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Abstract

Resonant magnetic perturbations (n = 3 RMPs) are used to suppress large amplitude

ELMs and mitigate naturally occurring ‘grassy’-ELMs in DIII-D plasmas relevant to the
ITER steady-state mission. Fully non-inductive discharges in the ITER shape and pedestal
collisionality (v} =~ 0.05-0.15) are routinely achieved in DIII-D with RMP suppression of the
Type-I ELMs. The residual grassy-ELMs deliver a low peak heat flux to the divertor as low

as 1.2x the inter-ELM heat flux in plasmas with sustained high H-factor (Hogy ~ 1.2). The
operating window for the RMP grassy-ELM regime is g9s = 5.3—7.1 and external torque in
the range 9-0.7 Nm in the co-Ip direction, which is in the range required for a steady-state
tokamak reactor. The RMP grassy-ELM regime is associated with a two-step pedestal, with
strong flattening of the density around the zero crossing in the £ x B shear. The edge magnetic
response of the plasma to the n = 3 RMP is found to be ~2-3 x larger than for comparable
ITER baseline plasmas (Oy ~ 1.8, g9s &~ 3.1). The amplification of the RMP is consistent
with the weak magnetic perturbation level (6B/B ~ 1 x 10~%) required for effective Type-I
ELM suppression. Cyclic variations in the pedestal pressure, width, and toroidal rotation are
observed in these plasmas, correlated with cyclic variations in the strength and frequency of
the grassy-ELMs. Extended MHD analysis and magnetic measurements indicate that these
pedestal pulsations are driven by cyclic variations in the resonant field strength at the top of
the pedestal. These pedestal pulsations reveal that the grassy-ELMs is correlated with the
proximity of the pedestal to the low-n peeling-ballooning mode stability boundary. The use of
low amplitude magnetic fields to access grassy-ELM conditions free of Type-I ELMs in high
beta poloidal plasmas (Fp ~ 1.5-2.0) opens the possibility for the further optimization of the
steady-state tokamak by use of edge resonant magnetic perturbations.

*Edge-localized-mode.
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1. Introduction

Achieving effective edge-localized-mode control in high
confinement steady-state fusion reactors is a key goal for
fusion research with practical near-term implications for the
operation of ITER and the design of next step steady-state
tokamak reactors [1]. ITER has (at least) two important pro-
grammatic goals: first to achieve Qpr = 10 in the so-called
ITER baseline scenario with I/aB ~ 1.4 (q¢s ~ 3.1 in the
ITER shape), while the second is long-pulse (and hopefully
fully steady-state operation) with Qpr ~ 4-5 at reduced cur-
rent (qos ~ 5-7) [2]. In both these ITER operating regimes,
the effective screening of metal impurities by the edge
plasma and the preservation of the integrity of the divertor are
essential. It is now understood that the control of so-called
type-I ELMs is an essential requirement for achieving these
goals, both because of the cumulative and acute effects of
such instabilities on impurity influx and accumulation, and
divertor performance [3].

ELM suppression by 3D magnetic perturbations has been
pursued vigorously since the discovery of the effect and the
demonstration of its relevance to ITER baseline plasmas
conditions (ITER shape, On= 1.8, gos ~ 3.1-3.5) [4, 5].
However, the method has had difficulties extending to low
external neutral beam torque (i.e. low toroidal rotation) of
great importance to ITER [6], except for low beta helium
plasmas (On < 1) [7]. The current understanding of the cause
of this difficulty is that the V x B contribution to the electric
field needs to be comparable in magnitude, but of opposite
sign, to the pressure gradient contribution to allow for external
non-axisymmetric fields to penetrate at low order edge rational
surfaces in high-temperature fusion plasma [8, 9].

Given the challenges of ELM suppression in the ITER base-
line, it is a welcome surprise to discover that RMPs provide
access to a new and highly reproducible grassy-ELM regime,
free from the significant variation of the peak heat flux associ-
ated with such plasmas without RMPs. Grassy-ELMs were
first identified in DIII-D [10] in high (p plasmas and later in
JT60-U as a small high-frequency ELM regime occurring at
low plasma collisionality and elevated poloidal beta [11, 12].
These small ELM-like events were attributed to high-n bal-
looning modes, distinct from the low-n kink-peeling structure
associated with large amplitude ELMs at low collisionality.
The excitement about the grassy-ELM regime is that the
parameters for its occurrence are in principle consistent with
the requirement for steady-state tokamak operation. The main
drawback of the grassy-ELM regime without the use of RMPs
is that, in practice, it is generally a mixture of type-I and
grassy-ELMs, henceforth called a mixed-ELM regime. There
are two issues with the mixed-ELM regime. First, even if only
a small fraction of the ELMs are type-1 ELMs, the peak heat
flux to the divertor is not reduced, with consequent divertor

erosion and impurity influxes. Second, there is as yet no clear
understanding of the conditions for the complete avoidance
of the mixed-ELMs in strongly shaped low collisionality
plasmas relevant to ITER and future steady-state reactors.
Therefore it is unclear what techniques are necessary to pro-
duce pure grassy-ELM behavior rather than the mixed-ELMs
in future reactors [12].

In this paper we show that the addition of modest
amplitude RMPs (in our case n =3 RMP with vacuum
6Bya/B =~ 1 x 10~* in the plasma) effectively suppresses the
Type-1 ELMs and also mitigates the grassy-ELMs in ITER
relevant steady-state conditions in the DIII-D tokamak with
On = 3, Bp = 1.5-2.0, and g95 = 5.3-7.1. The effective elimi-
nation of mixed-ELMs represents an improved grassy-ELM
regime that is reliably accessed using edge-resonant magn-
etic perturbations. The additional mitigation of the grassy-
ELMs leads to very favorable properties of the peak heat flux
to the divertor. We show that this RMP grassy-ELM regime
can be achieved for a wide range of magnetic safety factor
(gos ~ 5.3-7.1) and neutral beam torque (~9-0.7 Nm) in
plasma with high confinement factor (Hogy, ~ 1.2-1.3),
On=~3 and [pa 1.5-2.0 in the ITER shape and pedestal
collisionality (v; =~ 0.05-0.15). As such, the regime is quite
promising not just for ITER steady-state operation but also for
the design of future steady-state reactors where strong shaping
is essential.

New physics understanding is also being developed in
this enhanced grassy-ELM regime. We find that the grassy-
ELMs are associated with a naturally wide pedestal, approxi-
mately twice the pedestal width and pressure of ITER baseline
plasmas with comparable stored energy Wgi, ~ 1 MJ, toroidal
field Br &~ —1.95 T and ITER shape § ~ 0.55. These plasmas
differ principally in the plasma current (I[p ~ 1 MA in the
grassy-ELM regime versus 1.5 MA in the ITER baseline).
The enhanced pedestal pressure in the grassy-ELM plasmas
result in a stronger amplification of the applied RMP relative
to ITER baseline plasmas [13], typically 2-3x the vacuum
RMP level with only a weak effect on global confinement and
stability. The pedestal temperature increases during density
‘pumpout’ so that the overall confinement is not significantly
degraded. The pedestal width in these grassy-ELM plasmas
remains near 10% of the poloidal minor radius with the
applied RMP, which exceeds the EPED model prediction of
the pedestal width by up to 50% [14].

New insight is also obtained on the underlying physics of
the grassy-ELMs from naturally occurring pedestal pulsations
at the low gogs range of these RMP plasmas. These pulsations
are characterized by a periodic rise and fall in the edge toroidal
rotation and pedestal width. The pulsations are consistent with
recent theoretical predictions of limit cycle behavior of magn-
etic island growth and damping due to the competing influ-
ence of resonant field braking and flow screening [15, 16].
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The grassy-ELM amplitude can be strongly mitigated and
sometimes entirely suppressed during a specific phase of the
pedestal cycle. The grassy-ELMs are strongest in that part
of the cycle when the pedestal is closest to the low-n PBM
stability boundary calculated using the ELITE code [17], and
are weakest or entirely suppressed when the pedestal is most
stable to low-n PBMs.

This paper is organized as follows. Section 2 presents an
overview of the experimental results, the plasma condition
for grassy-ELM, the ELM characteristics and the operating
window for the RMP grassy-ELM regime. Section 3 presents
a stability analysis during the suppression of the Type-I ELMs.
Section 4 discusses the amplification of the vacuum RMP by
the edge plasma and the consistency of the measured and cal-
culated plasma response using the ideal-MHD version of the
GPEC (generalized perturbative equilibrium code) code [18].
Section 5 discusses pedestal pulsations and their correlation
with the screening and penetration of edge resonant magnetic
perturbations using the linear single-fluid MHD stability code
M3D-C! [19]. The section also discusses the correlation of
the grassy-ELM activity with the pedestal width and peeling-
ballooning-mode stability. Section 6 discusses the weak effect
of rotation on the grassy-ELM regime. Section 7 discusses
similarities in the phenomenology of grassy-ELMs with weak
ELMs observed elsewhere at low collisionality and identi-
fies areas for further research. The summary is presented in
section 8.

2. Experimental overview

Sustaining future tokamak reactors in steady state condi-
tions will require well-controlled plasma-wall interactions,
including the elimination or substantial (>10x) mitigation of
Type-1 ELMs. On DIII-D we achieve robust access to a grassy-
ELM regime with the application of n =3 edge resonant
magnetic perturbations in plasmas with the ITER shape, ped-
estal collisionality and with fully noninductive current drive.
Figure 1 shows two well-matched discharges in DIII-D, one
with an odd-parity n = 3 RMP (blue) and the other without
the RMP (red). The RMP is applied using internal coils in
DII-D. The DIII-D tokamak has two rows of six picture-
frame coils inside the vacuum vessel, called the I-coils (see
figure 2(a) for the poloidal location of the two rows of I-coils).
The two rows of six toroidally spaced coils can produce an
n = 3 perturbation with either odd or even parity, where the
odd parity configuration corresponds to the opposite phasing
of currents in the upper and lower rows of coils (see figure 1 in
[20]). The even parity configuration corresponds to the same
phasing between the currents in the upper and lower coils (see
figure 1 in [21]). For these steady-state relevant plasmas, the
odd parity configuration is chosen to apply an edge resonant
field for magnetic safety factors in the range gos ~ 5-7. In
comparison, the ITER-baseline plasmas with gos ~ 3.1-3.5
require an n = 3 even parity configuration for achieving edge
resonance. Here we use the term ITER baseline generically on
DIII-D to denote plasmas with the approximate ITER shape
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Figure 1. For two fully noninductive plasmas, with (shot #161409)
and without (shot #161414) the applied n = 3 RMP: (a) D,, signal
from the inner-strike-point showing controlled grassy-ELMs for

the n = 3 RMP case (blue) with 2.5 kA odd-parity I-coil current
(black), (b) D,, signal for the no-RMP case (red) showing mixed
ELM activity, (c) pedestal electron density n¢ peq for the RMP (blue)
and no-RMP (red) plasmas, (d) Oy and Op, (e) surface voltage

Viurt, and (f) beam power Pyg; and electron cyclotron heating
power Pgc. Relevant discharge parameters are: plasma current

Iy = 0.95 MA, toroidal field Br = —1.7 T, average triangularity
6 = 0.55, noninductive fraction fy; = 100%, pedestal collisionality
v ped X 0.1, On ~ 3, Bp =~ 2, Pnp1 & 6.0 MW, Pgc = 3 MW,

€

Hogyr ~ 1.2-1.3.

(LSN, 6 ~ 0.55), collisionality range v} ~ 0.1-0.2, O~ 1.8
and qo5 ~ 3.0-3.5.

With the application of the n = 3 RMP, the plasma edge
transitions from a mixed ELM regime [11] to a mitigated
grassy-ELM regime by the elimination of the Type-I ELMs.
The plasmas in figure 1 are fully noninductive with and
without the RMP (see surface voltage in figure 1(e)) and are
very well matched as indicated by the evolution of the plasma
parameters. The plasma and machine parameters in this paper
are: Ip = 0.95-1.25 MA, Bt = 1.7 T, LSN with triangularity
6 = 0.55, noninductive fraction fy; = 80%—-100%, pedestal
collisionality v ~ 0.05-0.15, Ox =~ 2.5-3, Op ~ 1.5-2.0, neu-
tral beam power Pnp; ~ 6.0 MW, electron cyclotron heating
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Figure 2. Equilibrium shape and radial profiles for the plasmas in figure 1: (@) plasma boundary shape (black), rational surfaces (blue),
location of upper I-coils (IU) and lower I-coils (IL), location of toroidal arrays of magnetic probes including outer midplane array (66 M)

and center post arrays (1A, 1B), (b) density profile at 4000 ms for no-RMP (red) and RMP grassy-ELM plasma (blue) versus minor radius p,
(c) electron temperature, (d) ion temperature. In (a) inner corners of the vacuum vessel are labeled X and Y and the inner/outer strike points of
the separatrix in the divertor are labeled ISP and OSP, respectively. The dashed line in (a) is the inner most sightline for the IR camera.

power Pgc ~ 3 MW, and confinement factor Hogy> ~ 1.2—1.3.
The beam power is adjusted using beta feedback to maintain
constant Jy; the power typically increases by <10% with
the applied RMP. A thorough discussion of the core trans-
port properties of these fully noninductive plasmas and their
extrapolation to ITER steady-state relevant conditions, along
with MHD induced energetic particle transport and global sta-
bility limits is contained in a recent paper [22]. The plasma
shape and core profiles for the discharges in figure 1 is shown
in figure 2 during the stationary phase of the discharge near
4000 ms. The profiles are very similar for the two cases with
(blue) and without RMP (red).

The energy loss due to the grassy ELMs can be substanti-
ally less than for Type-1 ELMs (typically 10x less). This dif-
ference can reach 40-50x on DIII-D with the application of
the n = 3 RMP. For the type-I ELMs in the no-RMP plasma
(red) in figure 1(b), the energy loss inferred from diamagn-
etic loop measurements is ~7% of the plasma stored energy.
Infrared measurements detect about 50% of the energy loss
as heat flux to the divertor. With the elimination of the type-I

ELMs and the mitigation of the grassy-ELMs by the RMP
(figure 1(a)), the energy loss can drop to less than 0.1% per
grassy-ELM in DIII-D. At this level, the loss is not detectable
from magnetic or profile measurements of the plasma and is
instead inferred from the heat flux to the divertor.

With the elimination of the Type-I ELMs and the mitiga-
tion of the grassy-ELMs, the n =3 RMP produces a sub-
stantial reduction in the peak heat flux to the divertor. The
infrared IR camera measurement of the peak heat flux at the
inner strike point Pisp (see figure 2(a)) for the plasmas without
and with the RMP in figure 1 is shown in figures 3(a) and
(D), respectively. Mixed ELMs without the RMP are seen in
figures 1(b) and 3(a) whereas mitigated grassy-ELMs are seen
with the n =3 RMP in figures 1(a) and 3(b). The presence
of mixed ELMs (a combination of Type-I and grassy-ELMs)
shown in figure 3(a) is expected to be detrimental to divertor
operation in a fusion reactor because the peak heat flux does
not decrease substantially even if the frequency of the Type-I
ELM is greatly reduced. In contrast, the heat flux for the RMP
plasma in figure 3(b) shows highly mitigated grassy-ELMs
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Figure 3. For the plasmas in figure 1: (a) IR measured peak

heat flux Pigp at inner strike point (ISP), (b) Pisp for the RMP
grassy-ELM plasma, (c) electron temperature during the ELM
free phase without RMP at ~2510ms (black), grassy-ELM phase
without RMP at ~2580ms (red) and RMP grassy-ELM phase at
t ~ 5000 ms, (d) same as in (c) for the electron density profile.

leading to a small (~20%) modulation of the peak heat flux
and a high frequency (=500 Hz) of small ELMs. A similar
small variation in the peak heat flux is seen at the outer strike
point. However, IR measurements are less available from that
region of the divertor due to the shadowing of the IR camera
view (see figure 2(a)). We will return to discuss the outer
strike point heat flux later in section 2.

Profile analysis reveals that the pedestal width is wider
when grassy-ELMs are present. Figures 3(c) and (d) shows
the edge Thomson scattering measurement of the electron
temperature and density profiles, respectively, in the inter-
vals indicated by the vertical dashed lines in figures 3(a) and
(D). For the no-RMP case, (figure 3(a)) there is considerable
intermittency in the grassy-ELM activity early in the dis-
charge. Two intervals are selected, one during an ELM free
period at ~2510ms (black dashed line) and the other during
a grassy ELM period at ~2580ms (red dashed line). The pro-
files are shown for the two times in black (=~2510ms) and
red (=~2580ms) in figures 3(c) and (d). The pedestal width for
the density and electron temperature is significantly larger in
the grassy-ELM interval (=~0.12) compared to the ELM free
interval (=0.08) in normalized minor radius. For the discharge

161409 161414
044 | Wpea (Wy)
0.10 |
- 1/2
WEPED =0.09 ﬁp,ped

0.06

1000 2000 3000 2000 5000

Time (ms)

Figure 4. Comparison of pedestal width Wpeq in normalized
poloidal radius (¢n) versus the EPED model prediction based on
the measured pedestal pressure (Wgpgp = 0.09 Vv Bp,pea) for the two
discharges in figure 1, one with RMP (blue curve #161409) and
without RMP (red curve #161414). The measured width is based
on a Tanh fit of the edge electron temperature measured using
Thomson scattering.

with the n = 3 RMP, the grassy-ELMs are no longer intermit-
tent, and the width of the pedestal is similar to the grassy-
ELM phase without RMP (blue curves in figures 3(c) and
(d) taken at ~5000ms in figure 3(b)). Figure 4 shows a com-
parison of the pedestal width in units of normalized poloidal
flux for the two discharges in figure 1 compared to the EPED
model prediction. The EPED model uses a critical gradient
kinetic-ballooning-mode model [23], which yields a pedestal
width Wgpgp ~ Cgpep ﬂ;ﬁd where (3} peq is the measured ped-
estal poloidal beta and Cgpgp is a coefficient of order 0.1 (here
set to 0.09 to match the pedestal width in the early Type-I
ELMing phase of the discharge at ~2000ms). The pedestal
width for the RMP (blue) and no-RMP (red) case is obtained
using a Tanh fit to the electron temperature profile and is com-
pared to the model prediction of the pedestal width (black).
The pedestal width for the RMP case is comparable to the
case without the RMP in the stationary phase of the discharge,
indicating the weak effect of the RMP on the pedestal width
for these plasmas. We note that there is a rapid increase in the
pedestal width in the no-RMP case (red) in figure 4 around
3000ms, coincident with a transition from regular to infre-
quency Type-I ELMs (figure 1(b)), which also coincides
with the increase in the plasma beta and poloidal beta seen in
figure 1(d). We will return to the correlation of the wide ped-
estal with the grassy-ELM activity in section 5.3.

The elimination of mixed ELMs and mitigation of the
grassy-ELMs using the n =3 RMP is encouraging for
steady-state tokamak operation. However a number of chal-
lenges must be resolved to validate the compatibility of
this regime with future steady-state reactors. One issue is
whether impurity control can be maintained with the elim-
ination of the Type-I ELMs. It has been shown elsewhere
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Figure 5. RMP grassy ELM plasma similar to #161409 in figure 1:
(a) spectroscopic intensity of chlorine 1002.1 A line emission

from the plasma core with chlorine gas puff (red) showing particle
confinement time 7, ~ 180ms, (b) D,, signal from the ISP showing
the long RMP grassy-ELM phase, and (¢) fOx.

that n = 2 RMPs with central electron cyclotron heating
ECH can prevent the accumulation of tungsten in the core
of the AUG tokamak during Type-1 ELM suppression [24].
The introduction of short bursts of non-recycling fluorine
also confirms the effectiveness of intermediate-Z impurity
exhaust in DIII-D ELM suppressed plasmas in ITER base-
line conditions [25]. These studies have been extended to
the RMP grassy-ELM regime using non-recycling chlorine
gas. Figure 5(a) shows the spectroscopic measurement of
the chlorine +15 line intensity at 1002.1 A (helium-like
chlorine) in the plasma core for a discharge similar to the
RMP plasma of figure 1 with the same n = 3 RMP (n = 3,
2.5 kA I-coil current, and odd parity). The exponential
decay rate of the chlorine signal reveals a particle confine-
ment time 7, ~ 180 ms during RMP suppression of Type-I
ELMs, which is within 2-3 X the energy confinement time
(g &~ 70-80ms) in these plasmas. The compatibility of the
grassy-ELM regime with tungsten-coated divertor tiles was
also studied during the DIII-D metal ring campaign. The
experiments revealed no detectable concentration of tung-
sten in the plasma core using X-ray spectroscopic measure-
ment tuned to the W45+ line (62.34 A) with the outer strike
point riding on the tungsten tiles (figure 22 in [26]). Overall,
the combination of large amplitude ELM suppression and
grassy-ELM mitigation using n = 3 RMPs, together with the
effective exhaust of impurities, is very encouraging for the
further exploration of this regime for steady-state tokamaks.
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Figure 6. D, signals for a range of gos with constant I-coil current
(2.5 kKA odd-parity) showing access to the RMP grassy-ELM regime
with similar Oy ~ 3 and (a) go5s = 7.1, (b) go5s = 6.5, (¢) q95 = 6.2,
(d) o5 = 5.9, (e) qo5 = 5.3.

2.1. Operational window

We can access the RMP grassy-ELM regime in DIII-D over
a wide range of plasma parameters relevant to the ITER
steady-state mission and future steady-state reactors, with
magnetic safety factor ggs &~ 5.3—7.5 and neutral beam torque
Tngr~ 6 Nm-0.7 Nm. This range of access is quite sur-
prising considering the narrower windows of rotation and gos
required for ELM suppression in the ITER baseline [6, 27].
Figure 6 shows the D,, trace from the inner strike point (radius
Risp ~ 1.01 m in figure 2(a)) for five similar discharges, dif-
fering mainly in the plasma current. The H-factor and Sy for
all plasmas are similar, Hogy» ~ 1.2-1.3, By ~ 3.0. The nor-
malized electron collisionality at the top of the pedestal is also
in the range v} ~ 0.05-0.15 for all these plasmas, similar to
the range expected in ITER and future reactors [5]. We note
here that the H-factors take into account the decreased absorp-
tion of neutral beam power due to MHD induced fast ion loss,
which accounts for the increase in beam power (figure 1(f))
required to maintain constant beta. Without this correction, we
get Hogyr ~ 1.1. The effect of MHD activity on the absorbed
power is discussed more fully elsewhere [22]. The data in
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Figure 7. Plasma with 2.5 kA odd-parity RMP. Shown is (a) the
peak heat flux at the inner strike point Pisp (red) and the injected
neutral beam torque 7ng; (blue) averaged over 20 ms, and (b)
the central and top of pedestal toroidal rotation velocity. Plasma
parameters for discharge #166358 are: gos =~ 6.1, O ~ 2.5,
Op~15 R~ 1.69m,a~0.6m,Br~—195T,Ip~0.95MA,
PNB[ ~ 6.2 MW, PECH ~22 MW, Te,ped ~ 1.2keV.

figure 6 indicates that the RMP is effective in eliminating
the mixed ELMs over a contiguous range of gos relevant to
steady-state tokamak operation.

The enhanced grassy-ELM regime is also compatible
with low neutral beam torque. Low beam torque in DIII-D
is obtained using counter-current neutral beam injection. We
use counter beam injection to access the low rotation condi-
tions anticipated in ITER. Figure 7 shows a torque ramp in
an RMP grassy-ELM plasma from 7xg; &~ 3 Nm to ~0.7 Nm,
obtained by applying a 2 MW counter neutral beam at 2.5s.
The grassy-ELM regime appears entirely compatible with low
beam torque. The infrared camera measurement of the grassy-
ELM induced heat flux at the inner strike point Pisp shown
in figure 7(a) (red) indicates, if anything, a decrease at low
torque. The toroidal rotation from carbon VI spectroscopic
measurements is shown in figure 7(b) at the core and edge of
the plasma. The sustainment of grassy-ELMs down to 0.7
Nm is encouraging for the relevance of the RMP grassy-ELM
regime to ITER and future steady-state tokamaks. In com-
parison, the initial torque of ~3 Nm at 2450 ms is near the
lower limit for achieving ELM suppression in the ITER base-
line [6]. The primary issue when approaching zero torque is
the onset of locked modes, due to the appearance of m/n = 2/1
island at the ¢ =2 rational surface and subsequent mode
locking. A locked mode appears in the discharge in figure 7,
but not before sustained grassy-ELMs are observed at reduced
torque and rotation. Future studies must address the locked
mode issue by further optimizing the error field correction and

by exploring low torque operation with gmi, > 2. Other small
ELM or ELM suppressed regimes are also being explored for
compatibility with low torque operation such as the wide-ped-
estal QH mode in DIII-D [28]. The extension of the grassy-
ELM regime to low beam torque (<1 Nm) is quite positive;
however further development is needed to establish stationary
low torque operation.

2.2. Grassy-ELM mitigation

The mitigating effect of the RMP on grassy ELMs is revealed
in a statistical analysis of the two discharges in figure 1.
Figure 8(b) shows the distribution of the grassy-ELMs plotted
against the peak heat flux and the interval between ELMs for
the no-RMP plasma (red) and the RMP grassy-ELM plasma
(blue) during the stationary phase of the discharge from 4.2—
5.2s. The histogram reveals a significant reduction in the peak
heat flux, but not a significant increase in the grassy ELM fre-
quency going from the no-RMP plasma to the RMP plasma.
Instead, there is a narrowing of the distribution in both ampl-
itude (figure 8(c)) and the interval between ELMs (figure 8(a)),
indicating that the RMP effectively regulates the grassy-ELMs.
While the median interval between ELMs is the same in the
two cases (~2ms), the spread narrows significantly producing
enhanced regulation of the grassy-ELMs. The peak heat flux
also transitions from a broad distribution to a narrow distri-
bution from figure 8(c). The general understanding is that the
interval between ELMs is determined by the time it takes for
the pedestal to recover from the loss of energy produced by the
ELM. Given that the RMP reduces the spread in the amplitude
of the ELMs (figure 8(c)) we should expect a corresponding
reduction in the spread of the interval between ELMs, as is
seen in figure 8(a). We point out that the RMP generally tends
to mitigate the grassy-ELMs in these plasmas.

The heat flux of a Type-I ELM and an RMP mitigated
grassy-ELM at the inner strike point is shown in figure 9 for
a plasma with similar parameters indicated in the figure cap-
tion. Figure 9(a) shows the peak heat flux to the inner strike
point (radius Risp ~ 1.01 m, figure 2(a)) during a Type-1 ELM
before the RMP is applied (red) compared to a grassy-ELM
during the RMP phase (blue). The infrared camera frame
rate is limited to 0.08 ms (~12kHz), which is marginal for
catching the rise time and peak heat flux associated with
Type-1 ELMs. Nonetheless, two qualitatively important fea-
tures can be discerned from the comparison. The spatial dis-
tribution of the heat flux during the ELM, and 1 ms before the
ELM, is shown in figures 9(b) and (c) for the RMP grassy-
ELM and the Type-I, respectively. The first important obser-
vation is that the inter-ELM heat flux (dashed line) increases
for the RMP (blue) versus no-RMP (red) phase. This increase
is consistent with enhanced inter-ELM thermal transport to
the divertor induced by the RMP. The second observation is
that the peak heat flux during the grassy-ELM is within 50%
of the inter-ELM peak heat flux and the footprint or wetted
area of the grassy-ELM is similar to the wetted area of the
inter-ELM heat flux in figure 9(b). Similar behavior is also
observed at the outer strike point when data is available. In
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Figure 8. Distribution of the ELM peak heat flux at the ISP in the RMP grassy-ELM plasma (blue) and no RMP mixed ELM plasma (red)
in figure 1: (@) number of ELMs versus ELM interval, (b) ELM peak heat flux versus ELM interval, and (c¢) the number of ELMs versus

ELM amplitude.

contrast, the peak heat flux during the Type-I ELM can be
10x or higher than the inter-ELM phase in the case without
RMP (figure 9(c)). In addition, the heat flux spreading is sub-
stantial during the Type-I ELM, about 4-5x the width of the
inter-ELM heat flux on the inner wall. This spreading is ben-
eficial for reducing the peak heat flux, but it can have adverse
effects on erosion and material migration in the far SOL.

From figure 9 we see that the wetted area strongly decreases
for the grassy-ELMs relative to the Type-I ELMs and is of the
order of the inter-ELM width. For ITER, we need to get an
ELM energy deposition of <0.5 MJ m~2 to avoid melting of
the divertor (including edges but excluding W surface degra-
dation over a large number of ELMs) and this corresponds to
0.7 MJ ELMs if the ELM wetted area is similar to the inter-
ELM wetted area. We expect to have 20-30 MJ uncontrolled
ELMs in ITER, and thus a 20-30x reduction is required in
the peak heat flux [29]. Generally, grassy-ELMs have about
10x less energy loss from the plasma than Type-I ELMs.
This is good news, but it does not guarantee the protection of
the divertor. With the RMP grassy-ELMs, we have observed
enhanced mitigation relative to the Type-I ELMs (see figure 3),
which will improve protection of the divertor and may be suf-
ficient to prevent reattachment during ELMs.

An important question is whether the regulation of grassy-
ELMs is the result of n =0 profile changes due to RMP
induced transport or whether the n = 3 perturbed equilibrium
has a linear or nonlinear effect on the grassy-ELMs. While
we cannot directly measure the full magnetic spectrum of the
grassy ELMs, we can analyze the low-n magnetic response of
the plasma during grassy-ELMs on arrays of magnetic probes
with locations indicated in figure 2(a). Figure 10 shows the
n =1 component of the magnetic perturbations associated
with grassy-ELMs measured at location 66 M on the out-
board midplane in a 5ms interval for the plasmas in figure 1
with and without the n = 3 RMP. For the no-RMP case in
figure 10(a), the n = 1 component of the grassy-ELMs rotate
in the electron diamagnetic drift direction (i.e. counter to the
direction of the plasma current). This is commonly observed
for small ELMs in DIII-D and is consistent with the toroidal
rotation of the ELM magnetic perturbation in the counter cur-
rent direction due to a negative radial electric field at the ped-
estal top. We point out that the radial electric field remains
negative at the top of the pedestal for the RMP discharge in
figure 1 (see figure 35 for typical E; profile), however the
n =1 component of the grassy ELMs is locked to the lab
frame as shown in figure 10(b); there is no mode rotation.
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Figure 9. Heat flux at the ISP before RMP is applied (red) and
during the RMP phase (blue): (a) Pisp versus time, (b) for the RMP
grassy-ELM phase, heat flux versus distance along the inner wall

1 ms before ELM (dashed) and at the peak of the grassy-ELM at
At =0, (c) in the phase without the RMP, heat flux versus distance
along the inner wall 1 ms before the Type-I ELM (dashed) and at
the peak of the ELM at Ar = 0. The locations X and Y correspond
to the two lower inner corners of the vacuum vessel in figure 2(a).
Plasma parameters are the same as for the plasmas in figure 1 but
with Ip = 1.25 MA, g95s ~ 5.2, and (p ~ 1.6.

The n = 2 and n = 3 components of the grassy-ELMs in the
RMP discharge are also locked in the lab frame (not shown).
The locking of the n = 1,2,3 components of the RMP grassy-
ELMs in a region with significant radial electric field sug-
gests some level of mode coupling with the n = 3 perturbed
equilibrium. Such coupling may also lead to the mitigation of
the grassy-ELM. The peak amplitude of the grassy-ELM in
the no-RMP plasma is ~8 Gauss, about twice the amplitude
of the RMP grassy-ELM at the outboard midplane. There is
also a similar reduction in the peak heat flux due to the grassy
ELMs in the two cases (not shown). This phase locking to
the lab frame suggests a mitigating effect of the RMP on the
grassy-ELMs due to nonlinear interaction with the n = 3 per-
turbed equilibrium.

Recent theoretical studies have shown that nonlinear mode-
mixing can mitigate the amplitude of ELMs by reducing the

coherence of the fastest growing (dominant) mode [30]. While
the work did not discuss the role of RMPs, it is plausible that a
strong magnetic perturbation could cause decorrelation of the
fastest growing mode by inducing mode coupling to sidebands
n =+ kN, where n is the toroidal mode number of the dominant
mode, N is the mode number of the RMPand k=0, 1,2, ...1s
an integer. Nonlinear simulations using the JOREK code [31]
for RMP ELM interactions reveal ELM mitigation by the non-
linear generation of multiple MHD sidebands together with
the phase locking of the ELMs to the static RMP similar to our
observations [32, 33]. Of course, there are significant chal-
lenges in rigorously validating such a nonlinear interpretation
for the mitigation of the grassy-ELLMs in DIII-D. First, it will
be necessary to measure the dominant toroidal mode number
of the grassy-ELM. Such a direct measurement would require
careful analysis of pedestal fluctuations (beyond the scope of
this paper) or the use of plunging magnetic probes that can
be inserted close to the separatrix to measure the dominant
toroidal harmonic.

Recent studies using infinite-n ideal ballooning theory sug-
gest that the underlying linear instability for small ELM-like
events can also be affected by the 3D perturbed equilibrium,
leading to localization of the mode and its destabiliza-
tion [34]. However, global kinetic ballooning mode (KBM)
studies of ITER baseline plasmas indicate that the effect of
the perturbed equilibrium on linear stability is negligible in
DIII-D conditions [35], while experimental studies have yet
to reveal a clear identification of linear destabilization by the
RMP. While the nonlinear interaction and resulting mitiga-
tion of the grassy-ELM by the RMP is likely from the data
and simulations, much remains to be done to identify pos-
sible effects of 3D fields on the linear stability of the grassy-
ELMs in DIII-D.

2.3. Role of plasma density in Type-I ELM suppression

Plasma density appears to play a role in the transition from
mixed-ELMs to pure grassy-ELMs in DIII-D. For similar
global plasma parameters, a decrease in the pedestal density
(corresponding to a decrease in the edge collisionality) appears
beneficial for the suppression of the Type-I ELMs and the
mitigation of the grassy-ELMs. Figure 11(a) shows the peak
heat flux to the inner strike point for an RMP grassy-ELM
discharge with the pedestal density shown in figure 11(b). The
data shows a sharp dip in the density due to pumpout and the
suppression of Type-1 ELMs by the RMP. Gas injection raises
the density later in the discharge, leading to a return of Type-I
ELMs.

The observation of Type-I ELM suppression with
decreasing density is similar to observations in ITER-baseline
plasmas with RMPs where the pedestal density needs to fall
below a certain threshold for Type-I ELM suppression. This
similarity suggests a common factor for Type-I ELM suppres-
sion in the grassy-ELM and ITER-baseline plasmas involving
the conditions required for resonant field penetration. By
penetration, we mean that the external field drives a resonant
radial magnetic field at the rational surface leading to magnetic
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Figure 10. Poloidal magnetic field perturbation for the toroidal mode number n = 1 of grassy-ELMs measured on the outboard midplane for
the plasmas in figure 1 with (@) no-RMP (#161414) and (b) odd parity n = 3 RMP (#161409). The dashed lines in (@) indicate mode rotation in

the electron diamagnetic drift direction for the case without RMP.

island formation [8, 9, 36]. Analogous to locked mode physics
[15], decreasing density can decrease plasma viscosity in the
pedestal, enabling resonant fields to penetrate provided the
E x B velocity is sufficiently small at edge rational surfaces.
We also observe a trend of decreasing grassy-ELM amplitude
as the density (and collisionality) decrease in the pedestal,
similar to observations in JT60-U [12]. This can best be seen
by comparing the grassy-ELM amplitude at = 2800 ms and
t = 3400ms in figures 11(a) and (b). We return to the role of
resonant field penetration in Type-I ELM suppression and
grassy-ELM mitigation in section 5 when discussing pedestal
pulsations.

The IR camera data presented thus far were all taken from
the inner strike point due to the outer strike point (OSP) being
obscured from the camera’s view by the lower shelf, shown
in figure 2(a). However, there are a few discharges where the
OSP is visible to the IR camera. In these cases, we find that
the OSP IR data is consistent with trends found at the ISP.
Figure 12 is taken from a discharge where IR camera data
is available at the outer and inner strike point for an RMP
grassy-ELM discharge with similar parameters to the RMP
plasma in figure 1(a). In figure 12(a) the integrated heat flux
to the inner divertor (blue) and outer divertor (red) is shown
together with their sum (in MW). The total injected power
from neutral beams and ECH is also shown (dashed line). The
ohmic current and hence ohmic heating is negligible in these

10

plasmas. The total heat flux to the divertor from the IR data
is comparable to the total injected power. We should be cau-
tious to claim that all the heating power goes to the divertor
as there are calibration uncertainties in the IR measurement
that could account for up to 30% uncertainty. Nonetheless,
the data clearly shows that the grassy-ELMs contribute only
a small (=20%) fraction in the thermal power reaching the
divertor relative to the inter-ELM level. Figure 12(b) shows
the peak heat flux (in MW m~2) at the ISP (blue) and OSP
(red) in the same interval. The data from the OSP shows even
a smaller fractional increase in the peak heat flux during the
grassy-ELMs relative to the inter-ELM period than for the
ISP data. However, it is safer to say that there is no signifi-
cant difference in the ratio of the peak to inter-ELM heat flux
between the OSP and ISP. Based on these observations, we
are confident that the trends observed at the ISP are indicative
of the effect of the RMP on the heat flux at the OSP, with the
main difference that the peak heat flux to the outer strike point
is &2 x higher than for the ISP.

3. Pedestal stability and Type-l ELM suppression

The suppression of the Type-I ELMs soon after the applica-
tion of the RMP is consistent with the change in the stability
of peeling-ballooning modes (PBMs) for these plasmas.
Generally, the effect of the RMP is difficult to detect on the
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Figure 11. The correlation of pedestal density change with the
change in ELM activity for a 3.1 kA n = 3 upper row RMP: (a)
peak heat flux to the inner strike point, (b) pedestal density, and (c)
I-coil current. Vertical dashed lines show periods of ELM mitigation
aligned with minima in n¢ peq. Plasma parameters for discharge
#159294 are: qos ~ 6.0, N ~ 2.5, fp~ 1.5, R~ 1.69 m, a ~

0.6 m, BT ~ —1.95 T, Ip ~ 1.0 MA, PNBI ~ 6.2 MW, PECH ~
22MW, Tepeq = 1.2keV.

pedestal profiles during the late stationary phase of the dis-
charge, (i.e. compare the profiles in figure 2). However, in the
early phase of the discharge, the RMP induces a momentary
dip in the pedestal pressure that is large enough to detect as a
change in PBM stability. This change is in the direction of sta-
bilizing the PBM. Figure 13(a) shows a transition from large
amplitude ELMs to pure grassy ELMs as the I-coil current
(red line) is increased around 2200 ms. A single row of n = 3
upper I-coils with 4.5 kA current is used in this discharge,
with plasma parameters gos &~ 5.25, Oy ~ 2.5, Op ~ 1.5 and
an ITER-relevant pedestal collisionality, v,, ~ 0.05. This
single row I-coil configuration is still edge resonant, as will
be shown in Section 4. The reduction in the pedestal den-
sity with the RMP, shown in figure 13(b), is commensurate
with an increase in the pedestal temperature from ~1keV
to ~1.7keV.

The transition from mixed ELMs before the RMP to pure
grassy-ELMs corresponds to a reduction in the pedestal pres-
sure and density, as shown in figure 14. The reduction in the
electron pressure comes predominantly through the density
pumpout (figure 14(b)) and is partially compensated by the
increase in the pedestal temperature (figure 14(a)). The ion
temperature (not shown) is close to the electron temperature.
The effect of these changes is shown in the ELITE stability
analysis in figure 15. There is a shift in pedestal stability from
the unstable region (red) to the stable region (blue) for low-n
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Figure 12. Fully noninductive discharge (#161405) in the ITER
shape with 2.5 kA n = 3 odd-parity RMP. In (@) the IR camera
measures the thermal power at the inner strike point /isp (blue),
outer strike point /ogp (red), the sum of the two /g (black) and
the sum of the neutral beam and ECH power (black dashed); (b)
the peak heat flux at the inner strike point Pjsp (blue) and outer
strike point Pogp (red). Plasma parameters: gos ~ 6.0, On ~ 3.1,
Op~1.75,R~1.68m,a~0.6m,Br~ —195T,Ip=~ 1.05 MA,
PNBI ~ 10 MW, PEC ~ 3.4 MW.
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Figure 13. The transition to large-amplitude ELM suppression during
the early phase of the discharge (#171178) usinga4.5kAn=23
single upper row of I-coils: (a) D,, signal from the ISP (blue) and
upper I-coil current (red), (b) electron pedestal density 7 peq (blue) and
electron pedestal temperature 7 peq (red). Plasma parameters in the
window of interest: gos = 5.2, O~ 2.5, fp~ 1.3, R~ 1.67Tm,a ~
0.6 m, BT ~ —1.90 T, Ip ~1.12 MA, PNBI ~5 MW, PEC ~ 3.4 MW.
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Figure 14. Pedestal profiles for figure 13 during the large amplitude
ELM phase near 1800 ms (red) and in the RMP grassy-ELM phase
near 2400 ms (blue): (a) electron temperature, (b) electron density,
and (c¢) electron pressure.

PBMs; however, the shift is relatively small when compared
to the experimental uncertainties. It is more important to point
out that the pedestal remains very close to the PBM stability
boundary even after the complete suppression of the Type-I
ELMs. The mixed ELM pedestal (red) before the RMP is
PBM unstable with dominant toroidal mode number n ~ 10,
whereas the grassy-ELM pedestal (blue) during the RMP
resides just inside the PBM stable region.

As noted earlier, the reduction in the pedestal pressure
is typically transient and recovers soon after the application
of the RMP. However, the Type-I ELMs continue to remain
suppressed. Stability analysis during the stationary phase
of the discharge shows that the pedestal remains very close
to the PBM stability boundary during the grassy-ELMs and
mixed ELMs. The small difference in the profiles with and
without RMP makes it difficult to discern a systematic dif-
ference in the stability during the stationary phase of the dis-
charge. However, the proximity of the pedestal to the low
collisionality (low-n) PBM stability boundary when Type-I
ELMs are entirely suppressed, suggests that the grassy-ELM
is a modified form of the low-n peeling-ballooning mode.
We could test this hypothesis by devising a method to tran-
siently force the pedestal deeper into the stable region of
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Figure 15. Peeling-Ballooning mode stability analysis using the
ELITE code for the two times in figure 14 before the RMP (red)
and during the RMP grassy-ELM phase (blue). Solid lines are the
stability boundary.

PBMs. Fortunately, it turns out that the plasma does this
spontaneously during pedestal pulsations (Section 35),
which allows us to confirm that the grassy-ELMs indeed
occur when the pedestal is close to the low-n PBM stability
boundary.

The similarity in the stability threshold of the Type-I
ELMs and the RMP grassy-ELMs reveals the challenge of
suppressing the Type-I ELMs. The grassy-ELM is less stable
in these discharges than the Type-I ELM, but only by a thin
margin. Both types of ELMs are proximate to each other in
stability space, and the challenge is to drive sufficient trans-
port through the grassy-ELMs or through the combination
of grassy-ELMs and RMPs to prevent the onset of the more
stable but much more virulent Type-I ELM. The prevalence of
the mixed-ELM regime in the absence of RMPs is an indica-
tion of the feeble transport produced by the grassy-ELMs, at
least in present devices. Given the marginal nature of Type-I
ELM suppression without RMP [37], it is likely that the addi-
tion of a small amplitude RMP kicks the pedestal into a pure
grassy-ELM regime by providing an incremental increase in
thermal transport sufficient to prevent the pedestal reaching
the Type-I ELMs stability boundary. This enhanced transport
can be a combination of particle and thermal transport associ-
ated with the RMP, which forms the basis for ELM suppres-
sion in the ITER baseline. The significant difference here is
that the RMP combines with the grass-ELLMs enabling robust
suppression of the Type-1 ELMs.

The relationship between the grassy-ELLM and the Type-I
ELM is analogous to the low-n edge harmonic oscillation
(EHO) in the QH-mode regime. A key feature of the low-n
(n = 1,2) EHO is that itis driven by E x B shear when the ped-
estal is close to the low-n PBM stability boundary, and satur-
ates at a low amplitude due to the relaxation of the drive [38,
39]. The grassy-ELMs must have a dominant toroidal mode
number higher than the EHO; however both modes appear
to be related to the PBM by their proximity to low-n PBM
stability boundary. Both modes saturate at low amplitude and
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both enhance pedestal transport sufficient to prevent the onset
of the slightly more stable but much more explosive Type-I
ELM. Other regimes like the I-mode [40] and the wide-ped-
estal QH-mode [28] also depend on weak pedestal instabilities
to prevent the onset of the Type-I ELMs.

A problem for all these weak-edge-mode regimes is that the
pedestal can revert to Type-I ELMs when the heating power
exceeds the ability of the mode(s) in the pedestal to exhaust
the input power. For the plasmas in the present study, the RMP
generates additional inter-ELM transport that is additive to the
transport produced by the grassy-ELMs. The combined effect
of the RMP and the grassy-ELM is sufficient to achieve robust
suppression of the Type-I ELMs, which would otherwise be
marginally unstable without the RMP. For the same reason,
the incremental effect of the RMP on edge transport could be
of assistance to other weak-edge-mode regimes such as the
I-mode and wide-pedestal QH-mode to produce more robust
Type-1 ELM avoidance. As shown in figure 9(a), one effect of
the RMP is to enhance the inter-ELM heat flux to the divertor.
Analysis shows that the time average heat flux to the divertor
from the grassy ELMs decreases with the addition of the
RMP. Therefore, the enhanced transport across the pedestal
and to the divertor arises predominantly from the effect of the
RMP on inter-ELM transport rather than any direct effect of
the RMP on grassy-ELM dynamics.

4. Plasma response and antenna coupling

Rapid progress has been made in understanding the role of
plasma response to 3D fields in ELM suppression. A critical
insight derived from multiple studies is that coupling to stable
edge MHD modes is essential for achieving ELM suppression
in high-temperature fusion plasmas [13, 41, 42]. By coupling,
we mean that the spectrum of the applied 3D field overlaps
with the spectrum of stable MHD modes of the plasma and
results in driving those modes to finite amplitude. Coupling is
important because it has been shown that resonant field pen-
etration (i.e. a driven magnetic island at a rational surface) is
more likely when the external field couples to stable MHD
modes of the plasma [43]. More recently it has been discov-
ered that in ITER baseline plasmas, which are far from MHD
stability limits, the RMP couples to several highly stable
modes in the plasma edge [44]. These stable modes typically
have a strong peeling component (meaning they are predomi-
nantly driven by the edge current) and they exhibit significant
magnetic perturbations at large poloidal angles away from the
outboard midplane, including the top, bottom and inboard side
of the plasma [42].

A new finding for the RMP grassy-ELM plasmas at elevated
q9s5 (>5) and beta (Oy ~ 3.0) is the presence of one dominant
marginally stable mode in the edge of the plasma that couples
effectively to the n =3 RMP, producing an edge magnetic
perturbation 2-3x the amplitude of the applied vacuum field.
The measured plasma response indicates a clear outward bal-
looning mode structure consistent with MHD modeling and
quite distinct from the response observed and calculated in
the ITER baseline plasmas. Careful analysis reveals poor

13

spectral matching of the I-coil spectrum with the least stable
edge mode in these plasmas, indicating substantial scope for
optimization of the coil design (and reduction of coil currents
and engineering requirements) in future reactors.

A comparison of the relative strength of the plasma
response to an n =3 RMP in an ITER baseline plasma and
RMP grassy-ELM plasma for DIII-D is shown in figure 16.
The pair of discharges have closely matched parameters:
ITER-like shape, electron density, toroidal field, and plasma
stored energy (Bt ~ 1.9 T, ne peqg = 2.5 X 10 m=3, Waa~ 1.2
MJ). The primary difference in engineering parameters is the
plasma current and gos (On =~ 1.8, Ip = 1.6 MA, g9s5 = 3.4 for
the ITER baseline versus Oy &~ 3.1, Ip = 1.1 MA, g9s = 5.3 for
the grassy-ELM). The plasmas are reasonably well matched
in the vacuum resonant n = 3 field at the top of the pedestal
(~4 Gauss at the g = 10/3 surface for the ITER baseline
versus <3 Gauss at the 14/3 surface for the RMP grassy-ELM
discharge). For the ITER baseline, we use n = 3 even parity
I-coils to maximize the resonant field strength at the ¢ = 10/3
surface, whereas we use only a single upper row of I-coils to
produce a similar vacuum resonant field at the 14/3 surface in
the grassy-ELM plasma. Although the vacuum resonant field
is 25% lower in the grassy ELM plasma, the magnetic response
on the outboard midplane is considerably stronger. Figure 16
shows the poloidal field produced by the plasma in response to
the applied n = 3 vacuum field measured at the outboard mid-
plane (location 66 M in figure 2(a)). The plasma response for
the RMP grassy-ELM plasma (blue) is ~3 x the level for the
ITER baseline (red). The vacuum field coupling to the sensors
is removed from this data to reveal only the plasma response.
Rapid reversal of the I-coil currents every 100ms is used to
subtract out the slow drift in the magnetic integrators [45],
which is why the amplitude of the poloidal field appears like
a square wave. The evolution of plasma parameters for these
two discharges is shown in figures 16(b)—(d). The total stored
energy, toroidal field, and plasma shape for the two discharges
are very similar (Wgj, ~ 1.1-1.2 MJ, By =~ 1.9-1.95 T) so that
the higher By and Op come from the lower plasma current in
the grassy-ELM discharge. The electron pedestal pressure in
the grassy-ELM discharge is approximately twice the pedestal
pressure in the ITER baseline. This difference is a critical
factor in the amplification of the n = 3 RMP due to the edge
localization of the plasma response (section 4.1). The high
edge pressure is also important for the amplification of edge-
resonant intrinsic error fields.

4.1. Ideal MHD analysis

Ideal MHD calculations for RMP grassy-ELM plasmas
reveals a strong edge localized response, peaking on the outer
midplane. Figure 17 displays the strength of the radial field
perturbations calculated for a discharge similar to that in
figure 16. The plasma response is calculated using the gen-
eralized perturbative equilibrium code (GPEC) [18] based on
an EFIT kinetic equilibrium with the plasma boundary and
measured kinetic profiles similar to those shown in figure 2,
and using a 1 kA I-coil current in an odd-parity configura-
tion for optimal edge coupling at gy9s &~ 5.2, with Oy ~ 3 and
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Figure 16. Plasma response for an RMP grassy-ELM plasma
(#171143, blue) and ELM suppressed ITER baseline plasma on
DIII-D (#157304, red): (a) Poloidal field amplitude measured on
outer midplane probes, (b) normalized beta [y, (c) poloidal beta
Bp, and (d) twice the electron pedestal pressure 2P peq. Plasma
parameters at flattop for #171143 (#157304) are: R ~ 1.69 m
(1.69 m), a = 0.59 m (0.59 m), By ~ —1.95 T (—1.90 T),

Ip ~ 1.13 MA (1.55 MA), Pxgr = 9 MW (6 MW), Pgcy =~ 3.4
MW (0 MW), g9s = 5.3 (3.5), Oy =~ 2.95 (2.12), Bp ~ 1.53 (0.78),
Neped = 2.8 x 10"%/m? (2.5 x 10"/m?), T, peq = 1.8keV, (1.1keV).

Op =~ 1.6. Figure 17(b) shows the total radial magnetic field,
i.e. the sum of the vacuum field and the plasma response. The
odd parity arrangement is evident by the sign reversal in the
radial field between the upper and lower coils. Figure 17(a)
displays the same data as in figure 17(b) but with the vacuum
field removed, to show only the plasma response, which is
what the sensor data reveals. Figures 17(c) and (d) show the
plasma response and total radial field perturbation for an even
parity I-coil configuration. We see that the calculated plasma
response for even parity is considerably weaker than for odd
parity, which is why the odd-parity configuration is used for
these plasmas.

It is interesting that the poloidal wavelength of the plasma
response in figures 17(a) and (c) at the outer midplane is about
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Figure 17. Radial magnetic field perturbation calculated using
GPEC for discharge #171170 at 3000 ms and using 1 kA I-coil
current. (a) Plasma response for odd-parity n = 3 RMP, (b) total
radial field including plasma response and vacuum field for odd-
parity, (c) even-parity n = 3 RMP plasma response, and (d) total
field for even parity. The fringe field of the I-coils is indicated in the
yellow dashed box in (b) and (d). The plasma parameters are similar
to those for discharge #171143 in figure 16.

equal to the poloidal width of the I-coil. This is a clear indica-
tion that the I-coils on DIII-D is poorly matched to the least
stable edge mode in these plasmas. The coils are well matched
for the poloidal mode number of the edge-plasma response in
the ITER-baseline where m ~ 10-11 for n = 3; they were not
designed to match the edge plasmas response at higher q where
m ~ 14-20 for n = 3. Figure 18 shows the n =3 vacuum
spectrum for 1 kA of I-coil current with odd parity (blue),
even parity (red) and for a single upper row (black dashed).
The horizontal axis shows the poloidal mode number in PEST
coordinates (see figure 2 in [46]). The edge plasma response
is localized to the yellow vertical band in figure 18. The single
row spectrum (black) has been increased by 2x (equivalent
to 2 kA in the upper row), to demonstrate that the amplitude
spectrum of a single row represents the envelope function
for any combination of upper and lower I-coils. This result is
quite general so long as each row produces a similar poloidal
spectrum. The spectral range of the n = 3 plasma response
is beyond the primary lobe of the even and odd parity RMP
vacuum field, underscoring the poor matching of the I-coils
to the plasma response. On the other hand, there does appear
to be a remedy. Guided by this result, we will operate future
experiments with an n = 2 RMP so that the plasma response
(yellow band) will move down to the peak of the even parity
response (primary red lobe). Furthermore, operating with
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Figure 18. Poloidal spectrum of the radial vacuum field on the
plasma surface using PEST angle coordinates for n = 3 RMP

with 1 kA even-parity I-coil current (red), 1 kA odd-parity (blue)
and 2 kA in the upper row of I-coils (black dashed). The poloidal
spectrum of the plasma response resides in the yellow shaded region.

n =72 RMP will allow more flexible control of the poloidal
spectrum to more thoroughly explore the plasma response and
to assess the low I-coil current limit for Type-I ELM suppres-
sion in these plasmas.

We validate the ideal MHD prediction of the dominant
n = 3 plasma response by performing a limited spectral scan in
a single discharge. Figure 19 shows the strength of the exper-
imentally measured plasma response (blue) in a similar RMP
grassy-ELM discharge. The coils were switched between all
four possible n = 3 I-coil configurations during the high beta
phase of the discharge (from 3.2s to 5.8s with Oy~ 3.1),
and the currents were reversed every 100ms to remove slow
drift from the magnetic integrators. The measurements are
obtained at the outer midplane. Figure 19(a) shows that the
plasma response is relatively similar for the single row (upper
or lower) and odd parity configurations. The even parity
shows a weaker plasma response, qualitatively consistent with
the GPEC calculation in figure 19(c). Figure 19(b) also shows
the phase of the plasma response. Both the phase and ampl-
itude are consistent with the GPEC calculations (red dots).
While the dominant plasma response is quantitatively repro-
duced using GPEC for n = 3 single upper/lower rows and odd
parity, the even parity response is considerably stronger than
predicted (i.e. at 4.4s in figure 19(a)). The [y in figure 19(c)
shows a small increase during the even parity phase near 4.4 s,
which indicates a weaker effect on confinement relative to the
other more resonant configurations.

The effect of the coil parity on Type-I ELM suppression
can best be seen near threshold conditions. Figure 20 shows
the effect on density pumpout and ELM suppression in the
transition from odd parity to even parity I-coils in a similar
discharge. The suppression of Type-I ELMs and pumpout is
seen in figure 20(a) with the turning on of odd-parity I-coils
(figure 20(b)). A single large ELM is excited at r = 3400 ms
because the current is being reversed every 100ms and the
RMP field goes through zero during the reversal. At 3500 ms
the I-coils change to even parity and the Type-I ELMs return
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Figure 19. Plasma response versus time measured on the outboard
midplane sensors: (a) poloidal field amplitude (blue) for different
coil configurations (upper only, lower only, odd parity and even
parity) and the calculated GPEC plasma response (red circles),

(b) toroidal phase of the measured plasma response (blue) and
GPEC phase (red), and (¢) normalized beta (solid line) and the
pedestal electron pressure (dashed). The GPEC calculations are
based on one kinetic EFIT equilibrium evaluated from the profile
data at t = 3400 ms. Plasma parameters for #171170 are similar to
discharge #171143 in figure 16.

with the increase in the plasma density. This and other data
(e.g. figure 11) demonstrates a resonant effect of the RMP on
the plasma edge.

The measured poloidal structure of the plasma response
is also well reproduced by GPEC for these plasmas.
Figure 21(a) shows the measured poloidal field amplitude
for the plasma in figure 19 for the upper, lower and odd
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Figure 20. Plasma response to I-coil parity change for discharge
#171140: (a) line density (blue) and D,, (black), (b) upper and
lower I-coil current. Odd parity is between 2900-3500 ms. Even
parity is from 3500 ms. The plasma parameters are similar to
discharge #171143 in figure 16.

parity I-coil configurations (symbols) versus the DIII-D
machine poloidal angle for various toroidal sensor arrays
(see figure 2(a) for poloidal angles of magnetic sensors).
There is an excellent quantitative agreement between the
GPEC calculated poloidal field distribution (solid lines) and
the experimental data (symbols) for three of the coil configu-
rations (odd, upper, lower) shown in figure 21(a). However,
the GPEC calculation for the even parity configuration in
figure 21(b) is not well matched to experiment, particularly
at the outer midplane. The data for even parity coils sug-
gests that some amount of coupling to the dominant mode
may be occurring due to asymmetries in the coils (or the
plasma) that is not included in the calculation, or to a pos-
sible contribution of sub-dominant edge modes that are not
resolved by GPEC.

4.2. Error field amplification

We now address error field amplification in these plasmas
because it is well known that at high beta the plasma will
amplify the resonant component of low-n error fields (par-
ticularly the n = 1 error field [47]) in addition to the applied
n = 3 RMP. While error field correction is designed to cancel
the most deleterious plasma response that results in locked
mode disruptions, some residual error field can still couple
to the plasma edge to affect pedestal stability and transport.
This understanding has been used successfully to achieve
ELM suppression in the KSTAR tokamak using three rows
of internal coils to preferentially drive an n = 1 edge resonant
response while minimizing coupling to the core kink response
[48]. In the ITER baseline and low beta plasmas well below
the no-wall limit, the amplification of low-n modes is modest
[44]. In contrast, we can expect the strong amplification of
residual low-n error field if they couple to the stable modes of
the plasma at high beta.
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Figure 21. Measured poloidal field amplitude for the n = 3 RMP

at five poloidal locations as shown in figure 2. The GPEC calculated
plasma response is shown in solid lines and the data in symbols for
(a) the n = 3 single upper row (4.5 kA), the n = 3 single lower

row (4.5 kA), n = 3 odd-parity (2.5 kA), and (b) n = 3 even parity
(2.5kA).

Calculations show that the n =1 intrinsic error field can
have significant vacuum resonant fields at edge rational sur-
faces in these grassy-ELM plasmas. Even with good error field
correction, a residual n = 1 edge resonant field can be ampli-
fied to a level comparable to the n = 3 RMP. As a proxy for
low-n intrinsic error fields, we calculate the n =1 and n = 2
plasma response to a 1 kA current in the upper row of I-coils,
corresponding to 6By, = 0.3 X 10~* at the q = 4 rational sur-
face for the plasma in figure 21. For comparison, the n =3
RMP with 4.5 kA upper I-coil current has 6By,. ~ 1.5 X 104,
Figure 22 shows the amplification of the n = 1 and n = 2 error
fields using the GPEC code for the kinetic equilibrium used
in figure 17 and plotted on the same scale. The n =1 error
field is amplified by more than 10x the n = 3 field and about
5x the n = 2 field. This means that any residual n = 1 edge
resonant component after error field correction can compete
with the influence of the applied n = 3 RMP on the pedestal
for these high edge pressure plasmas. The implication is that,
in principle, residual low-n error fields can affect pedestal
stability and transport even if the most deleterious aspect of
the error fields are minimized in the plasma core. The fact
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Figure 22. Plasma response to a 1 kA n = 1, and 2 current in the
upper row of I-coils used as a proxy for n = 1 and n = 2 error
fields calculated using GPEC for the same equilibrium used in
figure 17. The plasma response (a) and total field (b) for the n = 1
perturbation, and the plasma response (c) and total response (d)
for the n = 2 perturbation. The amplification of the n = 1 field is
10x higher than for the n = 2 field for the same I-coil current.

that n = 1 resonant fields can be simultaneously optimized for
ELM suppression and locked mode avoidance [48] demon-
strates that intrinsic error fields in high beta plasmas can in
principle exhibit strong interactions with the pedestal even if
core coupling is minimized.

5. Pedestal pulsations and grassy-ELM mitigation

The RMP grassy-ELM plasmas exhibit large cyclic oscilla-
tions in the pedestal at low ggs &~ 5.3. These pulsations have a
substantial effect on the pedestal stability and nonlinear satur-
ation of the grassy ELMs. Specifically, significant variations
of the pedestal toroidal rotation synchronous with n =1, 2,
and 3 magnetic oscillations are observed, consistent with a
recently proposed model of magnetic island pulsation arising
from the competition between island induced braking and
flow-induced island screening [15, 16]. Single fluid linear
MHD analysis using the M3D-C' code [19] reveals a correla-
tion between oscillating resonant field penetration and oscilla-
tions in the pedestal rotation. These oscillations are fortuitous
as they convey valuable new information on the stability of the
grassy-ELMs and the role of edge resonant fields in pedestal
transport. Also, the pedestal oscillations shed new light on
the effects of 3D fields on pedestal transport, which needs to
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Figure 23. Pedestal pulsations for shot #171177 with n = 3 4.5 kA
static current in the upper I-coils. The blue band corresponds to

the peak of the grassy-ELM activity and red band corresponds

to the maximum mitigation of the grassy-ELMs: (a) Balmer

alpha (D,) emission from the inner strike point, and a zoom view
of (b) Dy, (c) Pisp, (d) Ox, and (e) toroidal rotation velocity at

N = 0.92. Plasma parameters at the time of interest are: gos ~ 5.3,
On=3.1,0p~1.60,R~1.68m,a~0.6m,Br~—190T,

Ip ~ 1.15 MA, Pxg1 ~ 10 MW, Pgc ~ 3.4 MW, stored energy

Waia = 1.2 MJ, pedestal pressure Ppeq ~ 18 kPa, pedestal density
Neped 2 3.1 x 10" m™3 and pedestal temperature T, peq ~ 1.6keV.

be better understood to develop improved control of pedestal
transport and ELM mitigation.

Figure 23 reveals cyclic variations in the edge plasma
parameters under the influence of a static n =3 RMP and
intrinsic error fields for a discharge with plasma and machine
parameters indicated in the figure caption. The n = 3 RMP is
generated using 4.5 kA of current in the upper row of I-coils.
Figure 23(a) shows the D, signal from the inner strike point
for the duration of the discharge, revealing rapid suppression
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Figure 24. Pulsations in the plasma edge for shot #171177 with

n =3 RMP and 4.5 kA current in the upper I-coils: (a) peak heat
flux to the inner strike region, (») Balmer light from the inner strike,
(c) Langmuir probe current during voltage sweep near outer strike
point, and (d) Langmuir probe current near the inner strike point.
Yellow bands indicate periods of grassy-ELM mitigation.

of the Type-I ELMs with the activation of the n =3 RMP.
There are many pulsations in the D,, light during Type-I ELM
suppression. Expansion of a 200ms time window in fig-
ures 23(b)—(e) reveals some of these pulsations in the pedestal
and divertor. The D, signal in figure 23(b) reveals slow modu-
lations at the divertor with a period of ~40ms, compared to
the plasma energy confinement time of 70—80 ms. Figure 23(c)
reveals similar oscillations in the peak heat flux to the inner
strike point from the IR camera. The grassy-ELMs seen at the
ISP are largest when the inter-ELM heat flux is smallest and
vice versa, as indicated by the blue and red bands in figure 23.
The edge toroidal rotation at n = 0.92 (figure 23(e))
increases in the co-Ip (positive) direction when the pedestal
enters into a period of mitigated grassy-ELMs and decreases
when the pedestal reverts to regular (large) grassy-ELMs. The
slow oscillations in the plasma beta, shown in figure 23(d), are
anti-correlated with the edge toroidal rotation. Importantly,
the decrease in [y is strongest during the grassy-ELM mitiga-
tion phase, indicating that an additional transport mechanism
is affecting the pedestal profiles, resulting in the mitigation
and suppression of the grassy-ELMs. This additional transport
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mechanism is most consistent with oscillating resonant field
penetration and screening where resonant field penetration
in the pedestal is accompanied by an increase in the toroidal
rotation in the co-Ip direction and enhanced pedestal transport
[9].

A closer look at these pulsations reveals that the grassy
ELMs increase in frequency as they decrease in amplitude
during the intervals of enhanced inter-ELM transport. In fact,
during the periods when the grassy-ELMs are weakest, they
cannot be seen on the D,, signal at the inner strike point and are
only observable on the IR camera data. Figure 24 shows two
such pulsations from the longer interval in figure 23. The miti-
gated grassy-ELM induced peak heat flux to the inner strike
point (Pisp in figure 24(a) in the yellow bands) is at least an
order of magnitude smaller (~0.1 MW m~2) than during the
peak of the grassy-ELM activity (=<1 MW m~2). The grassy-
ELM frequency can reach 800 Hz during mitigation, com-
pared to ~200 Hz at their largest amplitude. While IR data is
not generally available at the outer strike point (OSP) due to
shadowing of the camera view by the lower shelf, Langmuir
probe measurements are available and show a similar trend to
the inner strike data. The Langmuir probe current at the OSP
(figure 24(c)) and the ISP (figure 24(d)) is rapidly varying due
to voltage scans used to infer the ion saturation current and the
electron temperature at the probe. The envelope of the probe
current can be discerned. The simultaneous increase in the ion
saturation current to the OSP and ISP during the mitigation
phase can be inferred from the upper envelope of the probe
current in figures 24(c) and (d). The increase of the electron
temperature at the probe during mitigation can be inferred
qualitatively from the lower envelope of the probe current
during the voltage sweep. Analysis of the -V characteristic
of the Langmuir probe data reveals a three-fold increase in
the ion saturation current at the ISP and a two-fold increase at
the OSP during grassy-ELLM mitigation. The electron temper-
ature at the ISP increases from 8 to 10eV while at the OSP
the temperature increases from 30 to 50eV, so that both the
particle and thermal heat flux are enhanced during the period
when the grassy-ELMs are at their weakest. This again points
to the role of an additional transport mechanism associated
with the RMP that controls the stability of the grassy-ELMs.

5.1. Pedestal stability

The modulation of the grassy-ELM amplitude and frequency
suggests significant changes in the pedestal profiles. Figure 25
shows pedestal profiles during grassy-ELM mitigation (red)
and strong grassy-ELM activity (blue) in figure 23. The
profiles are obtained using Thomson scattering and charge
exchange measurements of fully stripped carbon in a 10 ms
interval. The most significant change in the pedestal during
the pulsations is an outward movement of the steep gradient
region of the pedestal during mitigation of the grassy-ELMs
along with an increase in the edge toroidal rotation velocity
in the co-Ip direction. Importantly, the E x B rotation fre-
quency wgxp goes to zero near the top of the pedestal during
the period of grassy-ELM mitigation (figure 25(f)). The red
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Figure 25. Plasma edge profiles for the pedestal pulsations

in figure 23. The profiles are taken at = 3620 ms during the
maximum of the co-Ip edge toroidal rotation (red band in figure
23) and at t = 3635 ms during the minimum of the co-Ip edge
toroidal rotation (blue band in figure 23). Shown are (a) electron
temperature, (b) electron density, (c) ion temperature, (d) toroidal
rotation frequency, (e) electron perpendicular rotation frequency,
and (f) E x B frequency. The blue/red/black vertical dashed
lines correspond to the g = 4, 14/3 and the separatrix location,
respectively.

vertical dashed line in figure 25 indicates the top of the ped-
estal during grassy-ELM mitigation while the blue vertical
dashed line indicates the top of the pedestal during strong
grassy-ELM activity. The electron perpendicular flow fre-
quency wie = wie + Wexp shows less modulation than wg, g
during the pulsations and does not intercept zero near the top
of the pedestal. The total pressure profile, pressure gradient,
and edge current profile are shown in figure 26 based on a
kinetic EFIT calculation of the equilibrium from plasma pro-
file and magnetic measurements and using the Sauter model
for the edge plasma current, which is valid at low electron
collisionality. The interval of grassy-ELM mitigation has
reduced pedestal pressure and pedestal width (red curves in
figure 26) compared to the intervals with the strong grassy-
ELM activity.

Both these profiles are in the stable region for PBMs, as
shown in the stability diagram obtained using the ELITE
code in figure 27. However, the interval with strong grassy-
ELMs is closer to the low-n (n=5-10) PBM stability
boundary indicated by the blue upper contour in figure 27.
The period of strong ELM mitigation (red) is furthest from
the stability boundary. Thus, the weakening or sometimes
the complete elimination of the grassy-ELMs during the
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Figure 26. Kinetic equilibrium profiles versus 1y for the pulsating
pedestal at 3620 ms in figure 23 (red band for the grassy-ELM
mitigated phase) and at 3635 ms (blue band in figure 23 at the peak
of the grassy-ELM activity). The blue/red vertical dashed lines
indicate the location of the ¢ = 4 and g = 14/3 rational surfaces,
respectively. Shown are (@) the total plasma pressure, (b) the total
pressure gradient, and (c) the edge current using the Sauter model.

pulsations is associated with the pedestal moving further into
the stable region for PBMs. In actuality, the modulations have
two effects. They modify the average pedestal pressure and
edge gradient, and they modify the location of the stability
boundary. The effect of the n = 3 RMP on the grassy-ELMs
seems to be analogous to the effect of the RMP on Type-I
ELMs in the ITER baseline. The periodic mitigation of the
grassy-ELMs as the pedestal moves away from the low-n
PBM stability boundary reinforces the observation made from
stability analysis in figure 15 that the grassy-ELMs must be
excited close to the low-n PBM stability boundary.
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Figure 27. Peeling-Ballooning stability using the ELITE code for
the grassy-ELM mitigated phase at 3620 ms (red band in figure 23)
and the strong grassy-ELM phase (blue band in figure 23) at

3635 ms. The stability boundary for the mitigated grassy-ELM
phase is indicated by the red solid line and the stability boundary
for the strong grassy-ELM phase by the blue solid line. The strong
grassy-ELM phase (blue symbol) is closer to the low-n peeling
ballooning stability boundary than the mitigated grassy-ELM phase
(red symbol).

5.2. Resonant field penetration

The linear single fluid M3D-C' code [19] is used to calculate
the n =1, 2 and 3 resonant field components on low order
rational surfaces in the pedestal region for the two profiles in
figure 26 corresponding to the strong and mitigated grassy-
ELM intervals. In the experiment we applied an n = 3 RMP
with 4.5 kA current in the upper row of I-coils. However, there
are also less well-characterized n = 1 and n = 2 intrinsic error
fields in DIII-D that may play a role in the pedestal dynamics,
particularly at high beta due to plasma amplification (sec-
tion 4.2). Using M3D-C!, we calculate the n=1 and n =2
resonant field produced by a 1 kA current in the upper row
of I-coils as a qualitative indicator of the plasma resonant
response to the intrinsic error fields.

Figure 28 shows the M3D-C' calculation of the resonant
(radial) field component for the n = 1, 2, and 3 fields for
the two equilibria in figure 27. Figure 28(d) shows the rel-
evant plasma flow frequencies for the two times of interest,
the E x B frequency wgyxp and the electron perpendicular
flow frequency w, .. During the strong grassy-ELM interval
(blue), wgxp ~ 0 at the top of the inward shifted pedestal
near the ¢ = 4 rational surface. The alignment of wg.p =~ 0
to the ¢ = 4 surface suggests thatthen = 1,n =2andn =3
fields can drive magnetic islands near the top of the pedestal
during strong grassy-ELMs. During grassy-ELM mitigation,
the top of the pedestal is displaced outward in radius near the
q = 14/3 rational surface (red). The alignment of wgyp = 0 to
the ¢ = 14/3 rational surface during grassy-ELM mitigation
suggests that n = 3 RMP penetrates near the top of the ped-
estal and is involved in the narrowing of the pedestal width
during ELM mitigation. This contraction of the pedestal
width with resonant field penetration is again analogous to
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the effect of RMPs in ELM suppression in the ITER base-
line plasmas. Figures 28(a) and (b) show M3D-C! single fluid
calculations of the resonant field penetration for the n = 1
and n = 2 EFs, generated using 1 kA current in the upper row
of I-coils. The calculations show that the peak of the resonant
field penetration occurs at the g = 4 surface during strong
grassy-ELM activity (blue). Figure 28(c) shows the M3D-
C! calculation of the resonant field penetration for the n = 3
RMP, generated using 4.5 kA current in the upper row of
I-coils. The figure shows that the peak in the n = 3 resonant
field occurs at the g = 14/3 rational surface during grassy-
ELM mitigation.

From these calculations, we infer that grassy-ELMs are
mitigated and/or suppressed when the n =3 RMP penetrates
at the 14/3 rational surface. The effect of such penetration is to
enhance thermal and particle transport and flatten the pressure
profile at the g = 14/3 surface, leading to a narrowing of the ped-
estal width as seen in the data. The mitigating effect of the n =3
penetration on the grassy-ELMs is entirely analogous to the sta-
bilizing effect of RMPs on ELMs in the ITER baseline [8].

From the single fluid M3D-C! calculations the n = 1, 2
resonant field amplitude at the g = 4 surface is comparable to
the n = 3 resonant field at the ¢ = 14/3 surface, even though
the n =3 RMP is generated using 4.5 kA of I-coil current
versus 1 kA for the n = 1 and n = 2 fields. We have seen in
section 4 that the n = 1 and n = 2 field can be amplified rela-
tive to the n = 3 field in these plasmas, so it should be no sur-
prise that the resonant field amplitude of n = 1, 2 error fields
at the ¢ = 4 surface can is comparable to the n = 3 resonant
field amplitude.

Note that we have used only the linear single fluid M3D-C!
analysis in figure 28, and ignored the two-fluid linear model,
for the resonant field penetration. In linear two fluid theory,
resonant field penetration requires that the perpendicular elec-
tron flow w . be close to zero, i.e., Wie = WExB + Wie = 0
where w,. is the electron diamagnetic drift frequency.
However, the w, . & 0 requirement is only valid in the linear
regime when the magnetic island width is much less than the
linear layer width. In the case of islands much larger than the
linear layer width, we expect the island to propagate in the ion
diamagnetic drift direction, i.e. w = wWgxp + xw;i ~ 0 where
x is between 0 and 1. For intermediate islands of the order of
the linear layer width (W, ~ 0.01-0.03% from the resonant
fields in figure 28), we expect the frequency to be somewhere
in between the two limits, or wgyp ~ 0 [16]. Therefore we
have chosen to use the linear single fluid analysis where the
relevant condition for resonant field penetration to occur is
wgxp ~ 0.

It has recently been shown that the competition between
flow screening of magnetic islands and magnetic braking of
plasma flows can result in nonlinear cyclic rather than sta-
tionary island solution [15, 16]. These cyclic solutions are
characterized by pulsations in the island width correlated with
cyclic variations in the E X B velocity at the rational surface.
According to the model, the magnetic islands continue to
be dragged in the direction of the E X B rotation, producing
oscillating J x B torque. The effect that we should see exper-
imentally is the toroidal rotation of magnetic perturbations,
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Figure 28. Linear single fluid M3D-C' calculation of the resonant radial field during the strong grassy-ELM phase at 3635 ms in figure 23
(blue) and during the grassy-ELM mitigated phase at 3620 ms in figure 23 (red): (a) n = 1 with 1 KA in the upper I-coil, (b) n = 2 with 1
kA in the upper I-coil, (¢) n = 3 with 4.5 kA in the upper I-coil, and (d) the E x B frequency wg p and the electron perpendicular rotation
frequency w, .. Vertical dashed lines correspond to the g = 4 rational surface (blue) and the ¢ = 14/3 rational surface (red). Resonant field
penetration at ¢ = 14/3 corresponds to the grassy-ELM mitigated phase.

even with static applied fields, together with modulations in
the toroidal rotation. Therefore we look for such evidence in
the magnetic data.

Figure 29 shows the poloidal field amplitude and phase
of the plasma magnetic response on the outer midplane for
the same interval as in figure 23(b). The data presented are
of the amplitude and phase of the poloidal field at the outer
midplane (location 66M in figure 2(a)) using a 100ms run-
ning average subtraction to remove the drift in the integrator
signals. The data has been smoothed using a 20 ms running
window average to remove the spikes associated with the
grassy-ELMs. The vacuum field coupling to the magnetic
sensors is also removed from the probe data. The observed
amplitude modulations on the outboard midplane probes are
quite strong (1-2 Gauss) for n = 1, 2 and 3 fields. For compar-
ison, the total plasma response for the n = 3 field is ~6 Gauss
(blue curve in figure 16(a)) so that the pedestal pulsations are
modulating the n = 3 plasma response by up to 30%. These
pulsations are also seen on the radial magnetic field probes at
the same outer midplane location, and they are observed for a
range of averaging and background subtraction time windows
applied to the data. A key feature of the data is that the rotation
of the magnetic perturbations is synchronized with the modu-
lation of the toroidal rotation velocity. Figure 29(a) shows the
modulation in the toroidal rotation velocity at )y &~ 0.92. The
phase of the n = 1, 2, and 3 magnetic components are shown
in figures 29(b), (d) and (f), respectively. The amplitudes
are shown in figures 29(c), (e¢) and (g). In the coordinates of
DIII-D, rotation with increasing toroidal angle indicates a
phase velocity in the electron diamagnetic drift direction (see
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figure 10); rotation with a decreasing phase indicates the ion
diamagnetic drift direction. The n = 1, 2 and 3 components
rotate toroidally with the period of the pedestal pulsations.

An exciting feature in the magnetic data is that the n = 1
mode rotates in the co-Ip direction (figure 29(b)) whereas
the n = 3 rotates in the counter-Ip direction (figure 29(f)).
From figure 25(f), the E x B rotation at the ¢ = 14/3 surface
is generally negative so that the n = 3 should rotate in the
counter-Ip direction, consistent with the increasing phase of
the n = 3 signal. In contrast, the £ X B rotation at the g = 4/1
surface is generally positive, indicating rotation will be in
the co-Ip direction, consistent observations. While the n = 1
and n = 3 mode directions are consistent with islands being
dragged in the direction of the local £ x B flow at the ¢ = 4
and 14/3 surfaces, respectively, the n = 2 component remains
an anomaly. The data in figure 29(d) shows that the n =2
magnetic perturbation rotates in the counter-Ip direction. This
direction suggests that the resonant surface is in the region of
negative E x B, such as the ¢ = 9/2 rational surface, which
is inconsistent with our linear single-fluid M3D-C! analysis
and places the island in the region of large flow screening.
This inconsistency should be addressed in a future experiment
where the ¢ = 9/2 rational surface is scanned radially during
pulsations, from the negative E; to the positive E; region, to
identify a predicted reversal in the direction of toroidal rota-
tion of the n = 2 signal.

In our experiment, we observe multiple helicity modes
whereas the nonlinear model of pulsating islands only refers
to a single helicity. It is possible that different helicity islands
can affect the dynamics of the pulsations. For example, in
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Figure 29. Poloidal magnetic field pulsations measured on the outer midplane for the interval shown in figure 23: (a) toroidal rotation
velocity at ¥y ~ 0.92 with vertical dashed lines indicating times for mitigated grassy-ELMs, (b) toroidal phase and (c) amplitude of the

n = 1 response, (d) toroidal phase and (e) amplitude of the n = 2 response, (f) toroidal phase and (g) amplitude of the n = 3 response, and
(h) the total poloidal field versus toroidal angle and time. A 100 ms moving average subtraction is applied to the magnetic signals to remove

the static plasma response. The RMP is static during this interval.

figure 28 the penetration of the n =1 and n = 3 modes are
out of phase. If the rotation profile simply moves up and
down without flattening, (as shown in figure 25(d)) then as
lwgx gl decreases at the g = 4 surface (n = 1 penetration) it
will simultaneously increase at the g = 14/3 surface (n =3
screening). This means that the penetration of the n = 1 at the
q = 4 may lead to the screening of the n = 3 at the ¢ = 14/3
and vice versa. At present we do not have the data to address
the combined effects of the different helicity components
on the pedestal pulsations. This question can be addressed
by performing experiments in which the intrinsic n = 1 and
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n =2 error fields are systematically reduced and enhanced
using the I-coils, to determine the effect(s) of multiple and
single helicity fields on the pedestal dynamics.

We should point out that the magnetic data alone does not
prove that island dynamics (penetration and screening) control
the pulsating behavior of the pedestal. The pulsations could
in principle be due to the intermittency of the grassy-ELMs,
and the magnetic response could merely be an indicator of
pedestal profile change rather than a cause of the pedestal
change. The crucial evidence against such a hypothesis is that
the inter-ELM heat flux is highest when the grassy-ELMs are
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mitigated (see the yellow band in figure 24(a)) so that some
other mechanism must be producing the enhanced transport
during the intervals where the grassy-ELMs are mitigated.
However, it may still be argued that the mitigated grassy-
ELMs merge into one big heat pulse that makes it difficult to
differentiate the inter-ELM from the grassy-ELM heat flux.
The key evidence against this hypothesis is that the grassy-
ELM frequency peaks at ~800 Hz during the mitigation
phase compared to 12kHz for the IR camera sample rate. A
closer inspection of the heat flux trace in figure 24(a) at the
time indicated by the vertical arrow shows that the inter-ELM
heat flux in the grassy-ELM mitigated phase can indeed be
resolved and is significantly higher than the inter-ELM heat
flux during strong grassy-ELMs. Thus, the evidence from the
heat flux data indicates that the pedestal pulsations are not a
consequence of the intermittent behavior of the grassy-ELMs.
Instead, some other mechanism is raising the heat flux during
the period of grassy-ELLM mitigation. The fact that the resonant
field penetration of the n = 3 RMP at the 14/3 rational surface
is predicted to be strongest at the time of grassy-ELM mitiga-
tion is consistent with the known effects of resonant fields.
These effects include the flattening of the pressure profile near
the g = 14/3 rational surface, the consequent constriction of
the pedestal width, the increase in pedestal transport and the
increase of the toroidal velocity in the co-Ip direction due to
magnetic braking (i.e. reduction of lwg,pl). The mitigation of
the grassy-ELMs follows from the stabilizing effect of the
increased transport (and heat flux) induced by n = 3 RMP, as
shown in the ELITE analysis in figure 27.

Further support for grassy-ELM mitigation by n = 3 res-
onant field penetration is that the toroidal rotation increases
across the edge of the plasma when the flux of heat and par-
ticles to the divertor is increasing. By comparing the toroidal
rotation (figure 25(d)) and density (figure 25(b)) profiles
during ELM mitigation (red curves) at the top of the pedestal,
the edge momentum is clearly increasing as the thermal and
particle transport is increasing. Normally we would expect
enhanced momentum transport to accompany enhanced par-
ticle and thermal transport. However, the edge momentum
increase is consistent with the co-Ip torque due to resonant
field penetration in a region where the radial electric field is
negative before penetration [9]. An alternative hypothesis to
explain the increase in momentum is that the grassy-ELMs are
very efficient in transporting momentum, so that the mitiga-
tion of the grassy-ELMs leads to a strong increase in the edge
momentum. The difficulty of this hypothesis is immediately
seen by looking again at the data in figures 23(c) and (e) in the
time window between the red and blue bands. In that interval,
there is a precipitous drop in the toroidal rotation at )5 = 0.92
before the appearance of significant grassy-ELM activity. This
drop in the toroidal rotation before the onset of grassy-ELMs
is more easily seen in the preceding pulse at around 3580 ms.
Thus, while the grassy-ELMs must affect momentum trans-
port, it is clear that a significant fraction of the velocity reduc-
tion near the pedestal top is unrelated to the grassy-ELMs. In
contrast, the reduction in the rotation velocity at the top of
the pedestal is entirely consistent with the screening (loss of
penetration) of the n = 3 resonant field.
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Figure 30. A pulsating pedestal discharge with 4.5 kA n = 3 upper
I-coil current. IR camera measurements of the peak heat flux at

(a) the inner strike location, and () the outer strike location. The
grassy-ELMs are suppressed in the period identified by the yellow
band. Plasma parameters at the time of interest are: gos ~ 5.3,
Onm~3.0,0p~155R~1.68m,a~06m,Br~—190T,

Ip ~ 1.15 MA, Pxg1 ~ 10 MW, Pgc ~ 3.4 MW, stored energy

Wiaia = 1.2 MJ, pedestal pressure Pyeq ~ 15 kPa, and pedestal
density e ped = 3.1 x 10" m =,

An important question is whether the trend of the heat
flux at the inner strike point during the pulsations is repre-
sentative of the heat flux at the outer divertor. As discussed
earlier, reliable IR measurements at the outer strike point are
not generally available. However, there are intervals in these
discharges when the outer strike does become visible to the IR
camera. While we are cautious not to interpret such measure-
ments quantitatively, the data from the outer strike point is in
good qualitative agreement with the behavior of the heat flux
at the inner strike. Figure 30 shows an interval in a similar dis-
charge (#171178) to that in figure 23 where the outer strike
becomes visible for a period of ~400ms. Figures 30(a) and
(b) shows the peak heat flux to the ISP and OSP, respectively.
The overall heat flux is higher at the OSP as expected, but
the trend is similar to the ISP data; the grassy ELM ampl-
itude is mitigated as the inter-ELM heat flux increases. In the
interval shown in figure 30, the grassy-ELMs are entirely sup-
pressed in the n = 3 penetration interval, not just mitigated.
The phenomenology of the magnetic response and pedestal
oscillations in this discharge are identical to the data shown in
figures 23-28. The complete stabilization of the grassy-ELMs
reinforces the hypothesis that cyclic n = 3 resonant field pen-
etration is the cause of the grassy-ELM mitigation.

5.3. Grassy-ELMs and low-n peeling-ballooning
mode stability

Prior stability studies of the pedestal suggest that the grassy-
ELM is associated with the destabilization of high-n ballooning
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Figure 31. Ensemble average of Thomson and CER profile measurements over ten consecutive pedestal pulsations from 3590-4310 ms
during mitigated grassy-ELMs (red) and at the peak of the grassy-ELM activity (blue) in discharge #171178 with 4.5 kA n = 3 upper
I-coils: (a) electron temperature T, (b) ion temperature Tj, (c) electron density 7., (d) toroidal rotation frequency wio, (€) E X B shearing
rate Yexg, (f) E X B frequency wgp. This is a discharge with similar parameters to #171177 shown in figure 23.

modes [10, 12], in contrast to Type-I ELMs that are associated
with more of a low-n peeling-ballooning response [17]. Here
we present the hypothesis that the grassy-ELMs are instead a
different nonlinear manifestation of the low-n PBMs that are
considered responsible for the large amplitude Type-I ELMs.
We take this view because for our discharges the pedestal
collisionality is in an ITER relevant range v} ~ 0.05-0.15
where low-n (n < 20) global PBMs should dominate the ELM
dynamics [49].

To resolve the profile changes during the pedestal pulsa-
tions for high-resolution MHD stability analysis, an ensemble
average is performed over ten pedestal pulsations for the
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discharge in figure 30 at the maximum and minimum of
the grassy-ELM activity. Figure 31 shows an overlay of the
two profiles after ensemble averaging, where red is associ-
ated with grassy-ELM mitigation and blue is taken during
strong grassy-ELM activity. The profiles with strong grassy-
ELMs (blue) show an inward radial shift relative to the stable
(red) profiles. Also seen is a flattening in the middle of the
pedestal density profile during grassy-ELMs (¢x &~ 0.95 in
figure 31(c)). The flattened region coincides with low E x B
shear in figure 31(e); the E x B shearing rate yg.p exhibits a
substantial reduction over an extended region in the middle of
the pedestal during the grassy-ELM phase of the discharge.
The flattening in the density profile and inward shift of the
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Figure 32. Peeling-ballooning mode stability analysis using the
ELITE code for the profiles in figure 31: (a) stability during the
peak of the grassy-ELM phase (blue profiles in figure 31), and (b)
grassy-ELM mitigated/suppressed phase (red profiles in figure 31).
Solid contours correspond to the threshold for low-n PBM onset.
Rectangular region and cross hairs correspond to 10% and 20%
uncertainty in the experimentally inferred edge pressure gradient
and edge current. The mitigated/suppressed grassy-ELM phase is
more stable to PBMs than the phase with strong grassy-ELMs.

pedestal could be due to magnetic island formation, but the
difficulty of this hypothesis is that the wg.p is very large in
this region, which should produce strong screening (figure
3L

The ideal MHD ELITE analysis is used to assess the PBM
stability of the pedestal for the two sets of profiles in figure 31.
Figure 32 shows the stability contours plotted against edge
current and average edge pressure gradient for the grassy-
ELM phase (figure 32(a)) and for the suppressed phase (figure
32(b)). The shaded rectangle regions indicate the edge cur-
rent and pressure gradient within experimental uncertainties.
Several features stand out from this analysis. First, during the
grassy-ELM phase (figure 32(a)), the average pedestal gra-
dient and edge current is lower compared to the mitigated
phase in figure 32(b). Second, the pedestal in the grassy-ELM
phase is closer to the low-n PBM stability boundary than in
the mitigated phase, as can be seen by the proximity of the
blue rectangle with the unstable boundary. Third, the stable
region opens up in the direction of increasing edge pressure
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Figure 33. ELITE calculation of the peeling-ballooning-mode
spectrum during the peak of the grassy-ELM phase in figure 32a:
(a) ELITE linear growth rate versus toroidal mode number for
the experimental profile (dashed curve) and for a nearby unstable
profile (solid line), (b) radial eigenmode for an n = 10 unstable
mode in (a) and g-profile showing shear reversal, and (c) radial
eigenmode for an n = 6 unstable mode and g-profile.

and current in figure 32(a), revealing the possibility to access
stable high-pressure operation in the grassy-ELM regime.
The key take away from this stability analysis is that
the grassy-ELM pedestal is closer to the low-n PBM sta-
bility boundary than the suppressed profile, consistent with
the ELITE analysis in figure 27. From the ELITE analysis,
the least stable modes for both cases are in the range of
low toroidal mode number, peaking in the range n = 5-10.
Figure 33 shows the linear growth rate from ELITE for the
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grassy-ELM phase of the discharge up to n = 50. The dashed
curve is the stability analysis for the actual experimental pro-
file, and the solid curve is for an unstable profile at the top
end of the blue rectangle region in figure 32(a). The dominant
radial eigenmodes are in the range n = 5-10 and the radial
structure of the n = 10 and n = 6 modes are shown in fig-
ures 33(b) and (c¢). The eigenmodes have some localization to
the region of weak magnetic shear near the top of the pedestal.
In both figures 27 and 32 the main result is that grassy-ELMs
appear as the pedestal approaches the low-n PBM stability
boundary. This is analogous to the appearance of the low-n
edge harmonic oscillation (EHO) as a nonlinear manifestation
of low-n PBMs driven and regulated by £ x B shear [50].

The ELITE analysis of PBM stability shows a monotoni-
cally decreasing growth rate up to n =50 and calculations
have been performed up to n = 90. Thus we are confident that
for these DIII-D plasmas there is no basis within the context of
ideal-MHD calculation to claim that high-n ballooning modes
play an important role in these instabilities. Of course, at high-
n, the ideal MHD treatment is no longer valid. Extensive work
has been done showing that an important instability limiting
the pedestal pressure gradient is the kinetic ballooning mode
(KBM) [51]. Therefore it should be necessary to use global
kinetic models to assess the role of high-n MHD modes in
ELM dynamics [35, 52].

Finally, we address the flattening of the density profile in
the middle of the pedestal during grassy-ELMs in figure 31.
From the ELITE analysis, we claim that unstable low-n PBMs
are most likely the cause of grassy-ELMs and that the real
difference between Type-lI and grassy-ELMs is the non-
linear dynamics of the same underlying linear instability. If
this claim is correct, then from the radial eigenmode struc-
ture in figure 33, it is difficult to see how such a localized
region of density flattening can occur as in figure 31(c). On the
other hand, we know that weak E x B shear is destabilizing
to long wavelength electrostatic instabilities. It has recently
been speculated that in the case of wide H-mode pedestals,
the E x B shearing rate may not be sufficient to suppress
electrostatic instabilities [53]. Based on the EPED model,
the pedestal width is predicted to increase as Vv Bpped Where
Bpped is the poloidal beta at the top of the pedestal. As the
poloidal beta increases, the pedestal width will continue to
increase, creating conditions where the width of the region
near zero E X B shear becomes large enough to allow long
wavelength electrostatic instabilities to occur. This could
lead to the flattening of profiles in the middle of the pedestal
where the E x B shearing rate goes through zero, and pos-
sibly explain the flattening observed in our data. If so then the
enhanced transport in the middle of the pedestal may play an
important role in further expanding the width of the pedestal
and creating the conditions for grassy-ELMs to dominate over
the Type-I ELMs. The beneficial effects of a wide pedestal
have been discussed in the literature within the context of the
EPED model [14] and also in the identification of new plasma
regimes that exceed the pedestal width predicted by EPED
[28, 54]. Our observations in the RMP grassy-ELM regime

26

add to the growing body of data on wide pedestal regimes in
fusion plasmas.

It is important to point out that the grassy-ELMs may also
be relevant to the ITER baseline. Till now we have referred to
the grassy-ELMs in the context of high beta poloidal plasmas
in DIII-D relevant to the ITER steady-state mission. However,
if the two-step pedestal is the result of the breakdown of E x B
shear suppression of long wavelength electrostatic turbulence
in the middle of the pedestal, then it should be interesting to
determine whether such a breakdown can occur in the center
of the pedestal in ITER Opr = 10 plasmas. The breakdown
of ExB shear suppression may occur at low p* [53] and may
not require high beta poloidal conditions. The resulting two-
step pedestal may create the conditions where the Type-I
ELMs are less dominant than the grassy-ELMs, as observed
in DIII-D. Combined with RMPs, there is a possibility that the
ITER Qpr = 10 plasmas could operate in a robust grassy-ELM
regime. An essential next step will be to perform nonlinear
gyrokinetic simulations using EPED model predictions of the
ITER pedestal profile to predict the characteristics of electro-
static turbulence in the middle of the pedestal.

6. Plasma rotation and the RMP grassy ELM regime

The torque scan data from section 2, figure 7 shows that the
decrease of the toroidal rotation does not adversely affect
the grassy-ELM behavior of the plasma. The insensitivity of
the radial electric field to rotation variation in the pedestal is
unlike the ITER baseline plasmas where rotation can signifi-
cantly affect ELM suppression [6]. Figures 34(a)—(c) display
the edge electron pressure, total plasma pressure, and toroidal
rotation velocity, respectively, during the interval from 2400 ms
to 2700ms for the plasma in figure 7. The toroidal rotation
velocity shows a substantial, order unity, variation in the edge
region when the neutral beam torque is reduced from ~3 Nm
to ~0.7 Nm. The effect of the rotation change is not particularly
noticeable in wgyp, and wei Where wiei= Wiei+ wWexp. It
is interesting that the ion perpendicular flow is close to zero
near the top of the pedestal throughout the torque ramp, but
the E x B flow and the electron perpendicular flow are quite
far from zero. At the top of the pedestal (vertical dashed line
near vy & 0.9), there is barely a noticeable effect of the
change in rotation on the key flows associated with magnetic
island formation, consistent with the much larger contribution
of the pressure gradient to the wg.p, and w ; in these plasmas.
Figure 35 underscores this point by showing some key profiles
at the start and end of the torque ramp. The E x B frequency
does intercept zero near p ~ 0.84 before the torque ramp, but by
the end of the torque ramp, wg«p = 0 moves further away from
the pedestal. The profiles for the ion and electron diamagnetic
frequency show their dominant contributions to w  j relative to
the E x B rotation.

The main conclusion we can draw from the torque scan
data is that rotation is not a significant contributor to the key
frequencies associated with the presence of driven islands at
the top of the pedestal, due to the weak V x B contribution to
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iPe (kPa) (a)

2.40-250 s

, (10% rad/s)

o, (10°rads)

166358
T

(b)

Figure 34. Edge profiles in discharge #166358 taken during the beam torque ramp from 2.4-2.7 s in figure 7: (a) electron pressure Pe, (b)
total pressure Pror, (¢) toroidal rotation frequency wy, (d) E x B frequency wg «p, (¢) electron perpendicular flow frequency w ¢, and (f)
ion perpendicular flow frequency w ;. Vertical dashed lines indicate top of pedestal and separatrix locations.

the ion and electron perpendicular flows. This result is quite
different from the ITER-baseline plasmas where the V x B
contribution to the electric field and ion/electron flow at the
top of the pedestal is comparable to the pressure gradient
term. However, we should be cautious to conclude that there
can be no islands at the top of the pedestal because of the
negative value of the w,. or wgyp in the torque ramp data.
The difficulty of inferring the presence of islands solely from
estimates of the plasma flows is that driven magnetic islands
can occur over a range of plasma flow frequencies depending
on the nonlinear balance between magnetic braking and
flow screening, as noted earlier. While linear MHD theory is
useful for gaining insight, it is rapidly reaching the end of its
usefulness in the study of RMP field effects in the pedestal.
Validated fully nonlinear treatments of resonant field penetra-
tion are now required to adequately address the competition
between flow screening and resonant field penetration in real-
istic plasma conditions.

7. Discussion

Small ELMs have been observed in many disparate condi-
tions in tokamaks. The first evidence for the suppression of
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DIII-D #166358

| (10°rad/s)

N

2400 ms

.| 2700 ms

0.7

Figure 35. Edge flow frequencies for discharge #166358 in

figure 34 taken before the torque step-down at ~2400ms (solid
lines) and after the step-down at 22700 ms (dashed). Shown are
the ion diamagnetic frequency (black), the electron diamagnetic
frequency (red) and the E x B frequency (blue) in radians s~ .
Top of pedestal location is indicated by the vertical dashed line

near \/¢N =0.9.
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Type-I ELMs was achieved in a high collisionality low beta
discharge with small ELM-like bursts in low-6 DII-D [4]
and later in AUG [55] plasmas. More recently, a small ELM
regime with n = 2 RMPs was achieved at ITER-relevant low
collisionality in AUG (figure 2(a) in [24]). Grassy-ELMs was
first identified and named on DIII-D to denote small ELMs
in high beta poloidal plasmas [10], and they were subse-
quently explored in great detail in JT60-U where they have
been attributed to high-n ballooning modes in the pedestal
[11, 12]. Other small ELM regimes have been identified and
given various labels such as Type-II through to Type-V ELMs
in a variety of pedestal conditions [56]. Regardless of beta or
collisionality, all of these regimes have a striking similarity
in the phenomenology of these small ELMs. This similarity
raises the possibility that all these regimes are manifestations
of the same underlying instability. However, we should be
careful not to associate phenomenological similarity with
the actual equivalence of the underlying physics because in
higher density (and, hence, collisionality) scenarios these
small ELMs are less likely to be linked with peeling mode
activity. Nonetheless, the proximity of the large and small
ELMs to the low-n PBM stability boundary in our plasmas
suggests that the peeling instability is linked to both phe-
nomena. A fundamental question then is why such modes
sometimes saturate at low amplitude producing grassy-ELMs
and other times produce the large Type-I ELMs under very
similar pedestal conditions.

The edge-harmonic-oscillation (EHO) in low collision-
ality Quiescent H-mode plasmas is qualitatively different
from the small ELMs studied here. However, the pedestal
in the QH-mode also resides near to the low-n PBM sta-
bility boundary [50] and theoretical analysis suggests that
the EHO is a low-n PBM [38]. On occasions, the Type-I
ELMs and the EHO can even coexist. In the same manner,
the pedestal in the grassy-ELM regime resides close to the
low-n peeling-ballooning stability boundary and, in the
absence of the RMP, both types of ELMs also coexist. This
commonality may indicate that the difference between the
large and small ELMs is due to a secondary instability pro-
ducing explosive growth of the former and weak saturation
of the latter rather than any fundamental difference in the
underlying linear instability [57]. While significant progress
has been made in characterizing pedestal linear stability
[52], much work remains in understanding the nonlinear
dynamics of MHD pedestal instabilities, particularly at low
collisionality.

Given that the low collisionality boundary of the peeling-
ballooning mode also coincides with the most virulent form
of edge instability, the Type-I ELM, the great challenge is
to find some way to select the less stable weakly saturated
mode reliably and reproducibly. In this paper, we have shown
that the addition of small amplitude RMPs in the ITER shape
and collisionality can be effective in creating robust access
to pure grassy-ELM behavior in high beta poloidal plasmas.
To be clear, grassy-ELM conditions without RMPs have
been achieved on DIII-D and elsewhere, however the robust
access to this mitigated grassy-ELM regime, absent of Type-I
ELMs in reactor relevant conditions of ITER shape, rotation,
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collisionality, and steady-state reactor-relevant gos, is a key
quality of the plasmas explored in our present study.

Another interesting attribute of the RMP grassy-ELM
regime in DIII-D is the onset of pedestal pulsations observed
at the lowest range of ggs (=5.3). The pulsations are char-
acterized by periodic (=40ms) oscillations in the pedestal
rotation, pressure, and width and are correlated with cyclic
variations in the grassy-ELM mitigation. We have no clear
understanding of the precise conditions for these pulsations to
occur. However, there is strong evidence that their presence is
associated with the cyclic penetration and screening of reso-
nant fields. These pulsations have been beneficial in devel-
oping new insights on the stability of the grassy-ELMs and
on understanding the role of resonant fields in affecting ped-
estal transport and grassy-ELM mitigation. The grassy ELMs
are strongest during the phase of the pedestal cycle closest
to the low-n (n = 5-10) PBM stability boundary calculated
using the ELITE code, which occurs when the pedestal is at
its widest. The grassy-ELMs are weakest in the phase of the
cycle when the pedestal is most stable to the low-n PBMs,
which occurs when the pedestal is narrowest. On occasions,
the grassy-ELMs are entirely suppressed in the most stable
phase of the pedestal cycle. The naturally occurring dynam-
ical variation of the pedestal provides useful insight into the
stability properties of the grassy-ELMs that are not available
from the analysis of stationary pedestal conditions. However,
for the robust control of Type-I and grassy-ELMs, we need to
understand the dynamics of the pedestal pulsations better and
develop methods for their avoidance.

By careful analysis of the edge profiles, a flat spot was iden-
tified in the density profile in the middle of the pedestal during
the grassy-ELMs, near the zero in the E x B shear. We consider
it unlikely that low-n PBMs are responsible for the narrow
region of density flattening due to the large radial extent of the
theoretical mode structure. Understanding this flattening will
be vital because it contributes to the widening (perhaps most
of the widening) of the pedestal relative to EPED model pre-
dictions. We proposed that the flattened region could be due
to electrostatic instabilities destabilized near the region where
the E X B shear goes through zero. The grassy-ELMs could
be a consequence rather than a cause of this flattening. If true,
this could be good news for ITER Opr = 10 plasmas because
the flattening of the profile in the middle of the pedestal will
move the top of the pedestal inward, which can be stabilizing
for the Type-I ELMs and destabilizing for the grassy-ELMs.
Such a breakdown of E x B shear suppression of long wave-
length turbulence may occur at low p* as suggested elsewhere
[53] and may therefore not require high beta poloidal condi-
tions in ITER.

Finally, we observed that these plasmas strongly amplify
edge resonant magnetic perturbations. The natural amplifica-
tion of the external field by the plasma appears beneficial for
ELM suppression/mitigation and presents an opportunity for
further optimization of 3D fields for high beta steady-state
tokamaks. Based on the validation of the plasma response
model (GPEC), the next step can be taken to design optim-
ized 3D field coils that couple most effectively to these high
poloidal mode number perturbations.
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8. Summary

Resonant magnetic perturbations (n =3 RMPs) have been
used to eliminate large amplitude ELMs and mitigate grassy-
ELMs in wide-pedestal DIII-D plasmas relevant to the ITER
steady-state mission. Fully non-inductive discharges with the
ITER shape and collisionality (v ~ 0.05-0.15) are routinely
achieved in DIII-D with n =3 RMPs. The residual grassy-
ELMs are mitigated relative to grassy-ELMs without the
RMP and deliver a peak heat flux to the divertor that can be as
low as 1.2x the inter-ELM heat flux in plasmas with sustained
high H-factor (Hogy» ~ 1.1-1.3). The RMP grassy-ELM
regime is associated with a wide staircase pedestal; the ped-
estal density exhibits a flat region near the zero in the E x B
shear that contributes to the wide pedestal observed in these
plasmas. The mitigated grassy-ELMs can reduce the peak
heat flux to the divertor relative to unmitigated grassy-ELMs,
which is beneficial for divertor operation in ITER and future
reactors. The operating window for the RMP grassy-ELM
regime is in the range required for a steady-state tokamak
reactor, such as ggs between 5.3 and 7.1, and for co-Ip neu-
tral beam torque below 1 Nm. Only small amplitude RMPs
(6Byae/B~ 1 x 107%) are necessary to access this regime,
consistent with the substantial amplification of the RMP by
the plasma, detected using magnetic sensors. Ideal MHD
modeling is in quantitative agreement with the amplitude and
poloidal structure of the plasma response to the n = 3 RMP
and reveals that the existing internal coil (I-coil) design is
inefficient for coupling to the relevant stable edge modes in
these plasmas. This finding suggests that the coil design can
be substantially improved in order to couple more effectively
to higher edge poloidal mode numbers in future steady-state
reactors. Naturally occurring slow (=40 ms) cyclic changes in
the width, height and toroidal rotation velocity in the pedestal
are observed in plasmas with static n = 3 RMPs. Correlated
changes are observed in the plasma magnetic response during
these pulsations, indicative of a dynamic competition between
resonant field penetration and flow screening of resonant
fields, based on resonant field calculations using single fluid
extended MHD model (M3D-C"). The level of grassy-ELM
mitigation is highly variable during these pulsations whereas
it is essential to mitigate the grassy-ELMs reliably and pre-
dictably. Stability analysis during the pedestal cycles reveal
that the grassy-ELMs are strongest during the phase when the
pedestal is closest to the low-n (and low-collisionality) side of
the PBM stability boundary. In contrast, the grassy-ELMs are
strongly mitigated, and sometimes wholly suppressed, during
the phase when the pedestal is deeper in the stable region for
PBMs. This correlation suggests that grassy-ELM stability is
linked to low-n PBM stability and there is no evidence for the
role of high-n instabilities in grassy-ELMs based on ELITE
code calculations. While the pulsations are useful for gaining
insight into the stability of the grassy-ELMs, understanding
and controlling the pulsations will be essential for achieving
reliable and robust control of pedestal transport and ELM
amplitude. The use of low amplitude edge-resonant magnetic
perturbations to achieve mitigated grassy-ELM operation in
fully noninductive plasmas relevant to the ITER steady-state
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mission suggests that further improvements can be made to
the steady-state tokamak concept by optimizing the design of
3D fields in high beta poloidal plasmas. Besides, if a two-step
pedestal structure naturally forms in ITER Opr = 10 plasmas
near where the E x B shear crosses zero, then it may be pos-
sible to access a similar RMP grassy-ELM regime in high
current ITER DT plasmas where strong ELM mitigation is
essential.
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