1.5] s, with a
low initial a; = 0.8 for illustration purposes. In this case the
adaptation of a,, as shown by the blue curve in figure 12(a),
is triggered at = 0.65 s and continues until 7 ~ 1.25 s, after
which not enough measurement instances are available for the
adaptation. It can be seen that a, can be adjusted quite well
as soon as a finite number of measurement instances are avail-
able. The simulated w(¢) (blue traces in figure 12(b)) predict
the measurements well. As a comparison, another set of simu-
lations are performed with a fixed a, = 0.8 (i.e. without adapt-
ation), which tend to underestimate w, as expected and seen
from the dashed green traces in figure 12(b).

Different parameter settings, such as #y;, npi, and initial a,
have been tested, and it is found that a good estimation of a,,
within +15% of the a; = 1.3 determined by interpretative sim-
ulations (section 4), can be achieved within a few adaptations,
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Figure 12. Illustration of the adaptation of a; base on TCV #56171 (figure 5): (a) a; traces with (solid blue) and without (dashed green)
adaptation and (b) measured w (solid red); predicted w with adapted a» (solid blue) or fixed a» = 0.8 (dashed green).

though not detailed here for conciseness. It is worth noting
that here we have kept adapting a; as long as Wieasyre 1 avail-
able (i.e. until the full stabilization at ¢t ~ 1.25 s) for illustra-
tion purposes. In RT experiments we will stop adapting a,
as sSoon as Wpeasure 1S available for a long enough duration,
i.e. the resistive timescale (around 100 ms for TCV #56171
shown here). From the blue trace in 12(a), we can see that
ap ~ 1.35 is already reached at 1~ 0.7 s, 100 ms after the
measured mode onset (red trace in 12(b)). This is a good match
to a, = 1.3 determined through interpretive simulations for
the same discharge shown in section 4. A few RT adapta-
tions at the very beginning, however, are still needed to find
the constant coefficient to be fixed and used in the rest of
each specific discharge. This is one of the key differences
between the post-shot interpretative and RT applications of
the co-MRE.

The example here shows that the co-MRE coefficients can
be adapted well with available RT information and rather
simple algorithms. More standard control-oriented tools such
as extended Kalman filters can also be included in the future.
It should be emphasized that this method works well because
the co-MRE can predict well the full time evolution with con-
stant coefficients, among which only a few are significant and
need adaptation. In addition, the capability of the co-MRE in
predicting w evolution in distinct plasma scenarios on TCYV,
AUG and MAST, as demonstrated in previous sections, makes
its RT applications in ITER promising.

6.2. Real-time estimation of the EC power required for NTM
control

With a better idea about its coefficients in RT, the co-MRE
can be applied to estimate the required EC power (Prq) for
NTM control. As illustrated in figure 13, the estimation of Preq
is essentially the evaluation of the power needed to bring a
given % (w) to the requested trace: partial stabilization (blue),
where w of a given NTM is decreased to a user-specified wgy
if w > wgy, or NTM prevention (blue) by making the critical
island width (w.) larger than the seed island width (Wgeeq);

A

dw/dt

Partial stabilization

o

Marginal

Unconditionally stable
(stabilization or prevention)

Fast

>
w

dw

Figure 13. Tllustration of <

control.

(w) traces of various cases of NTM

dw

marginally stable (red), featured by max(%7) = 0 at the mar-
ginal island width (Wpare); and unconditionally stable (green),
where full NTM stabilization or prevention is ensured for any
Wseed -

Preq can then be estimated based on the dependence of vari-
ous co-MRE terms on the off-axis EC power (Pgc). Pgc is
expected to have implicit effects on Ajg (equation (4)) and
A, (equation (10)) through modifying T, g, etc but these
remain small since only off-axis EC beams (for NTM control)
are considered here. Moreover, if needed, these effects can
be included more self-consistently by RT predictive transport
simulations, for example, with the RAPTOR predictor [55].
More evident effects of Prc on 4¥(w) are through A/, and
A}, which can be simplified as:

Pon(ALp + AL) = fec(W, pacp) - Pec, (18)

based on equations (11) and (12), where frc(W,pdep)
—(NeaNedGea + MuNuGh).
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Figure 14. Simulations based on TCV #56171 (figure 5): Preq for
reaching marginal full stabilization (blue crosses) and preventing
NTM onset from wgeeq = O (red triangles) with preq = pyn.

Equations (3) and (18) can be used to evaluate P4 for
obtaining a user-specified wyeq (Within feq) with EC beams
depositing at prq. For the marginally stable case (red curve
in figure 13), for example, Prq can be estimated by:

_ P (A + Aps + AGG7) lwv=vime

fEC (Wmarg ) pdep)

Preq = ; (19)

after substituting ‘%(w = Wmarg) = 0 into equations (3) and
(18), where ware = wqe based on the derivative of the co-MRE
terms to w.

As an illustration, Prq for the marginal stabilization with
Preq = Pmn at different time slices is evaluated for TCV
#56171 (figure 5), as shown by the blue crosses in figure 14.
It can be seen that Prq = 0.77 MW at ¢ = 1.25 s. This is in
accordance with experimental observations, where full stabil-
ization of the 2/1 mode is obtained with 0.8 MW of EC power
at around 1.25 s when L1 crosses the mode location (i.e. per-
fect alignment at that time). Power-ramp experiments with
similar plasma conditions (not shown here) have confirmed
that 0.8 MW is marginal for stabilizing the 2/1 mode in this
case. Note that the large increase of Prq until £~ 0.9 s res-
ults from a higher total EC power and driven current, as seen
by the power traces in figure 5(a) and the f3, trace in figure 6,
leading to a larger Aj (equation (5)) and A’ (equations (15)
and (17)), i.e. a more unstable NTM.

Similar exercises can be performed to evaluate the power
needed for partial stabilization, prevention of NTMs from
a given Wgeeq, €tc. As shown by the red trace in figure 14,
Pyeq for preventing triggerless NTMs (i.e. with Wgeeq = 0) is
lower than that of full stabilization, in accordance with exper-
imental observations [8]. The co-MRE can also be applied to
improve beam-mode alignment by performing several simu-
lations assuming different pgep and comparing with measured
w in RT. Prediction of w(f) can be obtained by simulations
with present and future information, e.g. from preprogrammed
waveforms or predictive transport simulations. More detailed

investigations on the RT applications of the co-MRE will be
presented in a separate publication.

7. Conclusions and outlook

Recent experimental and numerical studies of NTM phys-
ics and control on TCV have been presented in this paper.
A simple technique that adds a small (sinusoidal) sweeping
to the target deposition location of the control EC beam has
proven effective both for the stabilization and prevention of
2/1 NTMs. This relaxes the strict requirement of beam-mode
alignment for NTM control, especially for NTM prevention,
where the only information about the target mode location is
from RT equilibrium reconstructions.

In terms of the EC power required for NTM stabilization,
a control scheme making use of RT island width (w) meas-
urements has been tested on TCV, in an ‘ask for more if not
enough’ fashion: an extra EC launcher is assigned to NTM
control in RT if the total power from existing EC launcher(s)
is not sufficient to fully suppress a given NTM. This scheme
has been demonstrated in the integrated control of 2/1 NTMs,
[ and model-estimated g profiles with shared EC launchers on
TCV. The sweeping technique and the ability to ask for more
power have also proven effective for the stabilization of a 3/2
mode on AUG.

NTM seeding through ST crashes or unstable current dens-
ity profiles (i.e. triggerless NTMs) have been studied in detail
on TCV. For the ST-seeded NTMs, a new prevention strategy
applying only transient EC beams near the relevant g = m/n
surface has been developed and tested successfully, based on
a good knowledge of ST crash timings from simultaneous ST
pacing with EC beams around the g = 1. For triggerless NTMs
observed reproducibly in TCV discharges with strong near-
axis ECCD, an unexpected density dependence of the onset of
these NTMs has been identified: the modes only occur within a
certain range of density and the range broadens with increas-
ing near-axis EC power. With a simple model developed for
the classical stability A’ at zero island width (denoted as A(),
the observed density dependence has been explained by the
density dependence of the ECCD efficiency and that of the
stability of ohmic plasmas.

Together with the other terms in the MRE, the A(’) model
provides a complete model for the description of the trigger-
less NTMs observed in numerous TCV discharges with near-
axis EC beams, from the onset as a TM at w = 0 to its saturation
as an NTM at wg,. This has allowed simulation of NTM pre-
vention for the first time, where the timing of mode onset and
the detailed w evolution after switching off the preemptive EC
power have been well reproduced. The prevention effects are
found to result from the local effects of EC beams, rather than a
global modification of j or g profiles, in accordance with obser-
vations in a group of TCV experiments scanning the deposition
location of the preemptive EC beam.

A co-MRE that considers A’ both at zero and finite w
has been developed and proven able to reproduce well the
w evolution in distinct plasma scenarios on TCV, AUG and
MAST, with very similar constant coefficients. This makes it



Plasma Phys. Control. Fusion 64 (2022) 044008

M Kong et al

promising to apply the co-MRE on ITER, where only a few
and well-defined plasma scenarios will be considered. The co-
MRE also has the potential to be applied in RT to provide valu-
able information, such as a faster and more direct estimation of
the EC power required for NTM control. This is especially rel-
evant for large tokamaks like ITER, where 2/1 NTMs need to
be stabilized within a few seconds after their onset to avoid
plasma disruptions. The RT information obtained will also
contribute to integrated control with a limited set of actuators,
involving RT decision-making and actuator management.

Data availability statement

The data generated and/or analysed during the current
study are not publicly available for legal/ethical reasons but
are available from the corresponding author on reasonable
request.

Acknowledgments

The authors would like to thank Dr L Kogan and Dr S Hende-
rson for their help and useful discussions on the EFIT and
TRANSP simulations of the MAST discharge. This work
has been carried out within the framework of the EUROfu-
sion Consortium and has received funding from the Euratom
research and training programme 2014-2018 and 2019-2020
under Grant Agreement No. 633053 and from the RCUK
(Grant No. EP/T012250/1). To obtain further information
on the data and models underlying this paper please con-
tact PublicationsManager@ukaea.uk. The views and opin-
ions expressed herein do not necessarily reflect those of the
European Commission. This work was supported in part by
the Swiss National Science Foundation.

ORCID iDs
M Kong @ https://orcid.org/0000-0002-2004-3513

F Felici @ https://orcid.org/0000-0001-7585-376X

O Sauter @ https://orcid.org/0000-0002-0099-6675

T Vu @ https://orcid.org/0000-0003-2020-4812

C J Ham @ https://orcid.org/0000-0001-9190-8310

M Maraschek ) https://orcid.org/0000-0002-3246-7559
M Reich @ https://orcid.org/0000-0001-9029-5647

References

[1] Sauter O et al 2002 Plasma Phys. Control. Fusion
44 1999-2019

[2] La Haye R J et al 2006 Nucl. Fusion 46 451-61

[3] Poli FM et al 2018 Nucl. Fusion 58 016007

[4] Henderson M et al 2015 Phys. Plasmas 22 021808

[5] Nagasaki K et al 2005 Nucl. Fusion 45 1608-17

[6] Kolemen E et al 2014 Nucl. Fusion 54 073020

[7] Rapson C et al 2017 Nucl. Fusion 57 076023

[8] Kong M et al 2019 Nucl. Fusion 59 076035
[9] Prater R et al 2003 Nucl. Fusion 43 1128

[10] De Lazzari D and Westerhof E 2009 Nucl. Fusion 49 075002

[11] La Haye R et al 2009 Nucl. Fusion 49 1-8

[12] Moret J M et al 2015 Fusion Eng. Des. 91 1-15

[13] Park Y S and Welander A S 2006 Plasma Phys. Control.
Fusion 48 1447-54

[14] Reich M et al 2015 Fusion Eng. Des. 100 73-80

[15] Poli E et al 2018 Comput. Phys. Commun. 225 3646

[16] van den Brand H et al 2019 Nucl. Fusion 59 016013

[17] Rispoli N et al 2019 Fusion Eng. Des. 146 666—70

[18] Humphreys D A et al 2006 Phys. Plasmas 13 056113

[19] Wehner W and Schuster E 2012 Nucl. Fusion 52 074003

[20] Rapson C et al 2014 Fusion Eng. Des. 89 568-71

[21] Kim M et al 2015 Nucl. Fusion 55 023006

[22] Kim D 2015 Real-Time Control of Sawteeth and NTMs in
TCV and ITER PhD Thesis Ecole polytechnique fédérale
de Lausanne

[23] Kong M et al 2017 Real-time control of neoclassical tearing
modes and its integration with multiple controllers in the
TCV tokamak 44th Conf. Plasma Physics, EPS 2017
P4.152

[24] Sauter O et al 2010 Plasma Phys. Control. Fusion 52 025002

[25] Gude A et al 1999 Nucl. Fusion 39 127-31

[26] Sauter O et al 2002 Phys. Rev. Lett. 88 4

[27] Chapman I T 2011 Plasma Phys. Control. Fusion 53 013001

[28] Canal G P ef al 2013 Nucl. Fusion 53 113026

[29] La Haye R J et al 2000 Nucl. Fusion 40 53-8

[30] Bardoczi L et al 2021 Phys. Rev. Lett. 127 55002

[31] Reimerdes H et al 2002 Phys. Rev. Lett. 88 4

[32] Gerhardt S P et al 2009 Nucl. Fusion 49 032003

[33] Kong M 2020 Towards integrated control of tokamak plasmas:
physics-based control of neoclassical tearing modes in the
TCV tokamak PhD Thesis Ecole polytechnique fédérale de
Lausanne

[34] Kong M et al 2020 Nucl. Fusion 60 026002

[35] Ji X Q, Xu Y, Hidalgo C, Diamond P H, Liu Y, Pan O, ShiZ B
and Yu D L 2016 Sci. Rep. 6 1-8

[36] Angioni C et al 2003 Nucl. Fusion 43 455-68

[37] Felici F et al 2012 Nucl. Fusion 52 074001

[38] Goodman T P er al 2011 Phys. Rev. Lett. 106 15-18

[39] Lauret M et al 2012 Nucl. Fusion 52 062002

[40] Prater R et al 2007 Nucl. Fusion 47 371

[41] Coda S et al 2019 Nucl. Fusion 59 112023

[42] Galperti C et al 2017 IEEE Trans. Nucl. Sci. 64 1446-54

[43] Février O et al 2016 Plasma Phys. Control. Fusion 58 45015

[44] Meskat J P et al 2001 Nucl. Fusion 43 1325-32

[45] Sauter O et al 1997 Phys. Plasmas 4 1654—64

[46] La Haye R J 2006 Phys. Plasmas 13 055501

[47] De Lazzari D and Westerhof E 2010 Nucl. Fusion 50 079801

[48] Sauter O et al 1999 Phys. Plasmas 6 2834-9

[49] Sauter O et al 2002 Phys. Plasmas 9 5140

[50] La Haye R J et al 2012 Phys. Plasmas 19 062506

[51] Fitzpatrick R 1995 Phys. Plasmas 2 825-38

[52] Poli E et al 2005 Phys. Rev. Lett. 94 205001

[53] Buttery R J et al 2002 Phys. Rev. Lett. 88 12500514

[54] Pletzer A and Perkins F W 1999 Phys. Plasmas 6 1589-600

[55] Felici F et al 2011 Nucl. Fusion 51 1-19

[56] Matsuda K 1989 IEEE Trans. Plasma Sci. 17 6-11

[57] Sauter O 2004 Phys. Plasmas 11 480813

[58] Reich M et al 2014 Real-time control of NTMs using ECCD at
ASDEX upgrade 25th Fusion Conf. (FEC 2014) (Saint
Petersburg, Russia) PPC/P1-26

[59] Snape J A et al 2012 Plasma Phys. Control. Fusion 54 085001

[60] Shimada M et al 2007 Nucl. Fusion 47 S1


https://orcid.org/0000-0002-2004-3513
https://orcid.org/0000-0002-2004-3513
https://orcid.org/0000-0001-7585-376X
https://orcid.org/0000-0001-7585-376X
https://orcid.org/0000-0002-0099-6675
https://orcid.org/0000-0002-0099-6675
https://orcid.org/0000-0003-2020-4812
https://orcid.org/0000-0003-2020-4812
https://orcid.org/0000-0001-9190-8310
https://orcid.org/0000-0001-9190-8310
https://orcid.org/0000-0002-3246-7559
https://orcid.org/0000-0002-3246-7559
https://orcid.org/0000-0001-9029-5647
https://orcid.org/0000-0001-9029-5647
https://doi.org/10.1088/0741-3335/44/9/315
https://doi.org/10.1088/0741-3335/44/9/315
https://doi.org/10.1088/0029-5515/46/4/006
https://doi.org/10.1088/0029-5515/46/4/006
https://doi.org/10.1088/1741-4326/aa8e0b
https://doi.org/10.1088/1741-4326/aa8e0b
https://doi.org/10.1063/1.4908598
https://doi.org/10.1063/1.4908598
https://doi.org/10.1088/0029-5515/45/12/016
https://doi.org/10.1088/0029-5515/45/12/016
https://doi.org/10.1088/0029-5515/54/7/073020
https://doi.org/10.1088/0029-5515/54/7/073020
https://doi.org/10.1088/1741-4326/aa6e0f
https://doi.org/10.1088/1741-4326/aa6e0f
https://doi.org/10.1088/1741-4326/ab1e1e
https://doi.org/10.1088/1741-4326/ab1e1e
https://doi.org/10.1088/0029-5515/43/10/014
https://doi.org/10.1088/0029-5515/43/10/014
https://doi.org/10.1088/0029-5515/49/7/075002
https://doi.org/10.1088/0029-5515/49/7/075002
https://doi.org/10.1088/0029-5515/49/4/045005
https://doi.org/10.1088/0029-5515/49/4/045005
https://doi.org/10.1016/j.fusengdes.2014.09.019
https://doi.org/10.1016/j.fusengdes.2014.09.019
https://doi.org/10.1088/0741-3335/48/9/013
https://doi.org/10.1088/0741-3335/48/9/013
https://doi.org/10.1016/j.fusengdes.2015.04.024
https://doi.org/10.1016/j.fusengdes.2015.04.024
https://doi.org/10.1016/j.cpc.2017.12.018
https://doi.org/10.1016/j.cpc.2017.12.018
https://doi.org/10.1088/1741-4326/aaeea9
https://doi.org/10.1088/1741-4326/aaeea9
https://doi.org/10.1016/j.fusengdes.2019.01.051
https://doi.org/10.1016/j.fusengdes.2019.01.051
https://doi.org/10.1063/1.2173606
https://doi.org/10.1063/1.2173606
https://doi.org/10.1088/0029-5515/52/7/074003
https://doi.org/10.1088/0029-5515/52/7/074003
https://doi.org/10.1016/j.fusengdes.2014.01.007
https://doi.org/10.1016/j.fusengdes.2014.01.007
https://doi.org/10.1088/0029-5515/55/2/023006
https://doi.org/10.1088/0029-5515/55/2/023006
https://doi.org/10.1088/0741-3335/52/2/025002
https://doi.org/10.1088/0741-3335/52/2/025002
https://doi.org/10.1088/0029-5515/39/1/308
https://doi.org/10.1088/0029-5515/39/1/308
https://doi.org/10.1103/PhysRevLett.88.105001
https://doi.org/10.1103/PhysRevLett.88.105001
https://doi.org/10.1088/0741-3335/53/1/013001
https://doi.org/10.1088/0741-3335/53/1/013001
https://doi.org/10.1088/0029-5515/53/11/113026
https://doi.org/10.1088/0029-5515/53/11/113026
https://doi.org/10.1088/0029-5515/40/1/304
https://doi.org/10.1088/0029-5515/40/1/304
https://doi.org/10.1103/PhysRevLett.127.055002
https://doi.org/10.1103/PhysRevLett.127.055002
https://doi.org/10.1103/PhysRevLett.88.105005
https://doi.org/10.1103/PhysRevLett.88.105005
https://doi.org/10.1088/0029-5515/49/3/032003
https://doi.org/10.1088/0029-5515/49/3/032003
https://doi.org/10.1088/1741-4326/ab56c5
https://doi.org/10.1088/1741-4326/ab56c5
https://doi.org/10.1038/s41598-016-0001-8
https://doi.org/10.1038/s41598-016-0001-8
https://doi.org/10.1088/0029-5515/43/6/308
https://doi.org/10.1088/0029-5515/43/6/308
https://doi.org/10.1088/0029-5515/52/7/074001
https://doi.org/10.1088/0029-5515/52/7/074001
https://doi.org/10.1103/PhysRevLett.106.245002
https://doi.org/10.1103/PhysRevLett.106.245002
https://doi.org/10.1088/0029-5515/52/6/062002
https://doi.org/10.1088/0029-5515/52/6/062002
https://doi.org/10.1088/0029-5515/47/5/001
https://doi.org/10.1088/0029-5515/47/5/001
https://doi.org/10.1088/1741-4326/ab25cb
https://doi.org/10.1088/1741-4326/ab25cb
https://doi.org/10.1109/TNS.2017.2711625
https://doi.org/10.1109/TNS.2017.2711625
https://doi.org/10.1088/0741-3335/58/4/045015
https://doi.org/10.1088/0741-3335/58/4/045015
https://doi.org/ 10.1088/0741-3335/43/10/304
https://doi.org/ 10.1088/0741-3335/43/10/304
https://doi.org/10.1063/1.872270
https://doi.org/10.1063/1.872270
https://doi.org/10.1063/1.2180747
https://doi.org/10.1063/1.2180747
https://doi.org/10.1088/0029-5515/50/7/079801
https://doi.org/10.1088/0029-5515/50/7/079801
https://doi.org/10.1063/1.873240
https://doi.org/10.1063/1.873240
https://doi.org/10.1063/1.1517052
https://doi.org/10.1063/1.1517052
https://doi.org/10.1063/1.4729658
https://doi.org/10.1063/1.4729658
https://doi.org/10.1063/1.871434
https://doi.org/10.1063/1.871434
https://doi.org/10.1103/PhysRevLett.94.205001
https://doi.org/10.1103/PhysRevLett.94.205001
https://doi.org/10.1103/PhysRevLett.88.125005
https://doi.org/10.1103/PhysRevLett.88.125005
https://doi.org/10.1063/1.873412
https://doi.org/10.1063/1.873412
https://doi.org/10.1088/0029-5515/51/8/083052
https://doi.org/10.1088/0029-5515/51/8/083052
https://doi.org/10.1109/27.21664
https://doi.org/10.1109/27.21664
https://doi.org/10.1063/1.1787791
https://doi.org/10.1063/1.1787791
https://doi.org/10.1088/0741-3335/54/8/085001
https://doi.org/10.1088/0741-3335/54/8/085001
https://doi.org/10.1088/0029-5515/47/6/S01
https://doi.org/10.1088/0029-5515/47/6/S01

	Physics-based control of neoclassical tearing modes on TCV
	1. Introduction
	2. Experimental studies on NTM physics and control on TCV
	2.1. Stabilization of NTMs with EC beams
	2.2. Prevention of NTMs

	3. Theoretical model
	3.1. A comprehensive MRE (co-MRE)
	3.2. Coefficients in the co-MRE

	4. Numerical studies of NTMs with the co-MRE on TCV
	5. Applications of the co-MRE in simulations of AUG and MAST discharges
	5.1. Stabilization of 3/2 NTM with ECCD on AUG
	5.2. Self-stabilization of 2/1 NTM with  ramp-down on MAST

	6. Discussions on the real-time applications of the co-MRE for advanced NTM control and integrated control
	6.1. Adaptation of a2 based on w(t)
	6.2. Real-time estimation of the EC power required for NTM control

	7. Conclusions and outlook
	Acknowledgments
	References


