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Abstract

Sawtooth control using electron cyclotron current drive (ECCD) has been demonstrated in ITER-like plasmas with
a large fast ion fraction, wide ¢ = 1 radius and long uncontrolled sawtooth period in DIII-D. The sawtooth period
is minimized when the ECCD resonance is just inside the ¢ = 1 surface. Sawtooth destabilization using driven
current inside ¢ = 1 avoids the triggering of performance-degrading neoclassical tearing modes (NTMs), even at
much higher pressure than required in the ITER baseline scenario. Operation at S = 3 without 3/2 or 2/1 NTMs
has been achieved in ITER demonstration plasmas when sawtooth control is applied using only modest ECCD
power. Numerical modelling qualitatively confirms that the achieved driven current changes the local magnetic

shear sufficiently to compensate for the stabilizing influence of the energetic particles in the plasma core.

1. Introduction

It is well known that tokamak macroscopic instabilities are
primarily driven by steepening gradients in the current density
or the pressure. Sawtooth oscillations are the manifestation
of the n = m = 1 internal kink mode, one such
magnetohydrodynamic (MHD) instability, characterized by
quasi-periodic collapses in the temperature and density in the
plasma core (here, m and n are the poloidal and toroidal
periodicity of the wave). However, minority populations of
super thermal ions can delay the onset of these instabilities,
thereby improving confinement properties of tokamaks and
allowing steeper pressure and current gradients to develop. The
presence of fusion-born alpha particles in ITER is predicted to
significantly lengthen the time between consecutive sawtooth
crash events [1-4]. This means that when the sawtooth crash
occurs in the presence of stabilizing fast ions it is often
more violent and more likely to trigger neoclassical tearing
modes (NTMs), leading to a degradation in pressure and thus
in fusion performance. Indeed, long period sawteeth are
empirically shown to be more likely to trigger NTMs [5].
Consequently there is much interest in control schemes which
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can maintain small, frequent sawtooth crashes which avoid
seeding deleterious NTMs.

When electron cyclotron resonance heating (ECRH) is
applied to the plasma, a change in the local current density
occurs due to the change in the temperature, and subsequent
change in the conductivity. When applied in the vicinity of
the resonant surface associated with the internal kink mode,
g = 1, this has the consequence of moving the radius of
the ¢ = 1 surface, r;, and changing the magnetic shear
at ¢ = 1, s;, thus affecting the likelihood of a sawtooth
crash. Here, the safety factor is ¢ = dv,/dyy and the
magnetic shear is s = r/qdq /dr with v and ¥4 the poloidal
and toroidal magnetic fluxes respectively. Furthermore, by
adding a toroidal component to the wave vector of the
launched EC waves, an ancillary electron cyclotron driven
current results either parallel (co-electron cyclotron current
drive (ECCD)] or anti-parallel (counter-ECCD) to the ohmic
current, enhancing the potential to change s;. Figure 1
shows the case when ECCD is applied inside the ¢ = 1
surface, where the local change in current density results in
an increase in the gradient of the g-profile at ¢ = 1. Here
the blue current density profile is a typical H-mode profile

© 2012 IAEA, Vienna Printed in the UK & the USA
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Figure 1. When ECCD is applied, a local perturbation to the current
density profile (red, where blue is the usual H-mode profile) results
in the ¢ = 1 radius moving outwards and the magnetic shear
increasing.

with bootstrap peak near the edge, whereas the red curve
shows the ancillary electron cyclotron driven current inside
g = 1. The control of sawtooth oscillations in tokamaks
through noninductively driven currents has been demonstrated
on a number of machines [6-13], and consequently has
been included in the design of the sawtooth control system
for ITER [14,15]. The history of sawtooth control using
current drive is reviewed in reference [16]. It is worth
noting that the control of sawteeth for NTM prevention using
ECCD has been demonstrated directly on ASDEX Upgrade:
Reference [17] shows that NTMs are avoided at high pressure
by complete suppression of the sawteeth using co-ECCD just
outside the ¢ = 1 surface. Concomitant with the end of the
gyrotron pulse, a sawtooth crash occurred and an NTM was
triggered, resulting in a substantial degradation of the plasma
performance. However, it is widely accepted that sawteeth
cannot be avoided throughout an ITER discharge, and so a
similar demonstration of avoidance of NTMs with deliberately
accelerated frequent sawteeth is required.  Furthermore,
experiments in JET demonstrated sawtooth destabilization and
consequent avoidance of NTMs, even at high By in H-mode
[18, 19]. However, these experiments used ICRH as the control
actuator, rather than ECCD as reported here and planned for
ITER. Recently, the mechanism of sawtooth control when
using ICRH has been explained by tailoring the phase space of
the fast ion distribution [20, 21], so direct comparison between
the JET ICRH results and ECCD sawtooth control is complex.

The fundamental trigger of the sawtooth crash is thought
to be the onset of an m = n = 1 mode, although the dynamics
of this instability are constrained by many factors including not
only the macroscopic drive from ideal MHD, but collisionless
kinetic effects related to high energy particles [22-24] and
thermal particles [25, 26], as well as non-ideal effects localized
in the narrow layer around ¢ = 1. A heuristic model
predicts that a sawtooth crash will occur in the presence of
energetic ions when various criteria are met [ 1,27, 28], with the
defining one usually given in terms of a critical magnetic shear

determined either by the pressure gradient, s; > Scit(@4i), Or
by the mode potential energy, written as

L @)] .
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where c, is a normalization coefficient of the order of unity,
0 = pi/r1, pi is the ion Larmor radius, R is the major radius, B
is the toroidal field, €; = r; /R, & is the magnetic perturbation
at the magnetic axis and w,; is the ion diamagnetic frequency.
The change in the kink mode potential energy is defined such
that SW = §Wiore + W}, and Weoe = Wy + § Wk wWhere
8 Wxo is the change in the mode energy due to the collisionless
thermal ions [25], § W}, is the change in energy due to the fast
ions and § Wy is the ideal fluid mode drive [29].

The remaining concern about current drive control is
whether changes in s; can overcome the stabilization arising
from the presence of energetic particles. In ITER, the fusion-
born « particles are likely to give rise to a large stabilizing
potential energy contribution, § W}, in the internal kink mode
dispersion relation, which coupled with the small /6 in the
denominator of equation (1) means the critical shear to drive the
internal kink mode unstable is increased. The result is that the
change in the magnetic shear may need to be prohibitively large
in order to compete with the kinetic stabilization, especially if
the fast ions arising from concurrent ion cyclotron resonance
heating (ICRH) and neutral beam injection (NBI) heating
exacerbate the situation [4]. Consequently, recent experiments
have focussed on destabilizing sawteeth using ECCD in the
presence of energetic particles. Sawtooth destabilization of
long period sawteeth induced by ICRH generated core fast
ions with energies >0.5MeV was achieved in Tore Supra,
even with modest levels of ECCD power [30,31]. Similarly,
ECCD destabilization has also been achieved in the presence
of ICRH accelerated NBI ions in ASDEX Upgrade [32] as
well as with normal NBI fast ions in ASDEX Upgrade [7] and
JT-60U [33]. Despite these promising results, destabilization
of so-called monster sawteeth—that is to say sawteeth with
periods longer than the energy confinement time, and hence
saturated central plasma temperature—in the presence of a
significant population of highly energetic particles at high By
(where By is the fast ion pressure divided by the magnetic
pressure) has yet to be demonstrated in ITER-like conditions.
This paper aims to address this issue. In section 2 sawtooth
control in ITER demonstration plasmas is demonstrated in
DIII-D for long sawteeth in the presence of energetic NBI
ions. After demonstrating the optimal deposition for ECCD
in order to destabilize the sawteeth, the improvement in fusion
performance with sawtooth control is discussed in section 3. In
section 4 the effect of changing the magnetic shear is compared
with the stabilizing drive from the fast ions using numerical
simulation, before the implications of this work are discussed
in section 5.

2. Sawtooth control using ECCD in the presence of
energetic ions

ITER baseline demonstration plasmas have been developed
on DIII-D [34] to match many of the anticipated operating
parameters for ITER [35]: the plasma cross-section matches



Nucl. Fusion 52 (2012) 063006

L.T. Chapman et al

136345

2090 3 (a)
1En (107 m™) P

0}/-__/ A/"\t

g - Prai(MW) (b)i

3.5 ]

_ Pecu(MW) r (c):

N
T
j
=
—
o
T

0
6 n=1rms (e)
2 L
25 C "\ 9min ()
05 1 2 3 4 5
Time (s)

Figure 2. Time traces for a DIII-D shot 136345 which is a typical
ITER demonstration plasma with [, = 1.45MA, Br = 1.92T and
Wi/ W 2 0.2. (a) The density is relatively constant and allows the
pedestal collisionality to match that expected in ITER. (») The NBI
power (modulation averaged over 100 ms here) is in By feedback.
(c) The ECH power is directed off-axis to keep the density low.

(d) Py = 1.8 is kept constant and ITER baseline level. (e) The
plasma sawtooths throughout and ( f) gm;n is just below one,
resulting in a broad low-shear region expected in ITER ELMy
H-modes.

the ITER design scaled by a factor of 3.7; the plasma
confinement and normalized pressure match the target values
for ITER, namely Hog ,» = 1.0 and By = 1.8, where Hog >
is the energy confinement enhancement factor, 8y = BaBy/I,
where a is the minor radius, I, (MA) is the plasma current,
B = 2pL0(p)/B§ and (---) represents an averaging over
the plasma volume and p is the plasma pressure; the field
(Br = 1.9T) and current (/, = 1.45MA) are set such that
I/aB = 1.415 which equates to I, = 15MA in ITER; the
resultant safety factor at the 95% flux surface, ggs = 3.1 is
close to the ITER design value of 3.0; the density is set in
such a way that the pedestal collisionality is matched to that
expected in ITER; and finally, there is a broad low-shear region
of the safety factor resulting in p; = 0.35 approaching the
p1 = 0.45 value expected in ITER (notwithstanding the large
error bar associated with this in the transport modelling). A
typical ITER demonstration plasma is illustrated in figure 2.
The plasma experiences monster sawteeth throughout, with
an average sawtooth period of ty = 265 ms compared with
an energy confinement time of tg = 220ms. Scaling the
sawtooth period by the resistive diffusion time [36] and r,
this period is roughly equivalent to 50s in ITER, which is
approaching the expected critical sawtooth period likely to seed
NTMs [5].

Tearing mode activity is present throughout, with a benign
m/n = 4/3 tearing mode persisting throughout most of the
discharge, though not affecting confinement significantly, and
am/n = 2/1 tearing mode triggered by a sawtooth crash near
the end of the flat-top (after the off-axis ECCD near ¢ = 2
is turned off). Constant off-axis broad-deposition electron
cyclotron heating (ECH) is required to attain low density, likely
to work by driving an electron-temperature gradient mode in

the locality of the EC resonance, and to avoid a disruptive 2/1
mode. The off-axis ECCD near ¢ = 2 is broad (in the sense
that it is broader than islands present in the plasma) and not
modulated, meaning that it is not optimized for stabilizing any
NTMs occurring in the plasma. In the plasmas reported here,
only co-current on-axis NBlisused. Whilst DIII-D is equipped
with both counter-current and off-axis neutral beams, both
have been shown numerically and empirically to destabilize
the internal kink mode and result in shorter sawtooth periods
[37-40]. Given that the aim of this paper is to demonstrate
the efficacy of ECCD destabilization in the presence of fast
ions, any ancillary sources of sawtooth destabilization are
omitted. This has the consequence that these DIII-D plasmas
have relatively high injected torque and thus rotate faster than
the toroidal frequency expected in ITER. It should be noted
that this differential rotation is likely to influence the potential
coupling between the 1/1 internal kink mode associated with
the sawteeth and higher m/n NTMs.

An important difference between these plasmas and the
ITER baseline scenario is the fraction of energetic particles.
The NBI induced fast ions constitute approximately 15% of
the stored energy, whereas the fusion-born alpha particles in
ITER, combined with NBI and ICRH fast ions, result in a fast
ion fraction ({f)/(B)) in ITER approaching 45% (B, from
reference [41], Bng) from reference [42]).

The ECCD resonance was swept by performing very
slow ramps in the toroidal field, commensurate with slow
ramps in plasma current to keep the g-profile constant. These
ramps, which are typically only 6% variation over 2500 ms,
are necessarily slow since the sawtooth period was sometimes
longer than half a second and the ramps must proceed
sufficiently slowly that the optimal deposition location for
sawtooth destabilization can be inferred. Figure 3 shows
the EC driven current predicted by the TORAY-GA code
[43,44]. Both the off-axis EC absorption location and the
amplitude of the driven current is relatively insensitive to
the sweep in the toroidal field because the rays are nearly
tangent to the flux surface due to the ray refraction at large
minor radius. Conversely, the 12% difference in toroidal field
between discharges 145688 and 145692 results in the on-axis
ECresonance location moving in therange pgc € [0.17, 0.35],
which spans a significant region both inside and outside the
g = 1 radius considering the relatively narrow ECCD width.
The fact that the off-axis EC deposition is relatively invariant
ensures that no adverse changes to current density profile affect
tearing stability at higher m /n rational surfaces and allow low
target density to be retained throughout to achieve a high fast
ion fraction.

The sawtooth behaviour in typical ITER demonstration
plasmas in DIII-D is shown in discharge 145861 in figure 4.
Here the 1.4 MW of ECH is directed off-axis to achieve a low
density and thus W,/ Wio = 0.12. The sawteeth are regular
with an average sawtooth period of 260 ms and the By is kept
fixed by feedback on the auxiliary NBI power during the very
small I, By ramp. Also shown is a comparison shot with core
ECCD appliedinside ¢ = 1, with the sweep in field and current
moving the deposition from well inside ¢ = 1 towards ry, but
not crossing ¢ = 1. Itis clear that the average sawtooth period
drops significantly and the shortest sawteeth are 125 ms, less
than half the uncontrolled period. This is a clear demonstration
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Figure 3. The electron cyclotron driven current and heating profiles
for discharge 145692 when the core deposition is centred at

p = 0.35 and for shot 145688 when the core ECCD is at p = 0.17.
Despite the large sweep in core EC deposition, the off-axis
deposition remains almost unchanged.
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Figure 4. The normalized beta, ECH power and n = 1 mode
activity for shots 145861 (no core ECCD) and 145859 (with core
ECCD). It is clear that the sawtooth frequency increases by
approximately 50% when there is ECCD just inside ¢ = 1.

of robust sawtooth control in the presence of a significant
population of energetic particles. In this discharge 1.5 MW of
ECCD (compared with P,,x = 5 MW) was required to reduce
the sawtooth period by 50%.

By performing a series of sweeps in field and current, the
deposition location of the ECCD can be moved from near the
magnetic axis to well outside the ¢ = 1 surface, noting that
the inversion radius does move slightly as the ECCD resonance
moves. The field and current sweeps were performed in both
directions so that any hysteresis in the sawtooth period would
be evident. Figure 5 shows the sawtooth period as a function of

+ Lower field and current

= Higher field and current 800

* Mid field and current 700
- = ~Uncontrolled averaged low /By

- -Uncontrolled averaged high |,/Br 600"

+ ~Uncontrolled averaged mid |/By 500-

Sawtooth Period (ms)

0.1 00 01
Pdep ™ P1

0.2

Figure 5. The sawtooth period as a function of the difference of the
q = 1 radius and the peak EC deposition radius, shown with a
best-fit third order polynomial to guide the eye. It is evident that the
sawtooth period is minimized when the ECCD is localized a small
distance inside the g = 1 surface, as expected. This is a clear
demonstration of such behaviour in H-mode plasmas with a large
fast ion fraction.

the difference between the EC resonance location calculated
by TORAY-GA and the inversion radius, here considered as
representative of the ¢ = 1 surface. The inversion radii are
calculated by looking for inversion on the electron cyclotron
emission diagnostic, which has a radial resolution of 1 cm, the
soft x-ray diagnostic which has resolution of 2.5 cm and finally
by matching the mode frequency to the rotation profile from
charge exchange recombination spectroscopy. It is clear that
the minimum in sawtooth period occurs when the ECCD has
aresonance just inside the ¢ = 1 surface, as one would expect
[8, 16], since this maximizes the local magnetic shearatg = 1.
That this strong correlation—which has previously been shown
in L-mode and low power plasmas [7, 8, 12,45—47]—persists
in the presence of energetic ions is encouraging and shows
that ECCD is an applicable actuator in ITER plasmas. The
optimal destabilization occurs for a broad range of deposition,
Pdep — P1 € [—0.2, —0.03].

3. Improved performance using ECCD sawtooth
control in ITER demonstration plasmas

As discussed in section 2, the ITER demonstration plasmas
in DIII-D are susceptible to performance-degrading tearing
modes (either 3/2 or 2/1), even at the relatively modest
normalized pressure of By = 1.8. Thatis not to say that tearing
modes are ubiquitous in these plasmas, but they are common
depending upon subtle nuances of the current profile [48],
even more so at low applied torque. The most deleterious
instability is the m/n = 2/1 NTM which is usually triggered
by an edge-localized mode (ELM) or a sawtooth crash that
triggers an ELM or by a sawtooth alone. Whilst stabilization
of the 2/1 NTM has been shown to lead to much improved
performance in DIII-D [49], it is preferable to avoid triggering
the NTMs by utilizing sawtooth control. NTM control requires
ECCD power near g = 2 which means that it does not usefully
heat the core of the plasma, whereas the ECCD for sawtooth
control described in section 2 is inside ¢ = 1. Furthermore,
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Figure 6. The density, NBI power, ECH power, normalized beta
and n = 1 and n = 2 mode activity in discharges 144847 (red, no
sawtooth control) and 145865 (black, with sawtooth control).
Whilst a 2/1 NTM is triggered at 3.7 s after a sawtooth crash in
144847, when By = 1.8, much higher performance is achieved for
much longer with sawtooth control, allowing By =~ 3.

ECCD efficiency drops with increasing radius, exemplified
by the current densities achieved for different locations given
similar input power in figure 3, making core ECCD even more
preferable. Extrapolating this to ITER, avoidance of NTMs by
sawtooth control is far preferable for fusion yield, Q [50].
The scans in field and current allowed the optimal
resonance location for the ECCD to be inferred from figure 5.
The relative insensitivity of the minimum in sawtooth period
to the exact resonance location with respect to ¢ = 1 means
that sawtooth control in DIII-D can be achieved without
real-time steering of the EC launcher mirrors. Indeed, this
insensitivity allows the resonance location to be fixed and the
pressure to be increased, whilst retaining frequent, controlled
sawteeth despite the enhanced Shafranov shift at higher B.
We now choose the resonance location and set the field
and current accordingly so that pg, — o1 ~ —0.1, then
increase the auxiliary NBI power piece-wise in By feedback to
increase the pressure and examine the efficacy of the sawtooth
control. Figure 6 shows two very similar discharges in DIII-
D, one without core ECCD and one with optimized ECCD for
sawtooth control. In the absence of sawtooth control, discharge
144847 develops a 2/1 NTM triggered by a sawtooth crash at
By = 1.8. This in itself is a paradigm of the importance
of sawtooth control in the baseline scenario in ITER: This
demonstration plasma matches most ITER parameters, and yet
a 2/1 NTM is triggered, degrading confinement irreparably.
This happens despite the fact that the fast ion fraction is less
than half of that expected in ITER, which is likely to exacerbate
the situation, pointing towards the need to prevent the NTM
seeding. Shot 145865 is a demonstration of exactly this.
Using only 1.5 MW of core ECCD inside ¢ = 1, the internal
kink mode is driven unstable and the sawteeth are small and

frequent. The plasma pressure is steadily increased to the point
that fn = 3.0 and 2/1 NTMs are avoided throughout. The
application of core ECCD meant that DIII-D plasmas were able
to operate well in excess of the baseline normalized pressure
foreseen in ITER reproducibly. Whilst the ECCD is applied
throughout the discharge, it not only heats the plasma core
as well as controlling the sawteeth, but its application allows
access to much higher pressures, extrapolating to a significant
increase in Q.

It should be noted that, as discussed in section 2, in order
to achieve the low density, and thus high fast ion fraction
desired in these ITER-like plasmas, off-axis ECCD is required
near ¢ = 2. This off-axis ECCD is broadly deposited and
not modulated, and therefore not optimized for NTM control.
Indeed, as exhibited in figure 6, when the sawtooth control
is not applied, the off-axis ECCD does little to affect the
triggering and subsequent growth of m/n = 2/1 NTMs. The
small driven current from this off-axis ECCD will change very
slightly at higher Bx as the Shafranov shift is enhanced, and
therefore, it is possible that this small change in the current
profile could affect tearing stability directly. However, the
over-riding conclusion which persists is that this higher 8 is
only accessible with the core sawtooth control which gives rise
to sufficiently small sawteeth to avoid triggering NTMs, even
at lower fx.

The controlled sawteeth come about because the local
increase in the magnetic shear at ¢ = 1 afforded by the
electron cyclotron driven current significantly destabilizes the
1/1 internal kink mode. This drive for the 1/1 mode can be
seen clearly in the root-mean-square amplitude of the Fourier
spectrogram of fluctuations measured on outboard midplane
magnetic probe measurements shown in figure 7. In the
absence of core ECCD, the sawtooth precursor mode is weak
and intermittent and the sawtooth period is long. However,
in discharge 145692, the increase in shear drives the 1/1
mode unstable according to equation (1), resulting in a strong,
continuous perturbation in the plasma.

4. Modelling the effect of ECCD in high
performance, high fast ion fraction plasmas

The effect of driving localized current on the stability of the
internal kink mode has been assessed using linear stability
analysis. Whilst such linear analysis cannot be used to infer
anything directly about the nonlinear sawtooth period, it is
still useful as a guide to internal kink stability, and indicative
of the sawtooth behaviour. Indeed, it has been used to provide
insight into empirical observation of sawtooth phenomenology
on MAST [51], TEXTOR [52], JET [37,38] and ASDEX
Upgrade [40].

The reconstructed fixed-boundary equilibria are generated
using the HELENA code [53], taking as input the current density
profile from ErRT constrained by the motional Stark effect
diagnostic and with a correction for the radial electric field.
The pressure profile is taken from the Thomson scattering
diagnostic, whilst the plasma boundary also comes from EFir.
Whilst the equilibrium is static, the linear MHD stability
analysis using MisHkA-F [54] includes the effect of toroidal
rotation perturbatively. This assumption is appropriate at very
sub-sonic flow speeds present in these relatively low injected
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Figure 7. The magnetic spectrogram for discharges 145861 (no
sawtooth control) and 145692 (with core ECCD sawtooth control) at
the same plasma pressure. When sawtooth control is applied, the

n = 1 mode is driven more unstable with strong precursor mode
activity and higher coupled harmonics observed throughout.

torque plasmas [55, 56]. The rotation profile is taken from the
charge exchange recombination spectroscopy diagnostic.

The effect of the fast ions on internal kink stability is
analysed using the Monte Carlo drift kinetic Hacrs code [57].
Haais simulates the interaction between the perturbation taken
from MisHkA-F and the energetic particle distribution taken
from the Transp code [58]. Here Transp predicts a neutron
rate which matches the experimentally measured neutron rate
very well. The spectral shape and profile shapes of the beam
ion distribution predicted by TraNsp have also been compared
with the fastion distribution measured by the vertically viewing
fast ion D-alpha (FIDA) diagnostic [59]. Whilst the calculated
FIDA signals [60] are larger than those measured by the FIDA
diagnostic, the profiles and spectra give good confidence that
the TRANSP beam ion distribution is reasonable.

A typical effect of the localized ECCD on the g-profile
is illustrated in figure 8. In discharge 145692 at t = 4.305s,
the ECCD resonance is outside the ¢ = 1 radius, leading to
a long sawtooth period. In this case, the ¢ = 1 surface is at
r1 = 0.22a and the local magnetic shear is only s; = 0.22.
Conversely, when the ECCD resonance is just inside the ¢ = 1
surface, as is the case for discharge 145688 atr = 2.465 s, then
the resonant surface is moved outwards by 18% to r; = 0.26a
and the magnetic shear increases by 200% to s; = 0.66.

The effect of changing the local magnetic shear is assessed
by calculating the change in the potential energy of the n = 1
internal kink mode which enters into the critical magnetic shear
required for a sawtooth to occur, as given by equation (1).
The fluid drive for the mode, § W; is calculated by MISHKA-F
including the stabilizing effect of the toroidal rotation, whilst
the stabilizing effect from the core fast ions, 6 Wy, resulting
from the NBI is calculated using Hacis. Figure 9 shows

2
(7]
s 1
0 : : : :
0.0 0.1 0.2 0.3 0.4 0.5 0.6
r/a

Figure 8. The MSE-constrained EFIT safety factor (solid) and shear
(dashed) profiles just before a sawtooth crash for 145688 at

t = 2.465 s when the EC resonance is inside the initial ¢ = 1
position, resulting in an increase in r; and s; compared with the
g-profile for shot 145692 at t = 4.305 s when the EC resonance is
well outside ¢ = 1.
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Figure 9. The sawtooth period as a function of the deposition peak
of ECCD with respect to the ¢ = 1 radius for timeslices in four
different DIII-D discharges. The trend in sawtooth period is
replicated by the change in the potential energy of the internal kink
mode, § Wy, underpinned by the change in the magnetic shear and
g = 1 radius due to local ECCD altering both § W}, and § W;.

the sawtooth period for four DIII-D discharges for different
Pdep — P1, which have very different magnetic shear and radial
positions of the ¢ = 1 surface. It is clear that when the
resonance is a short distance inside p;, the fluid drive for the
n = m = 1 internal kink is maximized because the EC driven
current increases both the magnetic shear and r;. As well as
driving the internal kink, the stabilizing effect of the fastions is
diminished due to the normalization of § W}, in equation (1) by
the local magnetic shear. Here the 8Wh is calculated using the
fastion distribution from discharge 145692 throughout, though
the neutral beam heating is the same in all shots so this is a
reasonable approximation. Whilst linear stability calculations
cannot be used to infer the sawtooth period, which is naturally
dominated by nonlinear processes, it is indicative of sawtooth
stability. Furthermore, the fact that the change in potential
energy of the internal kink, § Wiy, correlates strongly with the
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Figure 10. The change in the potential energy of the kink mode for
the same four DIII-D sawteeth as shown in figure 10. Also shown is
s1 and p; for these four different EC resonance locations. It is clear
that the change in § W arises from increasing both s; and p;. It
should be noted that § W is larger (more stable) for pq, nearest p;
than for the most on-axis resonance despite the higher magnetic
shear because the ¢ = 1 radius is expanded by the local ECCD
compared with the on-axis resonance.

sawtooth period gives confidence that the dominant physics is
captured in the modelling.

It should be noted that whilst the change in the local
magnetic shear is the predominant driver in destabilizing the
internal kink mode, the variation in the radial position of the
q = 1 surface resulting from the ancillary noninductive current
drive also influences stability. This is exemplified by figure 10
which shows that §W is larger (more stable) for pqc, nearest p;
than for the most on-axis resonance despite the higher magnetic
shear because the ¢ = 1 radius is expanded by the local ECCD
compared with the on-axis resonance. As r; increases, § Wy
also increases markedly due to a greater number of energetic
beam ion trajectories passing inside the ¢ = 1 surface, and so
stabilizing the kink mode [16].

5. Discussion and conclusions

The ITER ELMy H-mode baseline scenario is designed to be
sawtoothing. The significant population of fast ions arising
from the NBI, ICRH, and of course, the fusion born « particles,
is expected to result in very long sawtooth periods, potentially
of the order of 100s [1,61,62]. Empirical scaling suggests
that such long sawteeth are likely to trigger deleterious NTMs
[5] and so some sawtooth control is required. Whilst NTM
suppression is planned for ITER, direct avoidance by sawtooth
control is preferable for optimizing the fusion yield. As well
as heating the core plasma when ECCD is applied inside
q = 1 for sawtooth control, the ECCD efficiency is far greater
near the core than near the ¢ = 2 surface. However, given
the small ion Larmor radius and large positive § Wy, resulting
from the energetic ion populations, equation (1) suggests that
sawtooth control using current drive schemes is likely to be
more challenging. The results presented here show that not
only is ECCD control possible in ITER-like plasmas, but that
it can predicate much higher performance than forecast to be
required to meet Q = 10 in ITER whilst still avoiding NTMs.

Sawtooth destabilization has been achieved with modest
ECCD power in the presence of a significant population of fast
ions. The fact that a modest level of injected EC power could
result in such a dramatic change in the sawtooth behaviour,
despite the strong stabilizing contribution of the energetic beam
ions, suggests that the destabilizing effect of increased local
magnetic shear may be stronger than reference [1] suggests.
This is the case, for instance, in the stability criteria for the drift
tearing mode in reference [28] where a fourth order dependence
on s; appears. Whilst these energetic particles represent up to
approximately 20% of the plasma pressure, this is still much
less than expected in ITER, and definitive demonstration of the
effectiveness of ECCD does require a larger fast ion fraction in
future studies. The sawtooth period is minimized when the EC
resonance is just inside the ¢ = 1 surface, which results in the
largest increase in the local magnetic shear. The minimum in
sawtooth period is relatively insensitive to the exact deposition
location once the EC resonance is inside the ¢ = 1 surface,
as predicted to be the case in ITER in transport analysis
too [63]. These experiments give credence to the numerical
assessment that 13MW of ECCD will be an effective control
actuator in ITER plasmas [63,64]. Finally, substantially
enhanced fusion performance has been demonstrated here with
sawtooth control, giving hope that similar performance could
be achieved without triggering NTMs in ITER if necessary in
order to reach the Q = 10 goal.
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