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Controlled partial stabilization of core m/n = 2/1 Neoclassical Tearing Modes (NTMs) by fueling
deuterium pellets is reported in DIII-D and KSTAR H-mode plasmas (m/n are the poloidal/toroidal
mode numbers). Analyses of DIII-D data exploring possible physics origins show that an explanation
is offered by NTM-turbulence multi-scale interaction, triggered by a sudden increase of local gradients
near ¢ = 2 caused by the pellet. Pellet injection from the high-field side allows deep fueling which
reaches the island region. In turn, low-k turbulent density fluctuations (1) increase by 30% in the
island region. This 1 can drive transport across the island separatrices, reducing the pressure flat
spot at the O-point and diminishing the NTM drive. The Mirnov probe array detects the reduction
of the 2/1 magnetic amplitude by up to 20%. Causality between elevated gradients outside of
the island, turbulence spreading into the island and reduced NTM drive is qualitatively supported
by non-linear gyrokinetic turbulence simulations. These show increased penetration of ion-scale
n from the background plasma to the O-point region when the background gradient is increased.
This interaction has potentially far reaching consequences as it can lead to a reduction of the
required electron cyclotron current density (jrcop) for NTM suppression by 70%, as predicted by
the modified Rutherford equation. This beneficial effect of fueling pellets can be important as jgccp
is the anticipated active NTM control technique for the International Thermonuclear Experimental
Reactor (ITER), but its efficiency will be lowered by third harmonic absorption in Pre-Fusion Power

Operation-1 (PFPO-1) at half magnetic field.

I. INTRODUCTION

The m/n = 2/1 Neoclassical Tearing Mode (NTM) is
a major impediment in the development of operational
scenarios of present and future tokamaks, as it degrades
plasma confinement and, if large enough, often locks
to the wall, slows down the plasma rotation and leads
to plasma termination? (m/n are the poloidal/toroidal
mode numbers). NTMs are destabilized by a helical boot-
strap current perturbation (Jjzg) arising due to ‘missing’
pressure gradient (Vp) at the magnetic island O-point® .
NTM stabilization has been achieved by electron cy-
clotron current drive (ECCD) in various H-mode scenar-
ios by replacing djpg at the mode rational surface®?.
This control method is the leading candidate for active
NTM stabilization in ITER burning plasmas. However,
in ITER Pre-Fusion Power Operation-1 (PFPO-1), the
high electron density (n.) at low magnetic field (B) im-
poses a major concern for NTM stabilization via ECCD
due to parasitic 3'Y harmonic absorption in the edge
which lowers ECCD efficiency in the core'®. There-
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fore, the avoidance of locked mode—induced disruptions
in ITER start up operations would benefit from an ac-
tive NTM control method that does not rely on high gy-
rotron power. Such a method may also improve the net
electricity output of future reactors and/or could free up
gyrotrons for heating and current drive elsewhere in the
plasma.

A solution is offered by restoring Vp at the island
O-point which can be accomplished in practice by fu-
eling pellets. Experimentally observed T, structures
of magnetic islands are well described!! '* by a simple
anisotropic diffusion model'® (x V23 T + X”VﬁTe =0,
where x| is the parallel electron thermal diffusivity),
where T, is flat if x; = 0 at the O-point, but finite x|

results in a boundary layer L, o Xi_/ * which decreases
the djgg drive of the NTM. Inside the island, x is re-
duced to neoclassical level'>714 in accord with local re-
duction of ion temperature gradient (ITG) and trapped
electron mode (TEM) scale turbulence!® ¥, Under these
conditions L, ~ 1.2 cm™, but in principle Ly ~ 4 cm
is possible by restoring n inside the island. This is vi-
able through turbulence spreading'®, allowing 1 to prop-
agate radially?® into the linearly stable O-point region,
delocalizing the relation between 1 intensity (and x)
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and VT, as reported in recent magnetic island experi-
ments in DITII-D?!. As gradients are turbulence drives, it
is expected that a surge in gradients outside the island
(caused by the pellet) can reduce the jpg drive of the
NTM through 1 spreading.

Formation of magnetic islands due to pellets and trig-
gered growth of pre-existing small magnetic islands by
pellets have been observed?226. Pellets have been also
utilized to study the perpendicular particle transport in
the O-point region of islands?”?8. NTM suppression by
fueling pellets, however, has not been reported before.

In this paper we present controlled partial stabilization
of NTMs by fueling pellets for the first time in DIII-D?"
and KSTAR?® H-mode discharges, investigate possible
physics origins of this behavior and discuss consequences
on ECCD requirements for complete NTM stabilization.
In these experiments, pellet injection from the high-field
side allows density (dn.) and temperature perturbations
(0T) to propagate to the NTM rational surface in a few
milliseconds, due to favorable polarization drift of the
ablated pellet material®'. DIII-D data shows that these
enhance local gradients in the island region, which are
turbulence drives, and concomitant low-k n levels in the
expected range of the Micro Tearing Mode and Trapped
Electron Mode instabilities. When the pellet—driven per-
turbations reach the island region, the islands shrink by
maximum 20% and then recover in about 40 ms in DIII-
D. In KSTAR, the islands shrink by maximum 30% and
then recover in about 80 ms. Analyses suggest that classi-
cal stability can not change in this time scale and changes
in the resistivity or the rotation are not the underly-
ing causes of this behavior. Reduced jgg drive due to
enhanced cross-field transport inside the island offers a
quantitative explanation of the reported phenomenon.

Complementing the experimental data, non-linear
GENE?*? gyrokinetic simulations with magnetic islands
were employed to investigate causality between elevated
gradients outside of the island, turbulence spreading into
the island and reduced djgg at the O-point region. These
show that increased gradients outside of the island in-
crease the 1 radial correlation and n spreading into the
O-point region. The layer of finite gradients inside the
island (L,) increases with 1, which in turn reduces djgg.
Interestingly, the modified Rutherford equation (MRE)
predicts that a transport enhancement inside the island
can reduce the required jgcop for complete NTM stabi-
lization by 70%.

The paper is structured as follows. DIII-D experimen-
tal set-up and observations are described in Section II
and Section III, respectively, with KSTAR data included
in Subsection IIID. Physics origins of the reported be-
havior are investigated in Section IV. Evolution of DIII-
D plasma profiles and low-k n are discussed in Section V,
gyrokinetic simulations in Section VI and implications on
ECCD requirements in Section VII. Section VIII summa-
rizes the study.

Il. EXPERIMENTAL OVERVIEW

The response of naturally occurring and rotating 2/1
NTMs to fueling deuterium pellets was studied in repro-
ducible, stationary hybrid DITI-D H-mode plasma con-
ditions. The plasma shape was biased up double null
[Fig. 1 (a)], the major radius of the magnetic axis was
Ro=173 cm, minor radius was a=60 cm, elongation was
k = 1.83. A steady plasma current of 1.4 MA was main-
tained, in the stationary state the neutral beam power
was 4.65 MW [Fig. 1 (b)], the line averaged density
was 5.5 x 101m™3 [FIG 1 (c)] (interferometry®?®), the
toroidal magnetic field was By = —1.86 T. The square
root of the normalized toroidal flux surface label of the
q = 2 rational surface was p = 0.68. At this location
the electron temperature (T,, Thomson scattering®*) and
ion temperature (T;, Charge Exchange Recombination,
CER?") were both approximately 1.5 keV [FIG 1 (d)].
The normalized plasma beta was 1.39 (Sx = SaB1/Ip)
[FIG 1 (e)]. The n = 1 magnetic amplitude (Mirnov)
started growing at about 2000 ms and saturated around
18 Gauss [FIG 1 (f)]. The frequency of this mode is
15 kHz initially and 5 kHz in the stationary state and
the poloidal mode number is m = 2. The full width
of the magnetic islands in the outboard mid-plane was
W ~ 8 cm at ¢ = 2 as seen in ECE?® and ECEI®” data
in the discharges without pellets. In the discharges with
pellets T, measurements are possible only with the slower
Thomson scattering system as ECE is cut off due to the
higher density. In addition, all of these plasmas exhibit
an m/n = 3/2 mode at ¢ = 1.5, which is responsible for
maintaining g, > 1 which keeps the core sawtooth free.

During the flat top phase of the discharge when the
NTM amplitude has saturated, 1.8 mm deuterium pellets
are injected from the high-field side at 45 degree poloidal
angle [Fig. 1 (a)], at a rate of 10 Hz, starting at ¢t =
2318 ms. With typical velocities of 150 to 200 m/s, the
pellets are ablated within 15 cm of the plasma edge, but
the resulting dn, and §T propagate to the island region
in a few milliseconds due to polarization drifts®'. Along
the pellet trajectory, the ¢ = 2 surface is 31 c¢cm from the
last closed flux surface. A clear signature of the pellet is
a surge in ne [Fig. 1 (c)]. Concomitant drops of T, and
T; leas to no or nearly no change in 8 [Fig. 1 (e)]. These
events are accompanied by a drop of the 2/1 amplitude
by typically about 20% [Fig. 1 (f)], which is evidence that
core fueling pellets have stabilizing effect on pre-existing
saturated 2/1 NTMs.

IIl. RESPONSE OF 2/1 NTMS TO PELLETS

Several of the utilized pellets broke into two or more
pieces before reaching the vacuum chamber, which re-
sulted in the variation of the induced §T and én. Fig. 1
shows the evolution of the line integrated n, (g), T. and
T; outside of the island on the low field side (h), 2/1
NTM magnetic amplitude (i), the raw Mirnov signal (j)
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FIG. 1:

(a) Equilibrium reconstruction with pellet launch geometry. (b) Neutral beam power, (c) density (Thomson), (d) electron (Te,

Thomson) and ion temperature (T, CER) inside the radial region of the 2/1 island, (e) normalized plasma beta, (f) n=1 magnetic RMS
(Mirnov). Time trace of (g) ne, (h) Te and Tj, (i) n = 1 magnetic amplitude (thin orange line with circles: raw signal with 1 ms
resolution, thick blue line: raw signal smoothed with 20 ms time constant), (j) raw poloidal magnetic field fluctuation at the tokamak
wall (Mirnov) and (k) Divertor Do signal during the injection of the largest pellet of the discharge.

and the divertor D, signal (k) during the injection of
the largest pellet that reached the plasma in one piece.
The surge of n, is accompanied by a drop in the local
T, and T;. Notice that the recovery of T, and T; takes
about 60 ms, which is tracked by the n =1 NTM ampli-
tude. Both natural ELMs and the pellets can cause the
island to shrink. Additionally, the pellets trigger ELMs,
which also interact with the island. These are discussed
in Subsections III A-IITC, where phase-locking analysis
of the n = 1 magnetic amplitude is employed to isolate
the effect of ELMs and pellets on the 2/1 NTM.

A. Effect of natural ELMs on NTMs

On top of the pellet-caused perturbation, faster drops
of the NTM amplitude are also observed in Fig. 1 (i),
which consistently align with Edge Localized Modes
(ELMs) in the D, signal in Fig. 1 (k). These drops are
not the ELM magnetic component, but reflect the shrink-
ing and recovery of the 2/1 islands in about 10 ms after
ELMs?839, This evolution is also seen directly in the raw

Mirnov signal in Fig. 1 (j). Additionally to the island re-
sponse, some ELMs cause a sharp positive or negative
spike in the Mirnov signal (but not in the slower n = 1
signal), which lasts only for about 0.1 ms. These spikes
are interpreted as the magnetic component of ELMs, not
a rapid change in the n=1 NTM amplitude.

The Te(t,R) contour phase-locked to ELMs in the
lower density shots in Fig. 2 (a) shows that the ELM-
induced “cold-pulse” in the edge plasma propagates to
the island on sub-millisecond time-scale. In sync, the
m/n = 2/1 island heals and then recovers in less than
10 ms. [Fig. 2 (b)]. The maximum perturbation of
the “cold-pulse” reaches the island region about 5 ms
after the ELM. This data is taken at lower density
(ne &~ 3.2 x 10Y¥%m~3; without pellets), where the second
harmonic ECE is not cut off, hence local measurements
of T, are possible. On average, T, drops at ¢ = 2 by
5% and the n = 1 amplitude drops by 20%. The island
structure can be monitored by phase-locking local mea-
surements of T, to the island rotation frequency!#40:41,
which transforms the T¢(R,t) data (from the lab frame)
to Te(R, &) (to the island frame). Here & = mf—n¢ is the
helical phase of the island, # and ¢ are the poloidal and
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FIG. 2: Effect of natural ELMs on the structure m/n = 2/1 NTM magnetic islands: (a) inward propagating Te ”cold”-pulse in ECE
data phase-locked to ELMs. (b) n = 1 magnetic signal shows island shrinking after ELMs. Phase-locked averaged Te(R, &) contour (c)
before and (d) after an ELM. (e) Te(R) across the island O-point before and after an ELM. Figures (c), (d) and (e) are
adapted from L. Barddczi et al., Phys. Plasmas 24, 062503 (2017), with the permission of AIP Publishing.
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FIG. 3: phase-lock averaged ne, Te at ¢ = 2 and ne X Te to (a) ELM times, (b) pellet injection times. (c) Difference between ne x Te
during pellets and ELMs. phase-lock averaged n = 1 Mirnov amplitude to (d) ELM times, (e) pellet injection times. (f) Difference
between n = 1 Mirnov amplitude during pellets and ELMs.

toroidal angles, respectively. Figs. 2 (¢) and (d) show the
Te(R, &) contours across the island before and after the
ELM, respectively. Increase of VT, inside the island after
the ELM is indicated by the fact that the T, contours are
more dense compared to before the ELM. Interestingly,
when 1.7W/ cm® EC power is deposited in the island re-
gion in the same discharge, the power balance x of the
background plasma (calculated with TRANSP) increases
from 1.7 m?/s to 5m?/s. At the same time, the drop of
T, at ¢ = 2 as well as the drop of the n = 1 mag-
netic signal approximately doubles (not shown), hence

the EC heating and/or current drive enhances the NTM
response to ELMs. Increased VT, inside the island 5 ms
after the ELM, compared to 2 ms before the ELM, is
more clearly shown in the T¢(R,{ = m) radial profiles
across the O-point in Fig. 2 (e). Ensemble averaging the
data over 11 (24) ELMs in the window with (without)
EC heating and current drive shows that VT, increases
by 52eV/cm £ 29% (12eV/cm + 41%) at the island sep-
aratrix in line with the O-point (R = 207.9 cm, & = 7)
due to ELMs.

Similarly to the above described lower density shots,



the n, and T, perturbations caused by ELMs both prop-
agate to ¢ = 2 in the discharges with pellets and cause n,
(Te) to drop by about 5% (10%) [Fig. 3 (a)]. In sync, the
n = 1 magnetic signal drops with a similar character as
in the low density shot [Fig. 3 (d)]. Here the n,, T, and
n = 1 magnetic signal were phase-lock averaged within
the flat top phase of a single discharge (DIII-D #174968),
where 70 ELMs and 8 pellets were available for the analy-
sis. The uncertainty of the drop of the ensemble averaged
n=1 signal is characterized by the precision of the mean
before ELMs and after ELMs for which the ¢ standard
error is the metric (¢ = o/+/N — 1 where o is the stan-
dard deviation and N is the sample size). & is shown by
the shaded regions in Fig. 3. The results shown in Fig. 3
are in quantitative agreement with two repeat discharges
(DIII-D #174964 and #174965).

B. Triggered ELMs

In these experiments, the pellets triggered ELMs as
seen from the fact that a D, spike [Fig. 1 (k)] occurs in
sync with the surge of n, [Fig. 1 (g)] after each pellet.
Further, drops in the n = 1 magnetic signal caused by
ELMs in Fig. 3 (d) are also present at the pellet injec-
tion times in Fig. 3 (e). The relative growth rates of
the most unstable peeling-ballooning modes calculated
with ELITE?*? linear stability analysis (not shown) indi-
cate that the plasma was unstable to peeling-ballooning
modes just before injections, representative for DIII-D
discharges in this parameter range*3. Here the kinetic
equilibria were reconstructed for the 80-99 % ELM phase
during the same time window. The linear stability anal-
ysis of the equilibria before natural ELMs and before
triggered ELMs is consistent with the observation that
the ELM frequency is not increased significantly by the
pellets. In addition, the decay rate of the associated
D, spike and the magnetic character in the Mirnov-data
(not shown) all support that these events triggered by
the fueling pellets are ELMs. Triggered ELMs, similarly
to natural ELMs, lead to 0T and én perturbations that
propagate to the ¢ = 2 rational surface. As the effect of
pellet ablation and triggered ELM take place on different
time-scales, their effect on the 2/1 NTM can therefore be
readily separated, see Subsection IIIC.

C. Effect of pellets

The n = 1 magnetic signal phase-locked to natural
ELM times in Fig. 3 (d) shows that the NTM amplitude
shrinks typically by about 17% due to ELMs in the pellet
experiment. Simultaneously, both n, and T, drop at ¢ =
2, which results in a drop of 8. [Fig. 3 (a)]. Here . x
n. T, is the 8 of electrons at ¢ = 2.

After pellet injection, n. increases and T, drops by
about 30%. The n,T, product in Fig. 3 (b) is nearly
constant with small drops comparable to those caused

by natural ELMs in Fig. 3 (a). In sync, the n = 1 mag-
netic signal drops initially by 15% and recovers in 10 ms
[Fig. 3 (e)]. This initial drop is caused by the triggered
ELM and is very similar to that caused by the natural
ELM [Fig. 3 (d)]. Later on, a second drop develops in
the n = 1 magnetic signal starting around 10 ms after
the pellet which lasts for about another 30 ms.

To isolate the effect of the pellet from the triggered
ELM, the n = 1 magnetic response to ELMs (n = 1
phase-locked to natural ELMs [Fig. 3 (d)]) is subtracted
from the n = 1 response to pellets (n = 1 phase-locked to
pellets [Fig. 3 (e)]), see [Fig. 3 (f)]. Recall that both of the
phase-locked signals were calculated in the flat top phase
of the same discharge. This shows that the second, long-
term shrinking of the island is the only effect of the pellet-
caused perturbation. Similarly, the difference between
B phase-locked to ELMs from 3, phase-locked to pellets
shows that the pellet alone does not lead to significant
changes in the local §. at ¢ = 2 [Fig. 3 (c¢)]. Analysis of
the n = 1 frequency shows that the island rotation follows
a similar trajectory as the amplitude with an average
drop of about 10% (not shown). Possible explanations of
these observations are discussed in Section IV.

D. NTM partial stabilization due to pellets in KSTAR

The DIII-D observation of NTM partial stabilization
by fueling pellets was also tested in KSTAR H-mode plas-
mas. The relevant plasma parameters were: R, = 1.8 m,
a=05m, Br =18 T, I, = 400 kA, go5 ~ 6.2. These
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FIG. 4: (a) Time history and (b) spectrogram of the n =1
Mirnov amplitude during pellet injection in KSTAR.

plasmas developed an n = 1 magnetic mode rotating with
10 kHz frequency, which is consistent with a 2/1 NTM.
The major radius coordinate of ¢ = 2 is expected to be in
the Rq—2 = 1.9 — 2.0m range based on EFIT constrained



by the motional Stark effect diagnostic (MSE**). Based
on Mirnov data, the width of these islands is expected to
be W = 2 — 3 cm, which is significantly smaller than the
DIII-D 2/1 islands. Deuterium pellets with cylindrical
shape (2 mm diameter and 1.5 mm length) were injected
from the high field side at near 20 degree poloidal angle
and entered the plasma with an average speed of 211 m/s.
Reduction of the 2/1 island amplitude after pellet injec-
tion is seen from the time history of the n = 1 Mirnov
amplitude with the most significant response after the in-
jection at about 11.15 s in Fig. 4. Here the n = 1 signal
briefly shrinks and recovers after ELMs as in the DIII-D
discharge and then shrinks by about 30% for about 80 ms
at the time of the pellet injection. Broadband magnetic
fluctuations increase during this time window. This data
demonstrates that the pellet has a stabilizing effect on
the 2/1 mode in the KSTAR plasma, in line with the
DIII-D results.

Due to limited diagnostics accessibility, further analy-
sis in the KSTAR plasmas is not attempted. Investiga-
tion of physics origins of the partial stabilization is based
upon DIII-D data in Section IV and thereafter.

IV. POTENTIAL PHYSICS ORIGINS OF PARTIAL
STABILIZATION OF THE 2/1 NTM DUE TO PELLETS

As mentioned in Section I, partial stabilization of the
2/1 NTM due to pellets can not be explained by (i) a
change in the classical stability parameter A’; (ii) a ro-
tation drop or (iii) a resistivity surge (n o Te_?’/z), but is
consistent with (iv) increased cross-field transport ()
at the island O-point.

Some of these effects can be discussed within the frame-
work of the Modified Rutherford equation that prescribes
NTM evolution. The simplest form including classical
stability (first term), the neoclassical bootstrap current
drive (second term) and the ECCD current (third term)
reads:

aw. _ n A

At e

1 OneW 20 (1)
po W2 + L3 W

Here po is the vacuum permittivity, Dnc o jgg & VD
is the neoclassical bootstrap current drive and L, is the
cross-field electron thermal transport length-scale (recall
that L, o Xi/ 4). Q. is a constant negative parameter
quantifying the magnitude of externally driven jgccp at
the O-point at complete stabilization. p,, is then a dimen-
sionless parameter between 0 (no jgcep) and 1 (complete
stabilization).

(i) Classical stability. The islands shrink about
10 ms after injections, which is much faster then the time-
scale required for the current profile to evolve. Therefore,
it can be assumed that A’ is nearly constant when the
island shrinks due to the pellets.

(ii) Rotation. Former DIII-D experiments®® reported
a decreased f threshold for 2/1 NTM onset at lower rota-
tion, implying that 2/1 NTMs are more unstable at lower

rotation. The pellets are injected radially, increasing the
plasma density, without delivering angular momentum.
This reduces the plasma rotation which then decreases
the island frequency. Therefore, based on earlier studies,
the reduction of island frequency due to the pellets can
not explain the observed partial stabilization.

(iii) Temperature. Drops in T, increase 7, which in
turn increases the growth rate classically and neoclassi-
cally. Considering these two terms, the saturated island
width (Wgar) is independent of 5 (at jgccp = 0). There-
fore, a change in 77 due to the drop in T, can not explain
the shrinking of the island. In addition to the above, a
drop in T, in the island O-point region could also drive
the NTM more unstable through radiation®.

(iv) Turbulent transport. Increased n enters the
MRE through L,, the boundary layer inside the island
where gradients are maintained'®, which can vary in the
1.2 - 4 cm range, as reported previously“’. This reduces
the size of the T, flat spot at the O-point region com-
pared to the size of the magnetic island, reducing the
destabilizing djgg. Wsar is given by the stable root of
dW /dt = 0. The relative change of Wgar (at jgcep = 0)
due to a change in L, is approximately:

BN (-VE).

1412/ W2

Here W, is the unperturbed island width, L, =
LX(Xturb./Xneocl.)1/4 and Rx = Xturb‘/Xneocl‘ ~ 102 LX
is the boundary layer in the unperturbed island and the
ratio of transport coefficients was measured in earlier
work'*. Under these conditions, equation 2 estimates
that WgaT can shrink by up to about 20% due to a x|
enhancement inside the island, which is in quantitative
agreement with the observations of Section III. We note
that the modified transport may also influence the jgccp
directly?”*®, which is neglected here for simplicity.

In the following, profile and turbulence data analy-
ses as well as gyrokinetic simulations with magnetic is-
lands will be in the focus of the paper. DIII-D data and
GENE simulations qualitatively support the hypothe-
sis that pellet—induced turbulent transport enhancement
near the O-point causes islands to shrink.

Ry

V. EVOLUTION OF PLASMA PROFILES AND
TURBULENCE DURING THE PELLET CYCLE

In this section, we first present measurements of den-
sity profiles and temperature gradients [Subsection V Al.
The pellets lead to increased gradients in the island
region, which are turbulence drives, hence n increase
in the island region is expected. This is followed by
GENE linear stability analysis, showing significant in-
crease of Micro Tearing Mode and Trapped Electron
Mode growth rates in the island region due to the pellet
[Subsection V B]. These are consistent with Beam Emis-
sion Spectroscopy measurements of n inside the island
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showing increased low-k turbulence after the pellet [Sub-
section V C].

A. Plasma profiles

The ne(t, p) contour in Fig. 5 (a) shows that in re-
sponse to the pellet dn, propagates radially inward until
it reaches the island region (p ~ 0.59 — 0.79) where it
is confined for about 30 ms. This transport behavior is
qualitatively similar to that reported in 1/1 RMP islands
in LHD?". n.(p) profiles at 4 different times are shown
in Fig. 5 (b). These 4 times are:

e t1 : 3 ms before injection (reference). The plasma
is in equilibrium and Vn, is small inside the island
region.

e t5 : 6 ms after injection; max. of —VT, at ¢ = 2.
When the pellet starts ablating, a peak develops
first at the top of the pedestal around p = 0.87
which then grows and propagates inward.

e t3 : 14 ms after injection; max. of —VT; at ¢ = 2.
The contour of ne(t, p) [Fig. 5 (a)] and the nq(p)
profiles [Fig. 5 (b)] show that Vn, is reversed in-
side the island region at this time. This implies a
reduced Jjgg drive of the NTM.

e ¢4 : 40 ms after injection; max. of —Vne. —VT,
and —VT; at ¢ = 2 are about equal to before pellet
injection.

Time traces in Fig. 5 (¢) show that —VT, increases first
(t2), followed by an increase in —VT; inside the island
region. Note that due to the short electron-electron col-
lision time the drop in T, is almost instantaneous, which

is detected by the Thomson scattering diagnostic. In
contrast, the thermalization of the pellet deuterium ions
with the probed carbon impurity takes place on the much
longer ion-ion collision time, which explains the delayed
carbon impurity T; response, as detected by the CER
diagnostic. When the inward propagating density peak
passes ¢ = 2, Vn, increases temporarily until the n, peak
decays.

Note that VT, and VT; at ¢ = 2 relax in about 40 ms
as the perturbations propagate further in but it takes a
longer time until the local T, and T; recover. The n =1
amplitude recovers on the time-scale of the gradients.

MSE data is available during these shots, but measure-
ment limitations seem to preclude direct measurement of
current profile changes with the pellets. Due to the lim-
ited time response of the utilized lock-in amplifiers, the
fast change in density and light intensity caused by a
pellet leads to a transient spurious polarization measure-
ment, i.e. the inferred pitch angle changes too much, too
quickly to be physically real. This masks the actual local
magnetic field response at the NTM rational surface.

As gradients are turbulence drives, it is expected that
turbulence driven fluctuations increase after the pellet.
The type and growth rates of the fastest growing micro-
instabilities was calculated with linear GENE gyrokinetic
simulations in Subsection V B.

B. Linearly unstable drift waves at ¢ = 2 (GENE)

Determining the type of unstable drift-waves across
the island requires nonlinear gyrokinetic simulations with
magnetic islands and plasma parameters (T./T;, VT,
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VT;, Vn, geometry, rotation, etc.) carefully matched to gate in the electron diamagnetic direction.

the experiment, which is beyond the scope of this pa- The Beam Emission Spectroscopy®® diagnostic is sen-
per. However, in order to identify the type of dominant sitive in the kgps < 1.0 range. Hence, n probed by this
micro-instability of the background plasma at ¢ = 2 dur- diagnostic is in the expected range of MTM and TEM
ing pellet injections, we conducted linear GENE gyro- turbulence.

kinetic simulations®? [FIG. 5 (e)] using 4 sets of exper-

imental profiles at the time-slices t; — t4 discussed in

Subsection V A. Input are the experimentally measured ~ C. Evolution of low-% turbulence (BES)

ne T., Tj, carbon impurity rotation profiles and the

reconstructed magnetic equilibrium. These profiles are The BES system®® provides radially resolved measure-
time averaged over multiple island rotation cycles includ- ments of i locally by measuring the light emission from
ing the X-point and the O-point. As such, the simula-  the neutral beam at ¢ = 150°, 3.6 cm above the mid-
tion can only give a general idea of the type of most  plane across the 2/1 island region [Fig. 6 (a)]. This
unstable modes of the background plasma and their lin-  system is sensitive to localized, long-wavelength 0 of
ear growth rates during the pellet cycle. These flux-tube kg < 1 cm~! which is the expected wavenumber range
simulations were run on the ion-scale (kgps = 0.1=17.0),  of the MTM instability in these plasmas. The typical
used two fully kinetic species (deuterons and electrons) separation between the channels is about 1 cm, the ra-
and included electromagnetic effects. Here ky is the dial and poloidal localization is about 1 cm.

poloidal wavenumber and p, = cs/w; ~ 0.4 cm, where The BES system detects increased turbulence inten-
¢s = y/Te/m;, and m; and w; are the ion mass and sity (%) by 20% inside the island region, after the pellet
cyclotron frequency, respectively. The dominant insta- (compared to 1% before the pellet). This is seen in the

bility at kgps < 0.6 is the Micro Tearing Mode (MTM)  radial profile of the 1 RMS increase in Fig. 6 (b). Coher-
[Fig. 5 (e)], which are stable when electromagnetic effects ence spectra of 50 ms windows between vertically adja-
are removed (i.e. when Ampére’s law is not evolved) and ~ cent channels inside the island show that the increase of
they are sensitive to both VT, and VT;. The dominant 1 is in the broad and high frequency Af = 100 — 200 kHz
instability at kgps > 0.6 is the Trapped Electron Mode range, which is consistent with increased broadband tur-
(TEM), which are sensitive to collisionality and propa- bulence inside the island resulting from pellet injection
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[Fig. 6 (c)]. Here only ELM-free windows are analyzed,
when the modulated neutral beam was on. Example time
trances of n? inside and outside the island are shown in
Fig. 6 (d) and (e), respectively. The n = 1 magnetic am-
plitude [Fig. 6 (f)] starts to decrease when n? is increased
inside the island. This suggests a multi-scale interaction
between low-k 1 and the 2/1 NTM. However, this data
does not fully explain the observations as the the island
remains shrunk for about 30 ms (as long as local gra-
dients are modified) even after the BES 1 has decayed
back to the level of before pellet injection. Possible expla-
nations include (i) increase of intermediate-k turbulence
during the whole 30 ms window which is not detected by
BES, (ii) the resistive time-scale of the NTM evolution
restraining instantaneous island recovery.

VI. LOW-k TURBULENCE SPREADING INTO
MAGNETIC ISLANDS IN GYROKINETIC SIMULATIONS

To investigate causality between elevated gradients
outside of the island, turbulence spreading into the is-
land and reduced NTM drive, we used static magnetic
islands in GENE nonlinear gyrokinetic turbulence sim-
ulations in 3-dimensional, toroidal geometry. This is
accomplished by qualitatively testing if increased back-

ground gradients can lead to stronger turbulence spread-
ing into the magnetic island O-point region and if this
effect shrinks the area where the temperature is flat. The
islands are implemented through the parallel component
of the vector potential®’. GENE self-consistently solves
the gyrokinetic-Maxwell system of equations on a fixed

n and VT, penetration vs. background VT;

100 o
— 80 . N
%)
F 60 _ L,\l/\’\; ./ ]
E ol o
40 [ ]
= [ @ Ly /W
= O
= 20 ]
o L \ . \ ) .
5 6 7 8 9
R/LTi

FIG. 8: Scaling of boundary layer width Ly (where
VTe > VTE!/2) and turbulence penetration depth Lz (where
i ~ n"f) vs background ion temperature gradient R/ L, in
GENE non-linear gyrokinetic simulation with a magnetic island.



grid in five dimensional phase space (plus time). Two
particle species (deuterons and electrons) were used in-
cluding electromagnetic effects. The equilibrium mag-
netic configuration (large aspect-ratio, circular model
equilibrium) is characterized by a safety factor of ¢ = 1.5,
magnetic shear of § = 0.16 and inverse aspect ratio
of € = 0.19. In our reference simulation R/L, = 2.2
and R/LTQ = R/LT1 =5 (R/LTl = R/(Tl/arTl) and
similar definitions hold for R/L, and R/Lt.). These
equilibrium parameters are similar to the “Cyclone DIII-
D base case parameter set”®! (discharge #81499) as in
other gyrokinetic simulations®?°3, where the most un-
stable micro-instability is the Ion Temperature Gradient
(ITG) mode. For clarity, we point out that the stud-
ied NTM in the DIII-D pellet experiment is character-
ized by m/n = 2/1 mode numbers and the dominant
linearly unstable drift waves at ¢ = 2 of the background
plasma are the MTM and the TEM instabilities , see Sec-
tion II and Section V B, respectively. Conducting non-
linear gyrokinetic simulations with magnetic islands and
input parameters (T./T;, VT,, VT;, Vn, geometry, ro-
tation, etc.) carefully matched to a specific experiment
would require extensive simulation effort which is beyond
the scope of this paper. These simulations therefore only
qualitatively test if increased background gradients can
lead to stronger turbulence spreading into the magnetic
island O-point region and if this effect shrinks the tem-
perature flat spot.

The first comparison of GENE turbulence simulations
with magnetic islands to DIII-D turbulence data showed
that GENE can qualitatively reproduce the measured
scaling of n modifications inside and outside the island
with respect to the island width!”. Here we attempt
to model the effect of the pellet only on the domi-
nant instability drive near the island, V'T;, hence a set
of simulations in the experimentally relevant range of
R/Ly, = 5 — 9 are comducted, where R/Ly, =5 and 9
correspond to “before pellet” and “after pellet”, respec-
tively. The simulations are started with uniform gradi-
ents where ITG modes are unstable. Next, turbulence,
transport and the profile perturbations are evolved self-
consistently on a much longer time-scale than the tur-
bulence correlation time, after the system has reached
statistical equilibrium.

Snapshots of the instantaneous n(r, £) in the saturated
state show that 1 is reduced in the vicinity of the O-point
when R/Lrt, = 5 [Fig. 7 (a)] but 1 spreads into the O-
point region when R/Ly, =9 [Fig. 7 (b)]. Radial profiles
of nryms (the RMS of 1) across the O-point [Fig. 7 (c)]
show that 1 is increased by 40% outside and decreased
by 75% inside the island when R/Lt, = 5. In contrast,
when R/Lt, =9, 1 is increased by a factor of 3 outside
the island, and 1 is nearly unchanged at the O-point due
to increased M penetration into the island [Fig. 7 (c)].
Here we define Lz as the width of the boundary layer
inside the island separatrix, where 1 is equal to 1 of the
reference simulation without pellet and without island.
Time averaged helical k-spectra (n(k¢)); in Fig. 7 (d)
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show that ITG modes are more unstable primarily in the
lower-k part of the spectrum. This increases the radial
correlation length of n, which then offers an explanation
of increased n penetration into the island.

As expected, increased 10 is accompanied by increased
VT, in the boundary layer inside the island separatrix
[Fig. 7 (e)]. Here we define L, as the width of the bound-
ary layer inside the island separatrix, where VT, is main-
tained at least at a 50% level of the reference simulation.

The scaling of L, and Ly vs R/Ly, in Fig. 8 shows
that n and VT, gradually increase inside the island sep-
aratrix as the background VT; is increased. As R/Lr,
is increased from 5 to 9, n at the O-point increases to
that of the background plasma (w/o island and w/o pel-
let) and L, widens by a factor of 3, reducing the T, flat
spot at the O-point to about 70% of W. Therefore, these
gyrokinetic turbulence simulations with magnetic islands
demonstrate the causality between reduced NTM drive
and elevated background gradients through turbulence
spreading. This simulation result makes it conceivable
that the increased n inside the island detected by BES
can be responsible for the shrinking of the NTM in the
presented DITI-D experiment.

NTM growth rates vs X7 and J g¢c
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FIG. 9: Solutions of the modified Rutherford equation (eq. 1): (i)
w/o pellet w/o jrccp, (ii) w pellet w/o jeceop and (iii) w pellet
w 30% jeccp (relative to required jrccp for complete
stabilization w/o pellet). (iv) Shows the solution w/o pellet w
50% jeccp for comparison with (ii). Saturation points are
marked with circles and parameters of (i) are fit to match the
measured Wga in equilibrium.



Vil. IMPACT OF PERPENDICULAR TRANSPORT ON
jecco REQUIREMENTS FOR NTM STABILIZATION

NTM growth rates calculated from equation 1 are de-
picted in Fig. 9. The growth rate in equilibrium before
pellet injection is shown by (i), where Wgar = 8 cm
(matched to experiment), p, = 0 (no jgccp) and the
cross-field thermal transport coefficient at the O-point
is x93 = 1072m?/s. Increasing x9 to the level of the
background plasma transport (x = 1m?/s) leads to the
shrinking of Wgar by 20% (ii), in quantitative agreement
with the experiment reported in Section ITI.

In comparison, (iv) 50% jrccp has the equivalent ef-
fect on Wgat as the pellet. This 50% is relative to the
amount of jgcep needed for complete stabilization w/o
pellet (i.e. p, = 0.3). Interestingly, with transport en-
hancement (iii) (x§ = 1m?/s), only 30% of jrccp is
enough for complete stabilization of the 2/1 island. In
this case the island self-stabilizes at W ~ 4.5 cm. This
indicates that a fueling pellet can significantly reduce the
gyrotron requirements for the stabilization of NTMs.

Increasing jrccp leads to smaller W until the
marginally stable point is reached and the island self-
stabilizes (marked with circles), as shown in Fig. 10 (a)
at three different values of x9. Note that increasing
the transport by a factor of 100 has three consequences:
(i) W shrinks by up to 20% when jrccp=0, (ii) W de-
creases more rapidly as jrcep is increased and (iii) the
self-stabilizing W increases from 4 cm to about 4.5 cm.
These 3 beneficial effects combine to reduces the jgccp
requirement for NTM stabilization to 30%.

Island width vs. stabilizing j gccp
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FIG. 10: Island width after applying jrccp with x 1 = 1 m2/s,
X1 = 0.1 m?/s and x; = 0.01 m?/s at the O-point.

Vill.  SUMMARY

Controlled partial stabilization of core m/n = 2/1 Neo-
classical Tearing Modes (NTMs) by fueling deuterium
pellets is demonstrated in H-mode plasmas in the DIII-
D and KSTAR tokamaks. In the framework of non-
linear NTM theory, this observation can not be explained
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by classical stability, resistivity surge or rotation drop
caused by the pellet, but is consistent with increased
cross-field transport at the island O-point. When the
pellet—induced thermal perturbation (6T) reaches the is-
land in DIII-D, local low-k turbulence (1) increases and
the island shrinks. This 11 is in the expected range of the
MTM and TEM instabilities (GENE). When the pellet—
induced perturbations decay, n restores to the normal
level and the island recovers. Complementing the ex-
perimental data, non-linear GENE gyrokinetic simula-
tions with magnetic islands qualitatively support that in-
creased background temperature gradients can increase n
spreading into the O-point region. This can enhance the
cross-field transport across the island separatrices and
thereby reduce the NTM drive. The change in saturated
island width resulting from transport enhancement at the
O-point in the MRE shows quantitative agreement with
the experiment. Furthermore, the MRE predicts signif-
icant reduction of the jgcep requirement for complete
NTM stabilization when the transport is enhanced at the
island O-point.

As NTMs are non-linear instabilities with a threshold
island width of a few centimeters, NTMs self-stabilize
when the island width shrinks below the threshold. Af-
ter stabilization, the discharge may run NTM free until
a large enough trigger destabilizes the NTM again. In
such event, the suppression procedure must be repeated
as in the“catch and subdue” (C&S) control method?. In
C&S the gyrotrons track the ¢ = m/n surface using real-
time mirror steering and the island is suppressed by turn-
ing the ECCD on when the NTM amplitude exceeds a
threshold. C&S is more cost efficient than “preemptive”
stabilization (where the ECCD is constant on and aiming
at ¢ = m/n). C&S NTM control with combined ECCD
& pellet may offer a path toward further reducing the
jeccp needed for complete NTM stabilization.

Active NTM control with low gyrotron power is desir-
able, as it can (i) improve the net electricity output of
future reactors, (ii) can free up gyrotrons for heat and
current drive elsewhere in the plasma and (iii) can ex-
tend the active NTM control solution via ECCD to oper-
ational regimes where the current drive efficiency is low.
In particular, in ITER startup operations, EC current
drive efficiency at ¢ = 2 at the second harmonic reso-
nance is predicted to be lower due to partial absorption
of the EC waves at the third harmonic resonance in the
edge. Further experiments with jgccp scans have been
proposed in DIII-D to explore the potential of combined
pellet - jgcop control of the 2/1 NTM.
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